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REVISIONES

The hidden role of woody debris stocks as a woodfuel source:
why cutting down trees if woodfuel can be gathered from forest floor?

El papel subrepticio de los desechos lefiosos como fuente de lefia:
(Por qué talar arboles si la lefia puede ser recolectada del suelo del bosque?

Javier Aristizabal

Fundacion Natura, Subdireccion de Desarrollo Local y Cambio Global
Bogota, Colombia, Carrera 21 No. 39 - 43, jaristizabal@natura.org.co

SUMMARY

Recently, the key role played by woody debris within the ecological dynamics of forest ecosystems has been acknowledged; however,
its contribution as a source of woodfuel has barely been studied, despite being the most important energy resource for one-third of
world population. Over decades, the widely held belief that woodfuel exclusively comes from woody living biomass has labelled
woodfuel collection as a driver of tropical deforestation. The poor understanding about gathering ways of this resource in the rural
developing world has hidden the fact that it is mainly sourced from woody necromass, of which their stocks and productivity may be
estimated at 35 Pg and 6.5 Pg year! in tropical forests, respectively. Whether necromass productivity of both geographically accessible
tropical forest for rural communities and other types of woody vegetation is taken into account together, a potential supply of 2.19 Pg
year! could be estimated, which would meet by far, the projected global rural woodfuel demand. It concludes that household-oriented
woodfuel collection is far from being a driver of deforestation; instead, this latter might jeopardize access to this energy source. This
paper tries to provide a new insight about the relationship between rural energy security and forest-based ecosystem services and their
repercussions on climate change.

Key words: necromass, deforestation, cookstoves, non-renewable biomass.

RESUMEN

Recientemente, se ha reconocido el papel fundamental que desempefian los residuos lefiosos dentro de la dinamica ecoldgica de
los ecosistemas forestales, sin embargo, poco se ha estudiado respecto a su contribucion como fuente de un recurso energético tan
importante como la lefia de la cual dependen mas de una tercera parte de la poblacion mundial. Durante décadas ha persistido la creencia
generalizada que la lefia procede exclusivamente de las reservas de la biomasa en pie, por lo cual, su recoleccion ha sido calificada
como una actividad promotora de la deforestacion tropical. La pobre comprension que existe sobre las formas de apropiacion de este
recurso en el medio rural de paises en vias de desarrollo ha ocultado el hecho que su principal fuente procede de la necromasa lefiosa
cuyas reservas y productividad pueden estimarse en alrededor de 35 Pg y 6,5 Pg aflo! para los bosques tropicales, respectivamente.
Considerando la productividad de la necromasa tanto de areas forestales tropicales fisicamente accesibles para las poblaciones rurales
como de otros tipos de vegetacion lefiosa, se estima una oferta potencial de 2,19 Pg afio™, la cual puede satisfacer la demanda global
de lefia. Se concluye que la recoleccion de lefia para coccion doméstica esta lejos de ser un agente causal de la deforestacion y que
por el contrario, la deforestacion podria poner en peligro el acceso a esta forma de energia. Este articulo intenta proveer una nueva
perspectiva de la relacion entre la seguridad energética rural y los servicios ecosistémicos ofrecidos por los bosques y como ambos
repercuten en el cambio climatico.

Palabras clave: necromasa, deforestacion, estufas, biomasa no renovable.

INTRODUCTION The widespread belief about household-oriented woo-
dfuel collection as a driver of tropical deforestation has

Forest ecosystems provide several goods and services, been held for decades (Eckholm 1975). However, this
from which woodfuel supply is the most important for  view only reveals the poor understanding existing about
one—third of the world population relying on traditional = woodfuel gathering ways by rural communities; moreover,
biomass for meeting their needs for cooking and heating. it proves how lack of awareness about forests regrowth
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and mortality has been overlooking its ability as a woo-
dfuel source.

Estimates about supply ability of forests have just been
focused on assessing the fraction of woodfuel from living
aboveground biomass stocks as the most predominant
component in such ecosystems. Nonetheless, woodfuel
sourced from woody debris stocks has not yet been con-
sidered. Data collected by several surveys show woody
debris stocks may account for 1 —27 % of total forest bio-
mass (both living aboveground biomass and necromass
together) in undisturbed forests and more than 70 % in he-
avy-logged forests (Palace et al. 2012, Pfeifer et al. 2015).

By 2010, global deadwood stocks had been estimated
at about 67 Pg; whereas aboveground biomass stocks went
up 600 Pg (FAO 2010). When added together, deadwood
would account for 10 % of total woody biomass stocks
from world forests.

This figure should not be disregarded since woody de-
bris represents the most relevant type of woodfuel collec-
ted by users because of its availability in forests and other
woodlands, by ensuring energy security of rural commu-
nities.

This review paper addresses how the use of woody de-
bris stocks as woodfuel may offer a possible explanation
to woodfuel gap, but also sets out question marks concer-
ning crosscutting issues to rural woodfuel consumption in-
fluencing decision-making. Since woodfuel sourced from
woody debris stocks does not mean the removal of living
woody biomass, why should rural household-oriented
woodfuel consumption be considered as a driver of defo-
restation? In addition, if the most fuelwood for cooking is
sourced from woody debris stocks, what is the real impact
of measures intended to decrease woodfuel consumption
as a strategy for reducing greenhouse gases emissions?
In brief, the link between rural energy security and forest
ecosystems will be analyzed in this article to get a better
understanding about their effects on forest carbon dyna-
mics and their environmental implications.

DYNAMICS OF WOODY DEBRIS STOCKS

As part of the life cycle of vegetal ecosystems, living
biomass becomes necromass (deadwood mostly) by either
natural senescence or external factors leading to the death
of their components. The dynamics of growth and death
sets the performance of forest carbon pools and fluxes. Li-
ving woody biomass is transferred to death organic mat-
ter; hence, carbon content is released slowly over years or
centuries (Stevens 1997, IPCC 2006, Russell et al. 2014).

Woody debris stocks play a vital role in functioning
and ecological balance of forest ecosystems. They contri-
bute to keeping productivity not only by adding significant
amounts of nutrients into soil, but also by boosting wa-
ter retention (Stevens 1997). Similarly, it helps to provide
habitat for both animal and vegetal organisms (Stevens
1997). There is evidence that woody debris stocks improve

soil stability in slopes and help to mitigate run off effects
on soil loss (Stevens 1997, Paletto ez al. 2012).

Carbon storage has recently emerged as one of the
most important functions of deadwood because of its abi-
lity to retain CO, for long time (Paletto et al. 2012, Russell
et al. 2014). Thus, carbon dioxide released by decay can
be offset by vegetation growth, thereby preventing its ac-
cumulation in the atmosphere.

Woody debris stocks of tropical forest might ran-
ge from 1 to 178 Mg ha' depending on forest type and
structure, as well as on human-induced disturbance degree
(Palace et al. 2012, Pfeifer et al. 2015). Accumulation of
deadwood may strengthen wildfires occurrence since it re-
presents a significant fraction of fuel load in most forest
types, included tropical ecosystems (Paletto ef al. 2012).

GATHERING OF WOODY BIOMASS FOR RURAL
COOKING

Subsistence-oriented woodfuel gathering in rural areas
is a low input-demanding activity, except for the time and
human power of the woodfuel collector. Both inputs mean a
high opportunity cost for gatherers, thus they will spend on
them as little as possible in order to allocate them to income
generating activities for bringing benefits to their homes.

Cooking is a basic need that must be met on a daily
basis, as well as other rural livelihood needs. Solutions are
hardly found either by long-term or mid-term measures.
Making a choice about certain fuel for cooking does not
only depend on its availability but also its “readiness to
use”. For this reason, well-seasoned and easy-to-split woo-
dy biomass will be preferred by gatherers as woodfuel.
Given that woodfuel sourced from woody debris stocks
meets both features, there is a noticeable preference in
collecting such woody biomass by users from forests or
other woody formations. The rationale behind this choice
is because deadwood is almost ready to use (sometimes,
a few days for air-drying the remaining moisture will be
needed). Instead, freshly cut wood cannot immediately
be used as fuelwood because of its high moisture content
that, even in some tree species, may be higher than 200 %
(Glass and Zelinka 2010).

On the other hand, moisture content of woody debris
will vary according to decay stage (Stevens 1997, Yu et al.
2003). Yu et al. (2003) showed that under natural condi-
tions, coarse woody debris of a coniferous forest absorbed
water from surroundings by ranging between 100 % for
decomposition degree I (the least decayed) and 750 % for
decomposition degree V (the most decayed), respectively.

The ability of wood for losing moisture (desorption)
presents remarkable differences between freshly cut wood
and deadwood. In the former case, wood must lose water
until equilibrium moisture content has been reached, whe-
reas woody debris will take less time to remove the remai-
ning water because its equilibrium point has already been
reached. Even though deadwood can soak up and hold wa-



ter due to exposure to surroundings conditions (e.g.: rain,
soil moisture or runoff), this can be removed in a matter
of days (Yu ef al. 2003). This is the most valuable feature
of woody debris to woodfuel collectors since longer air-
drying times will not be required.

The hardness level of deadwood is another characte-
ristic that is highly regarded by collectors. Woody debris
of early-stage decay classes (I-1I) are the most suitable for
burning because their high density allows keeping a long-
lasting flame. Even, the observational evidence shows that
wood of third decay class is more easily lit than slightly
decayed one is. Deadwood belonging to this decay stage
is featured by having lost between 25 — 50 % of its mass,
which means a large amount of porosity that facilitates fire
spreading (Stokland et al. 2012). Furthermore, due to its
structural weakness, moderately decayed woody debris
can easily be chipped into small pieces, which helps star-
ting a fire quickly.

Gathering woody biomass available on forest floor
spends less time and effort than undertaking the tough task
of cutting trees. Sometimes, woodfuel collectors must split
downed dead logs when the burden of carrying either on
back or by using draft animals proves unfeasible. Excep-
tionally, woodfuel gathering in developing countries still
remains as a handmade task aided by some tools (e.g.: axes
or “machetes”).

WOODY DEBRIS STOCKS AND WOODFUEL
DEMAND

Over decades, woodfuel consumption has been consi-
dered a harmful activity for the environment, mostly for
forest sustainability because mainstream thinking has the
wrong belief that woodfuel just might be obtained from
living trees (Eckholm 1975, Spetch ef al. 2015). The mea-
ningful role of woody debris as woodfuel source has been
systematically underestimated by forest statistics from
mid-1970s onwards. For a long time, forest inventories
were orientated to quantifying timber stocks, by overloo-
king other components less interesting from a profitable
view, although ecologically and environmentally important
(Ritter and Saborowski 2014). According to Forest Resou-
rces Assessment 2010, forest deadwood stocks were esti-
mated at 67 Pg by 2005 around the world, of which about
52 % (~35 Pg) came from tropical forests (FAO 2010).
The worldwide woodfuel gathering in 2015 rose by 1,862
million cubic meters; being collected 71 % from tropical
regions (FAO 2017). This figure might account for 1.35 Pg
of woody biomass used as woodfuel, which coincides
with woodfuel demand by 2009 that, according to Bailis
et al. (2015), could have been about to 1.36 Pg. Both num-
bers just would account for almost 3.8 % of woody debris
stocks estimated to tropical forests by 2005, respectively.

As living biomass, woody debris stocks keep changing,
then new amounts of deadwood are yearly added because
of mortality process of above and belowground forest bio-
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mass. By reviewing much of research literature regarding
necromass productivity of tropical forests, Palace et al.
(2012) found out that such parameter ranged from 0.1 Mg
ha'! year! for a young mangrove forest to 9.53 Mg ha'
year! for a lower montane moist forest. This variability is
a consequence both of the characteristics of forest and dis-
turbance degree to which it had been subjected in the past.
Based on these data, necromass productivity of forest may
account for 2 % of the total aboveground biomass stocks
(Palace et al. 2012). This suggests that close to 12 Pg of
woody debris might be being incorporated to world forest
necromass pool, from which 6.5 Pg would be coming from
tropical regions.

If global woodfuel demand for cooking and heating ri-
ses to 1.36 Pg year' (a less conservative scenario), such
figure would account for one-seventh of woody necromass
productivity per year in tropical regions. By taking into
account this estimation and, except by certain woodfuel
“hot spots”, it is hardly believable that much of rural hou-
sehold woodfuel consumption, in developing countries, is
not being supplied by woody debris stocks.

COULD WOODY DEBRIS STOCKS TRY TO
EXPLAIN THE “WOODFUEL GAP” THEORY?

In mid-1970s, the thinking about an imminent mid-
term forest depletion because of woodfuel collection was
fostered by the cataclysmic and unhopeful view of Ec-
kholm (1975) in his influential essay “The other energy
crisis: firewood”. The global forest productivity was over-
looked due to lack of knowledge and information mainly
concerning dynamics of tropical forest ecosystems (FAO
1997). Data of forest biomass supply was generally over-
come by woodfuel demand as a consequence of population
growth happening in developing countries. The difference
between forest ecosystems ability for providing woody
biomass and projected woodfuel consumption set up a cri-
tical scenario known as the “woodfuel gap” theory (Ar-
nold et al. 2003, Bensel 2008).

The increase of forestry knowledge basis and fur-
ther detailed studies on forest structure and dynamics at
regional or national levels proved tree growth data used
by initial calculations underestimated those happenings
in the field. For instance, Openshaw (2011) pointed out
that woody biomass productivity was closely linked to
water availability; subsequently it was possible to find
forest ecosystems growing between 4 — 7 Mg ha'! year'
depending on rainfall regime on site. Such an author in-
dicated that these numbers surpassed those usually cited
by international agencies in order to estimate potential
biomass supply from forests. Most studies supporting the
“woodfuel gap” theory have also excluded woody debris
as woodfuel source (Openshaw 2011). As aforementioned,
woody necromass productivity might range between 0.1
and 10 Mg ha'! year!, being comparable to aboveground
biomass growth rate which can vary from 0.5 to 15 Mg ha!
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year! for temperate forests and 0.2 — 18 Mg ha! year! for
the tropical ones, respectively (IPCC 20006).

The forecasts of “woodfuel gap” were proved unrealis-
tic when compared to field-based data and thus, has been
rejected by certain circles of researchers and scholars. This
theory failed to take into account basic socioeconomic
issues such as adaptive ability of woodfuel users in res-
ponse to shortage conditions (Dewees 1989). It was also
showed that forests were not necessarily the only source
for collecting woodfuel, but also other woody formations
as woodlots, live fences, home gardens and some crops met
such role (FAO 1997, Arnold et al. 2003, Bensel 2008,).

Moreover, woody formations other than forests also
produce necromass by either natural senescence or man-
induced activities (IPCC 2006). In the tropics, both coffee
and cocoa crops have proved to be good examples. Shade
coffee plantations can yield from 0.02 to 1.4 Mg ha'! of
woody debris depending on shade tree species and crop
management (Soto-Pinto and Aguirre-Dévila 2015, Masu-
hara et al. 2015). On the other hand, woody necromass
production in cocoa plantations growing along with shade
trees can range between 0.02 and 12.4 Mg ha'! (Wardah et
al. 2011, Somarriba et al. 2013).

These plantation crops must be removed and replaced
by new individuals as their yield decreases to ensure a
profitable production level for farmers. For instance, the
productive cycle of coffee plantations can vary from five
to seven years according to farming practices and environ-
mental conditions. A 5 — 7-year-old coffee tree might pro-
duce up to 2.8 kg of woody biomass (Segura et al. 2006).
If a planting density of between 2,000 and 5,000 coffee
trees per hectare is considered, from 5.6 to 19 Mg ha'! of
woody biomass coming from coffee plantations (shade
trees not included) might be gathered from each turnover.

Unlike coffee, cocoa cultivation has a longer produc-
tivity cycle, whose yield starts decreasing quickly from
25 years old onwards (Mabhrizal et al. 2013). According
to age and density of cultivation, cocoa plantations might
generate from 14 to 50.7 Mg ha' of woody biomass in
each turnover time (Somarriba et al. 2013, Mohammed et
al. 2015).

Crop turnover transfers a huge amount of woody debris
from living aboveground biomass to dead organic matter
pool, which is mostly used as fuel. The contribution of
woody debris stocks from woody crops is reflected, for
instance, by taking the case of Colombia. Currently, this
nation is the third largest coffee producer in the world after
Brazil and Vietnam (ICO 2017) and the tenth largest pro-
ducer of cocoa worldwide (Anga 2014), respectively. By
2014, this country had about 800,000 ha in coffee planta-
tions and 160,000 ha in cocoa plantations (MADR 2017).
More than 90 % of total land area of both crops is located
in 15 of 32 departments in which the country is adminis-
tratively divided. This region has roughly eight million of
inhabitants, of which 50 % relies on fuelwood for cooking,
accounting for a demand of 5.77 Tg year'. Despite forest

cover accounts for 52 % of its inland area, very few inven-
tories have been carried out for assessing woody debris
stocks in Colombian forests. However, preliminary studies
suggest deadwood stocks would range from 2.2 — 80.2 Mg
ha! depending on the type of forest ecosystem (Navarrete
et al. 2011, Restrepo et al. 2012).

When a planting density over 5,000 bushes per hectare
and a 7-years productive cycle are considered, it is esti-
mated that one coffee plantation hectare in Colombia may
generate 11.6 Mg of woody biomass incorporated to dead
organic matter pool in turnover time. On the other hand,
the average density of cocoa plantations is 1,200 trees per
hectare and its productive cycle might be extended up to
30 years, even though it is possible to find less-productive
plantations as old as 40 years and over. Woody biomass-
based productivity of cocoa plantation in Colombia is as
high as 66 Mg ha! at the end of the life cycle (Andrade et
al. 2013).

Thereby, 9.28 and 10.56 Tg of woody biomass from
both crops would be transferred from aboveground bio-
mass to woody debris stocks when their productive life-
cycles had finished. If such figures are divided by their
lifecycles (i.e.: seven years by coffee and 30 years by co-
coa), then 1.32 and 0.35 Tg of woody necromass would
be yearly contributed by both crops. Total availability of
woody debris coming from coffee and cocoa cultivation
would be as much as 1.67 Tg year', accounting for 29 % of
the annual fuelwood demand of four million rural people
settled in that sub-national region.

Around the world, both cultivations add up more than
20 million hectares (UTZ 2016); 88 % is similarly shared
between Sub-Saharan Africa and Latin America, and the
remaining 12 % between Southeast Asia and India. Fur-
thermore, tropical crops as tea, coconut and oil palm are
also a source of woody biomass, which cover more than
31 million hectares together (UTZ 2016). The aforemen-
tioned calculations indicate that agricultural woody wastes
might be meaningful contributions to woodfuel supply for
the poorest rural people in tropical countries.

Unlike agricultural woody wastes, however, only a
little part of forest woody debris is available for collec-
ting since most tropical forests are either far away from
human settlements or within protected areas where woo-
dfuel gathering is not allowed. According to FAO (2010)
there are close to 560 million hectares of tropical forests
oriented to productive activities, accounting for 31 % of
the world tropical forest cover, which might generate about
to 1.66 Pg year' of woody necromass. When non-forest
woody formations such as agroforestry systems, which re-
present near 500 million hectares, are taken into account
(Zomer et al. 2014), 0.41 Pg year' of woody debris might
be added. In addition, agricultural woody wastes would
globally contribute to 0.12 Pg year! as presented in table 1.
Therefore, annual available supply from woody debris
stocks would be as high as 2.19 Pg year!, which exceeds by
almost 40 % both woodfuel collection data cited by FAO



(2017) for tropical forest in the Yearbook of forest products
2015 (i.e.: 1,862 million cubic meters is roughly tantamount
to 1.35 Pg) and the figure proposed by Bailis ez al. (2015).
These estimations show how woodfuel exploitation
for rural subsistence consumption is far from being a real
threat to integrity of tropical forest ecosystems because
mortality-based dynamics of aboveground biomass is tur-
ning woody debris into necromass stocks as fast as woo-
dfuel collection rates. When the “woodfuel gap” theory
arose in mid-1970s, the world population depending on
woodfuel as the main energy source for cooking had rea-
ched 1.5 billion people while tropical forests covered 2.1
billion hectares (FAO 1982). After four decades, people
consuming woodfuel doubled and the tropical forest area
has decreased by about 16 % (FAO 1982, Keenan et al
2015). Accordingly, a logical conclusion emerges: if dead-
wood from forestland and other woody formations can
currently meet global woodfuel demand to three billion
people, then it would make sense to think 40 years ago,
woodfuel supply was only sufficient when woodfuel-de-
manding people were just half and the tropical forest area
in developing countries was higher than it is presently. Un-
der this viewpoint, it is understandable why forecasts about
“woodfuel gap” failed to come true. The approach used to
project woodfuel demand not only underestimated growth
ability from tropical forest aboveground biomass (as well
as tree outside the forest), but also the potential of woody
debris stocks as a woodfuel source had been overlooked.

IMPACTS OF WOODFUEL COLLECTION FROM
WOODY DEBRIS STOCKS ON FORESTS

The widespread belief of rural household woodfuel

consumption as a deforestation driver has been a contro-
versial subject among researchers and scholars. There is

Table 1. Annual woody wastes production from tropical crops.
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little evidence supporting such claim, instead, many stu-
dies call into questioning the link between both of them
(Dewees 1989, Arnold et al. 2003, Openshaw 2011).

Agricultural expansion, both arable and pastoral, has
been the main driver of forest cover depletion, thus woody
debris, as by-product resulting from such process, is used
as fuel. The “opportunistic” use of woody debris as woo-
dfuel by collectors has been misunderstood as one of the
causes leading forest clearance (May-Tobin 2011). Woo-
dfuel collection from the forest does not necessarily entail
that trees must be removed because naturally occurring
woody necromass prevents wood cutting intended for hou-
sehold subsistence use.

Although woody debris as woodfuel might be playing
in favor of tropical forest conservation, its role in the fo-
rest degradation process is still to be solved. The simplest
manner to define forest degradation is “the reduction of
capacity of a forest to provide good and services” (FAO
2011). However, from view of carbon fluxes, it is termed as
“A direct human-induced long term loss (persisting X years
or more) of at least Y% of forest carbon stocks (and forest
values) since time T and not qualifying as deforestation”
(IPCC 2003). A few studies have assessed how the deple-
tion of dead organic matter as carbon pool may be con-
tributing to forest degradation. For instance, Garcia-Oliva
et al. (2014) compared carbon contents of four fragmen-
ted forest types according to the woodfuel exploitation
level. As expected, less disturbed forest characterized by
both higher tree density and larger basal area, showed the
highest carbon content (670 Mg ha™'). In contrast, the car-
bon content of disturbed forest was as low as 55 % com-
pared to less disturbed forest (303 Mg ha'). Nevertheless,
deadwood was not included in this survey, thus making
conclusions to determine how woody debris stocks may
be affected by woodfuel collection proved to be difficult,

Produccion anual de residuos lefiosos procedentes de cultivos tropicales.

Crop 'World area Average woody VYastes productivity Woody wastes production
(million hectares) (Mg ha! year 1) (Pg year™)
Coffee 10.1 1.65° 0.016
Cocoa 10.0 20 0.02
Tea 35 0.7° 0.002
Oil palm 17.0 3.3¢ 0.056
Coconut 11.1 3¢ 0.033
Total 51.7 - 0.127

a. Based on Segura et al.’s data (2006) and supposing a density of 5,000 bushes per hectare and 7-years productive lifespan.

b. Sourced from Andrade et al. (2013).

c. Based on Subramaniyan et al. (2017) and supposing a density of 2,500 bushes per hectare and 60-years productive lifespan.

d. Based on Abdullah and Sulaiman’s data (2013).
e. Sourced from Ranasinghe and Thimothias (2012).
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even more so, if such activity is either really driving forest
degradation or it is a result of another form of forest ex-
ploitation.

If, from a carbon storage perspective, forest degrada-
tion is thought as on-going loss of such pool; then, the use
of woody necromass as fuel might be as degrading as other
practices contributing to forest cover depletion. Due to de-
cay of organic matter, the carbon content of deadwood is
released to the atmosphere as carbon dioxide. Neverthe-
less, this process takes place slowly and gradually, unlike
combustion, in which carbon dioxide is released straight
away. Russell ef al. (2014) estimated residence times of
coarse woody debris by 80 years for conifers and 69 years
for hardwoods in eastern temperate forests of USA, by
modelling decay process. Outputs generated by such mo-
delling show coarse woody debris loses its mass expo-
nentially (negative), indicating a faster decay rate at early
years and slower as time passes, which is reflected in its
half-life time (Russell e a/. 2014). In tropical ecosystems,
factors such as humidity and temperature have an influen-
ce over decay rate of organic matter, hence it is foreseeable
both half-life and residence time to be as far less as pointed
out by Russell ef al. (2014). Gurdak et al. (2013) seem to
bear out this idea in assessing dynamics of coarse woody
debris along elevation gradient in Peruvian highland tropi-
cal forest where residence times were considerably lower,
ranging from 2.9 to 6.8 years for hardwoods. Whether the
proportion biomass remaining model proposed by Russel
et al. (2014) can forecast how coarse woody debris decrea-
ses through time due to decay, then an inversely proportio-
nal pattern of carbon loss of coarse woody debris will be
displayed (i.e.: a logarithmic model).

The aforementioned significantly affects both the
manner and amount of carbon fluxes that are released to
the atmosphere. If it is assumed that in steady-state fo-
rest ecosystem, these carbon fluxes are kept equal, then
the mortality is offset by biomass growth (Gurdak et al.
2013). Once carbon has been transferred to necromass,
however, it might be released in a shorter time because of
the combustion when woodfuel burns due to wildfires or
man-induced activities. If a demand of one ton per year
of woodfuel is considered through 20 year, then 20 tons
will be used by the end. Such woody biomass might take
two alternative paths in order to release its carbon content:
either via combustion or via decay. For simulating decay
emissions, biomass loss should be modelled using the ne-
gative exponential model as suggested by Olson (1963)
and Russell et al. (2014):

Mass, = Massge™*¢

[1]
Where Mass, is woody necromass at time ¢; Mass, is the
initial woody necromass; k is the annual decay rate and ¢ is

the time of reference in years.

From this equation, it is possible to find the annual

decay rate (k) if initial necromass, final necromass and
time are known. By taking as reference the research of
Russell et al. (2014), who has estimated an 8-year half-
life for hardwoods belonging to climate regimes, where
mean annual temperature is higher than or equal to 13.7 °C
(such as those found in tropical highlands as well) and as-
suming a l-ton initial mass, it would roughly decrease by
half (0.5 Mg) when half-life has been reached, then the
value of decay rate parameter k of 0.086 is found. In the
table 2, the percentage of remaining woody necromass for

Table 2. Simulated depletion of 20 Mg woody necromass stock
via combustion — decay paths and CO, emissions projected.
Disminucion simulada de una pila de necromasa lefiosa de

20 Mg a través de las rutas de combustion y descomposicion y emisiones
de CO, proyectadas.

PBR PBR _+fw E E A
v PBRC Mg My (MeCO) (MeCO,)
1 0.92 18.35 17.35 3.02 4.85
2 0.84 16.84 13.61 5.78 11.69
3 0.77 15.45 9.51 8.32 19.19
4 0.71 14.18 5.75 10.65 26.09
5 0.65 13.01 2.74 12.79 31.59
6 0.60 11.94 0.63 14.75 35.44
7 0.55 10.95 - 16.55 -
8 0.50 10.05 - 18.21 -
9 0.46 9.22 - 19.72 -
10 0.42 8.46 - 21.11 -
11 0.39 7.77 - 22.39 -
12 0.36 7.13 - 23.56 -
13 0.33 6.54 - 24.63 -
14 0.30 6.00 - 25.62 -
15 0.28 5.51 - 26.53 -
16 0.25 5.05 - 27.36 -
17 0.23 4.64 - 28.12 -
18 0.21 4.25 - 28.82 -
19 0.20 3.90 - 29.46 -
20 0.18 3.58 - 30.05 -

PBR: Proportion biomass remaining (%).

PBR,,: Proportion biomass remaining for a 20-Mg woody debris pile
following only the decay path (tons).

PBR,+ fw: Proportion biomass remaining for a 20-Mg woody debris
pile following a blended combustion-decay path (tons).

E,prao CO, emissions by decay from 20-Mg woody debris pile (tons).
Eoproo + 5e: CO, emissions by a blended combustion-decay path from

20-Mg woody debris pile (tons).



a decaying piece of woodfuel during a 20-years period can
be observed, moreover, how this gradual loss would occur
over a 20-tons stock. After 20 years, such woody necro-
mass stock will have theoretically decreased to 3.5 Mg.
However, when blended woodfuel decay—combustion path
is taken into account, woodfuel would just deplete in six
years if a collection rate of 1 Mg year is considered.

Two additional cycles of blended decay—combustion
path will be needed for meeting 1 Mg year' annual de-
mand through 20 years. Therefore, the amount of woo-
dfuel required would triple as well as CO, emissions. The
cumulative emissions brought about by both processes are
different because the single combustion path displays a li-
near growth given that a similar amount of woodfuel is
burnt every year while emissions from decay of woody
biomass rise logarithmically as shown in figure 1.

After 20 years, cumulative emissions from woodfuel
combustion would increase close to 120 MgCO,, whereas
through the decay path it would just account for one quar-
ter for the same time. The difference between cumulative
emissions from combustion and decay are those emissions
that will be released in advance when woody biomass
burns, otherwise it would be kept in the necromass pool up
to when the wood has fully decayed.

A key question arises: What is the effect of anticipated
CO, emissions from burning of coarse woody debris over
atmospheric concentrations of greenhouse gases if bio-
mass loss will be theoretically offset by regrowth? As far
as it 1s known, deadwood used as woodfuel does not seem
to have a relevant effect over such concentrations as long
as the steady-state is kept. Nevertheless, ongoing deple-
tion of forest cover sets out a paradoxical situation where
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Figure 1. Cumulative CO, emissions from combustion and
decay scenarios for 20 Mg woody necromass stock.

Emisiones acumuladas de CO, de los escenarios de combus-
tion y descomposicion para una pila de necromasa lefiosa de 20 Mg.

BOSQUE 39(1): 3-13, 2018
The hidden role of woody debris stocks as a woodfuel source

woodfuel collection, far from being a deforestation driver,
might be affected by deforestation itself. If living biomass
stocks were removed, necromass stocks would also ex-
haust, thus carbon fluxes between both pools will disrupt.
As forest cover depletes, availability of woody necromass
oriented to woodfuel use will also decrease bringing about
serious consequences for energy supply of rural communi-
ties (in certain cases, the urban ones as well) relying on it
for meeting their cooking and heating needs.

POLICY IMPLICATIONS OF WOODY DEBRIS
STOCKS USE AS WOODFUEL

How the renewability of biomass is affected by woody
debris collection inside a specific region is a matter that has
yet to be solved. This is a key issue for climate mitigation
measures approaching woodfuel consumption reduction
(i.e.: improved cookstoves). The use of woody biomass as
woodfuel increases greenhouse gases emissions (mainly
CO,) if the amount collected surpasses regrowth in such an
area. The difference between both of them is known as the
fraction of non-renewable biomass, which has been put in
question because of uncertainty related to variability in the
results reached when different methodological approaches
are run (Lee et al. 2013).

When included, woody debris stocks will increase the
demonstrably renewable biomass bringing about the op-
posite effect on the non-renewable biomass. As the non-
renewable biomass values decrease, the fraction of non-
renewable biomass will do too. In other words, an increase
of woody debris stocks positively affects the availability of
demonstrably renewable biomass at the expense of a lower
value of the fraction of non-renewable biomass.

A short review of literature about this topic shows at
least two quantitative procedures for calculating the frac-
tion of non-renewable biomass (Lee et al. 2013). They
agree on using aboveground biomass stocks and their
productivity as parameters to allow determining the non-
renewable biomass, nonetheless excluding woody de-
bris stocks as additional factor might alter the fraction of
non-renewable biomass calculations. Perhaps, the most
comprehensive methodological approach to calculate the
fraction of non-renewable biomass is displayed by EB 67
report, annex 22 of Clean Development Mechanism. In it,
default values are defined for least developed countries and
small island developing states from a step-by-step proce-
dure through which the fraction of non-renewable biomass
arises from dividing the non-renewable biomass by the de-
monstrably renewable biomass (CDM - Executive Board
2012). This latter comes from multiplying the protected
area extent of forest by the annual growth rate of biomass.

By coincidence, Bailis et al. (2015) have found that
the fraction of non-renewable biomass for pan-tropical
areas ranging from 27 — 34 %, which are lower than tho-
se used by carbon markets-oriented, improved cookstoves
projects worldwide (e.g.: UNFCCC default values for least
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developed countries and small island developing states).
However, these figures arise from improved data of abo-
veground biomass stocks estimations based on both GIS
assessments and field surveys in which, deadwood pools
were presumably left out, thus, those numbers could be
even lower.

It should be noted that the demonstrably renewable
biomass not only originated from forest lands but also
from other types of vegetation cover which might provi-
de renewable biomass sourced from dead wood, dung and
agricultural residues.

The decrease of the non-renewable biomass fraction
has an impact over policies oriented to reduce woodfuel
consumption from the supply-side, which is directly re-
lated to climate change. For instance, climate benefits of
improved cookstoves projects coming from savings of
unsustainably harvested woodfuel that contributes to CO,
emissions. If the non-renewable biomass were meaningfu-
lly lower than widely believed, then, impact of improved
cookstoves dissemination would be lower than expected
(Bailis et al. 2015). Thus, another question arises: Can
woodfuel collection really be labelled as unsustainable
even if it is sourced from woody debris stocks in places
where its production might be exceeding demand for such
resource? If compared to less conservative estimations of
woodfuel consumption for cooking, woody debris stocks
are as much as sevenfold, therefore there are no reasons for
thinking aboveground woody biomass is being depleted
due to this activity. Accordingly, a most comprehensive
revision of the fraction of non-renewable biomass as an in-
dicator of woody biomass availability is needed in projects
intending to assess the impact of woodfuel consumption
on CO, emissions and its repercussion on climate change.

Another poorly evaluated issue is how the collection
of woody debris as cooking fuel might be playing a role as
an unintended measure for preventing wildfires. Because
most woody debris has low moisture content, such con-
dition makes it prone to ignition by either naturally occu-
rring or human-induced factors, which is risky for several
forest ecosystems where fire can rapidly spread (Stephens
et al. 2012). In temperate forests, fuel load reduction has
become a priority as strategy of fire prevention. Such re-
duction focuses mostly on removing woody debris from
which, only a small share is collected in order not to dis-
turb ecological functions that are provided by woody de-
bris into forest ecosystems (Stephens et al. 2012).

Woodfuel collection contributes to reducing fuel load
of forests that might be preventing wildfires recurrence on
highly vulnerable forest ecosystems, particularly when ex-
treme climatic events arise. For instance, droughts origina-
ted by El Niflo Southern Oscillation were responsible for
devastation of several million hectares of tropical forest
caused by wildfires between 1997 and 1998 (Siegert et al.
2001). Nonetheless, the real impact of woodfuel collection
for cooking as measure for preventing wildfires can hardly
be determined unless future research to be carried out on
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this topic to provide evidence about this claim.
FINAL REMARKS

This article purports to show how woody debris has
played a key role as a woodfuel source for most of the
world population that relies on traditional fuels. Unlike
mainstream viewpoints, it seems improbable that woo-
dfuel consumption oriented to rural cooking has any in-
cidence on the deforestation processes of tropical forests.
This is because woodfuel collected comes from necromass
stocks of forests, which are roughly estimated to be 35 Pg,
enough to meet global annual demand representing 3.8 %
of this figure. If only the annual woody necromass pro-
ductivity were considered (it has been estimated by 9.5 Pg
year'), then, the globaldemand wouldjustaccountfor 14.3%
of this latter one, showing that supply displays values
higher than demand does. These numbers contradict the
ideas about negative balances regarding woodfuel availa-
bility. In addition to woody debris from forestlands, other
land uses categories could also contribute to woody de-
bris stocks (e.g.: other woodlands, croplands and so-called
“trees outside of the forest”), by adding together 0.53 Pg
year!, which represents nearly two-fifth in regard to the
global demand.

If woodfuel is widely found on forest floor, it is unlikely
that collectors must cut down trees for ensuring their own
supply; consequently, the link between deforestation and
woodfuel use is unclear. Conversely, forest degradation
sets out a different viewpoint. Based on the IPCC definition
about forest degradation, woody debris stocks are meanin-
gfully depleted by woodfuel collection, which would shor-
ten carbon residence time as compared to woody debris
decay modelling as proposed by Russel et al. (2014). The-
reby, the usage of woody debris as woodfuel is increasingly
accelerating carbon fluxes from necromass pool to atmos-
phere with regard to reference scenario (decay).

There is uncertainty about how early loss of carbon is
being offset by forest growth rates because tropical forest
productivity has wide variations ranging from 0.2 — 18 Mg
ha'! year' according to type of ecosystem and climatic
zone (IPCC 20006). If compared to living biomass stocks,
the productivity of tropical forest might account for under
1 % up to 3.7 %, which, for practical purposes, are similar
to woody debris production rate from mortality (i.e.: 2 %
of aboveground biomass stocks), stating that aboveground
biomass sequesters similar amounts of carbon that are
transferred to dead wood pools. However, woodfuel con-
sumption might alter such balances as collection rates ex-
ceeds growth rates, although in this case, woody biomass is
sourced from dead wood stocks instead of living biomass
stocks. Tropical forest ecosystems, such as those found in
dry zones or highland areas where net primary producti-
vity is lower than that presented by ecosystems located in
moist zones, may be particularly vulnerable to woodfuel
gathering, especially if they overlap with rural settlements.
In such places, woodfuel consumption per capita as high



as 1 Mg year' may be troublesome both in the mid- and
long-term ranges when collection rates will have depleted
woody debris stocks of those forests. Nevertheless, woo-
dfuel sourced from woodlands other than forestlands (i.e.:
agroforestry systems, woodlots or woody wastes from
croplands) is likely to offset this gap and even, replace a
share of woodfuel supply provided by forestlands. There-
fore, more comprehensive studies about carbon fluxes dy-
namics inside forests and about the impacts of wood-fuel
collection on carbon stored in forests must be undertaken
where several woodfuel sources coexist.

A higher uncertainty is observed on real impacts of
measures oriented to reducing woodfuel consumption as
strategy for halting global warming such as adoption of
fuelwood-savings cookstoves, which is a well-known stra-
tegy generating positive impacts on both the well-being of
rural communities and the environment. Emissions from
woodfuel combustion might contribute to the increase of
greenhouse gases concentrations if harvested unsustaina-
bly, which is an issue of concern to climate change.

To take the renewability status of biomass for gran-
ted, carbon losses and gains must be balanced, that is, the
amount of carbon dioxide released must be as high as that
sequestered by regrowth. Since the contribution of impro-
ved cookstoves projects is based on decreasing woodfuel
consumption coming from the fraction of non-renewable
biomass, it is likely that the impact on decreases in CO,
will be lower than expected because as woody necromass
pools are included into the accounting of renewable bio-
mass, the fraction of non-renewable biomass will assume
lower values than those considered by several cookstoves
projects nowadays. This is consistent with findings re-
ported by Bailis ef al. (2015). Thus, the attractiveness of
carbon market-oriented cookstoves projects may decline
because their profitability and sustainability depend on
selling carbon credits regarding volume of reduced emis-
sions. While the effect brought about by early CO, emis-
sions from woodfuel combustion over greenhouse gases
concentrations in the atmosphere remains unclear, the role
of woodfuel-savings cookstoves as a measure for slowing
down the release of CO, should be stood out.

Because of its environmental implications, the role of
woodfuel collection sourced from forest woody debris as
a strategy for preventing wildfires should be comprehen-
sively assessed in regions where fuel loads are high and
prone to ignition. Likewise, the use of geographical infor-
mation systems (GIS) may turn into a key tool to identify
overlaps between woodfuel consumption “hotspots” (e.g.:
Woodfuel Integrated Supply/Demand Overview Mapping
methodology - WISDOM) and areas with low wildfire oc-
currence (e.g.: Along Track Scanning Radiometer - ATSR
World Fire Atlas) aiming at ascertaining statistical correla-
tions between both events. More site-specific analyses will
be required to validate this claim.

Household woodfuel consumption sourced from woo-
dy debris stocks does not seem to support the idea linking it
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to tropical deforestation however, ironically, deforestation
may become a threat to energy security of rural communi-
ties relying on forests as main source of fuel for cooking.
It is possible that loss of forest cover jeopardize the per-
manent production of woody debris because of the propor-
tionality and dependence existing between them. Clearly,
the removal of living woody biomass will produce huge
amounts of woody debris because of either forest clearan-
ce or land-use changes. Nonetheless, once that happens,
the cycle is disrupted definitively. In this sense, woodfuel
collection must not be seen as a deforestation driver, rather
as a livelihood activity vulnerable to its consequences.

Finally, ecological functions inherent to tropical fo-
rest other than providing woodfuel should not be ignored.
Instead, sound forest management strategies should be
encouraged to strike a balance between sustainability of
forest ecosystems and the well-being of rural communities
relying on them.
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SUMMARY

Tree height measurement is one of the most difficult activities in forest inventory data gathering, although it is a fundamental variable
to support forest management, since it is an input for modelling growth and yield. To overcome this obstacle and ensure that the heights
of trees are estimated accurately, hypsometric relationships are used. Therefore, the objective of this study was to compare different
fitting strategies (i.e. nonlinear least squares and mixed-effects) to predict tree height in African mahogany Brazilian plantations using
well know local (using only tree height and diameter) and generalized (using height, diameter and plot level variables) models. Data
were gathered on 149 permanent plots sampled in different Brazilian regions and ages, totaling 4,201 height-diameter pairs. Different
models were evaluated and the best method to estimate the height-diameter relationship was based on statistical and graphical criteria.
A local model using mixed-effects with correction of heteroscedasticity was efficient and superior to other models evaluated. However,
when using an independent data base, the generalized model fitted by nonlinear least squares generates adequate results that are scaled
to the plots’ productivity, since the inclusion of dominant height into the model helps to predict height locally.

Key words: African mahogany, forest inventory, statistical modelling.

RESUMEN

La medicion de la altura del arbol es de dificil realizacion en inventarios forestales, aunque es una variable fundamental para apoyar
el manejo forestal una vez que es dato de entrada para la modelacion del crecimiento y produccion. Para superar este obstaculo y
garantizar un calculo de alturas de los arboles con precision se utiliza la relacion hipsométrica. Por lo tanto, el objetivo de este estudio
fue comparar diferentes estrategias de ajuste (minimos cuadrados no lineales e efecto mixto) para predecir la altura de los arboles
en plantaciones brasilefias de caoba africana (Khaya ivorensis) utilizando conocidos modelos locales (apenas diametro e altura) y
generalizados (diametro, altura y variables de la parcela). Los datos fueron recogidos en 149 parcelas permanentes muestreadas en
diferentes regiones brasilefias y edades, totalizando 4.201 pares de altura-didmetro. Diferentes modelos fueron evaluados y el mejor
método para estimar la relacion altura-diametro se basé en los criterios estadisticos y graficos. El modelo local usando efectos mixtos
con la correccion de heterocedasticidad fue eficiente y superior a otros modelos evaluados. Sin embargo, cuando se utiliza una base de
datos independiente, el modelo generalizado ajustado por minimos cuadrados no lineales genera resultados adecuados que se ajustan
a la productividad de las parcelas, ya que la inclusion de la altura dominante en el modelo ayuda a predecir la altura a nivel local.

Palabras clave: caoba africana, inventario forestal, modelizacion estadistica.

INTRODUCTION 2016). In many situations, foresters save time and effort

by measuring just a few trees inside the plot and predic-

Tree height measurement is one of the most difficult,
time consuming and expensive activities in forest inven-
tories data gathering (Ribeiro et al. 2010, Sharma and
Breidenbach 2015); although it is a fundamental variable
to support forest management since growth and yield mo-
dels rely on accurate estimates of total tree height (Sharma

ting the other tree heights using a mathematical equation,
highlighting the importance and widespread application of
these models in forestry (Salas et al. 2010).

The height-diameter relationship (also known as hyp-
sometric relationship) can be classified as local and re-
gional/generalized (Trincado and Leal 2006, Paulo et al.
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2011). Local models predict height variation using only
one variable, commonly the diameter and are, thus, fitted
by plot or stand. Regional models add, besides diameter,
other stand variables that help explain height variation
(e.g. dominant height, basal area, age) or even inclusion
of random effects models and dummy variables for eco-
region (Temesgen et al. 2014). Generalized models are
fitted with larger databases than the ones used for local
models and consequently are able to predict heights in di-
verse stand conditions.

Huang et al. (2009), Robinson and Hamann (2011), and
Zang et al. (2016), among others, report that it is very com-
mon for data from natural resources to violate basic sta-
tistical assumptions for application of regression analysis
via ordinary least squares method (OLS). This is because
biological data may have temporal, spatial and hierarchical
structure with dependence between observations, leading
to biased estimate of the parameters’ estimated variance. In
mixed models, random effects are introduced in the model
coefficients at different levels, such as region, site, plot and
tree (Ou et al. 2015, Zang et al. 2016) to represent such
dependences. Thus, studies using mixed-effects modeling
have shown significant gains to predict tree height (Calama
and Montero 2004, Shawn et al. 2009, Paulo et al. 2011).

African mahogany (Khaya ivorensis A. Chev.) culti-
vation is recent outside the species’ countries of origin. In
Brazil, the activity began in 1976 in the state of Pard and
since then its cultivation has been an alternative to the na-
tive mahogany (Swietenia macrophylla G. King.) exploi-
tation, since it is in threat of extinction (Franga et al. 2016)
and restricted in homogeneous plantations due to attacks
by the Meliaceae shoot borer Hypsipyla grandella (Zeller)
(Lepidoptera: Pyralidae).

Due to the recent domestication of the species, few
studies are conducted related to tree height prediction, es-

Table 1. Characterization of the data set.

Caracterizacion de los datos.

pecially in Brazil (Silva et al. 2016, Ribeiro et al. 2017).
Therefore, the objective of this paper is to compare di-
fferent fitting strategies to predict tree height in African
mahogany Brazilian plantations using well know local
and regional models fitted by: i) nonlinear least squares;
i1) mixed-effects and iii) mixed-effects with correction of
heteroscedasticity modelled by power-variance function.
As a hypothesis, we expect that the modelling approach
that most details the estimated values residual errors
(i.e. mixed-effects with correction of heteroscedasticity
modelled by a power-variance function) will yield the best
results; also, we believe that regional models will provide
a simple means for users to apply the models generated
here to their own databases.

METHODS

The data from the African mahogany plantations used
in this research had similar forest management and gene-
tic bases (Ribeiro et al. 2017); with age ranged from 2 to
14 years old and at least two re-measurements (table 1).
The stands have most of soils classes belonging to latossoil
(Ribeiro 2017). In the state of Minas Gerais, four distinct
types of climate predominate: Cwb, Cwa, Aw and BSw,
according to Koppen climatic classification, with annual
precipitations between 750 mm and 1,800 mm. In the sta-
te of Goias the climate is tropical with dry season in the
winter (Aw) and in the state of Para the climate is tropical
humid or superhumid (Af) or subhumid (Am) (Embrapa
2016).

Diameter (d) and height (h > 1.3 m) data set were
gathered using metric tape and Vertex III hypsometer, res-
pectively, from 149 permanent plots located in different
stands across Brazilian regions, totaling 4,201 height-dia-
meter (h-d) pairs (figure 1).

Location/Coordinates Da.ta Total  Plot area Tree Shape and Number of
established area (ha) (m?) spacing (m) number of plots remeasurements
Pirapora - MG/ 17°29°S 44°57°W May/09 121.4 1,075 6x6 Rectangular (30) 5
Nova Ponte - MG/ 19°0.2°S 47°23°W Nov/10 191.3 787 4x6 Rectangular (27) 3
Sdo Roque de Minas - MG/ 20°6.6’S 46°27°W  Mar/10 56.5 800 5x7 Circular (27) 4
Piumhi - MG/ 20°25°S 46°1.3°W Jan/09 9.2 900 5,5x6 Circular (14) 5
Nova Porteirinha - MG/ 15°46’S 43°18°W Dec/10 241.6 736 4x6 Rectangular (10) 2
Nova Porteirinha - MG/ 15°39°S 43°17°W Nov/08 96.0 728 4x6 Rectangular (8) 2
Rio Manso - MG/ 20°15°S 44°21’W Apr/09 249 800 4x5 Circular (7) 2
Amorinépolis - GO/ 16°37°S 51°10°W Feb/09 64.3 573 6x4 Circular (20) 2
Santo Antonio - PA/ 1°26°S 47°23°W Jun/00 12.2 4,371 12x12 Rectangular (4) 2
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Dominant height (hdom) was defined as being the mean
height of the 30 thickest trees per hectare (Ribeiro et al.
2016), and not of the 100 thickest trees per hectare, as usu-
al, due to the low density of the plantations in Brazil (spac-
ing used at most plantations is 6 x 6 m, and 12 x 12 m for
the oldest). Similar methodology was adopted by Paulo e?
al. (2011) for Quercus suber studies in Portugal and Dan-
quah (2012) for African mahogany species planted in Gha-
na, where they selected 25 and 40 thickest trees per hectare,
respectively, to determinate mean dominant height. The
same procedure was done to determine dominant diame-
ter (ddom), defined as being the mean diameter of the 30
thickest trees per hectare. We did not consider the effect of
plot size and tree spatial distribution on dominant height
and diameter estimation, though we expect any possible
bias to arise from this to be neglectable. Garcia and Batho
(2005) reported mean bias values of 42 cm, given that the
stands are homogeneous, and this effect is expected to be
more important in more variable stands (Garcia 1998).

A graphic of analysis of the data was performed for
detection and exclusion of extreme observations, attribu-
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where: Y, represents the response variable, X, represents
the predictor variable, ¢, represents the error term at the tth
data point, and 6 is composed by a vector of the model’s
parameters.

Several models are used to represent the relationship
between height and diameter in forest data and studies
have emphasized the superiority of non-linear models
(Huang et al. 2009, Mehtitalo et al. 2015). The mathemati-
cal expressions tested in this study are presented in table 3.
A 1.3 constant was used to avoid the prediction of a height
inferior to 1.3 meters when d is small.

Table 2. Summary of statistics for the African mahogany plan-
tations hypsometric data set (n = 4,201), where SD = standard
deviation.

Resumen estadistico del conjunto de datos usados para la hip-
sometria de plantaciones de caoba africano (n =4.201).

Variable Minimum Mean Maximum SD
ted to measurement errors, trees that were dead, damaged
and presenting a broken top or trunk. A summary of the = Diameter (cm) 1.3 15.1 69.3 5.7
descriptive statistics of the data set used in this study is )
presented in table 2. Total height (m) 1.4 11.3 31.2 4.2
) ) Dominant height (m) 3.8 12.3 28.2 3.9
Model fitting and selection. In general terms, the regres-
sion analysis aims at representing the distribution of ares-  Age (years) 1.9 42 14.0 1.6
ponse variable (Y) subject to values of a predictor variable  \mber of trees per
of known values (X), AY1X,, ..., X), as shown in [1]. hectare 35 320 563 70
Basal area (m? ha'! 0.4 5.9 16.2 32
Y= f(Xi0) + & [1] (meha’)
T ()
40
B
N ®)
30 - T .
— E— ] I I I \ I
0 500 1000 1500 2000 km 0 20 40 60 80

d (cm)

Figure 1. Stands location (represented by a star, A) and scatterplot between total tree height (h) and diameter at breast height (d) (n=4,201, B).

Ubicacion del rodal (representado por una estrella, A) y grafico de altura total del arbol (h) contra el didmetro a la altura del pecho (d) (n=4.201, B).
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In table 3, models 1 to 8 are considered local, in which
the height variation is estimated only based in the tree’s
diameter. Models 1 to 8 are traditionally used to describe
the height-diameter relationship and were obtained from
Mehtitalo et al. (2015). Models 9 to 15 are considered
regional and insert additional stand variables to describe
height variation. Models 9 to 15 were obtained from Scol-
foro (1990).

We compared local and regional models separately
in this work. For each group of models (local and regio-
nal), a three-step fitting strategy was followed. The first

Table 3. Functions applied for height estimation®.

Funciones utilizadas para la prediccion de la altura*.

step consisted of model fitting without specifying any
random effects, fitting a basic model by nonlinear least
squares (NLS) techniques. All statistical inferences were
made using the program R (R Core Team 2016) with the
nls function performing a nonlinear regression analysis via
Gauss Newton algorithm.

The second step (NLME) involved inclusion of ran-
dom effects in the coefficients of the best models chosen
in step 1, initially inserting random effects in all the coe-
fficients of the models, as suggested by Pinheiro and Bates
(2000), using the n/me package (Pinheiro ef al. 2016) of R.

Model Mathematical function
2
h=13+—2
! Y Gt R
_ Bod
2 h=13+ m
_ Bod
3 h=134 500
4 h =13+ By exp(Bd~1)
d2
5 h=134 o
_ Bo
6 M e (hid 8]
7 h =13+ B,[1 — exp(—p,d)]%
8 h = 1.3 + Byexp[—Biexp(—f,d)]
1
9 h=1.3+exp [ﬂo + 5 (;) + B, In(hdom) + B, ln(G)]
10 h=1.3+exp [ﬁo + (%) + B, ln(hdom)]
1 h=13+exp [ﬁo + ByIn(hdom) + B,d~1 + B3 In (g) +B,.In (%)]
12 h =13 +exp [y + fuln(hdom) + Bt~ + 6 In(Nd) + filn (%)]
N1
13 h = 1.3 + (hdom — 1.3)exp [(/?0 — f1 hdom + f3, m) (E - ddom)]
14 h =13+ exp [y + fuI ™ +BIn(hdom) + b5 In(G) + fyln (%)]
d
15 h=13+exp [,BO + Bt +B,1n (79) + ,B3ln(dgt)]

*Where: f, /5, B,, B, B,= model parameters; h=total height (m); d=diameter at breast height (cm); hdom=dominant height (m); G=basal area (m*.ha™");
N=number of trees per hectare; t=age (years); dg=quadratic mean diameter (cm) and ddom=dominant diameter (cm).
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Coefficient estimation was based on the maximum likeli-
hood and comparison of nested models tests were made
based on the likelihood ratio (random part) and conditional
F tests (fixed part). When mixed models are used, the goal
is to predict values for Y from a continuous predictor va-
riable X and add a categorical variable for each stipulated
group. Following Calama and Monteiro (2004), Sharma
and Parton (2007) and Pinheiro and Bates (2000), a gene-
ral expression for a nonlinear mixed-effects model can be
defined as [2].

Yij = f(0;, Xij) + &5 [2]

where: Y, is the jth observation (tree) of the response
variable taken from the ith sampling unit (plot), X, is the
jth measurement from the predictor variable at the ith plot,
0, is a parameter vector, specific for each sampling unit,
f'is a nonlinear function of the predictor variables and the
parameter vector, and ¢, is the residual error term. In vector
form, this mixed-effects model can be expressed as [3].

Y; = f((AiB + Ziby), X)) + & [3]

where: Y is the observation vector and X is the predictor
vector for the ith plot, ¢, is a vector of the residuals, f§ is
a vector of fixed population parameters, b, is the vector
of random-effects associated with the ith plot and 4, and
Z, are design matrices for the fixed- and random-effects
specific to each plot, respectively.

We used as a random effect the combination of the lo-
cal, plot and measurement occasion, totaling 380 groups.
More detailed statistical notation and explanation of mi-
xed modeling process can be found in Pinheiro and Bates
(2000), Robinson and Hamann (2011) and Mehtétalo et al.
(2015).
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The third step (WNLME) was made when we verified
violations of assumption of constant variance (homosce-
dasticity) in steps 1 and 2. If the plot of the standardized
residuals versus the fitted values showed that the error
variance was heterogeneous, a variance power function
(Var (¢)= o* (d)*®) was used to model the variance error
structure within groups using covariates with an expo-
nential parameter delta (§) estimated by iterative proces-
ses. We chose initial 6 value = 0.5, which implies a linear
relationship between the variance and tree diameter (Me-
htitalo et al. 2015). A similar procedure was performed
by Paulo ef al. (2011) and Mehtétalo et al. (2015) to fit
height-diameter models.

The models were chosen according to the goodness-of-
fit, predictive ability, biological sense (e.g. positive height
values, larger heights for larger diameter trees) and fulfill-
ment of the error assumptions (homoscedasticity, lack of
autocorrelation and normality of residuals). The goodness-
of-fit of the functions was analyzed through the root mean
squared error (RMSE, [4]) and value of the Akaike infor-
mation criterion (AIC).

Where Y = observed response variable, ¥ = estimated re-
sponse variable and n = number of observations

RESULTS

Local models. Statistical criteria and visual plot analysis of
residuals versus fitted values for each fitted model (table
4) showed that the models 1, 4 and 7 had the best results
considering the local models fitted by nonlinear regression
using least squares method (NLS).

Table 4. Coefficients and goodness-of-fit of the local height diameter functions using least squares method (NLS)*.

Coeficientes y bondades de ajuste de las funciones locales de altura y diametro utilizando el método de los minimos cuadrados (NLS)*.

Model Ao A B RMSE RMSE% AIC
1 2.504 0.145 178 15.8 16,767
2 0.914 0.109 2.28 202 17,712
3 105.022 139.178 1.93 17.1 17,445
4 32.732 -17.135 1.77 15.7 16,735
5 0.005 1.541 -2.146 2.06 18.2 17,990
6 23.021 15.147 6.889 1.81 16.0 16,919
7 25.946 0.065 1.966 176 15.6 16,675
8 23.550 3.561 0.096 178 15.8 16,754

*All estimated parameters are significant at P level < 0.05.
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The goodness-of-fit criteria for all equations were simi-
lar (table 4), with a slight superiority for model 7, followed
by models 4, 8 and 1. Model 8 presented more coefficients
than those shown by the others and was discarded in favor
of a more parsimonious model. The residual plot for model
4 was biased, overestimating the predicted heights below
5 meters and all models showed trends of non-normality
for higher values of prediction (figure 2).

The distribution of residuals for models 1 and 7 was
similar, as was their goodness-of-fit, being model 1 chosen
for the other two fitting strategies, since it has less parame-
ters, and presented better fit for the higher height values
(larger than 25 m). Proceeding to the second step of the fit-
ting process, model 1 was fitted as a mixed-effects model
with random effect inserted in all coefficients [5].

2
dij

+ ~+
[(ﬂo"‘uoi) + (By + ugp)- dij]

h:

;=13

&j [5]

where: u, and u,, are the random-effects associated with
parameters f3, and 3|, respectively.

The coefficients estimated for model 1 with the NLME
and WNLME fitting strategies, the variance estimates for
the random effects in the mixed model and the statistical
criteria are presented in table 5.

The residual plots (figure 3) show a tendency of he-
terogeneity of the variance for the NLME method with

inclusion of random effects on the parameters, and this
was corrected when using a power type variance function
(WNLME) into the regression. Normality was not guaran-
teed for the extreme values of height prediction for both
methodologies (figure 3).

Generalized models. As for the local model fitting, gene-
ralized models were also first fit using the NLS method
without hierarchy, resulting in the following best models:
10, 11 and 13 (table 6) and residuals plot shown in figure 4.
We chose the more parsimonious model (model 10) for
fitting of the two other fitting strategies. The inclusion of
the random effects in the model coefficient presented the
best results, resulting in the following final model [6]:

h;; = 1.3 + exp [(ﬁo+u0i) + <5—1> + ﬁz.ln(hdomj)] +&; [6]
ij

The coefficients estimated for model 10 with the
NLME and WNLME fitting strategies, the variance para-
meters for the random effects in the mixed model and the
statistical criteria are presented in table 7.

When fitting [6] with the inclusion of random effects,
a minor improvement in the statistics used as selection cri-
teria was observed, although the residual distribution pre-
sented similarity to the model without hierarchy (figure 4),
with a slight bias for height prediction for trees under 5
meters (figure 5).

Model 1 Model 4
3 - 3
< 5 L
= 2 2
5 10 15 20 25 30
Fitted values Fitted values Fitted values
0 S 3 o S
w w 4
2 < A 2 o 2 +4
'_,E N = § S 2 IS
& & &
L - L o4 B s
& a - & =
g A G A
< Q,
T T T T T T T T T
-2 0 2 -2 0 2 -2 0 2
Theoretical Quantiles Theoretical Quantiles Theoretical Quantiles

Figure 2. Residual versus fitted values and normal Q-Q plot for the best local fitted models.

Valores residuales versus valores ajustados y Q-Q normal grafico para los mejores modelos locales ajustados.
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Table 5. Estimated model coefficients and random effects, variance components for the random effects for Model 1, where SE =
standard error and SD = standard deviation.

Estimativa de los coeficientes de lo modelo, efectos aleatorios, componentes de varianza para los efectos aleatorios para el modelo 1, donde
SE = error estandar y SD = desviacion estandar.

Strategy Parameters Value SE RMSE AIC
30 1.9759 0.0414 1.23 15,222
Coefficients
ﬁ ' 0.1801 0.0021
SD (u,) 0.6069
2) NLME
SD (u,) 0.0224
Random effects

Correlation: (u, u,) -0.8780

Residual variance 1.2991
Bo 2.0561 0.0392 1.24 14,710

Coefficients
B 0.1756 0.0020
SD (u,) 0.5808
3) WNLME SD (u,) 0.0221
Random effects

Correlation (u, u,) -0.8630

Residual variance 0.1388

Variance power function 0.8219

NLME WNLME
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Figure 3. Residual versus fitted values and normal Q-Q plot for model 1 with different fitting strategies.

Valores residuales versus valores ajustados y Q-Q normal grafico para el modelo 1 con diferentes estrategias de ajuste.
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Table 6. Coefficients and goodness-of-fit of the generalized height diameter functions*.

Coeficientes y bondades de ajuste de las funciones generalizadas de altura y diametro*.

NLS B, B, B, B, B, RMSE AIC
Model 9 0.0785 -0.6823 0.9246 0.0402" 1.92 17,399
Model 10 1.3209 -9.1651 0.6427 1.38 14,659
Model 11 1.4024 0.6252 -9.7249 0.0115 -0.0265™ 1.38 14,652
Model 12 0.2828 0.6651 -2.2498 0.0231 0.5615 1.45 15,077
Model 13 -7.1662 0.0807" -3.2597 1.41 14,784
Model 14 0.5014 -2.3690 0.6695 -0.0149 0.5792 1.46 15,085
Model 15 1.5972 -1.6892 -0.6270 0.2775 1.74 16,576

*ns = estimated parameters not significant at P level > 0.05.
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Figure 4. Residual versus fitted values and normal Q-Q plot for the best generalized models fitted.
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Table 7. Estimated coefficients and random effects, variance components for random effects for model 10, where SE = standard error
and SD = standard deviation.

Estimativa de los coeficientes de lo modelo, efectos aleatorios, componentes de varianza para los efectos aleatorios para el modelo 10, donde

SE = error estandar y SD = desviacion estandar.

Strategy Parameters Value SE RMSE AIC
Eo 1.3760 0.0469 1.28 14,493
Coefficients ﬁ . -9.3996 0.1790
2) NLME B, 0.6268 0.0149
SD (u,) 0.0427
Random effects
Residual variance 1.3035
[;:0 1.5050 0.0441 1.27 14,187
Coefficients B, -9.5485 0.1504
B 0.5807 0.0145
3) WNLME 2
SD (u,) 0.0508
Random effects
Residual variance 0.2789
Variance power function 0.5688
NLME WNLME
-6 6
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Standardized residuals
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Figure 5. Graphical relationship between the standardized residuals and fitted values for model 10 with different fitting strategies.

Relacion grafica entre los valores de los residuos estandarizados y los valores estimados para el modelo 10 con diferentes estrategias de
ajuste.
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DISCUSSION

The main objective of the present study was to deve-
lop equations that adequately predicted height for African
mahogany stands in Brazil, respecting statistical assump-
tions and parsimony. While some studies have reported
growth parameters and wood quality for Khaya ivorensis
plantations considering limited stand variations (e.g. Sil-
va et al. 2016, Ribeiro et al. 2016), to our knowledge, this
study is the first to provide height-diameter models for
a large scale database in Brazil and beyond. Care must
be taken when applying the models outside the sampled
database range (for other parts of the world or for ages
over 14 years), especially considering the peculiarities of
Brazilian African mahogany silviculture (intensive mana-
gement practices and wide spacing).

It is expected that a model including stand variables
(i.e. generalized models) provide a better predictive equa-
tion for height, as noted by Trincado and Leal (2006). It
was clear in this work that when the models were fitted
by NLS method, a predictive improvement of a half me-
ter error comparing local model 1 with generalized model
10 occurred, besides the lowest AIC value for the last
equation.

Mixed-effects modeling is one alternative to deal with
correlated observations, in which the variability between
the sampling units can be explained by including random
effects, which are estimated at the same time as the mo-
del coefficients (Calama and Montero 2004). Sharma and
Parton, (2007) developing a h-d equation for species of
boreal forest in Canada, found that the inclusion of ran-
dom effects on the selected model coefficients resulted in
a lower value of AIC and an improvement in the models’
predictive ability. Temesgen et al. (2014), fitting the ra-
tio of height and diameter for various species in China,
used the mixed-effects method to correct the hierarchical
data structure and generate a robust predictive equation.
Our results confirmed this trend, where the mixed-effects
models provided better results compared to the NLS te-
chniques.

For all selected models non-normality for extreme va-
lues occurred. Zang et al. (2016) affirmed that since the
height-diameter relationship is influenced by numerous
factors, it may be difficult to model using normal parame-
tric models and limitation of least-squares methods (e.g.
normally distributed errors) may present problems, espe-
cially in the case of generalized h-d equations. Crecente-
Campo et al. (2010) suggest the use of weighting factors
to balance error variance, to account for non-normality
and to take into account unequal selection probabilities.
Although the impact of the weighting procedure was mi-
nimal in their work, the parameter estimates and appro-
ximate standard errors showed the same magnitude, the
goodness-of-fit statistics was also similar, with slightly
better values for the model fitted using unequal selection
probabilities.
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For the selected generalized model (model 10), the in-
clusion of a random effect did not result in explicit impro-
vement of residual distribution (figure 5), with slight im-
provement on statistics values (table 7) compared with the
NLS method. That was expected since the inclusion of a
stand variable into the model works as a plot level control,
improving the predictions in local scale. The small effect
of the random component for the generalized model was
confirmed by its low value of standard deviation, 0.04 m,
compared with a residual standard deviation of 1.14 m for
the NLME fit (table 7). The random component’s stan-
dard deviation values were much more expressive for the
local models, reaching 0.61 m, compared with the resi-
dual standard deviation of 1.14 m for the NLME fit (ta-
ble 5). However, when heteroscedasticity was corrected,
residuals were less biased and the values of the statistics
were higher than those for the other fitting strategies. The
relationship defined between the standardized residuals
and the tree height estimates did not suggest the presen-
ce of heteroscedasticity associated with the error term for
WNLME approach in the local and generalized model
selected, although non-normality still existed. Calegario
et al. (2005), estimating the height growth of clonal Eu-
calyptus trees, obtained significant gains when modeling
the heterogeneity of variance, where the distribution of
residues was significantly improved. We also arrived at
the same conclusion when we applied the variance power
function on the selected models.

In the present study, the gain in the use of a generali-
zed model (using dominant height) compared with local
models including random effects on the parameters was
not very significant. It is known that the dominant height
is a variable that reflects local productivity, being correla-
ted with the total height of the trees; hence, the inclusion
of the same in hypsometric designs results in improve-
ment of height predictions.

We plotted the different height-diameter selected mo-
dels in varying silvicultural scenarios (one older plot with
large spacing and one younger plot with dense spacing)
to illustrate the models’ predictive ability, and also to
highlight the errors of selecting equations from literature
without any calibration (figure 6). In figure 6 we see that
the most general model from our study (Model 1 _NLS)
is able to adequately describe the mean behavior of the
height-diameter relationship, nonetheless it is not able to
distinguish between sites showing different productivity.
Considering the strategies that take into account the plots’
productivity (Model 10 (gen.) NLS and Model 1 (local)
WNLME), we see that they are able to better describe par-
ticular differences in the height-diameter relationship in
different plots (represented as black dots in figure 6), with
superiority for the mixed-effects approach.

Thus, the authors suggest that when a large-scale data-
base is available to fit height-diameter models for Khaya
ivorensis, model 1 using random location parameters and
correction of the heteroscedasticity of the residuals should
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Figure 6. Different height predictions for African mahogany
dataset, where the gray dots show the original data and the dark
dots show the observed heights for two sample plots.

Diferentes predicciones de altura para el conjunto de datos de
caoba africano, donde los puntos grises muestran los datos originales y
los puntos oscuros muestran las alturas observadas para dos parcelas.

be the preferred method to estimate the height of unsam-
pled trees. However, model users that do not have these
data can use the generalized model (model 10), since in-
clusion of the dominant height into the model helps to
predict height locally. For Salas ef al. (2016), in general,
models are good for the purpose they were built for and
it is very difficult to find a model that works well for all
purposes.

Finally, to illustrate the need for calibration of the
height-diameter relationship and to adhere to the range
of the sampled database, we also plotted a model from
Silva et al. (2016) in figure 6. These authors presented a
local equation fitted with NLS method to predict height in
4-year-old African mahogany stands geographically close
to some of the stands used in this study. Here we see that
while Silva’s model predicted the height variation reaso-
nably well for trees with diameters with 10 to 20 cm, it
provided large underestimation outside this range, espe-
cially for larger trees (d > 40 cm).

CONCLUSIONS

We concluded that the modelling approach that
most details the estimated height values residual errors
(mixed-effects considering each plot measurement occa-
sion as the random effect and with correction of hetero-
scedasticity modelled by power-variance function) yielded
the best results. However, given the fact that users will not
always have a large database at their disposal, the general-
ized model 10 fitted using the plot dominant height can be
applied to successfully estimate tree height of other Khaya
ivorensis stands.
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SUMMARY

Lithraea caustica (litre) is an endemic tree species of Chile that grows in a Mediterranean climate, characterized by a summer with
low water availability in the soil, high solar radiation and high temperatures. In these conditions, litre should have physiological
mechanisms to survive under restricted water conditions. To investigate these mechanisms we performed an experiment under natural
summer conditions. The plants were assigned to three different treatments: Permanent irrigation, moderate water restriction and severe
water restriction. During the study, we evaluated predawn leaf water potential and predawn leaf water relative content, photosynthesis,
gas exchange and chlorophyll fluorescence. Additionally, we evaluated the growth and accumulation of biomass. Under restricted
water conditions, litre developed the osmotic adjustment mechanism, presenting a high cellular turgor and a leaf water relative content
over 80 %. This strategy allowed litre to tolerate the low soil water contents observed during the phase of maximum water restriction.
It also repaired damages caused during the photoinhibition period observed at noon, with values of F /F always equal to or higher than
0.8. This study provides valuable information of litre attributes that could be applied in future scenarios of reforestation and climate
change in Mediterranean areas.

Key words: litre, Mediterranean forest, drought, osmotic adjustment, photoinhibition.

RESUMEN

Lithraea caustica (litre) es una especie arborea endémica de Chile que se desarrolla en un clima de tipo mediterraneo, caracterizado
por presentar una estacion estival con baja disponibilidad hidrica del suelo, elevada radiacion solar y altas temperaturas. Bajo estas
condiciones, litre debe desarrollar respuestas ecofisiologicas que le permitan sobrellevar periodos de restriccion hidrica. Con el
objetivo de conocer dichas respuestas, se establecid un ensayo de restriccion hidrica controlada bajo condiciones naturales de verano.
Las plantas se sometieron a tres tratamientos: riego permanente, restriccion hidrica moderada y restriccion hidrica severa. Durante el
estudio se evaluaron variables hidricas (potencial hidrico foliar a pre-alba y contenido hidrico relativo foliar a pre-alba), fotosintesis,
intercambio gaseoso y fluorescencia de las clorofilas. Adicionalmente, se evaluo el crecimiento y acumulacion de biomasa. Bajo
condiciones de restriccion hidrica, litre presentd el mecanismo de ajuste osmotico, permitiendo mantener un alto turgor celular y
un contenido hidrico foliar sobre 80 %. Esta estrategia permitio a litre tolerar los bajos contenidos hidricos de sustrato observados
durante la fase de mayor restriccion hidrica. También fue capaz de reparar los dafios provocados durante el periodo de fotoinhibicion
observado a mediodia, con valores de F /F_siempre igual o superior a 0,8. Se entrega informacion valiosa sobre los atributos de litre,
posible de aplicar en futuros escenarios de reforestacion y cambio climatico en zonas mediterraneas.

Palabras clave: litre, bosque mediterraneo, sequia, ajuste osmotico, fotoinhibicion.

INTRODUCCION

Lithraea caustica Hook. et Arn. (litre), es un arbol
siempreverde endémico de Chile, perteneciente a la familia
Anacardiaceae. Se distribuye ampliamente por el valle cen-
tral y la Cordillera de la Costa entre los 30° y 39° de latitud
sur, mientras que por la Cordillera de Los Andes s6lo solo

se circunscribe a los contrafuertes cordilleranos entre las
ciudades de Santiago y San Fernando (Cabello y Donoso
2006). Es un componente principal en el bosque esclerdfi-
lo mixto, ocupando zonas altas y de media altitud, en ex-
posiciones secas y calidas [asociacion Quillaja saponaria
Poir. (quillay) — Lithraea caustica Hook. et Arn. (litre)] o
exposiciones humedas y sombrias [asociacion Cryptocarya
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alba (Molina) Looser (peumo) — Lithraea caustica] en la
region mediterranea (Donoso 1982). Este autor también
le describe como especie acompafiante en los espinales de
Acacia caven (Mol.) Mol. (espino), matorrales mas xéricos
que han sido considerados como etapas pioneras de la su-
cesion secundaria (Root-Bernstein et al. 2017).

Litre se desarrolla bajo el clima de tipo mediterraneo,
caracterizado por presentar una fuerte estacionalidad, con
precipitaciones concentradas principalmente en invierno,
y un periodo con baja disponibilidad hidrica del suelo, ele-
vada radiacion solar y altas temperaturas durante el vera-
no, cuya duracion e intensidad disminuyen en latitud (Lue-
bert y Pliscoff 2006). Durante el periodo estival, las con-
diciones ambientales favorecen la aparicion de multiples
estreses en las plantas y se ha observado que diferentes
especies que crecen en un mismo habitat, desarrollan dis-
tintas estrategias para mantener el turgor celular adecuado
(Donoso et al. 2011, 2015).

En condiciones de déficit hidrico, las plantas experi-
mentan un descenso en sus parametros hidricos internos en
respuesta a la menor disponibilidad de agua en el perfil de
suelo, lo cual repercute en un detrimento general de la ac-
tividad fisiologica y fotosintética. Bajo estas condiciones,
el aparato fotosintético se predispone a sufrir inhibicion de
la fotosintesis causada por exceso de radiacion (fotoinhi-
bicién), debido a potenciales hidricos bajos la fotosintesis
puede ser alterada por efectos no estomaticos, principal-
mente por una reduccién en la actividad de los fotosiste-
mas IT (FSII) y en las reacciones de transferencia de elec-
trones (Pena-Rojas et al. 2004, Fleck ef al. 2010, Ceacero
et al. 2012, Flexas et al. 2014).

Algunas plantas sometidas a déficit hidrico desarrollan
mecanismos fisiologicos de tolerancia a la deshidratacion
como el ajuste osmdtico o el ajuste elastico, que les permi-
ten sobrellevar este estrés (Fan et al. 1994). Ambos meca-
nismos permiten mantener el suministro de agua a los teji-
dos de la planta, el turgor celular, los procesos fisioldgicos,
la sobrevivencia y el crecimiento bajo condiciones de res-
triccion hidrica. Al respecto, diversos estudios han descrito
el comportamiento de varias especies mediterraneas euro-
peas ante un escenario de restriccion hidrica (Pefia-Rojas
et al. 2004, Gallé et al. 2007, Fleck et al. 2010, Flexas et
al.2014). Sin embargo, aun es exigua la informacioén sobre
las respuestas fisiologicas de los componentes floristicos
mas importantes del bosque mediterraneo chileno.

Basandose en la persistencia de litre en condiciones
secas del bosque esclerdfilo, se plantea como hipdtesis de
trabajo que esta especie cuenta con mecanismos de tole-
rancia al estrés hidrico que le permiten adaptarse al es-
trés estival. El objetivo del presente trabajo es estudiar la
respuesta morfo-fisiologica de plantas de litre sometidas a
restriccion hidrica moderada y severa. Se discuten las po-
sibles implicaciones sobre el establecimiento de la especie
en el campo, informacién que puede ser util en futuros pro-
gramas de reforestacion o restauracion bajo condiciones
mediterraneas.
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METODOS

Sitio de estudio y disenio experimental. El estudio se desa-
rroll6 en el campo experimental del vivero Antumapu de la
Universidad de Chile, entre diciembre y marzo (33° 34" S
y 70° 37" O; 420 m de altitud), bajo condiciones ambien-
tales naturales de verano. Durante el periodo de estudio,
se presentaron condiciones normales de temperatura: la
media maxima alcanz6 los 28,8 ° C y la media minima los
11,6 °C. Ademas, precipitod en cuatro oportunidades, sien-
do mas importante la precipitacion de marzo, con 12 mm.
Sin embargo, ninguna de ellas tuvo implicancia en el esta-
do hidrico de los individuos, puesto que se procurd cubrir
las plantas sometidas a restriccion hidrica, en cada oportu-
nidad de precipitacion.

Un mes antes del inicio del ensayo, se seleccionaron
un total de 130 plantas de dos afios de edad de la especie
L. caustica, las que fueron dispuestas en macetas de nueve
litros de capacidad utilizando una mezcla de suelo del lugar
(de origen aluvial y de la serie Santiago), de textura franco
arenosa, perlita y arena en una proporcion 4:3:3, respecti-
vamente. Adicionalmente, se complement6 el sustrato con
superfosfato triple y urea (1,20 y 0,32 g L"). Las plantas
fueron mantenidas bajo constante irrigacion (contenido hi-
drico del sustrato (CHS) superior a 80 %), con el fin de
homogenizar la condicion fisioldgica e hidrica de los indi-
viduos, y evitar el efecto de estrés posterior al trasplante.

Del total de plantas disponibles, se selecciond un gru-
po de 30 plantas para conformar el tratamiento con aporte
hidrico permanente (tratamiento control = TC), 40 plantas
para el tratamiento de restriccion hidrica moderada (TM) y
50 plantas para el tratamiento de restriccion hidrica severa
(TS). El monitoreo y control de la condicion hidrica en
los tres tratamientos se efectud en funcion del contenido
hidrico del sustrato [1]:

Pfs — Pss y

Phs — Pss

CHS (%) = 100 [1]

Donde CHS = contenido hidrico del sustrato (%), Pfs = peso
fresco del sustrato tomado al momento del control de peso
(kg); Phs = peso hidratado del sustrato (kg), obtenido una
vez drenada el agua gravitacional, y Pss = peso seco del
sustrato (kg), el que se obtuvo después de secar el sustrato
en una estufa de aire forzado a 105 °C hasta obtener un peso
constante.

El monitoreo de la variable se hizo periddicamente
tomando una muestra aleatoria de 10 individuos de cada
tratamiento, midiendo el peso fresco del sustrato.

El disefio del ensayo consider6 que las plantas del tra-
tamiento control se mantuvieran durante todo el ensayo
con valores de CHS en torno al 80 %. Por su parte, para
los tratamientos con restriccion hidrica se dispuso una re-
duccién paulatina del CHS a partir del dia 12, condicion



que se mantuvo hasta el dia 60, momento en cual ambos
tratamientos con restriccion hidrica deberian llegar a nive-
les estables de CHS (30 % en el tratamiento con restriccion
hidrica moderada y 20 % en el tratamiento con restriccion
hidrica severa). Ambos tratamientos con restriccion hi-
drica se mantuvieron bajo esta condicion durante 36 dias,
para luego nuevamente ser rehidratados (dia 96), hasta al-
canzar valores de CHS similares a los presentados en el
tratamiento control.

Evaluacion de variables hidricas. Se hicieron evaluacio-
nes del potencial hidrico foliar a pre-alba (¥)) y del conte-
nido hidrico relativo foliar a pre-alba (CHR ). El potencial
hidrico foliar a pre-alba fue determinado con una bomba
de presion PMS Instruments modelo 1000 (Corvallis,
OR), mientras que para el calculo del CHR se siguieron
los procedimientos descritos por Galmés et al. (2007). Las
mediciones se efectuaron a partir de una muestra aleatoria
de ocho individuos de cada tratamiento, procurando que
estas provinieran de brotes ubicados en el tercio superior
de cada una de las plantas, con caracteristicas similares en
cuanto a nimero, madurez, tamailo y sanidad. La oportu-
nidad de medicion se definié en funcion del gradiente de
CHS obtenido durante el ensayo segun lo indicado en el
cuadro 1.

Con parte del material utilizado para medir ¥, y CHR,
se elaboraron curvas de presion-volumen (Tyree y Richter
1981, Corcuera et al. 2002). Las curvas permitieron esti-
mar los parametros: potencial osmotico a cero turgor () y
a turgor maximo (m, ), moédulo de elasticidad de la pared
celular (¢), potencial de presion a turgor maximo (¥,
y contenido hidrico relativo a cero turgor (CHR ). La es-

Cuadro 1. Cronograma de medicion para la evaluacion de va-
riables hidricas.

Measurement schedule for the evaluation of water variables.

Dia de CHSenTC CHSenTM  CHSenTS

evaluacion (%) (%) (%)
0 100,0 100,0 100,0

26 98,5 64,2 60,1

35 89,2 57,1 41,9

54 85,8 41,0 243

82 83,5 29,9 19,0

117 90,5 91,6 93,3

Los valores corresponden a las medias de contenido hidrico del sustrato
(CHS) de cada uno de los tratamientos al momento de la evaluacion.
TC= Tratamiento Control; TM= Tratamiento Moderado; TS= Tratamien-
to Severo.

Values correspond to the soil water content (CHS) of each treatment at
the evaluation period. TC = Control treatment; TM = Moderate treat-
ment; TS = Severe treatment.
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timacion de los pardmetros se hizo utilizando una trans-
formacion (tipo II) que relaciona el inverso del potencial
hidrico total con el respectivo contenido hidrico relativo
de la muestra [2]:

i=a><CHR+b [2]
v,

Donde ¥, = potencial hidrico total y se obtiene de la suma
del potencial osmotico () y el potencial de presion (¥,);
a 'y b = coeficientes de regresion, y CHR = contenido hi-
drico relativo de la muestra al momento de la medicion.

Evaluacion de variables de la fluorescencia de las cloro-
filas e intercambio gaseoso. Junto con las mediciones de
variables hidricas, se evalu6 el comportamiento de la fluo-
rescencia de las clorofilas utilizando un fluorimetro mo-
dulado portatil (Mini-PAM Photosynthesis Yield Analyser.
Walz, Effeltrich, Alemania). Un pulso de luz de fotones de
aproximadamente 0,5 pmol m? s! fue configurado a una
frecuencia de 600 Hz para determinar, a pre-alba, la sefial
de fluorescencia minima (F ). Para obtener la sefial de fluo-
rescencia maxima (F ) se aplico un pulso de saturacion
de fotones de aproximadamente 6.000 umol m?s! durante
0,8 s. El rendimiento cuantico maximo del fotosistema II
(FSII) a pre-alba fue calculado como F /F = (F_-F)/F .
Al mediodia, la fluorescencia estable adaptada a la luz (F)
y la fluorescencia maxima adaptada a la luz (F" ), fueron
determinadas en las mismas hojas utilizadas en la medi-
cion de pre-alba, aplicando el mismo procedimiento. La
eficiencia fotoquimica del FSII (®, ) fue determinada
como @, = (F' - F)/F . La hoja utilizada durante la
medicion del mediodia fue adaptada a la oscuridad durante
un periodo de 20-25 minutos, lo cual permitié calcular el
rendimiento cuantico maximo del FSII al mediodia como:
F /F’ =F -F)F .

Paralelamente, en la manana (de 10:00 a 11:30 horas),
se hicieron evaluaciones puntuales de los parametros de in-
tercambio gaseoso utilizando un aparato portatil de fotosin-
tesis (IRGA) (ADC-LCi, UK - CO, ambiental = 380 ppm).
Se obtuvo la fotosintesis neta (An), conductancia estoma-
tica (gs), transpiracion (E) y concentracion interna de CO,
(Ci). Las evaluaciones de fluorescencia e intercambio ga-
seoso se hicieron en una muestra de cinco individuos por
tratamiento y en momentos representativos del gradien-
te de CHS: dia 0 (TC: 100 %, TM: 100 %, TS: 100 %);
dia 35 (TC: 89 %, TM: 57 %, TS: 42 %)y dia 82 (TC: 84 %,
TM: 30 %, TS: 19 %).

Evaluacion de variables de crecimiento y distribucion de
biomasa. Se efectud un seguimiento de las variables de cre-
cimiento durante todo el periodo de estudio. Al inicio del
ensayo se seleccionaron 20 plantas por tratamiento, que fue-
ron marcadas en la seccion inferior del tallo principal con
el objeto de determinar la evolucion del didmetro a la altura
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del cuello (DAC) y altura total (L). Para las mediciones de
altura se utilizo6 el vastago principal de cada planta, regis-
trando la distancia desde la marca hasta el apice del vastago
con una cinta métrica de precision al milimetro. En el caso
del DAC, las mediciones se hicieron con un pie de metro
con precision al milimetro. El monitoreo de estas variables
se hizo posterior a la evaluacion de variables hidricas.

Terminado el periodo de restriccion hidrica, se deter-
miné en diez individuos de cada tratamiento la biomasa
aérea y radicular. De cada planta seleccionada se separd el
sistema de raices de la parte aérea, el que a su vez se divi-
did en hojas y material lefioso. Estas muestras se secaron a
65 °C en una estufa de aire forzado hasta alcanzar un peso
estable, obteniendo la biomasa total y por componente. Es-
tos datos se compararon con la biomasa inicial obtenida de
una muestra de diez plantas del total de plantas utilizadas
en el ensayo. Con los antecedentes obtenidos se determind
la relacion entre la biomasa aérea y biomasa de raices de
las plantas segtin tratamiento.

Analisis estadistico. Las diferencias en los parametros de-
rivados del andlisis de las curvas presion-volumen, varia-
bles de intercambio gaseoso, fluorescencia de las clorofilas,
potencial hidrico y biomasa, se evaluaron con un analisis
de varianza, para un disefio completamente al azar de tres
tratamientos. El crecimiento fue analizado mediante ana-
lisis de varianza de medidas repetidas. Para determinar la
significancia de las diferencias entre los valores medios de
cada tratamiento, se utiliz6 la prueba de Tukey (P < 0,05).
Para el analisis de las variables de crecimiento se utilizo el
DAC inicial o la altura inicial como covariables.

RESULTADOS

Estado hidrico de los individuos durante el periodo de es-
tudio. Las plantas del tratamiento control mostraron valo-
res de contenido hidrico del sustrato superior al 70 %, lo
que permiti6 el mantenimiento de valores de potencial hi-
drico a pre-alba y contenidos hidricos relativos a pre-alba
en torno a -0,4 MPa y 96 %, respectivamente (figura 1).
A partir del dia 12, los tratamientos de restriccion hidrica
moderada y severa experimentaron un descenso en el valor
promedio del contenido hidrico del sustrato, observandose
diferencias estadisticamente significativas en ¥ y CHR,
solo a partir del dia 54, momento en el cual el contenido hi-
drico del sustrato fue de 42 % en las plantas con tratamien-
to de restriccion hidrica moderada, y 26 % en las plantas
con tratamiento de restriccion hidrica severa. El periodo
de mayores limitaciones en las plantas con tratamien-
tos de restriccion hidrica se presentd entre los dias 55 y
82, cuando las plantas presentaron valores promedio de
contenido hidrico del sustrato de 29,9 % TM, y 19 % en
TS. Esta condicion, de menor disponibilidad hidrica en el
sustrato, provoc6 una baja importante en el potencial hidri-
co, especialmente en el tratamiento de restriccion hidrica
severa (-4,3 MPa en ¥y 84,8 % en CHR ). Posterior al
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dia 82, los dos tratamientos con restriccion hidrica fueron
regados, entrando a una fase de rehidratacion (lo que se vio
reflejado en un aumento del valor promedio del contenido
hidrico del sustrato), alcanzando rapidamente valores de
W, y CHR, similares a los observados en las plantas que
recibieron riego permanente (figura 1).
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Figura 1. Comportamiento de las variables hidricas durante
el periodo de estudio. a) contenido hidrico del sustrato = CHS,
b) potencial hidrico foliar a pre-alba = ¥, ¢) contenido hidri-
co relativo foliar a pre-alba = CHR . TT: Tratamiento Testigo o
control, TM= Tratamiento Moderado; TS= Tratamiento Severo.
Valores corresponden a medias + error estandar (n = 8-10). La
significancia del tratamiento de restriccion hidrica sobre las vari-
ables ¥ y CHR_ se indica en asteriscos (*P < 0,05, **P <0,01).

Water variables during the evaluation period. a) soil water
content (CHS), b) predawn leaf relative water content (CHRa)i TC=Con-
trol treatment; TM = Moderate treatment; TS = Severe treatment. Values
correspond to means + SE (n = 8-10). The significance of the water re-

striction treatment on the variables Wa and CHRa is indicated by asterisks
(* P<0.05, ** P<0.01).



Parametros derivados de las curvas presion-volumen. El
potencial osmotico a cero turgor y a turgor maximo fueron
afectados por la restriccion hidrica, siendo significativa-
mente mas negativos a los valores observados después de
82 dias de tratamiento, momento en que ambas condicio-
nes de restriccion hidrica (TM y TS) alcanzaron los mayo-
res niveles de estrés (cuadro 2). Valores mas negativos de
T,y m,,, con un CHR sobre 80 %, es un indicador de ajuste
osmotico.

Intercambio gaseoso y fluorescencia de las clorofilas.
Mientras el contenido hidrico del sustrato se mantuvo sobre
el 40 %, no se observaron diferencias entre los tratamien-
tos en los parametros de intercambio gaseoso (figura 2).
Sin embargo, cuando el CHS se situ6 por debajo del 30 %
(dia 82), se observo una disminucion significativa en los
valores promedio de fotosintesis neta, conductancia esto-
matica y transpiracion, en los tratamientos con restriccion
hidrica moderada y severa.

BOSQUE 39(1): 27-36, 2018
Respuestas de litre frente a restriccion hidrica

Respecto a la eficiencia fotoquimica del FSII, esta no
presentd diferencias entre los tratamientos en todas las
evaluaciones. Sin embargo, se observd en todos los tra-
tamientos una tendencia al descenso en el valor de @, a
medida que transcurre la estacion, indicando una disminu-
cion en la proporcion de luz absorbida que esta siendo uti-
lizada en la fotosintesis. El rendimiento cuantico maximo
del fotosistema II disminuy¢ al mediodia y aument6 a pre-
alba, observandose diferencias significativas en el periodo

de mayor estrés (figura 3).

Crecimiento y distribucion de la biomasa. El crecimiento
en diametro a la altura del cuello fue afectado directamente
por la reduccion de fotosintesis neta en funcion del aporte
hidrico de cada tratamiento (figura4). Durante la evaluacion
realizada el dia 68 (CHS TC = 89,8 %, CHS TM = 27,5 %,
CHS TS =18,9 %), las plantas del tratamiento con restric-
cion hidrica moderada presentaban un valor promedio de
potencial hidrico a pre-alba por debajo de -1,1 MPa, lo que

Cuadro 2. Parametros hidricos de plantas de Lithraea caustica derivados de las curvas presion-volumen, segun tratamiento y dia de

evaluacion.

Water relation parameters of Lithraea caustica plants derived from the pressure-volume curves, according to treatment and day.

Dia CHS (%)  Tratamiento CHR (%) 7,4, (MPa) n, (MPa) W, (MPa) €
0 100,0 TC 849+0,0Aa  -2,5+0,1 Ac -3,2+0,1 Ab 2,3+0,1 Ac 18,0+ 1,4 Aa
100,0 ™ 872+0,0Aa  -2,3+0,2Aab -3,1+0,2 Abc 2,1+£0,2 Aab 17,1 £1,2 Aab
100,0 TS 854+0,0Aa -24+0,1 Ab -3,1+0,1 Ab 2,2+0,1 Ac 16,9+ 1,0 Aa
35 91,7 TC 89,7+0,0Ba  -1,8+0,1 Aa -2,3+0,1 Aa 1,4+£0,1 Aa 15,1 £1,3Aa
60,2 ™ 87,7+ 0,0ABa -2,0+0,1 Aa -2,5+0,1 Aa 1,5+£0,0 Aa 14,0 £ 1,3 Aab
42,0 TS 86,1 +0,0Aa -1,9+0,1 Aa -2,5+0,1 Aa 1,5+£0,1 Aa 13,0+ 1,3 Aa
54 85,9 TC 88,7+0,0Ba  -2,0+0,1 Aab -2,5+0,1 Aa 1,6 £0,1 Aab 15,5+0,7 Aa
41,6 ™ 81,9+0,0Aa -23+0,1 ABab -3,0+0,1 Bab 1,9+£0,1 Aab 13,0+ 1,4 Aa
25,6 TS 82,7+ 0,0ABa -2,4+0,1 Bb -3,1+0,1 Bb 1,9+£0,1 Aab 13,3+£2,0 Aa
82 83,5 TC 87,7+0,0Aa  -2,5+0,2Ac -3,1+0,2 Ab 2,0+£0,2 Abc 18,3+£0,9 Aa
29,9 ™ 82,5+0,0Aa  -2,8+0,0Ac -3,6 0,1 Bc 2,2+0,1 Ab 16,1 = 1,8 Aab
18,8 TS 86,1 £0,0Aa  -2,9+0,1 Ac -3,6 £0,1 Bc 2,0+0,1 Ab 15,5+0,7 Aa
117 91,3 TC 859+0,0Aa  -2,3+0,0 Abc -3,3+0,1 Ab 2,0+ 0,1 Abc 17,1 £0,8 Aa
90,0 ™ 86,0+0,0Aa  -2,5+0,1 Abc -3,4+0,1 Abc 2,3+0,1 Ab 18,9+ 1,1 Ab
93,5 TS 85,7+0,0Aa  -2,7+0,1 Abc -3,5+0,1 Ac 2,1 +0,1 Ab 172+ 1,2 Aa

Los valores corresponden a medias + error estandar (n=6). Contenido hidrico relativo a cero turgor (CHRU); Potencial osmdtico a turgor maximo (n1 00);

Potencial osmotico a cero turgor (m,); Potencial de presion a turgor maximo (‘¥

p100); M6dulo de elasticidad de la pared celular (). TC= Tratamiento

Control; TM= Tratamiento Moderado; TS= Tratamiento Severo. Letras mayusculas distintas indican diferencias significativas entre tratamientos, para
cada dia de evaluacion. Letras minusculas distintas indican diferencias significativas dentro del tratamiento (Tukey, P < 0,05).

Values correspond to means + standard error (n = 6). Relative water content relative to turgor loss point (CHR )); Osmotic potential at full turgor ()
Osmotic potential at turgor loss point (r,); Pressure potential at full turgor (‘WP ); bulk elastic module (). TC= Control; TM= Moderate treatment; TS=
Severe treatment. Differing capital letters indicate significant differences among treatments in each day. Differing lowercase letters indicate significant

differences within treatment (Tukey, P < 0.05).
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Figura 2. Variables de intercambio gaseoso de plantas de Li-
thraea caustica segin tratamiento y dia de evaluacion. A) Fo-
tosintesis neta = A , B) conductancia estomatica = g , C) transpir-
acion = E, D) concentracion interna de CO, = C,. Valores corre-
sponden a medias + error estandar (n = 5). Letras distintas indican
diferencias significativas entre los tratamientos (Tukey, P <0,05).

Gas exchange rates of Lithraea caustica plants as a function
of treatment and day. A) Net photosynthesis (A ), B) Stomatal conduc-
tance= g, C) Transpiration = E, D) Intercellular CO,= C, concentration.
Values are mean + SE (n= 5). Different letters indicate significant differ-
ences among treatments (Tukey, P < 0.05).
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signific6 una reduccion en la tasa de crecimiento en diame-
tro con respecto a la tasa que presento el tratamiento con
riego permanente (TC). Las plantas del tratamiento con
restriccion hidrica severa presentaron, durante el mismo
periodo, un valor promedio de ¥, por debajo de -2,3 MPa,
lo que result6 en una detencion del crecimiento en didme-
tro producto de la restriccion hidrica. Esta condicion se
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Figura 3. Variables de la fluorescencia de las clorofilas de plan-
tas de Lithraea caustica segin tratamiento y dia de evaluacion.
F /F_ (Pre-alba) = Rendimiento cudntico maximo del fotosistema
IT pre-alba, F /F_ (mediodia) = Rendimiento cudntico maximo
del fotosistema II al mediodia, ®,, = Eficiencia fotoquimica del
PSII. Valores corresponden a medias + error estandar (n = 5). Le-
tras distintas indican diferencias significativas entre tratamientos
(Tukey, P < 0,05).

Chlorophyll fluorescence of Lithraea caustica plants as a
function of treatment and day. F /F_ (Predawn) = maximum quantum
yield of photosystem II at predawn, F /F_ (Midday) = maximum quan-
tum yield of photosystem II at midday, @, = Photochemical efficiency
of PSII Values are mean + SE (n=5). Different letters indicate significant
differences among treatments (Tukey, P < 0.05).



mantuvo hasta la evaluacion del dia 89 (CHS TC = 76,8 %,
CHS TM = 27,8 %, CHS TS = 16,5 %), periodo en el cual
ambos tratamientos de restriccion hidrica alcanzaron los
niveles mas altos de estrés. Por otra parte, el crecimiento
en altura mostré un comportamiento erratico, sin observar
una tendencia clara entre los tratamientos (figura 4).

Las plantas incrementaron significativamente su valor
de biomasa respecto al valor obtenido al inicio del ensayo
en todos sus componentes (hojas, ramas y raices), en todos
los tratamientos (cuadro 3). No se encontraron diferencias
estadisticas en el valor promedio de biomasa total en plan-
tas con restriccion hidrica moderada o severa y sin restric-
cion hidrica (cuadro 3).
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Figura 4. Incremento acumulado de las variables de crecimiento
en plantas de Lithraea caustica durante el periodo de estudio.
a) Incremento acumulado en DAC, b) Incremento acumulado en
altura. Valores corresponden a medias + error estandar (n = 20).
TT: Tratamiento Testigo o control, TM= Tratamiento Moderado;
TS= Tratamiento Severo.**indica la existencia de diferencia
significativa entre los tres tratamientos de riego al P < 0,01.

Accumulated increase of growth variables in Lithraea
caustica plants during the evaluation period. a) Accumulated increase
in basal diameter (DAC), b) Accumulated increase in height. Values are
mean + SE (n=20). TC = Control treatment; TM = Moderate treatment;
TS = Severe treatment. ** indicates the existence of a significant
difference among water restriction treatments at 2 < 0.01.
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DISCUSION

Las respuestas de las variables hidricas en funcion
del contenido hidrico del sustrato concuerdan con estu-
dios efectuados en otras especies mediterraneas (Galmés
et al. 2007, Gallé et al. 2007). Del mismo modo, Donoso
et al. (2011) reportan un comportamiento similar en las
variables ¥ y CHR en plantas de Quillaja saponaria 'y
Cryptocarya alba (peumo) sometidas a restriccion hidrica,
en condiciones ambientales similares. En estas especies,
los valores de contenido hidrico del sustrato a los cuales
se presentan los maximos niveles de restriccion hidrica,
sin mortalidad de plantas, es de un 40 % en el caso de
Q. saponaria,y 43 % en el caso de C. alba, valores que
difieren notablemente con el obtenido para L. caustica en
este estudio (19 %), sugiriendo una mayor habilidad de
L. caustica para tolerar condiciones de restriccion hidrica.
No obstante, Acacia caven, presentaria mayor tolerancia
que L. caustica a periodos de estrés, ya que, en un ensayo
similar, a los 61 dias de restriccion hidrica y niveles de 9 %
y 10 % de CHS, se registran los menores niveles de ¥, y
CHR , respectivamente (Donoso et al. 2015)

Por otra parte, bajo condiciones de restriccion hidrica
L. caustica desarroll6 el mecanismo de ajuste osmotico.
Este es un proceso mediado por la acumulacion activa de
solutos en las células vegetales, lo cual hace que el valor
de m,y m,,, sea mas negativo, presentando un alto turgor
celular, manteniendo el contenido hidrico relativo foliar
sobre 80 %. Esta estrategia permite a L. caustica tolerar los
bajos contenidos hidricos de sustrato observados durante
la fase de mayor restriccion hidrica. Del mismo modo, Do-
noso et al. (2011) reportan, bajo condiciones de ensayo si-
milares, que C. alba (especie siempreverde) realiza ajuste
osmotico, donde el valor de m, se hace mas negativo bajo
condiciones de restriccion hidrica, aunque sin presentar un
cambio significativo en el valor de &, .

Los valores de contenido hidrico relativo a cero tur-
gor que se observaron durante el transcurso del ensayo,
no mostraron un cambio significativo a lo largo del perio-
do de estudio, posiblemente a causa de la baja elasticidad
que presentaron las paredes celulares producto de los altos
valores obtenidos en el médulo de elasticidad de la pared
celular. Sin embargo, estos se mantuvieron dentro de los
rangos informados en otros estudios realizados bajo con-
diciones de estrés con especies mediterraneas (Corcuera
et al. 2002).

Comparando el comportamiento que presento el poten-
cial hidrico a pre-alba durante el ensayo con el punto de pér-
dida de turgencia (-3,6 MPa), obtenido mediante el analisis
de las curvas presion-volumen, se infiere que el tratamiento
de restriccion hidrica moderada mantuvo durante todo el
ensayo valores de ¥, sobre el punto de pérdida de turgencia.
Por otra parte, el tratamiento con restriccion hidrica severa
presento valores promedio de ¥, bajo -3,6 MPa, con efectos
negativos sobre el intercambio gaseoso y, por lo tanto, una
reduccion en el crecimiento diametral (DAC).
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Cuadro 3. Componentes de biomasa en plantas de Lithraea caustica segin periodo de evaluacion y tratamiento aplicado.

Biomass distribution of Lithraea caustica plants as a function of evaluation period and treatments.

Fin de la restriccion hidrica (dia 90)

Componente de biomasa Inicio del ensayo

TC ™ TS

Hojas (&) 10,6+ 1,42 22,7+ 1,5Bb 20,5+ 1,4 Bb 15,4+ 0,9 Ab
(43,5 %) (35.8 %) (34,7 %) (27,6 %)

Tallos (g) 60+09a 21,1 £2,3 Ab 20,9 +2,0 Ab 20,0 = 1,1 Ab
(24,5 %) (32,2 %) (34,6 %) (35,9 %)

Raiz (&) 79+12a 20,6 + 1,8 Ab 17,9+ 1,1 Ab 20,9 +2,1 Ab
(32,0 %) (32,0 %) (30,6 %) (36,5 %)

Total (g) 244+33a 64,5+ 5,2 Ab 594 +3.8Ab 56,3+3,3 Ab

BA/BR 23+02a 2,2+0,1 ABa 23+02Ba 1,8+0,1 Aa

Los valores corresponden a medias + error estandar (n=10). Entre paréntesis se indica la proporcion del componente respecto del total de biomasa. Letras
mayusculas distintas indican diferencias significativas entre tratamientos, para la evaluacion del dia 90. Letras minusculas distintas indican diferencias
significativas entre la biomasa al inicio y al final del periodo de restriccion hidrica (Tukey, P < 0,05). TC= Tratamiento Control; TM= Tratamiento
Moderado; TS= Tratamiento Severo, BA/BR = Biomasa Aérea / Biomasa Radical.

Data in parenthesis correspond to the percentage of total dry matter. Different capital letters indicate significant differences among treatments for
the evaluation of day 90. Different lower case letters indicate significant differences between biomass distribution at the beginning and end of the water
restriction period (Tukey, P < 0.05). TC= Control; TM= Moderate treatment; TS= Severe treatment. BA/BR = Above ground biomass/ root biomass.

Respecto al intercambio gaseoso y fluorescencia de las
clorofilas, L. caustica tuvo un comportamiento similar al
de Q. saponaria y C. alba, que muestran disminuciones
significativas en sus valores de fotosintesis y conductancia
estomatica bajo condiciones de restriccion hidrica severa
(Donoso et al. 2011). Segun Grassi y Magnani (2005),
cuando la conductancia estomatica maxima cae por debajo
de 0,1 mol H,O m?s’', se produce un mal funcionamien-
to general en el metabolismo de la planta, situaciéon que
ocurrié en ambos tratamientos con restriccion hidrica, e
indicaria que a partir de contenidos hidricos del sustrato
por debajo del 30 %, L. caustica comenzaria a manifestar
claros sintomas de estrés por déficit de agua, provocan-
do una respuesta para mejorar la eficiencia en el uso de
este recurso, principalmente a través del cierre estomatico
(Pefia-Rojas et al. 2004, Fleck et al. 2010).

Sin embargo, pese a la fuerte restriccion hidrica a la
que fueron sometidas las plantas del tratamiento con res-
triccion hidrica severa (aproximadamente 19 % CHS), los
valores de conductancia estomadtica y fotosintesis neta no
llegaron a cero, como observan Donoso ef al. (2011) en
C. alba. Esto indicaria una mayor habilidad de L. caustica
en tolerar condiciones de restriccion hidrica, posiblemente
debido a un mayor control de la deshidratacion a través del
ajuste osmotico. Un comportamiento similar observé Fo-
telli et al. (2000) en plantas de la especie Quercus macro-
lepis Kotschy, las que aparentemente tienen la habilidad de
superar el estrés hidrico a través de mecanismos de tole-
rancia a la deshidratacion, lo que se ve reflejado en una alta
conductancia estomatica ain a bajos potenciales hidricos
a pre-alba. La misma tendencia es registrada para 4. caven
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(Donoso et al. 2015). Los resultados obtenidos en las va-
riables de intercambio gaseoso, sugieren que L. caustica
seria capaz de sobrellevar el periodo de restriccion hidrica
por medio del ajuste osmdtico, pero manteniendo la foto-
sintesis y el intercambio gaseoso, a una tasa reducida.

En condiciones normales, la mayoria de las plantas su-
periores posee un rendimiento cuantico maximo del foto-
sistema II (F /F ) a pre-alba 6ptimo cercano a 0,83, mien-
tras que al mediodia F /F_ oscila entre 0,7 y 0,8, valores
tipicos de plantas sanas (Krause y Weis 1991, Maxwell y
Johnson 2000, Peiia-Rojas et al. 2004). Para L. caustica,
el rendimiento cudntico maximo del fotosistema II a pre-
alba se mantuvo estable durante las evaluaciones de los dias
0, 35 y 82, no mostrando diferencias estadisticas entre los
tratamientos, con valores promedios de 0,8. Sin embargo,
cuando la restriccion hidrica fue mas fuerte (dia 82), se pro-
dujo una disminucion significativa en los valores de F /F _al
mediodia, en el tratamiento con restriccion hidrica severa.

Se ha observado en especies arbdreas mediterraneas
que frente a estrés hidrico ocurre una reduccion significa-
tiva de F /F  a pre-alba bajo los rangos establecidos, que
implica que los fotosistemas son afectados durante el dia'y
no logran recuperarse durante la noche (Pefia-Rojas et al.
2004, Fleck et al. 2010). Para el caso de L. caustica, existe
una disminucién de F /F al mediodia, pero una posterior
recuperacion durante la noche, lo que se refleja en los valo-
res de F /F apre-alba. Esto sugiere que L. caustica es ca-
paz de reparar los dafios provocados durante el periodo de
fotoinhibicion observado a mediodia (Fleck et al. 2010).

La limitacion del crecimiento y acumulacion de bioma-
sa debido al estrés hidrico es causada principalmente por



la reduccioén en el balance de carbono de la planta (Flexas
et al. 2006), condicion que seria provocada en una primera
instancia, por la disminucion en la tasa de fotosintesis neta
debido a un descenso de la conductancia estomatica. Para
L. caustica, el proceso ocurrié cuando el contenido hidrico
del sustrato se situd por debajo del 30 % (dia 82). Luego
de este periodo ambos tratamientos recuperaron las tasas
de crecimiento, siendo similares a las observadas en las
plantas con riego permanente.

Respecto al crecimiento en altura, los resultados con-
cuerdan con lo mencionado por Fotelli et al. (2000) para
cuatro especies mediterraneas del género Quercus, conclu-
yendo que la restriccion hidrica no tendria incidencia en el
incremento en altura. En el ensayo, esta situacion fue atri-
buida a que el crecimiento de L. caustica es tanto horizontal
como vertical, presentando a veces un crecimiento mayor
en las ramas de la seccion horizontal que en el eje principal.

En diferentes estudios, realizados con plantas bajo con-
diciones de déficit hidrico, se observa una disminucion en
el cociente biomasa aérea/biomasa radical, ocasionada por
un mayor crecimiento del sistema de raices (McMillin y
Wagner 1995). En L. caustica, la biomasa radical de plantas
severamente estresadas practicamente igual6 a la biomasa
radical obtenida en plantas regadas permanentemente, no
encontrando diferencias significativas en el crecimiento
del sistema radical, entre tratamientos. El mismo compor-
tamiento es observado para A. caven, no presentando dife-
rencias significativas en cuanto a la biomasa de tallo y raiz
(Donoso et al. 2015). En cambio, Q. saponaria presenta
valores significativamente menores de biomasa radicular
en plantas estresadas que en plantas no estresadas, bajo
condiciones de ensayo similares (Donoso et al. 2015). Ade-
mas, la biomasa total de Q. saponaria en plantas regadas
es ampliamente superior a las plantas estresadas, situacion
que no ocurre en L. caustica, pues el valor de biomasa to-
tal en ambas condiciones fue practicamente el mismo. Esto
indicaria que L. caustica invierte una mayor proporcion del
crecimiento en sistema radical, desarrollando raices finas
aun bajo condiciones de estrés, permitiéndole acceder a
nuevas fuentes de recurso hidrico y poblar sitios con cli-
ma mediterraneo. Parece, entonces, que L. caustica estaria
mejor preparado para tolerar episodios de fuerte restriccion
hidrica que otras especies siempreverdes del bosque escle-
réfilo como Q. saponariay C. alba.

Se ha sefialado que en la regioén central de Chile, los
procesos de reemplazo del bosque y matorrales esclero-
filos estan dando paso a procesos de recuperacion por su-
cesion en campos abandonados (Hernandez et al. 2016).
Paralelo a esto, el cambio climatico estaria aumentando los
episodios mas secos en esta region mediterranea (Pefiuelas
et al. 2004, Garreaud 2011). Los resultados logrados en
este estudio muestran que L. caustica es una de las espe-
cies de mayor tolerancia al estrés hidrico entre las especies
tipicas, permitiendo entender mejor su establecimiento y
desarrollo en los ambientes del bosque esclerdfilo, en es-
pecial en etapas sucesionales tempranas. En este contexto,
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su papel en la recuperacion del bosque esclerdfilo puede
ser muy importante. Ademas, al poner de manifiesto los
mecanismos de esa tolerancia, estos resultados pueden
potenciar las estrategias de manejo para la reforestacion,
tanto con técnicas de vivero como de campo (Vilagrosa et
al. 2005, Cortina et al. 2006).

CONCLUSIONES

Como se esperaba, L. caustica muestra una notable to-
lerancia al estrés hidrico, que puede considerarse mayor a
la encontrada en Q. saponaria 'y C. alba, pero menor a la
de A. caven. Los resultados sugieren una buena respuesta
de L. caustica a periodos de estrés hidrico, permitiendo a
la especie ocupar sitios con menor disponibilidad de agua,
establecerse temprano en la sucesion ecoldgica o perma-
necer en el tiempo ante una restriccion del recurso. La
especie desarrolla el mecanismo de ajuste osmotico, per-
mitiendo mantener el turgor celular y un contenido hidrico
relativo foliar alto (superior a 80 %). Esto explicaria su
dominancia en la mayoria de zonas altas y de media alti-
tud en la region mediterranea de Chile y su asociacion con
A. caven, especie pionera en la zona semidrida del pais.

Cuando la restriccion hidrica se hace severa, se produce
el cierre estomatico y una disminucion en el rendimiento
cuantico maximo del fotosistema II al mediodia, lo que trae
consigo una disminucién en la tasa fotosintética. Sin em-
bargo, L. caustica es capaz de reparar los daios provocados
durante el periodo de fotoinhibicion observado a mediodia.

La reduccion en el balance de carbono de la planta, pro-
vocada por la disminucién en la tasa de fotosintesis neta y
el descenso de la actividad estomatica, produce una reduc-
cion en la tasa de crecimiento en diametro bajo condiciones
de restriccion hidrica moderada, y una detencién cuando
la restriccion hidrica es severa. El crecimiento en altura no
mostré un patrén claro, deficiencia que podria mejorarse en
futuras evaluaciones aplicando una metodologia de evalua-
cion diferente a la presentada en este estudio.

Las plantas de L. caustica bajo estrés disminuyen el
crecimiento foliar pero mantienen el crecimiento radical,
lo que no ocurre en Q. saponaria'y C. alba bajo condicio-
nes similares. Independiente de la condicion hidrica del
suelo, existe una inversion constante de formar nuevas rai-
ces para acceder a nuevas fuentes de recurso hidrico, con-
dicion que predispone a L. caustica a estar mejor prepara-
do para tolerar los episodios de fuerte restriccion hidrica.
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SUMMARY

Amazonian forests mitigate climate change, are being deforested and recover their structures and functions throughout secondary
succession. It is necessary to understand how different land-uses alter such a recovery and why landowners decide to clear-cut some
areas while letting others to fallow. That was addressed by counting and measuring all trees of at least 10 cm diameter in four one-
hectare plots whose land-use histories were exhaustively reconstructed using ethnographic-historical methods. Plots A (12-15 years
old), B (22-25 years old) and C (35-37 years old) were pastures and oligocultures for feeding human populations growing during a
period of vigorous oil-exploration; next, food demands changed and plots were abandoned. Plot D (35-40 years old) was used for
self-consumption, shifting agriculture (more than 50 planted species), afterwards used and managed for extracting resources during
secondary succession. Tree diameters in plots B and C were larger compared to those found in plots A and D —which were similar.
The latter suggests that fallow management in plot D kept its forest structurally young, hence, the Amazon may include forests
chronologically older than the age suggested by their structures. Similar results were found for total basal area and aboveground
biomass, while the high density of individuals in plot D suggests a vigorous gap regeneration. In conclusion: different land-uses are
confirmed to alter further succession, and the changes of food demand and food security affect farmer's decisions on letting forests to
recover. Local development planners may take the later into account.

Key words: carbon dioxide, ethno-ecology, secondary succession, shifting agriculture.

RESUMEN

Los bosques amazonicos mitigan el cambio climatico, sufren deforestacion y regeneran su estructura y funciones por sucesion
secundaria. Por ello es necesario estudiar como distintos usos del suelo alteran dicha recuperacion, y por qué se los deforesta o deja
regenerar. Para investigarlo, se inventariaron los arboles (dap > 10 cm), reconstruyendo las historias de uso de cuatro parcelas de
una hectarea mediante métodos etnografico-historicos. Las parcelas A (12-15 afos), B (22-25 afios) y C (35-37 anos) fueron potreros
y oligo-cultivos, para alimentar una creciente poblacion asociada a exploraciones petroleras, luego abandonadas por cambios de
demanda alimentaria. La parcela D (35-40 afios) fue autarquicamente usada para agricultura itinerante (mas de 50 especies), luego
para extraccion de recursos maderables y no maderables durante la sucesion. Los didmetros arboreos en B y C fueron mayores que en
Ay D, siendo estas ultimas semejantes entre si. El predominio de arboles delgados en D y A, sugiere que el manejo durante la sucesion
“rejuvenecio” al bosque en D y que en la Amazonia puede haber bosques mas viejos que lo indicado por los diametros de sus arboles.
Algo similar ocurrio para el area basal total y la biomasa aérea, aunque la alta densidad de individuos en D sugiere una vigorosa
regeneracion de los claros. En conclusion, los distintos usos del suelo alteran la sucesion, los cambios de la demanda y seguridad
alimentarias afectan la decision campesina de permitir que las selvas se regeneren, y la gestion territorial puede optimizarse tomando
lo antedicho en consideracion.

Palabras clave: agricultura itinerante, didxido de carbono, etno-ecologia, sucesion secundaria.
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INTRODUCCION

Dos aspectos conocidos de los bosques amazonicos
son: su mitigaciéon del cambio climatico al capturar dio-
xido de carbono en la biomasa (Brienen et al. 2015), y su
alta tasa de deforestacion (e.g. un 29 % entre 2015 y 2016
con respecto al periodo anterior en Brasil) (INPE 2016).
Pero también ocurren procesos de recuperacion forestal
mediante sucesion secundaria, aunque ain se sabe poco
sobre como distintos usos del suelo alteran dicha sucesion
(Chazdon y Guariguata 2016). Ademas de la mencionada
mitigacion del cambio climatico, la regeneracion de las
selvas logra que el dosel y los ciclos biogeoquimicos sean
mas cerrados que en los espacios abiertos, contrarrestando
la pérdida de nutrientes del suelo y rehabilitaindolo para la
agricultura (Guariguata y Ostertag 2001). Eso es aprove-
chado mediante distintas formas de agricultura itinerante,
revisadas por Aweto (2013): se talan globos de terreno pe-
quefios (< 1 ha), luego se troza y deja que los microorga-
nismos descompongan lo talado; o se quema, cuando el
clima lo permite, mineralizando nutrientes ttiles para los
cultivos de crecimiento rapido (Aweto 2013). Después, se
siembran y permiten brotar decenas de especies comesti-
bles, medicinales y maderables. Finalmente, se deja de la-
brar el terreno después de 2-3 cosechas para que el bosque
se regenere. Conforme la regeneracion avanza, se extraen
selectivamente recursos maderables y no maderables para
uso doméstico (Aweto 2013). En cambio, otros agriculto-
res establecen grandes mono- y oligocultivos, ganaderias
y otras actividades lucrativas, de modo que los bosques
que rebrotan cambian segiin como se us6 cada sitio. Asi,
cada cultivador protagoniza una historia de uso Unica, to-
mando decisiones que, luego de abandonar el lote, alteran
la sucesion secundaria con respecto a lo que hicieron otros
cultivadores (Chazdon 2003, Garrido-Pérez y Glasnovi¢
2014). Tales decisiones obedecen a los contextos natural,
socioeconomico y personal (Garrido-Pérez y Glasnovié
2014). Segtin dichos autores, las decisiones de uso del sue-
lo son influenciadas por factores como el clima, el suelo y
la distancia a los cuerpos de agua, combinados con fuerzas
conductoras socioecondmicas (e.g. presiones de merca-
do) y politicas (e.g. regulaciones de la tala). Otras fuerzas
conductoras son las tecnologicas (e.g. carreteras, instru-
mentos de labranza), las tradiciones (modos de trabajar la
tierra aprendidos de los antepasados), asi como asuntos
estocastico-individuales (e.g. abandonar un lote para ir a
estudiar a la ciudad) (Garrido-Pérez y Glasnovi¢ 2014). Si
ello es asi, y si la regeneracion de los bosques varia segiin
el uso que cada propietario le de a su terreno, entonces
deben existir asociaciones entre los contextos historico y
socioecondomico que determinan las decisiones de uso del
suelo, por un lado, y las caracteristicas que adquieren los
ecosistemas forestales durante la sucesion secundaria, por
el otro (ver también Chazdon 2003, Biirgi et al. 2016).

Lo que hacen los humanos sobre un lote se refleja con
retardo en los ecosistemas (Chazdon 2003, Biirgi et al.
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2016). Garrido-Pérez y Glasnovi¢ (2014) respaldan eso
argumentando que los arboles son organismos sésiles y
mas longevos que los humanos por lo que sus individuos,
poblaciones y comunidades tardan décadas en crecer y es-
tructurarse después del impacto antrépico, reteniendo se-
fiales de impactos ocurridos en el pasado, tales como cica-
trices de poda, tocones post-tala, y reclutamiento pulsado
debido a remocioén, alterandose la estructura del bosque
resultante (Garrido-Pérez y Glasnovi¢ 2014). Ello explica
que propiedades como la densidad (y biomasa aérea) que
adquieren los bosques secundarios sean menores en los si-
tios donde el impacto durante el uso del suelo fue mayor
(e.g. Pascarella et al. 2000). Con base en todo eso se pro-
pone la hipdtesis de trabajo que las caracteristicas de los
bosques secundarios de hoy son el resultado de los distin-
tos disturbios que en el pasado hicieron los humanos alli.
Como corolario, la historia y el contexto socioecondémico
en torno a los bosques deben permitir la identificacion de
practicas de impacto severo, y la propuesta de practicas
que viabilicen la sucesion secundaria.

Este trabajo se realiz6 con los siguientes objetivos: (a)
agregar conocimientos sobre como diferentes historias
de uso del suelo explican la estructura y la biomasa aérea
que, durante la sucesion secundaria, adquieren los bosques
amazonicos. (b) Formular sugerencias sobre como conser-
var esos bosques, con base en las historias y contextos so-
cioecondémicos que causaron su transformacion.

Se responden las siguientes preguntas:

1. (/Cudl es el contexto socioecondémico y cudles
fueron las historias del uso que se dio al suelo
en lo que hoy son bosques secundarios cerca-
nos, con condiciones abioticas similares?

2. (Cudles son las diferencias en la estructura y
biomasa aérea de los arboles del dosel (> 10 cm
de diametro a la altura del pecho (dap) a 1,3 m
sobre el suelo) entre esos bosques secundarios?

3. ;Como explica la historia dichas diferencias;
cuales practicas de impacto fueron mas severas
y cuales otras viabilizaron mejor la recupera-
cion de la estructura y biomasa aérea del bos-
que?

4. (Qué tendencias de recuperacion de la densidad
de individuos, el area basal y la biomasa aérea
a través de la sucesion secundaria, asociadas a
la historia de uso del suelo, bosqueja este estu-
dio, en combinacion con otras investigaciones
en bosques amazdnicos maduros (Pitman et al.
2001, Baker ef al. 2004, Pallqui ef al. 2014)?

METODOS

Lugar del estudio. Este estudio se realizé en los alrede-
dores de Atacapi, comunidad de indigenas Kichwa en
Muyuna, Cantén Tena, Napo, Ecuador (aprox. 7 km de la
ciudad de Tena; 0°57°11,76” S; 77°51°36,49” O), cercana
a la Reserva Biologica Colonso-Chalupas (figura 1). Los



rios Tena, Pashimbi y Colonso drenan el area. Es zona de
bosque humedo tropical de tierra firme; altitud ~650 m
s.n.m. La temperatura media anual es de 22-24 °C; lluvias
de ~4.100 mm afio™', los suelos son inceptisoles bien dre-

nados (MAGAP 2011).

Evaluacion socioeconomica e historica. Se obtuvieron y
consultaron: una imagen de satélite Landsat 7 (ruta 9, fila
60, afio 2012) y un mapa catastral de la zona estudiada
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correspondiente al afio 2012 (DHUA 2014). Se efectuaron
reconocimientos sobre el terreno para identificar los dife-
rentes bosques secundarios y zonas cultivadas y abiertas
para interpretar los usos del suelo en la imagen satelital.
Otras imagenes y catastros no pudieron obtenerse, por
lo que se usaron métodos etnograficos (Garrido-Pérez y
Glasnovi¢ 2014), especialmente entrevistas narrativas
a 15 adultos (cuadro 1). No se accedid a datos del total
de habitantes de Atacapi, pero dicho poblado es parte de
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Figura 1. Ubicacion de la zona de estudio y de las cuatro parcelas (A, B, C y D) de una hectarea en Atacapi (Napo, Ecuador). Las
lineas punteadas en el recuadro inferior representan calles y caminos no pavimentados.
Study site and location of four one-hectare plots (A, B, C and D) in Atacapi, (Napo, Ecuador). Roads are represented as discontinuous lines

inside the square on lower panel.
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Cuadro 1. Caracteristicas de las 15 personas clave entrevistadas para la reconstruccion de la historia de uso del suelo de bosques
secundarios amazonicos en Atacapi (Napo, Ecuador). Las entrevistas se hicieron en castellano. M = masculino, F = femenino.

Characteristics of 15 key interviewees contacted for the reconstruction of the land-use histories of Amazonian, secondary forests in Atacapi

(Napo, Ecuador). Interviews were made in Spanish. M = male, F = female.

Oficio principal Género Etnia
1 Agricultor de chakra-ushun-purun; propietario de la parcela D M Kichwa
2 Agricultor de chakra-ushun-purun; propietario de la parcela D (hijo del primer entrevistado) M Kichwa
3 Comerciante y co-propietar.ia de las parcelas A y B junto a su padre cuando se realizaron los F Mestiza
usos del suelo de este estudio
4 Agricultora de chakra-ushun-purun F Kichwa
5 Hijo de la agricultora de chakra-ushun-purun antedicha M Kichwa
6 Agricultora de chakra-ushun-purun F Mestiza
7  Agricultora de chakra-ushun-purun F Mestiza
8 Agricultora de chakra-ushun-purun F Mestiza
9 Agricultora de chakra-ushun-purun F Mestiza
10 Agricultor de chakra-ushun-purun M Kichwa
11 Agricultor de chakra-ushun-purun M Kichwa
12 Funcionario publico en Tena M Mestiza
13 Maestro jubilado y operador de un agriturismo cerca Tena M Kichwa
14 Agricultor de chakra-ushun-purun; chaman residente en otro poblado M Kichwa
15 Agricultor de chakra-ushun-purun, consultor cientifico residente en otro poblado M Kichwa

la Parroquia Muyuna que posee 1335 habitantes (GAD
Municipal de Tena 2016). Eso, junto a observaciones en
eventos publicos de la localidad, sugiere que en Atacapi
deben habitar aproximadamente 300 personas, muchas de
ellas emparentadas (se observo que tres apellidos son muy
comunes). Ello indica que los 15 entrevistados representan
aproximadamente un 5 % de la poblacion total. Conside-
rando que los niflos componen un amplio conjunto de la
poblacién, es muy probable que los 15 entrevistados re-
presenten mas de un 15 % de los habitantes en capacidad
de suministrar informacion histérico-etnografica. Es mas,
el uso del suelo, aunque protagonizado por las amas de
casa, es una tarea altamente familiar y estas suelen tener
cinco o mas miembros. Esto apunta a que los informantes
representan un conocimiento del uso del suelo de la region
mas representativo de lo que sugiere su numero.

Casi todos los entrevistados habitan en torno a las
parcelas; en un radio de 700 m con respecto al puente de
Pashimbi (figura 1). Dos entrevistados son propietarios de
la parcela D y un tercero fue propietario de las parcelas Ay
B; todos nacieron y crecieron en la zona. Cada persona fue
entrevistada al menos tres veces, aunque a quienes fueron
propietarios o trabajadores de alguna parcela se les entre-
visto hasta seis veces. Dos informantes clave (propietarios
de la parcela D que ademas habian crecido y trabajado en
las fincas correspondientes a las parcelas A, B y C durante
varias décadas) fueron contratados para ayudarnos en el
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trabajo de campo, aprovechando lo cual se les entrevista-
ba dos-tres veces a la semana por aproximadamente seis
meses, conversando seis horas al dia. Las entrevistas se
hicieron con base en los métodos etnogéaficos (e.g., Albu-
querque et al. 2010). También se consultaron otros traba-
jos; sobre todo Vitery (2015).

Las entrevistas se efectuaron entre octubre de 2014 y
mayo de 2016. A todos se les explico que se trataba de una
investigacion sobre la flora y la historia del lugar indican-
doles que no dijeran- ni permitieran que se les preguntase
nada que ellos no quisieran responder. También se les die-
ron los correspondientes términos de consentimiento libre
y autorizado. El total de entrevistadores fue de cuatro, pero
para cada entrevista los entrevistadores presentes fueron
dos. Todos los entrevistadores estaban entrenados y des-
pués reportaban a un solo diario escrito. La informacién se
analizo para identificar los actores (que permanecen and-
nimos en este reporte), factores y fuerzas conductoras de
cambio ambiental (Garrido-Pérez y Glasnovi¢ 2014), para
articular los eventos y causas de disturbio y regeneracion
de los bosques en lineas de tiempo cuyas fechas se deduje-
ron de las biografias orales de los entrevistados.

Emplazamiento de las parcelas, mediciones de los arboles
y procesamiento de los datos. La parcela A fue ubicada
a ~200 m del rio Tena y otros ~200 m del rio Pashimbi.
La parcela B estd a ~100 m del rio Pashimbi y ~200 m



del rio Colonso. La parcela C se ubico a ~200 m del rio
Pashimbi y la parcela D a ~600 m del rio Tena. Las con-
diciones climaticas, asi como comparaciones preliminares
entre suelos (Garrido-Pérez et al. 2017) indican que es-
tos factores no varian entre los parches estudiados. Cada
parcela midi6lha (50 m x 200 m) y fue trazada siguiendo
el contorno de su terreno. Todas las plantas lefiosas con
dap > 10 cm fueron etiquetadas y medidas en cada par-
cela (método usado por la Red Amazoénica de Inventarios
Forestales —RAINFOR para bosques no intervenidos)
(e.g., Baker et al. 2004, Pallqui et al. 2014). Los indicado-
res de estructura de las selvas fueron: densidad de indivi-
duos, area basal (m? h'!) y area basal promedio (m?arbol ™).
Se hicieron histogramas con la distribucion de didmetros
arboreos para detectar diferencias de estos entre parcelas
(prueba de Kruskal-Wallis). Se calcul6 la biomasa aérea
de los arboles usando la siguiente formula de Cuenca et al.
(2014): BT = -26,63 + 0,42 dap?. Se eligi6 dicha formula
porque se basa en los didmetros arbdreos (no se midie-
ron longitudes) y porque, de las dos féormulas basadas en
diametros reportadas por los autores antedichos, es la que
se basaba en un mayor numero de especimenes (n = 22
arboles; coeficiente de determinacién R?= 0,86). Luego
de calcular la biomasa aérea de cada arbol, se transforma-
ron los resultados a toneladas por hectarea. Finalmente, se
compararon graficamente los datos con los de los bosques
amazonicos maduros de tierra firme reportados por Pitman
et al. (2001), Baker ef al. (2004), Pallqui et al. (2014) para
ilustrar cambios en la sucesion secundaria asociados a la
historia de uso del suelo.

RESULTADOS

Evaluacion del contexto socioeconomico. Las actividades
econdmicas de los moradores Kichwa en 2014-2016 in-
cluyeron: (1) agricultura itinerante de roza-tumba-troza-
quema. (2) Extraccion de recursos forestales. (3) Trabajo
eventual asalariado, -mayormente los hombres; sobre todo
la albaiiileria en la ciudad de Tena. (4) Trabajo semi-per-
manente en comercios y restaurantes de Tena y la vecina
Archidona. (5) Guia eventual a turistas y cientificos. (6)
Labores para una universidad fundada en octubre de 2014
y construida con materiales provisionales de fuera de la
zona sobre un potrero abandonado y pantanoso rellenado
con tierra. Los jardines domésticos de los Kichwa inclu-
yen algunas gallinas, plantas medicinales y ornamentales.
Ninguna familia tuvo cerdos (Sus scrofa L.) ni vacas (Bos
taurus L.); solamente un hogar tuvo un caballo (Equus fe-
rus L.). El principal medio de transporte para distancias
~5 km es la bicicleta. Para distancias mayores se usan mo-
tocicleta y —mayormente, autobuses provenientes desde
Tena; no fueron vistos mas de tres carros en las residen-
cias. Todo esto implica un nivel de integracion a la econo-
mia de mercado relativamente bajo y una escasa capacidad
de movilizar productos hacia y desde los hogares, campos
y bosques.

BOSQUE 39(1): 37-48, 2018
Amazonia: historias de uso, carbono y sucesion secundaria

Una fuente independiente de este estudio (Vitery 2015)
confirmo6 ante Naciones Unidas algo que explicaron varios
informantes de esta investigacion: la agricultura itinerante
de los Kichwa es protagonizada por las mujeres, aunque
con participacion de los demas familiares. Vitery (2015)
indic6 que el proceso consta de las siguientes tres fases:
(a) Chakra: se clarea un terreno por roza-tumba-troza y
quema luego de decidir en familia qué terreno serd. Se ha-
cen viveros con semillas de especies medicinales, frutales
y maderables recolectadas de los alrededores. Se plantan
especies de ciclo corto; especialmente yuca (Manihot es-
culenta Crantz, Euphorbiaceae). (b) Ushun: cumplida la
primera cosecha de yuca (noveno mes) se siembran los
plantones del semillero, haciéndolos co-existir con las
especies de ciclo corto. (¢) Purun: a partir del sexto afo,
el lote consta de un barbecho natural que co-existe con
los arboles plantados. El manejo sigue conforme avanza
la sucesion. Alli los hombres les transmiten a sus hijos de
manera demostrativa sus conocimientos sobre las plantas
(Vitery 2015).

Un lote trabajado asi puede llegar a tener 62 especies
manejadas, de las cuales 44 son arboles (Vitery 2015). Son
cifras similares a las suministradas por dos de los infor-
mantes y la observacion de fincas de este estudio (> 55 es-
pecies en media hectarea). Las especies mas cominmente
observadas, sobre todo en el periodo de chakra, fueron:
yuca (M. esculenta; cultivo principal), maiz (Zea mays
L., Poaceae), frijoles (Phaseolus spp., Fabaceae), bananos
y platanos (Musa spp., Musaceae). El periodo de ushun
incluye —ademas de yuca, citricos (Citrus spp., Rutaceae),
chonta o pixvae (Bactris gasipaes Kunth, Arecaceae), mo-
rete (Mauritia flexuosa L.f., Arecaceae), coco (Cocos nu-
cifera L., Arecaceae) y otras palmas, cacao blanco (7heo-
broma bicolor Humb. Et Bonpl., Sterculiaceae), guabas
(Inga spp., Fabaceae) y aguacate (Persea americana Mill.,
Lauraceae). También estimulantes ricos en antioxidantes
como: guayusa (llex guayusa Loes., Aquifoliaceae), ca-
cao (Theobroma cacao L., Sterculiaceae) y café robusta
(Coffea canephora Pierre ex A. Froehner, Rubiaceae); asi
como condimentos como el aji (Capsicum spp., Solana-
ceae). Durante el purun, muchas de las especies plantadas
durante el ushun coexisten con las especies silvestres que
brotan durante la sucesion.

Por su parte, la minoria de pobladores criollos y mes-
tizos: (1) (semi)-monocultiva comercialmente especies
como 7. cacao, Citrus spp., C. canephora L., e 1. guayu-
sa. (2) Cria cerdos, caballos (arrieros y “finos”), y vacas.
(3) Posee o gerencia restaurantes y hosterias para turistas
y estudiantes. (4) Hay una finca con >250ha de espacios
abiertos, entre los cuales se incluyen estanques para la cria
de peces (tilapias, Oreochromis sp.). (5) Otros tienen casas
en la zona y la frecuentan, pero alternan eso con sus vidas
en Tena y otras ciudades, por lo que su arribo, asociado al
asfaltado de una carretera en ~2011, esta urbanizando el
area. Varios usan automoviles sedan, carros de doble trac-
cion y “pick-ups” con capacidad de carga de ~2 Mg; no
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hubo camiones. Estos datos sugieren que, en comparacion
con los kichwa, estdn mas integrados al mercado, aunque
sus ventas y produccion siguen siendo bajas.

La universidad es estatal y ocupa una finca de apro-
ximadamente 260 ha. Fue fundada en octubre de 2014 y
tiene ~500 estudiantes mas ~100 docentes y empleados.
La rodean 25 fincas que cubren 741,9 ha; un 98 % de esa
superficie lo usan los indigenas (DHUA 2014). El Estado
también estd presente mediante del Ministerio del Am-
biente del Ecuador (MAE). Este administra la Reserva de
la Flora y Fauna Colonso-Chalupas, cuya entrada esta a
menos de 3,5 km al oeste del puente sobre el rio Pashimbi.
La caceria, la tala y la extraccion de recursos de la reserva
estan prohibidas. La extraccion y venta de madera, incluso
de cada finca, estan estrictamente reglamentadas, aunque
las leyes cambian en periodos tan cortos como cinco afios.
Empero, los didmetros minimos de corta generalmente son
de 50 cm. Otras influencias externas provienen del mer-
cado de I guayusa para consumo por los restaurantes y
habitantes de Tena (ciudad de 60.880 habitantes) (GAD
Municipal de Tena 2016). Una empresa extranjera exporta
hojas de dicha planta. No hay explotaciones petroleras ni
aserraderos en el lugar estudiado, pero en zonas aledanas
hay 10 aserraderos pequefios y poco tecnificados que con-
vierten rollos de Piptocoma discolor Kunth (Asteraceae)
en cajas para legumbres (Erazo et al. 2014).

Vegetacion circundante. La parcela A estuvo en un parche
de bosque secundario menor que 2 ha rodeado de: (a) pas-
turas abandonadas aproximadamente en 2013. (b) Citricos
(~0,5 ha). (c) Dos casas, una de ellas incompleta. (d) La
carretera. La parcela B estuvo rodeada de un bosque se-
cundario con al menos dos zonas: una “joven” donde se
colocd la parcela B y otra mas madura, donde fue emplaza-
da la parcela C (ver edades sucesionales en los resultados).
A partir de ~850m al oeste de parcela B el bosque secun-
dario da lugar a otro mas viejo, aunque con dosel irregular.
Esto sugiere una vigorosa formacion de claros por caida
(y/o derribo) de arboles. No fueron vistos indicios de tala;
si de arboles tumbados por el viento. También, el lado del
rio Pahismbi opuesto a donde esta la parcela B (figura 1) lo
ocupa el espacio abierto de lo que, hasta 2013, era potrero.
La parcela C estuvo rodeada por el mismo bosque que la
parcela B, aunque en una zona donde aquel es mas viejo,
sobre una meseta a ~4m por encima de la parcela B. La
meseta forma un risco a cuyo fondo esta el rio Pashimbi
(~8 m hacia abajo). Las parcelas B y C tienen en su interior
pendientes suaves que llevan a un arroyo.

La parcela D se ubico a ~550 m del rio Tena (figura 1),
en terrenos de una familia Kichwa, sobre una meseta a
aprox. 10m de altura con respecto al rio Tena. La parcela
incluye un arroyo grande, aunque este se ubica luego de un
risco de 90° con respecto a la horizontal. El bosque donde
se establecio la parcela D, ademas de la finca de los due-
flos, abarca terrenos de otras fincas de indigenas Kichwa.
Ello rode6 a la parcela D y su rodal de plantios Kichwa, vi-
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viendas con traspatios, y bosques secundarios de distintas
edades. Nada de eso circundaba a las otras tres parcelas.

Evaluacion de historias de uso del suelo. Todas las edades
sucesionales que se indican a continuacién son con respecto
al afio 2015 (figura 2). El bosque de la parcela A tiene una
edad de 12-15 afios, en regeneracion desde ~2003. Durante
su crecimiento, el 50 % del area del bosque fue dehesado y
desmalezado. Fueron vistos tocones de brinzales que indican
que dicha practica contintia. Una red de caminos sugiere
que también fue y sigue siendo transitada intensamente
a pie. Después de 1980, el terreno fue fumigado una vez
con herbicidas no identificados. Entre 1980 y 2003, una
zona equivalente a la mitad de la parcela A era parte de
un potrero (niumero de reses desconocido), pero menor
al que pastaba alli durante los afos 1970 (figura 2). Entre
1980-2003, la otra mitad de la parcela estaba separada
del ganado: tenia un oligocultivo de plantas perennes de
los que fueron vistos algunos arboles de C. canephora 'y
citricos. Entre los afios 1980 y 2003 la matriz circundante
incluia un espacio semi-abierto con canelos (Nectandra y
Ocotea spp, Lauraceae) y guayacanes (Tabebuia guayacan
Hemsl., Bignoniaceae), ademas del potrero.

El bosque de la parcela B tiene 22-25 afios (en regene-
racion desde ~1991, figura 2). Perduran fuera de la parcela
corredores de aprox. seis metros de ancho por donde pa-
saban vehiculos. Se hallaron restos de una cerca: alambres
de puas y estacas de madera curada y cortada en tablas.
La trayectoria de las estacas atravesaba diagonalmente la
parcela, separando una seccion de ~40 % del area de otra
de ~60 % de la hectarea. Aquel 40 % parece haber estado
dedicado mayormente a la ganaderia y ofrecia al ganado la
oportunidad de beber de un arroyo que hay en la parcela, y
tal vez de las inmediaciones del rio Pashimbi.

En una meseta de la parcela B se hallaron: un alero de
zine, fragmentos de parales, de madera curada y labrada
para paredes, una pequefia acera de aprox. 2,5 m x 0,5 m,
fragmentos de un piso de cemento, y restos de un rollo de
alambre de puas. Eso correspondi6 a una vivienda de 28 m?
segun mediciones de campo, aunque estas se basaron en
las posiciones del fragmento del piso y los pedazos de los
parales. Los informantes indicaron que la habitd una perso-
na solitaria, no indigena, quien falleci6 y, luego, el terreno
quedo abandonado. Los materiales sefialados sugieren que
el habitante podia adquirir insumos de afuera. Se criaba
ganado menor como guatuzas (Dasyprocta spp.) y cerdos.
El uso de lefia para cocinar puede considerarse como poco
intenso debido al bajo nimero de habitantes. De acuerdo
con los informantes, y con observaciones en otras fincas
de mestizos, en torno a la casa habia algunos cultivos pe-
rennes como: platanos (Musa spp.), yuca (M.esculenta),
guabas (Inga spp). De estas tltimas quedaron algunos in-
dividuos como legado. En el espacio mayor de la parce-
la (~60 % de la hectarea) se cultivaron naranjas (Citrus
sinensis Pers.), toronjas (Citrus X paradisi Macfad.) y li-
mones (Citrus limon L.; todos Rutaceae). Esto de acuerdo
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Figura 2. Historias de uso del suelo de cuatro parcelas de una hectarea en bosques secundarios amazonicos de tierra firme en Atacapi,
Napo, Ecuador. El asterisco indica el momento en que el lote que ocupa la parcela D se clare6 para la siembra.

Land-use histories of four one-hectare plots in secondary, Terra Firme Amazonian forests in Atacapi, Napo, Ecuador. The asterisk (*) shows
the moment where the stand currently occupied by plot D was clear-cut before planting.

con los informantes, y con algunos de esos arboles que
aun quedaron. La produccion de citricos requirié de des-
malezado periddico, lo cual implico el frecuente caminado
de personas con machete. Todo esto sucedi6 entre aprox.
1980 y 1991 (figura 2). Previo a eso (década de 1970s),
el lote estaba englobado en la misma matriz de ganaderia
abundante en que estaba la parcela A.

El bosque en la parcela C tiene ~35-37 afios (en rege-
neracion desde ~1980, figura 2). Entre 1970-1980 el lote
tuvo una edificacion de madera con patio, una caballeriza
(aproximadamente ocho caballos; ahora ocupada por abun-
dantes Selaginella sp.), parte de un potrero (~300 reses), y
arboles frutales. No hubieron rastros de la infraestructu-
ra ni de cercas o pilotes; solo una fosa (presunta letrina)
ahora tapada con tierra y plantas. Entre la parcela y el rio
hay un camino (todavia usado pese al cierre del dosel), por
donde propietarios, arrieros, empleados y visitantes solian
entrar y salir tanto a pie como a caballo. Hacia el extremo
opuesto a la edificacion, la parcela tuvo citricos y otros
arboles frutales. Este periodo de uso (1970-1980) coincide
con el de ganaderia abundante en las parcelas A y B.

El bosque de la parcela D tiene 35-40 afios (en regene-
racion desde aprox. 1977) pero con un manejo de purun
entre 1972-1977 y lustros posteriores (figura 2). Aunque la
familia tuvo ~30 reses, el lote que ocupa la parcela fue usa-

do solo para agricultura itinerante por la matriarca. Con-
secuentemente, tuvo un periodo de ushun (aprox. 1972)
después del clareo (chakra, figura 2). El nimero de espe-
cies e individuos plantados se desconoce. Algunas espe-
cies cultivadas fueron: M. esculenta, Z. mays, Musa spp.,
B. gasipaes, T. bicolor, T. cacao, guabas “pakai” (Inga
edulis Mart., Fabaceae), P. americana, algunos citricos y
maderables. Por tratarse de un sistema agroforestal multi-
estratificado, el desmalezado no fue homogéneo ni regular
o intenso. Por ejemplo, durante el ushun el desmalezado
era menos intenso y frecuente que en los oligo-cultivos.
La poda practicamente no se practicaba. Conforme la sel-
va se regeneraba (periodo purun), las especies plantadas
inicialmente co-existian con las plantas perennes. Pero al
caminar a veces se cortaban brinzales con el machete, por
ejemplo, en torno a los de especies eventualmente utiles
como madera. Esta se extrajo esporadica y selectivamente
segiin necesidades como el reemplazo de vigas o parales
en la casa, la cual estaba fuera del lote donde se estudiaron
los arboles. Tales manejos persistieron durante la sucesion
secundaria (~1977-presente).

Estructuras y biomasa aérea. Las cuatro parcelas juntas

tuvieron 1.559 arboles. Parcelas A =323, B=2332, C =489
y D =415 individuos. Los diametros de los arboles varia-
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ron mucho entre parcelas (errores estandar, cuadro 2) ma-
yormente por los arboles grandes en algunas parcelas. Ello
sugiere que —al clarear, los usuarios del suelo dejaron ar-
boles remanentes que dieron sombra. Los diametros de los
arboles en las parcelas B (mediana = 16,7 cm; n=332)y C
(mediana = 17,1; n = 489) fueron similares, pero menores
a los de las parcelas A (mediana = 19,9 cm; n =323) y D
(mediana = 19,4 cm; n = 415) cuyos valores fueron seme-
jantes entre si (Kruskal-Wallis, P < 0,001; ver medias en el
cuadro 2); pese a que el rodal en D era mucho mas viejo
que en A (cuadro 2). Puesto que la prueba de KW también
compara distribuciones, en la variacion de los didmetros
en las parcelas A y D también predominaron los arboles
delgados en comparacion con las otras dos parcelas. Ello
sugiere que el manejo durante la sucesion secundaria; es
decir, durante el periodo de purun, “rejuvenecioé” al bosque
en la parcela D (bosque de 35-40 afios), haciendo que sus

clases diamétricas se asemejaran a un barbecho de tan solo
12-15 afos (parcela A) y no a las de su bosque contem-
poraneo (parcela C; figura3). En los histogramas, fueron
comparativamente profundos: el segundo valle en el de la
figura 3B-D, y el tercer valle en la figura 3C. Ello, sugiere
que, durante la sucesion secundaria, pudo haber derribo de
arboles por el viento y tala selectiva en mas de una parcela.

El area basal promedio vari6 poco entre parcelas (cua-
dro 2) lo cual sugiere que hubo un efecto pobre de los ar-
boles mas grandes en la estructura del bosque en unas par-
celas con respecto a las otras, y que la sucesion secundaria
homogenizé con rapidez al area basal promedio a pesar
de las distintas historias de uso del suelo. En contraste, las
variaciones de las areas basales totales entre parcelas se
tradujeron en cambios amplios de la biomasa aérea (ultima
columna del cuadro 2) en el siguiente orden: C>B>D>A.
Dicho orden no es plenamente consistente con el de las
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Figura 3. Distribuciones de frecuencias de las clases diamétricas (cm) de los arboles de diametro a la altura del pecho (1,3 m sobre el
suelo) > 10 cm en cuatro parcelas (A, B, Cy D) de 1 ha en bosques secundarios en la amazonia ecuatoriana. Prueba de Kruskal-Wallis,

P <0,001.

Frequency distribution of diameter classes of trees > 10cm diameter at breast height (1.3 m above ground) for four one-hectare plots (A, B,
C and D) in secondary forests of the Ecuadorian Amazon. Kruskal-Wallis, P < 0.001.
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Cuadro 2. Estructuras y biomasas aéreas de las comunidades de arboles > 10 cm de diametro a la altura del pecho (1,3 m sobre el
suelo) en cuatro parcelas de 1ha de bosques secundarios con historias de uso del suelo diferentes en la amazonia ecuatoriana. ABt = area
basal total, ABp = area basal promedio, BT = biomasa aérea total calculada para cada arbol usando la formula de Cuenca et al. (2014)

BT =-26,63 + 0,42 dap®. Ver las historias de uso en la figura 2.

Structures and aboveground biomass for communities of trees > 10cm diameter at breast height (1.3 m above ground) for four one-hectare
plots with different land-use histories in the Ecuadorian Amazon. ABt = total basal area, ABp = mean basal area, BT = above ground biomass calculated
using the formula BT = -26.63 + 0.42 dap? (by Cuenca et al. 2014). See land-use histories in figure 2.

Parcela Densidad dap dap del arbol ABt. ABp. BT
(edad en afios)  (individuos ha™) (cm) (£EE) mas grande (cm) (m*ha’) (m? arbol™) (Mg ha'")
A (12-15) 323 19,47 (0,61) 163,06 12,60 0,04 58,79
B (22-25) 332 22,89 (3,53) 66,88 16,20 0,05 79,97
C (35-37) 489 23,50 (3,30) 62,90 25,89 0,05 125,47
D (35-40) 415 19,41 (0,39) 50,96 14,17 0,03 64,78

edades de los rodales (D =~ C > B > A; cuadro 2). Esto
sugiere que las edades sucesionales no bastaron para expli-
car los cambios en la captura de CO, atmosférico: el bos-
que de la parcela D, cuyo historial es de purun y barbecho
manejado y rodeado de una compleja matriz de chakras,
puruns 'y bosques secundarios manejados, capturé6 menos
CO, que su contemporaneo de la parcela C, la cual fue una
edificacion-potrero-oligocultivo, hoy rodeada de bosques
secundarios menos manejados.

Comparaciones con otros estudios. La densidad de indivi-
duos tendid a aumentar seguin la edad de los rodales a pesar
del bajo nimero de parcelas estudiadas; lo cual se nota inclu-
so si el observador excluye la parcela D al mirar la figura 4A.
Ello sugiere que la acumulacion de individuos durante la
sucesion secundaria progreso en las parcelas independien-
temente de sus historias de uso del suelo. En contraste, ob-
servando la figura 4b se nota que la acumulacion del area
basal si vario en asocio a la historia de uso del suelo. Cuan-
do se excluye de la observacion a la parcela D al mirar la
figura 4B, los resultados sugieren que los rodales alcanza-
ron un area basal comparable a la de los bosques maduros
después de los 35-37 afios. En cambio, al incluir al punto
correspondiente a la parcela D en la observacion, se infie-
re que la recuperacion del area basal durante la sucesion
se retard6 debido al uso del suelo por chakra-ushun-purun
y barbecho manejado. También la biomasa aérea tendid a
recuperarse con la edad sucesional siguiendo un patrén mu-
cho mas predecible cuando se excluye de la observacion de
la figura 4C a la parcela D, que cuando se la incluye.

DISCUSION

Al igual que otros trabajos (e.g., Pascarella ef al. 2000),
esta investigacion ha usado las ciencias sociales como au-
xiliares para interpretar los resultados de las mediciones de
los arboles, explicando por qué algunos bosques secunda-

rios siguen rutas sucesionales distintas a las de otros (ver
también Biirgi ef al. 2016). Asi, para los bosques secunda-
rios estudiados, la tala y el retiro selectivos de arboles du-
rante la sucesion, y su concomitante formacion de claros,
explican por qué un bosque cercano a los 40 aflos posee
un area basal y una biomasa aérea semejantes a las de otro
bosque de apenas ~12 afios, pero con una densidad ma-
yor a la de este ultimo. Contrastese eso con las siguientes
explicaciones menos plausibles o parsimoniosas. (a): Es
conocido que los cambios espaciales del clima y el suelo
alteran las caracteristicas de los bosques (e.g., Esquivel-
Muelbert et al. 2017), pero el clima fue semejante entre las
parcelas estudiadas, y las observaciones preliminares del
suelo indican que este también lo fue (Garrido-Pérez et al.
2017). (b) Procesos densodependientes, como la supresion
del crecimiento de un alto numero de individuos mediante
la competencia por otros en el pasado, son mas dificiles de
someter a prueba (Connell 1990). Eso en comparacion con
la historia de uso del suelo.

Las historias de uso del suelo también ayudan a acla-
rar contradicciones entre estudios de estructura y funcio-
nes forestales. En Puerto Rico y Republica Dominicana
se descubri6 que la densidad y el area basal son menores
en los ex-potreros que en los ex-sistemas agroforestales
(Pascarella et al. 2000). Esto pareciera inconsistente con
los resultados reportados para la parcela D. Pero, a la luz
de la historia, es plausible que lo antedicho se deba a que la
parcela D no fue abandonada, sino que continu6 usandose
recurrentemente para extraccion y tala selectiva durante la
sucesion. Segun otro estudio (Garrido-Pérez ef al. 2017) la
misma parcela tuvo mayor diversidad de especies que las
otras; algo consistente con la tradicion indigena de man-
tener bosques con una amplia variedad de especies para
usarlas (Vitery 2015).

Comparando con los estudios de RAINFOR, los resul-
tados de esta investigacion: (a) confirman que las veloci-
dades de recuperacion de las caracteristicas de los bosques
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Figura 4. Aumento de la densidad (A), area basal (B) y biomasa
aérea (C) de los arboles > 10 cm de diametro a la altura del
pecho (1,3 m sobre el suelo) en parcelas de 1 ha, segin la
edad de bosques amazoénicos de tierra firme. A, B, C y D son
bosques secundarios (este estudio); “mad” significa “bosques
maduros”. P(mad) = datos de Tambopata-Madre de Dios, Pert
(Pallqui et al. 2014; n = 9 parcelas). E,P(mad) = datos de Yasuni
y Manu (Ecuador y Peru respectivamente) (Pitman et al. 2001;
n = 26 parcelas). Bo, Br, E, P(mad) = datos de Bolivia, Brasil,
Ecuador y Peru (Baker et al. 2004; n = 44 parcelas).

Increase of tree-density (A), basal area (B), and aboveground
biomass (C) for all trees > 10 cm diameter at breast height (1.3 m above
ground) for one-hectare plots according to forest age for Amazonian
Terra Firme forests. A, B, C and D are secondary forests (this study);
“mad” means “mature forest”. P(mad) = data from Tambopata-Madre
de Dios, Peru (Pallqui ef al. 2014; n = 9 plots). E,P(mad) = data from
Yasuni and Manu (Ecuador and Peru, respectively) (Pitman et al. 2001;
n = 26 plots). Bo,Br,E,P(mad) = data from Bolivia, Ecuador and Peru
(Baker et al. 2004; n = 44 plots).
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son alteradas por los disturbios durante el uso (Chazdon y
Guariguata 2016). (b) Sugieren que la extraccion durante
la sucesion retarda la recuperacion del area basal y la bio-
masa (comparese con Pitman et al. 2001, Baker et al. 2004
y Pallqui et al. 2014). Pero (c): la densidad puede recupe-
rarse con cierta rapidez gracias a la colonizacion desde la
matriz circundante y la formacion de claros (comparando
con Pitman et al. 2001 y Baker et al. 2004). Todo eso pue-
de ayudar a explicar por qué hay ecosistemas forestales
tropicales cuyo recobro tarda 50-80 afios (Martin et al.
2014), en lugar de aprox. 25 afios (Guariguata y Ostertag
2001): los disturbios recurrentes por el uso probablemente
retardaron la acumulacion de area basal y biomasa detec-
tados por Martin et al. (2014).

Para decidir como manejar los territorios, conviene de-
terminar qué fuerzas conductoras (sensu Garrido-Pérez y
Glasnovi¢ 2014) promueven- o revierten la deforestacion.
A la luz de la historia ecuatoriana reciente, la reconstruc-
cion historica aqui efectuada indica que el que tres de las
cuatro parcelas amazoénicas estudiadas hayan sido ocupa-
das por ganaderias y oligo-cultivos durante la década de
los 1970s, se explica por el aumento en el consumo de
alimentos que generaron las exploraciones y explotacio-
nes petroleras en la region a partir de ~1967 (Rivadeneira
2004). Dicho autor indica que hacia 1980 la explotacion se
mantuvo, pero las exploraciones bajaron —reduciéndose el
numero de consumidores con respecto al periodo previo.
Se infiere que no todos los usuarios del suelo reaccionaron
igual: los de las parcelas A y B redujeron sus hatos y forta-
lecieron la diversificacion; los de la parcela C no la traba-
jaron mas; los de la parcela D continuaron con su practica,
autarquica y agro-bio-diversa, de chakra-ushun-purun.
También se infiere que, en su calidad de fuerza conducto-
ra, el Estado influyé menos que el mercado alimentario en
los cambios ambientales: las limitaciones a la tala de parte
del MAE contribuyeron mas a mantener los bosques que
a clarearlos. El propio Estado ha padecido irregularidades:
Ecuador ha tenido casi dos Presidentes por cuatrienio entre
1970 y 2010. Asi que, con base en las evidencias acopia-
das, se interpreta que las fuerzas conductoras que coadyu-
varon al cese del uso de las parcelas By C en 1991 y 1980,
respectivamente, fueron: el fallecimiento de los usuarios
del suelo y el cambio de actividad econémica de sus des-
cendientes ante una menor demanda alimentaria.

El caso aqui estudiado ilustra como el aumento de la
demanda alimentaria en zonas de frontera agricola acica-
tea alli los (cuasi) monocultivos y la ganaderia. Cuando se
reduce aquella demanda, el uso del suelo cambia: se aban-
donan algunos lotes, y los bosques que rebrotan alli siguen
rutas sucesionales distintas a las que resultan de la agri-
cultura itinerante (Chazdon 2003). Ello porque los agri-
cultores itinerantes amazonicos perciben al bosque como
una fuente de valores de uso complementaria a los culti-
vos, por lo cual los barbechos siguen siendo manejados y
utilizados para extraer alimentos, materiales de reparacion
casera, medicinas y otros valores de uso (Vitery 2015).



La evaluacion aqui publicada sugiere que la demanda de
alimentos y viviendas en la zona estudiada puede aumentar
futuramente debido a dos fuerzas conductoras que apare-
cieron en 2014. (1) La universidad fundada en dicho afo,
la cual atrae estudiantes y personal de otras provincias en
numero creciente. Ello puede fomentar la urbanizacion y los
(cuasi)monocultivos; si no en Atacapi, al menos en la perife-
ria —recuérdese que, pese a estar a cientos de kildmetros de
Atacapi, las exploraciones petroleras provocaron cambios
alli. (2) La empresa exportadora de /. guayusa puede generar
interés en los (cuasi) monocultivos de dicha especie (Sida-
li et al. 2016). En este contexto, para ayudar a conciliar la
produccion alimentaria con la conservacion se recomienda:

e Imitar la manera como la agricultura itinerante pa-
lia el disturbio por clareo: rodear los potreros de
matrices boscosas. Incluir en la forma de cada lote
abierto un corredor por donde transiten los insumos
y productos, mientras el resto del perimetro esté
circundado por los bosques secundarios ya existen-
tes. Eso acelerard la recuperacion de los bosques
durante los barbechos.

e Aprovechar las estadisticas (e.g., nimero anual de
universitarios, turistas y moradores) para proyectar
la dinamica de la demanda alimentaria; ajustando
con anticipo el numero, las hectareas, y la cantidad
de animales y plantas lucrativas. Ajustar también
los tiempos de barbecho por finca para rotar el uso
de los terrenos, considerando que hay usos que re-
tardan mas que otros la recuperacion de los eco-
sistemas (e.g., Pascarella et al. 2000; este estudio).

e Agregar valor a la agricultura itinerante. Por ejem-
plo, usandola para turismo responsable —como
dijeron muchos de los indigenas entrevistados, y
protegiendo a . guayusa con etiqueta de indicacion
geografica, en lugar de favorecer a una sola em-
presa (Sidali et al. 2016). La indicacion geografica
otorga mejores precios a cambio de que la naturale-
za y las culturas de todo el territorio permanezcan
(Sidali et al. 2016).

CONCLUSIONES

En los estudios ecoldgicos, la historia de uso del suelo
no deberia restiringirse a nombrar para qué se utilizé un
lote: es necesario caracterizar qué manipulaciones fueron
realizadas y por qué, para inferir mejor como eso deter-
mina las propiedades que, durante la sucesion secundaria,
adquiere un ecosistema. Las historias de uso del suelo aqui
documentadas indican que la produccién alimentaria y la
conservacion ambiental en la Amazonia no necesitan es-
tar contrapuestas, porque la cultura de muchas personas
incluye comportamientos capaces de permitir que los eco-
sistemas se regeneren. Para conservar mejor los bosques y
la seguridad alimentaria, los cientificos, administradores y
gobernantes deben aprender de la historia y costumbres de
cada sociedad; abrir la mente a las facetas conservacionis-
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tas de cada cultura, y establecer contextos socioecondmi-
cos que estimulen la conservacion de los bosques.
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SUMMARY

This study assessed the suitability of Landsat ETM+ and QuickBird digital number values and various vegetation indices for predicting
some structural parameters of forests in western Turkey. The empirical relationships between the structural parameters such as stand
volume, basal area, tree density and quadratic mean diameter, and Landsat ETM+ and QuickBird satellite images were estimated
using stepwise multiple regression analysis. Results indicated weak relationships between forest structural parameters and Landsat
ETM+ images. The adjusted R? values of the regression analysis using the spectral digital number values for stand volume, basal
area, tree density and quadratic mean diameter were found to be 0.37, 0.32, 0.44 and 0.25, respectively. Based on the vegetation
indices, the adjusted R? values of the regression analysis were attained as 0.36, 0.34, 0.28 and 0.17, respectively. However, the results
demonstrated moderate relationships between the forest structural parameters and the QuickBird satellite image. The adjusted R?
values from the regression analysis using the digital number values for stand volume, basal area, tree density and quadratic mean
diameter were found as 0.57, 0.45, 0.29 and 0.30, respectively. Depending on the vegetation indices, the adjusted R? values from the
regression analysis were obtained as 0.54, 0.41, 0.41 and 0.44, respectively. When the results from Landsat ETM+ and QuickBird
satellite images are compared with each other, it could be stated that the QuickBird satellite images provide better representation of
structural parameters of forests.

Key words: forest structural parameters, Landsat ETM+ and QuickBird Satellite Images, vegetation indices, western Turkey.

RESUMEN

Este estudio evalud la idoneidad de los valores de numero digital Landsat ETM+ y QuickBird y varios indices de vegetacion para
predecir parametros estructurales de bosques en el oeste de Turquia. Las relaciones empiricas entre los parametros estructurales tales
como volumen del rodal, area basal, densidad y DMC, y las imagenes satelitales Landsat ETM+ y QuickBird se estimaron mediante
analisis de regresion multiple por pasos. Los resultados indicaron relaciones débiles entre los parametros estructurales del bosque
y las imagenes Landsat ETM+. Los valores ajustados de R? del analisis de regression, utilizando los valores numéricos digitales
espectrales para el volumen del rodal, area basal, densidad y DMC fueron 0,37, 0,32, 0,44 y 0,25, respectivamente. Con base en los
indices de vegetacion, los valores R? ajustados alcanzaron a 0,36, 0,34, 0,28 y 0,17, respectivamente. Los resultados demostraron
relaciones moderadas entre parametros estructurales del bosque y la imagen del satélite QuickBird. Los valores ajustados de R? del
analisis de regresion usando los valores numéricos digitales para volumen, area basal, densidad y DMC fueron 0,57, 0,45, 0,29 y 0,30,
respectivamente. Segtin los indices de vegetacion, los valores ajustados de R? fueron 0,54, 0,41, 0,41 y 0,44, respectivamente. Al
comparar resultados de imagenes Landsat ETM+ y QuickBird, podria decirse que este tltimo proporcionan mejor representacion de
parametros estructurales de los bosques.

Palabras clave: parametros estructurales del bosque, Landsat ETM+, QuickBird, indice de vegetacion, Turquia.

INTRODUCTION

Forest structural parameters such as stand volume,
basal area, tree density and quadratic mean diameter are
important indicators for forest management and are es-
sential elements for effective and successful resource ma-

nagement (Zimble et al. 2003). Traditionally, these forest
structural parameters have been gathered through national
forest inventories using temporary sample plots. Although
this method offers highly accurate measurements of forest
structural parameters, it is very costly and time-consuming
(Trotter et al. 1997). Many investigators have recommen-
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ded that remotely sensed data be investigated as an alter-
native method of obtaining information about forest struc-
tural parameters (Lu et al. 2004).

Recently, remote sensing studies have demonstrated
that estimation of forest structural parameters using sate-
llite images depends on empirical relationships established
between field data and satellite image data such as band
reflectance values and vegetation indices (Rouse et al.
1974). Landsat images and other moderate resolution sen-
sors are crucial for a wide range of forest applications with
the estimation of forest structural parameters. Landsat ima-
ges have several prevailing characteristics, including free
availability and a long period of observation. Furthermore,
multiple regression models derived from Landsat imagery
are useful for deriving forest structural parameters (Cohen
and Goward 2004). Applications of these models at lands-
cape level are cost efficient with continuous temporal ob-
servations, permitting to evaluate the past and the present
patterns of changes.

In many studies, efforts combining remote sensing
data with field measured data focus on the estimation of
forest structural parameters through the multiple regres-
sion analysis. The possibility of predicting forest structu-
ral parameters using satellite data has been examined in
several studies (Lu ez al. 2004, Hall et al. 2006, Moham-
madi ef al. 2010). For example, Zheng et al. (2004) found
that diameter at breast height for hardwood forests was
strongly related to stand age and near-infrared reflectance
(R?=0.77), whereas for softwood forests the similar es-
timation was strongly related to Normalized Difference
Vegetation Index (NDVI) (R?2= 0.79). Hall et al. (2006)
modelled forest stand structure attributes using Landsat
ETM+ data. The model for forest stand volume using
the Biostruct method was developed with an R?= 0.71.
Mohammadi et al. (2010) investigated the relationships
between forest structural parameters (stand volume and
tree density) with Landsat ETM+ data. They found that
ETM 4 and ETM 5 indicated the best performance with
tree density (R>= 0.734) and the weak performance with
stand volume (R?>= 0.43). Kahriman et al. (2014) showed
the relationships between Landsat TM reflectance and
vegetation indices values with crown closure and tree
density in mixed stands. Crown closure and tree density
could be estimated with Landsat data with R*= 0.674 and
R?=0.702; R?>=0.610 and R?=0.613, respectively. Noorian
et al. (2016) indicated the relationship between different
satellite images and forest structural attributes in Hyrca-
nian forests. In recent years, new high-resolution satellite
images such as QuickBird and WorldView have been used
in estimating forest structural parameters (Ozdemir and
Karnieli 2011, Noorian et al. 2016, Glnli et al. 2017).

This study primarily aims both at determining the re-
lationships between forest structural parameters with band
digital number values and some vegetation indices using
the multiple regression analysis and at comparing the mo-
del results from Landsat ETM+ and QuickBird images
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with the results of the related previous studies in literatu-
re. Based on the objectives, the hypothesis of the research
is that QuickBird images would be able to present better
estimation of forest structural parameters as compared
with Landsat ETM+ images. The objectives, along with
the hypothesis, are tested with the measurements of the
forest structural parameters (stand volume, basal area, tree
density and quadratic mean diameter) from sample plots
and the interpretation of the band digital number and some
vegetation indices values generated from Landsat ETM+
and QuickBird satellite images of each sample plot.

METHODS

The study area, with 18639.75 ha, is located in the
Honaz Planning Unit in the western region of Turkey
(702171-712252 E 4165992-4184358 N, UTM ED 50 da-
tum Zone 35) (figure 1). Forests cover nearly 41.4 % of
the study area. The elevation ranges from 360 to 2113 m
above sea level with an average slope of 39 %. The study
area, characterized by several types of conifer forests, is
composed mostly by Turkish red pine (Pinus brutia Ten.)
and black pine (Pinus nigra Arnold. subsp. pallasiana
(Lamb.) Holmboe). Mean annual temperature of the study
area is about 16.1 °C and the mean annual precipitation is
557.1 mm.

In this study, field data were collected from 488 sample
plots. Their locations were obtained from forest inventory
data based on the spatial distribution of 300 x 300 m grids
of plots in August 2009. The size of sample plots ranged
from 400 m? to 800 m2. The geographical locations of sam-
ple plots were positioned and registered using ground con-
trol points and a Global Positioning System (GPS) device.
In each sample plot, dendrometric details of all trees pos-
sessing a diameter superior to 7.9 cm at breast height were
measured and recorded in inventory sheets. For example,
stand height was measured with the nearest 0.1 m with digi-
tal hypsometer in randomized sub-sample and diameter at
breast height (DBH) was measured with the nearest 0.5 cm.
The stand volume in each sample plot was calculated by
using a local volume table including DBH, developed to
estimate the volume of different species (P. brutia and
P, nigra) in plots. Eventually, the stand volume (m? ha')
was predicted by using a sum of the volumes of whole
trees in each sample plot. Furthermore, tree density was
calculated by counting the trees in each sample plot. Basal
area (BA) (m? ha') and the quadratic mean diameter (dg)
(m) were calculated using equations 1 and 2, respectively:

10000 -
BA = -—Z d [1]
a 4

Where, d, = stem diameter taken at 1.30 m from the
ground, a = sampling plot area (m?) and n = number of trees
in the sampling plot.



TURKEY

Denizli Forest Management Enterprise

698000 706000 714000
Honaz Forest Management Planning
=
§.
=
(=]
=
ﬁ-
=
8
§~
=
Legend
[ | The boundary of the study area
698000 706000 714000
N
0 5 10 W<$>E
— Kilometers s

Figure 1. The geographical location of the study area.

Localizacion geografica del area de estudio.

4178000 4186000

4170000

BOSQUE 39(1): 49-59, 2018
Modeling forest stand attributes, Landsat ETM+ and QuickBird images

dg = /EL [2]

Where, di = diameter at breast height of an individual tree,
and N = total number of trees.

Descriptive statistical values for the forest structural
parameters are given in table 1.

Two satellite images were used as remote sensing data
resources; one was the medium spatial resolution Landsat
ETM+ image acquired on July 12, 2009 and the other was
the high-resolution QuickBird image acquired on April 23,
2007. The first six bands (visible, NIR and MIR) of the
Landsat ETM+ satellite image with a spatial resolution of
30 m were used, the QuickBird data consisted of four spec-
tral bands with 2.4 m spatial resolution and one panchro-
matic band with 0.60 m spatial resolution. A panchroma-
tic band with four spectral bands was fused through ITHS
transformation using Erdas Imagine 2014 (Erdas 2014).
Fused pan-sharpened satellite data were used in this stu-
dy. Geometric rectification of remote sensing data is es-
sential for many applications. The significance of correct
geometric rectification is clear because the satellite image
is frequently related to the ground truth data. The research
area was subtracted from the satellite images using “sub-
set” tools. The subset satellite images were georeferen-
ced with a 1:25,000 scaled topographic map. Later, the
satellite images were re-projected with UTM projection
(ED 50 Datum, Zone 35) using 25 ground control points
taken from topographic maps. A nearest neighbor resam-
pling technique was used and the root mean square error
(RMSE) was less than 0.5 pixels for Landsat ETM+ and
average positional RMSE of =+ 4 m for QuickBird obtained
from the rectified satellite images. The software package
Erdas Imagine (2014) was used for satellite image prepro-
cessing. The geometric accuracy of the Landsat ETM+ sa-
tellite data and the positional accuracy of sample plots are
connected to the spatial approximation of spectral and field
measured data. In this study, the positional RMSE of the
field measurement data was less than 4 m (determined by
GPS device), whereas the geometric RMSE of the satellite
image was 0.5 pixels (i.e. 15 m) and total spatial appro-
priate RMSE between the two was less than 19 m. Never-
theless, it was well enough for the spatial approximation of
the current satellite image and field measurement data. The
satellite image was spatially graded by two times using a
nearest neighbor resampling technique. This resampling
resulted in scaling up spectral data to the sample plot size
(400 m?, 600 m?and 800 m?), thus guaranteeing a better
spatial approximation of the satellite image and field mea-
surement datasets.

After geometric corrections, some vegetation indices
(VIs) were calculated for the study area (table 2). All sam-
ple plots have correct coordinates obtained from GPS devi-
ces and located on rectified satellite images over the study
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Table 1. Descriptive statistics of the forest structural parameters (488 plots).

Estadistica descriptiva de los parametros estructurales de los bosques (448 parcelas).

Forest structural parameter Minimum Maximum Mean Standard deviation

dg (cm) 8.3 61.5 253 8.8

V (m® ha) 3.0 1.073.4 151.6 144.9

N (trees ha') 0 7,650 651.9 1,017.6

BA (m? ha') 0.30 57.4 19.62 10.05
Table 2. Definition of vegetation indices used in the study area.

Definicion de indices de vegetacion utilizados en el area de estudio.

Vegetation indices Formula Reference

SR (ETM4)/(ETM3) Jordan (1969)

NDVI (ETM4-ETM3)/(TM4+TM3) Rouse et al.(1974)

TVI ((ETM4-ETM3)/(ETM4+ETM3))+0.5 Deering et al. (1975)

DVI (ETM4)-(ETM3) Clevers (1988)

SAVI (ETM4-ETM3)*(1+L)/(ETM4+ETM3+L) Huete (1988)

NLI ((ETM4)’-ETM3))/((ETM4*)+ETM3)) Gong et al. (2003)

NDVI, Normalized Difference Vegetation Index; SR, Simple ratio; SAVI, Soil Adjusted Vegetation Index; DVI, Difference Vegetation Index; TVI,
Transformed Vegetation Index; NLI, Vegetation Index; VIS, visible wavelengths (ETM1, ETM2, ETM3 for Landsat ETM+ satellite image; Band
1, Band 2, Band 3 for QuickBird satellite image); NIR, near infrared wavelengths (ETM4 for Landsat ETM+ satellite image; Band 4 for QuickBird

satellite image), L:1.0

area. A sample plot level average digital number value was
obtained from the corresponding satellite images for each
sample plot following calculation vegetation indices. The
spectral response of pixels within a 1x1 pixel window co-
rresponding to each sample plot was extracted after over-
lapping the sample plots on the resampled Landsat ETM+
satellite image. In QuickBird satellite image, to analyze
spectral values in sample plots, the average digital num-
ber of pixels within a 35x35 pixel window (for the size of
400 m?), 41x41 pixel window (for the size of 600 m?) and
48x48 pixel window (for the size of 800 m?) centered on
the GPS location of each field plot was extracted from the
QuickBird spectral band values (Giinlii ef al. 2017).

Descriptive statistical values for the band digital number
values and some vegetation indices of the Landsat ETM+
and QuickBird satellite image are given in tables 3 and 4,
respectively.

A stepwise multiple linear regression analysis was used
to model and examine the relationships between ETM 1-5
and 7 digital number values and six VIs for Landsat ETM+
satellite image, and Band 1, Band 2, Band 3 and Band 4
values and six VIs for QuickBird image with forest struc-
tural parameters such as stand volume, basal area, tree
density and quadratic mean diameter. The models were
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used to estimate the forest structural parameters using re-
mote sensing data, band digital number values and Vs,
and their combination as independent variable. The depen-
dent variables were forest structural parameters such as
stand volume, tree density, basal area and quadratic mean
diameter, measured from the case study area.

The modeling process starts out just as in forward se-
lection, nonetheless, at each step the variable that is al-
ready in the model is first evaluated for removal. If varia-
bles are found eligible for removal, then the one whose
values show the least low R? is removed. The analysis
was performed using SPSS version 15.0 (SPSS 2007). The
stepwise regression technique was used to select the best
site variables that are significant (P < 0.05) with the hig-
hest value of the determination of coefficient adjusted by
number of parameters (), also called adjusted coefficient of
determination. In this study, the following linear relations-
hip was assumed [3]:

SP= Bo+ B1‘X1+ B2‘X2+‘ " Bn'Xn+ € (3]
Where: SP = forest structural parameter (stand volume,
basal area, tree density and quadratic mean diameter),
X1...Xn = variable vectors corresponding to remote sen-



sing data, e.g. the digital number values, ETM 1-5 and
TM 7 for Landsat ETM+ satellite image, Band 1, Band 2,
Band 3 and Band 4 for QuickBird, and six VIs variables,
B1... pn = model coefficients and € = additive error term
(Corona et al. 1998).

A separate regression analysis was performed using
the relevant remote sensing data to compare the predictive
power of the digital number values, e.g. ETM 1-5 and 7 for
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Landsat ETM+ image, Band 1, Band 2, Band 3 and Band 4
for QuickBird satellite image and VIs. Therefore, sixteen
regression models were developed (four forest structural
parameters and Landsat ETM+ and QuickBird images,
e.g., band digital number values and VIs).

For example, one model predicting basal area uses
digital number values, and another model uses VIs and
predicts tree density using the band digital number values,
and another model using VIs. In each sub-group, the rela-

Table 3. Descriptive statistics on the band digital number values and some vegetation indices of the Landsat ETM+ satellite image

(488 plots).

Estadistica descriptiva de los valores numéricos digitales de banda y algunos indices de vegetacion de la imagen del satélite Landsat ETM+

(488 parcelas).

Image Minimum Maximum Mean Standard deviation
ETM 1 64.00 154.00 81.26 12.43
ETM 2 46.00 163.00 70.27 16.21
ETM 3 40.00 208.00 74.09 25.02
ETM 4 40.00 112.00 64.99 10.93
ETM 5 40.00 191.00 87.28 28.64
ETM 7 23.00 146.00 59.44 23.53
NDVI -0.35 0.24 -0.05 0.101
SR 0.48 1.62 0.93 0.18
DVI -96.00 34.00 -9.10 17.99
TVI 0.15 0.74 0.45 0.10
NLI 0.93 0.99 0.97 0.01
SAVI -0.53 0.35 -0.07 0.15

Table 4. Descriptive statistics on the band digital number values and some vegetation indices of the QuickBird satellite image (488 plots).

Estadistica descriptiva de los valores numéricos digitales de banda y algunos indices de vegetacion de la imagen del satélite QuickBird (488 parcelas).

Image Minimum Maximum Mean Standard deviation
Band 1 197 478 252.2 43.17
Band 2 260 824 369.3 86.07
Band 3 144 704 257.2 88.32
Band 4 336 1058 509.8 77.23
NDVI 0.00 0.72 0.34 0.11
SR 1.00 6.05 2.11 0.50
DVI -1.00 883.00 252.61 71.42
TVI 0.00 0.72 0.34 0.11
NLI 0.99 1.00 0.99 0.00
SAVI 0.00 1.07 0.51 0.16
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ted forest structural parameters were predicted by using
the digital number values of ETM 1-5 and 7 for Landsat
ETM+ image, Band 1, Band 2, Band 3 and Band 4 for
QuickBird image and VIs.

The regression models were evaluated based on the
accuracy statistics, covering the absolute and relative bia-
ses and the root mean square error (RMSE and RMSE %).
These statistics were calculated for the models as follows:
[4-7].

Z(yi_yi) [4]
n

Z(yi _j}i)/n
Z)?,./n

~ )2
Z(yi_yi) [6]

n—1

\/Z(yi_j}i)z(n_l) 7]
S5

bias =

bias% =100

RMSE =

RMSE% =100

Where, n = number of observations, and V;and V; = ob-
served and predicted values of stand parameters e.g. stand
volume, basal area, tree density and quadratic mean dia-
meter from developed models.

RESULTS

The selected best regression models provided accuracy
statistics such as coefficients of determination (R?, i ), stan-
dard error of the model (Sy.x ), bias, bias%, RMSE and
RMSE% values. Tables 5 and 6 summarize the best regres-
sion models for the forest structural parameters based on
individual band reflectance values and VIs obtained from
the Landsat ETM+ satellite image. In these selected regres-
sion models for the forest structural parameters, the F sta-
tistics and coefficients were significant at a probability le-
vel of 95 %. The quadratic mean diameter model that used
ETM 1 and ETM 5 as independent variables had an R? of
0.25 and RMSE of 1.702 cm (table 5). The quadratic mean
diameter with VIs was developed by NDVI, DVI and SAVI
as independent variables. The model performance was
calculated with adjusted R?> = 0.17 and RMSE = 1.61 cm
(table 6). The tree density model thatused ETM 5 and ETM
7 as independent variables had an R? of 0.44 and RMSE of
139.931 n ha' (table 5). The tree density with VIs was de-
veloped by DVI, NLI and SAVI as independent variables,
and the model performance was calculated with R? = 0.28
and RMSE = 126.86 n ha'! (table 6). The basal area model
that used ETM 1 and ETM 2 as independent variables had
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an R? of 0.32 and RMSE of 2.22 m? ha! (table 5). The
basal area with VIs was developed by NLI, DVI, SAVI
and NDVI as independent variables, and the model perfor-
mance was calculated with R? = 0.34 and RMSE =2.22 m?
ha! (table 6). The stand volume model that used ETM 5
and ETM 7 as independent variables had an R? of 0.37
and RMSE of 29.13 m® ha'' (table 5). The stand volume
with VIs was developed by DVI and NLI as independent
variables, and the model performance was calculated with
R? = 0.36 and RMSE = 36.43 m® ha' (table 6). Table 7
and Table 8 summarize the best regression models for
the forest structural parameters based on individual band
reflectance values and VIs obtained from the QuickBird
satellite image. The quadratic mean diameter model that
used Band4 as independent variables had an R? of 0.30 and
RMSE of 1.64 cm (table 7). The quadratic mean diameter
with VIs was developed by NLI, SR and DVI as indepen-
dent variables, and the model performance was calculated
with adjusted R? = 0.44 and RMSE = 1.34 cm (table 8).
The tree density model that used Band4 as independent
variables had an R? of 0.29 and RMSE of 116.63 n ha’
(table 7). The tree density with VIs was developed by SR,
TVI, NLI and SAVI as independent variables, and the mo-
del performance was calculated with R?>=0.41 and RMSE
= 114.15 n ha'! (table 8). The basal area model that used
Bandl, Band2 and Band4 as independent variables had an
R? of 0.45 and RMSE of 1.79 m? ha™! (table 7). The basal
area with VIs was developed by DVI, TVI, NLI and SAVI
as independent variables, and the model performance was
calculated with R? = 0.41 and RMSE = 1.74 m? ha™! (ta-
ble 8). The stand volume model that used Bandl, Band2
and Band3 as independent variables had an R? of 0.57 and
RMSE of 25.37 m?® ha'! (table 7). The stand volume with
VIs was developed by SR, DVI and NLI as independent
variables, and the model performance was calculated with
R?=0.54 and RMSE = 22.85 m® ha! (table 8).

DISCUSSION

Both Landsat ETM+ and QuickBird images were used
and evaluated for estimation of stand volume, basal area,
tree density and quadratic mean diameter. First, the regres-
sion models were employed for establishing models bet-
ween the forest structural parameters and the digital num-
ber values and VIs from Landsat ETM+ image. The results
of the regression models from Landsat ETM+ band values
and VIs indicated that 25 % to 44 % and 17 % to 36 % of
forest structural parameters variability could be explained,
respectively (table 5 and 6). All models were statistically
significant. However, the models estimating the stand vo-
lume, basal area, tree density and quadratic mean diameter
provided low R? values. Therefore, the results obtained
from this study seem to be unsuitable for forest manage-
ment practices. When literature is examined, it seems that
there are numerous studies on this topic. Related to the-
se studies; Landsat TM reflectance bands were found to
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Table 5. Parameters of the ‘best fit’ regression models of forest structural parameters based on the digital number values, ETM 1-5

and 7 (Landsat ETM+ satellite image).

Parametros de los modelos de regresion de “mejor ajuste” de los parametros estructurales de los bosques basados en los valores numéricos

digitales, ETM 1-5 y 7 (imagen satelital Landsat ETM+).

Model description

Coefficients of

. S.E. of ..
Dependent  Independent 1ndependent variables t statistics P-value
Model group variables variables variables
Constant 31.1458 1.469 21.195 0.000
Quadratic mean dg ETM 1 -0.1587 0.029 -5.444 0.000
diameter
ETM 5 0.0771 0.012 6.178 0.000
R2=025 Bias=-3.17 Bias%=-1.27 RMSE=1.702 RMSE%= 6.82
Constant 427.1724 50.366 8.481 0.000
Tree density N ETM 5 20.2064 2.752 7.343 0.000
ETM 7 -27.8432 3.320 -8.386 0.000
R2=0.44 Bias= 141  Bias%=2.77 RMSE=139.931 RMSE%= 27.45
Constant 39.7179 2.571 15.445 0.000
Basal area BA ETM 1 -0.6364 0.088 -7.244 0.000
ETM 2 0.4446 0.068 6.514 0.000
R>=0.32 Bias=1.73  Bias%=9.07 RMSE=222 RMSE%= 11.62
Constant 117.8140 11.587 10.168 0.000
Stand
% ETM 5 4.1649 0.629 6.623 0.000
volume ETM 7 -5.6362 0.767 -7.352 0.000
R2=037 Bias=-6.02  Bias%=-425 RMSE=29.13 RMSE%=20.56

Ra : adjusted coefficient of determination, S.E.: standard error, t statistics: probability values, RMSE: the root mean square error.

be significant predictors of stand volume, basal area, tree
density and quadratic mean diameter based on correlation,
regression and other statistical analyses (Zheng et al. 2004,
Hall et al. 2006, Mohammadi et al. 2010. Hall ef al. (2006)
investigated the possibility of estimation of stand volume
using Landsat ETM+ data. The model for stand volume
was developed with an adjusted R?= 0.71. Mohammadi et
al. (2010) modelled stand volume and tree density using
Landsat ETM+ data. The models for tree density and stand
volume were obtained with an adjusted R>= 0.73 and R?=
0.43, respectively. When our results were compared with
the previous studies, it was seen that the results obtained
in some of the studies examined and given below are bet-
ter than those of our study. When the reasons for the low
results from our study are examined, the reasons for the
low output can be listed as follows: the study area mainly
consists of young and dense forest stands. There are fewer
openings in canopy of the forest stands. Thus, the infrared
digital number value is very high. However, in old aged

stands with lower density, there are openings in the crown
closure causing crown closure shadows. In this case, infra-
red radiation would enter deeper into the forest areas, thus,
inner and sucking may occur, decreasing rising radiance
(Danson and Curran 1993).

The performance of prediction ability of the models
with the QuickBird band digital number values differed
among the forest structural parameters. The research re-
sults showed that the estimation of the forest structural pa-
rameters (especially stand volume and basal area) is possi-
ble with sufficient accuracy when compared with Landsat
ETM+ image. Whereas the models had moderate explana-
tion power with stand volume and basal area (R*=0.57 and
R?>= 0.45). The models had weak explanation power with
tree density and quadratic mean diameter (table 7 and 8).
After two thousand years, novel satellite images such as
those from QuickBird and WorldView have been used to
predict forest strcutural parameters. Ozdemir and Karnieli
(2011) researched the possibility of predicting forest stand
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Table 6. Parameters of the ‘best fit’ regression models of forest structural parameters based on vegetation indices (Landsat ETM+

satellite image).

Parametros de los modelos de regresion de “mejor ajuste” de los parametros estructurales de los bosques basados en los indices de vegetacion

(imagen satelital Landsat ETM+).

Model description

Coefficients of

Model Dependent Independent iy, dependent variables S.E. of variables t statistics P-value
group variables variables
Constant 25.21 0.167 150.928 0.000
Quadratic mean NDVI -183.565 45.627 -4.023 0.000
. dg
diameter DVI 0.097 0.026 3.722 0.000
SAVI 110.435 30.495 3.621 0.000
Rj =0.17 Bias=-8.06 Bias%=-3.19 RMSE=1.61 RMSE%= 6.40
Constant -5,946.63 1921.28 -3.095 0.000
DVI 8.92 2.20 4.054 0.000
Tree density N
NLI 6,760.23 1,990.53 3.396 0.000
SAVI -790.38 302.75 -2.611 0.000
Rj =0.28 Bias=-7.94 Bias%=-1.48 RMSE=126.86 RMSE%=23.74
Constant 214.12 32.03 6.685 0.000
NLI -201.026 33.13 -6.067 0.000
Basal areca BA DVI -0.253 0.038 -6.598 0.000
SAVI 171.351 35.56 4818 0.000
NDVI -195.162 53.46 -3.651 0.000
R{f =0.34 Bias=2.13 Bias%=1.09 RMSE=2.22 RMSE%= 11.42
Constant 2,762.78 408.45 6.764 0.000
Stand
A% DVI 1.527 0.154 9.938 0.000
volume
NLI -2,687.45 422.044 -6.368 0.000
Ra2 =0.36 Bias=1.30 Bias%= 8.69 RMSE=36.43 RMSE%=24.33

R?: adjusted coefficient of determination, S.E.: standard error, t statistics: probability values, RMSE: the root mean square error.
a

parameters using the image texture obtained from World-
view-2 satellite data in a dryland forest. They found that
the R? and RMSE values were 0.38 and 109.56 n ha™' for
tree density, 0.54 and 1.79 m? ha™! for basal area, and 0.42
and 27.18 m* ha'! for stand volume. When examining some
studies for predicting stand parameters using the Quick-
Bird satellite image, it is seen that better results are ob-
tained compared with our study. Hirata et al. (2008) used
the QuickBird satellite image to predict stand density and
stand volume in coniferous plantations. They found signi-
ficant relations between stand density and stand volume
with QuickBird data (R? = 0.82 and R? = (.78, respecti-
vely). Ozdemir (2008) used the pansharpaned QuickBird
data to predict stem volume in a sparse Crimean juniper
using shadow area and crown area. It was found that the R?
and RMSE values were 0.67 and 12.5 %; 0.51 and 15.2 %,
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respectively. In a case study conducted by Mora ef al.
(2010) a medium relationship (R? = 0.53) was found bet-
ween the mean stand height and the reflectance values ob-
tained from the QuickBird satellite images. Giinlii et al.
(2013) investigated the QuickBird satellite image for pre-
dicting stand volume in pure beech stands. They found the
R? and RMSE values were 0.70 and 28.56 m® ha™! for the
stand volume.

When the results were examined, it was seen that the
QuickBird satellite image used in the study was inadequa-
te for mapping and monitoring the forest stand attributes.
Owing to the fact that 488 sample plots taken in the study
are primarily of different stand development stages, crown
closures and site classes, the stand structures in the sample
plots are also different. The stand crown closure is signifi-
cant atribute in this issue. Particularly in a low cover stand
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Table 7. Parameters of the ‘best fit’ regression models of forest structural parameters based on the digital number values, Band 1-3
and Band 4 (QuickBird satellite image).

Parametros de los modelos de regresion de “mejor ajuste” de los parametros estructurales de los bosques basados en los valores numéricos
digitales, banda 1-3 y banda 4 (imagen satelital QuickBird).

Model description Coefficients of

Dependent Independent independent S.E. of variables t statistics P-value
Model group . . variables
variables variables
Quadratic mean Constant 32.49 1.10 29.50 0.000
. dg
diameter Band4 -0.015 0.002 -6.78 0.000
R; =0.30 Bias=-1.32 Bias%=-5.28 RMSE= 1.64 RMSE%= 6.54
Constant 98.27 71.94 1.36 0.000
Tree density N
Band4 0.98 0.14 6.85 0.000
Rj =0.29 Bias=-8.62 Bias%=-1.47 RMSE=116.63 RMSE%=19.92
Constant 47.98 3.51 13.65 0.000
Basal area Bandl -0.25 0.04 -6.58 0.000
BA
Band2 0.12 0.01 -4.04 0.000
Band4 -0.02 0.02 5.74 0.000
R; =0.45 Bias=-2.08 Bias%=-1.05 RMSE=1.79 RMSE%=9.14
Constant 212.66 32.25 6.59 0.000
Stand
Bandl 1.80 0.50 3.59 0.000
volume v
Band2 -1.80 0.38 -4.65 0.000
Band3 0.61 0.20 3.07 0.000
Rj =0.57 Bias=-5.98 Bias%=-3.87 RMSE=25.37 RMSE%=16.42

R; : adjusted coefficient of determination, S.E.: standard error, t statistics: probability values, RMSE: the root mean square error.

in the study area, stratums such as weeds, shrubs, soil etc.
have affected the digital number values of the satellite
data. Thus, in estimating forest stand parameters using sa-
tellite data, the different stratums in the lower layers of the
stand may cause confusion.

CONCLUSIONS

Results from statistical analyses indicated that digital
number values (except for tree density) and VIs recorded
by the QuickBird satellite sensor are better predictors than
Landsat ETM+ satellite sensor. Based on these results, we
conclude that QuickBird satellite data are beneficial for
the estimation of forest structural parameters, whereas the
Landsat ETM+ satellite data are not useful for the predic-
tion of those parameters in the western part of Turkey. The
study results indicate significant potential for the use of
QuickBird satellite image of, at least, estimating some fo-
rest structural parameter (stand volume and basal area) of
conifer forests in the study area. However, further studies
are required to apply this research design in different forest

ecosystems (pure and mixed forest areas) situations inclu-
ding various topographical factors, different acquired time
or location of other satellite images and different stand
structures (mixed or deciduous forest areas) to look for
wider use of both satellite images in forest management.
In addition, different modeling techniques may be used
to predict forest structural attributes using remote sensing
data. For example, the use of different other models, such
as artificial neural networks and mixed-effect modeling te-
chniques, may enhance model success criteria.
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Table 8. Parameters of the ‘best fit’ regression models of forest structural parameters based on vegetation indices (QuickBird satellite image).

Parametros de los modelos de regresion de “mejor ajuste” de los parametros estructurales de los bosques basados en los indices de vegetacion

(imagen satelital QuickBird).

Model description

Coefficients of

Model Dependent Independent Independent S.E. of variables t statistics P-value
Group variables variables variables
Quadratic Constant 1971.90 1,027.96 1.91 0.000
mean
diameter NLI -1,954.04 1,031.89 -1.89 0.000
dg
SR 4.65 0.61 7.63 0.000
DVI -0.026 0.01 -3.04 0.000
R; =0.44 Bias=-3.18 Bias%=-1.26 RMSE= 1.34 RMSE%= 5.35
Constant 224,945.7 27,174.49 -8.27 0.000
Tree density
SR 274.49 123.33 2.22 0.000
N TVI -21,282.51 3,967.29 -5.36 0.000
NLI 226,241.88 27,253.11 8.30 0.000
SAVI 12,583.64 2,691.41 4.67 0.000
Ra2 =041 Bias=-1.54 Bias%=-2.76 RMSE=114.15  RMSE%=20.39
Constant 1,140.53 642.74 1.77 0.000
Basal area DVI -0.026 0.01 -3.01 0.000
BA TVI 176.49 60.34 2.92 0.000
NLI -1,126.25 645.53 -1.74 0.000
SAVI -98.79 40.63 -2.43 0.000
R3= 0.41 Bias=-1.29 Bias%=-6.56 RMSE= 1.74 RMSE%-= 8.86
Constant -18,703.87 8,357.72 -2.23 0.000
Stand
SR 104.17 9.19 11.33 0.000
volume v
DVI -0.687 0.08 -8.05 0.000
NLI 18,851.66 8,389.42 2.24 0.000
Rj: 0.54 Bias=2.10 Bias%=1.38 RMSE=22.85 RMSE%= 15.03

R . - adjusted coefficient of determination, S.E.: standard error, t statistics: probability values, RMSE: root mean square error.
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Active chlorine and charcoal affect the in vitro culture of Bambusa vulgaris
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SUMMARY

We evaluated the supplementation of the MS culture medium with active chlorine and activated charcoal for the in vitro culture of
Bambusa vulgaris. Lateral shoots were collected from field-cultivated plants to obtain explants, which consisted of nodal segments of
1-2 cm length, containing one axillary bud. The MS culture medium was supplemented with the following treatments: E = 0.004 % v v'!
of active chlorine + 4 g L™ of charcoal; E,= 0.004 % v v' of active chlorine; E,= 4 g L' charcoal and E,= control (no active chlorine and
no charcoal). The percentage of oxidation, fungal and bacterial contamination, explant establishment, survival, sprout and adventitious
rooting were evaluated every 21 d, during 63 d. The use of active chlorine reduced the fungal (28 %) and bacterial (38 %) contamination,
being the treatment with the highest percentage of established explants (16 %), survival (68 %) and sprout induction (95 %) after 63 d.
After 36 days from the beginning of the multiplication stage, some explants presented spontaneous rooting, without the application
of plant growth regulators. An anatomical analysis of sprouts and roots revealed the presence of meristematic zones. Furthermore, it
indicated that the emergence of adventitious roots occurred from the nodal region in association with axillary buds. Our results contribute
toward the development of more efficient protocols for the in vitro propagation of B. vulgaris, from which we recommend using active
chlorine for further assessments.

Key words: bamboo, asepsis, contamination, sprout induction, micropropagation.

RESUMEN

En el estudio se evaluo el suplemento de cloro activo y carbono activado en el cultivo in vitro de Bambusa vulgaris. Brotes laterales fueron
colectados de las plantas cultivadas en el campo para obtener explantes. Los explantes consistieron en segmentos nodales de 1-2 cm
de longitud que contenian una yema axilar. El medio MS se suplement6 con los siguientes tratamientos: E, = 0,004 % v v*' de cloro
activo + 4 g L' de carbén; E, = 0,004 % v v' de cloro activo; E, = 4 g L' de carbon y E, = control (sin suplemento con cloro activo y
sin carbon). El porcentaje de oxidacion, la contaminacion por hongos y bacterias, el establecimiento del explante, la supervivencia, la
induccion del brote y enraizamiento se evaluaron durante 63 dias. El uso de cloro activo redujo la contaminacioén por hongos (28 %)
y bacterianas (38 %), siendo el tratamiento con mayor porcentaje de explantes establecidos (16 %), supervivencia (68 %) y induccion
de brotes (95 %). Después de 36 dias, algunos explantes presentaron enraizamiento espontaneo, sin aplicacion de reguladores de
crecimiento. Un analisis anatomico de los brotes y raices mostré zonas meristematicas, la conexion entre el sistema vascular del tallo
y las hojas y la aparicion de raices adventicias en la region nodal en asociacion con los brotes axilares. Los resultados contribuyen al
desarrollo de protocolos mas eficientes para la propagacion in vitro de B. vulgaris, de los cuales se recomienda el uso de cloro activo
para futuras evaluaciones.

Palabras clave: bambu, asepsia, contaminacion, induccion de brotes, micropropagacion.

INTRODUCTION

The increasing demand of woody biomass and deriva-
tives for developing products into the market has promo-
ted the development of new methods and biotechnology
approaches for breeding forest species. Viable alternative
species have been searched and analyzed for supplying the

industry demands. Bamboos fit as such option for produ-
cing sustainable biomass (Mudoi et al. 2013, Singh et al.
2013). One species to be highlighted is Bambusa vulgaris
Schrad. ex J. C. Wendl, widely cultivated where its main
uses are for energy, paper and cellulose (Ramanayake et
al. 2006) and with potential application in the food indus-
try as flours and as source of fibers.
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The supply of saplings for large-scale production sys-
tems of various species is frequently based on their propa-
gation by seeds. Bamboos such as B. vulgaris, however,
are difficult to propagate by seeds as they rarely produce
them. Generally, bamboos are propagated through vegeta-
tive methods, including tillering, cuttings and culm sectio-
ning. Such strategies, however, are expensive, time-con-
suming and provide low adventitious rooting, which have
limited their application for commercial purposes so far
(Singh et al. 2013).

The in vitro propagation of bamboos is a viable al-
ternative for large-scale production of clonal plants from
selected materials, as it provides new plants in a short pe-
riod, independently of the seasonality (Jiménez ef al. 2006,
Mudoi et al. 2013, Singh et al. 2013). In bamboo, direct
organogenesis has been partially achieved from segmen-
tal nodes with axillary dormant buds (Jiménez ef al. 2006,
Bakshi ef al. 2015). Despite all efforts, to establish an effi-
cient protocol for growing plants from such explants rema-
ins a challenge. Usually, high microbial contamination has
been reported, including endophytic fungi, challenging the
supply of commercial demands (Singh et al. 2013).

The contamination might be diminished by using effi-
cient methods for asepsis of the explants before inocu-
lation, coupled with the supplementation of the culture
medium with germicides, fungicides and antibiotics
(Singh et al. 2013). Among the germicides, active chlori-
ne has been widely used for the asepsis prior the in vitro
inoculation and supplemented to the culture medium to
reduce the contamination by microorganisms in herba-
ceous and woody species (Brondani ef a/. 2013, Brondani
et al. 2017). Moreover, active chlorine has been consi-
dered less toxic to plant tissues than other compounds in

certain working conditions (Teixeira ef al. 2006, Brondani
etal. 2013).

Another recurring factor in the in vitro cultivation of
bamboos involves the darkening (i.e., tissue necrosis) of
tissues (oxidation), which might be associated with me-
chanisms of cicatrization in response to injuries caused by
the explant sectioning during inoculation, reducing in vitro
establishment (Mudoi et al. 2013). Among the compounds
that might be used for minimizing tissue oxidation, activa-
ted charcoal is a suitable option (George ef al. 2008, Singh
et al. 2013, Silva et al. 2015).

Our work was aimed at evaluating the effect of the
supplementation of the MS culture medium with active
chlorine and activated charcoal in the in vitro establishment
of explants from adult individuals of B. vulgaris. With the
experiments, we wanted to achieve higher rates of establis-
hed explants for improving further steps of the in vitro pro-
tocols, such as multiplication and adventitious rooting. The
anatomical origin of sprouts and roots are also discussed,
based on histological sections of B. vulgaris explants.

METHODS

Selection and preparation of explants. Lateral shoots con-
taining dormant buds originated from the median part
(central region in length) of the culm were collected from
B. vulgaris plants (approximately seven years old) culti-
vated under field conditions. The shoots were placed in
opaque plastic bags to prevent exposition to light and de-
hydration and, afterward, transported (period of 48 h) to
the laboratory for the experiments.

From the materials collected, leaf sheaths near each
axillary bud were removed (figure 1A-B). After, the shoots

\

Figure 1. Detail of the preparation of explants of Bambusa vulgaris. (A) Lateral shoot, highlighting the presence of the leaf sheath.
(B) Propagule without the leaf sheath. The black arrow indicates the axillary bud. (C) Propagule with arrow indicating the peeled area.
(D) Standardized nodal segments for in vitro inoculation. Bar = 1 cm.

Detalle de la preparacion de explantes de Bambusa vulgaris. (A) Brote lateral, destacando la presencia de la vaina foliar. (B) Segmento nodal
sin la vaina foliar. La flecha negra indica la yema axilar. (C) Segmento nodal con flecha indicando el area. (D) Segmento nodal estandarizado para la

inoculacion in vitro. Barra =1 cm.

62



were placed in distilled water containing commercial neutral
detergent. The adjacent area to each axillary bud was peeled
(figure 1C). Axillary buds were washed with a sponge; and
the nodal segments were sectioned to 1-2 cm in length (ex-
plants) (figure 1D). The nodal segments were subsequently
rinsed in distilled water before the asepsis treatment.

Asepsis of the explants. Operating in a laminar flow cham-
ber, the explants (figure 1D) were placed in a hydroalcoho-
lic solution (70 % v v'!) for 1 min and rinsed with distilled
and sterilized water. The explants were later placed in a
2.0-2.5 % (p p') solution of active chlorine (NaOCI) with
commercial neutral detergent (0.05 % v v') for 10 min.
Finally, the explants were rinsed five times in distilled and
sterilized water. The explants were vertically inoculated
in test tubes containing the culture medium. The axillary
bud of each explant was placed in direct contact with the
culture medium.

Treatments and experimental design. The eftects of chlo-
rine (Anhambi®) and activated charcoal (Alphatec®)
supplemented in MS culture medium (Murashige and
Skoog 1962) were tested for the in vitro establishment of
B. vulgaris. Treatments consisted of: E,= 0.004 % of acti-
ve chlorine (p p', with NaOCI) + 4 g L' of charcoal; E,=
0.004 % of active chlorine; E;= 4 g L' of charcoal; and
E,= explants cultivated in culture medium without active
chlorine and charcoal (control). The explants were subcul-
tivated in the same culture medium after 21, 42 and 63 d,
maintaining the same treatments.

The explants were inoculated in test tubes (2x10 cm)
containing 5 mL of the culture medium which was prepa-
red with distilled water, 6 g L' of agar, 20 g L' of sucrose
(C,,H,,0,) and 2 mg L' of BAP (6-benzylaminopurine;
Sigma®). The medium was supplemented with 2 mg L' of
the fungicide benomyl [Methyl 1-(butylcarbamoyl)-2-ben-
zimidazolecarbamate; Bayer®]. After 21 d, the explants
were transferred to culture medium with the same formula,
nonetheless in absence of the fungicide. The explants were
subcultivated in this culture medium for 63 d.

The experiment was conducted in a completely rando-
mized design in 22 factorial with repeated measures at 0, 21,
42 and 63 days (i.e., split-plot in time). Four concentrations
of active chlorine and charcoal (E,, E,, E, ¢ E,) and four pe-
riods of time (0, 21, 42 and 63 d) were tested. Each test tube
containing an inoculated explant was considered as one re-
plicate. In total, we analyzed 50 replicates per treatment.

At each period of time (0, 21, 42 and 63 d) we eva-
luated the percentage of oxidization, fungal and bacterial
contamination, explant establishment and survival, the
percentage of sprout induction and adventitious rooting.
We considered an explant as established when it was ab-
sent from fungal or bacterial contamination and without
oxidation. Conversely, we considered survival the number
of explants that were absent of fungi, even though it might
have had bacterial contamination or oxidation.
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Bud multiplication. At 63 days of in vitro cultivation, we
selected explants with more than three sprouts per nodal
region (with the axillary bud). From this explant source,
we isolated the sprouts produced by sectioning them to the
length of 1 cm (£ 0.5 cm). The explants were afterwards
inoculated in culture medium for 63 d, being transferred
every 21 days to new culture medium prepared in the same
conditions. The explants were inoculated in test tubes
(2x10 cm) containing 5 mL of culture medium prepared
with distilled water, 6 g L™ of agar, 20 g L' of sucrose and
2 mg L' of BAP (6-benzylaminopurina).

Acclimatization. The root development was observed un-
der in vitro conditions, followed by a simple acclimatiza-
tion process to maximize the survival rate. The plants were
cultivated in white plastic cups with 30 mL capacity, con-
taining substrate composed by a mixture of parboiled rice
husk and vermiculite (1:1; p p'), and submitted to ex vitro
conditions, in growth room with controlled temperature
and light, as a final step for acclimatization.

Incubation conditions. The culture medium was adjusted to
pH 5.8 and sterilized in autoclave at 121 °C (~1.0 kgf cm™?)
for 20 min. The explants were cultivated in growth room at
25 °C (£ 2 °C), photoperiod of 16 h and 32 pmol m? s! of
light intensity (provided by white fluorescent lamps).

Histological analyses. Samples of nodal segments of
B.vulgaris were fixed in a modified formaldehyde and
glutaraldehyde solution (glutaraldehyde 1 %, paraformal-
dehyde 4 % in sodium phosphate buffer, NaH,PO,.H,0,
0.1 M, pH 7.2) (Karnovsky 1965) and submitted to six va-
cuum series (-600 mmHg) for 30 min each. The samples
were stored for 30 days at 4 °C. Samples were placed in
infiltration medium (Historesin®, Leica) for 24 h and pre-
pared according to the manufacturer’s instructions, remai-
ning 28 days at 24 °C. The blocks containing the samples
were sectioned longitudinally or transversally to 10 um
thickness using the automatic rotary microtome Microm
HM 355S (Thermo Scientific). Each section was stained
with toluidine blue (0.05 %, v v') in sodium phosphate
buffer and citric acid (Sakai 1973) for 30 min and mounted
on histological blades with synthetic resin (Entellan®). The
histological sections were analyzed and photographed in
optic microscope (Opton) and the images were captured in
micrometric scale. A descriptive analysis was performed
on each sample, aimed at identifying the disposition of the
tissues connecting the axillary buds and nodes, the region
of the adventitious root emergence and evidences for me-
ristematic zones.

Statistical analyses. The data were submitted to Hartley’s
test (P < 0.05) and Shapiro-Wilk (P < 0.05) and transfor-
med, when necessary, according to the Box-Cox test. The
data were submitted to analysis of variance (ANOVA,
P < 0.05). The data obtained from quantitative factors
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were analyzed through polynomial regression (logistic or
exponential), the best models were adopted for graphic re-
presentation.

RESULTS

In vitro oxidation, contamination and establishment. The
ANOVA revealed an interaction (P < 0.05) between the
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concentration of active chlorine and charcoal with the
time-interval as regards the variables oxidation, fungal
and bacterial contamination, established explants, survival
and sprout induction (data not shown). Oxidation was ob-
served as the progressive darkening (i.e., necrosis) of the
B. vulgaris explants. After 42 days of cultivation, all ex-
plants (100 %) exhibited oxidation, including the explants
treated with activated charcoal (figure 2A, figure 3).
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Figure 2. Results of the in vitro establishment of nodal segments (explants) of Bambusa vulgaris considering the MS medium supple-
mented with different combinations of active chlorine and activated charcoal: E = 0.004 % v v'of active chlorine + 4 g L' of charcoal;
E,=0.004 % v v of active chlorine; E.=4 g L' of charcoal; and E,= explants cultivated in culture medium without active chlorine and
charcoal (control). The explants were subcultivated in the same culture medium after 21, 42 and 63 d, maintaining the same treatments.
(A) Percentage of oxidation. (B) Percentage of fungal contamination. (C) Percentage of bacterial contamination. (D) Percentage of
established explants. (E) Percentage of survival. (F) Percentage of explants that induced shoots.

Resultados del establecimiento in vitro de segmentos nodales (explantes) de Bambusa vulgaris considerando el medio MS suplementado con
diferentes combinaciones de cloro activoy carbon activado: E, =0,004 % v v~ de cloro activo + 4 g L' de carbon; E, = 0,004 % v v~ de cloro activo; E,=4 g !
de carbon y E, = control (sin suplemento con cloro activo y sin carbon). Los explantes fueron subcultivados en el mismo medio de cultivo después de
21,42 y 63 dias, manteniendo los mismos tratamientos. (A) Porcentaje de oxidacion. (B) Porcentaje de contaminacion por hongos. (C) Porcentaje de
contaminacion bacteriana. (D) Porcentaje de explantes establecidos. (E) Porcentaje de supervivencia. (F) Porcentaje de explantes que presentaron brotes.
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Figure 3. Explants of Bambusa vulgaris presenting oxidation af-
ter 42 days of in vitro cultivation. The arrow indicates that the
oxidation showed no spreading over the axillary buds. Bar=1 cm.

Explantes de Bambusa vulgaris oxidado después de 42 dias

de cultivo in vitro. La flecha indica que la oxidacién no mostr6 propaga-
cion sobre los brotes axilares. Barra =1 cm.

The supplementation of the culture medium with acti-
ve chlorine diminished fungal contamination (figure 2B).
After 63 days of cultivation, the percentage of fungal con-
tamination was reduced in 28 % for the treatment contai-
ning only active chlorine (0.004 %, E,). The treatment with
active chlorine coupled with charcoal resulted in 40 % of
contamination (E ). When only charcoal was used (E,), the
contamination reached 56 %. The control (E,, no chlorine
and no charcoal) presented 66 % of contaminated explants.

Bacterial contamination was also variable among
treatments. The lowest contamination rate after 63 days
was observed in treatment E,, containing both active
chlorine and charcoal (figure 2C). Conversely, when only
active chlorine was used (E,), 56 % of the explants were
contaminated with bacteria. The control treatment resulted
in 58 % of contaminated explants. The highest bacterial
contamination (66 %) was observed from E,, with only
charcoal (figure 2C).

The in vitro establishment of the explants of B. vul-
garis (explants with no fungal or bacterial contamination)
was progressively reduced over time, with the subsequent
cultivations. Low rates of establishment were recorded at
the end of the experiment (< 10 % at 63 days of in vitro
cultivation). The culture medium that provided the highest
establishment rate (16 %) after 63 days was E,, supple-
mented only with active chlorine. A 10 % establishment
rate was the result of the cultivation in culture medium
supplemented only with charcoal (E,). The percentage of
establishment was lower when both chlorine and charcoal
were combined (8 %). No establishment was observed
with the control treatment (0 %) (figure 2D).

The survival of the explants was progressively reduced
over time (figure 2E). Only 26 % of the explants survived
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with the control treatment (no chlorine and no charcoal
— E,) at the end of the experiment. Higher survival rates
were observed, though, when active chlorine or activated
charcoal were applied separately or combined. The appli-
cation of only active chlorine (E)) resulted in the highest
survival (68 %). The combination of both compounds (E,)
resulted in 42 % of survival, while 38 % was observed
from the treatment with charcoal only (E,) (figure 2E).

The use of active chlorine and charcoal was beneficial
for the induction of sprouts in B. vulgaris (figure 2F). The
highest percentage was observed in the culture medium
containing the combination of both compounds, resulting
in 89 % of explants with sprout induction after 21 days and
95 % after 63 days of cultivation. The explants cultivated
in culture medium supplemented only with active chlorine
(E,), presented 91 % of sprout induction. In the treatment
without chlorine, the explants presented lower percentage
of sprouting, resulting in 73 % when only charcoal was
used (E,) and 61 % for the control treatment (figure 2F).

In this work, we did not aim at testing different plant
growth regulators and their effects on adventitious rooting
(auxins). However, after 63 days of in vitro cultivation,
some explants were selected as viable for the multipli-
cation stage, as they presented more than three sprouts
(figure 4A). Nodal segments were isolated from the ex-
plants (figure 4B), and inoculated in culture medium for
the multiplication of the axillary buds. The development of
the axillary buds was evaluated after 21 days (figure 4C).
After 36 days of cultivation, we observed the development
of spontaneous adventitious roots in a few of the explants
(< 10 %) in the in vitro condition (figure 4D). The propa-
gules were afterwards submitted to ex vitro conditions in
a growth chamber aiming at acclimatization (figure 4E).

Histological analysis. The histological sections of the no-
dal segments of B. vulgaris showed the presence of meris-
tematic regions, cells of leaf primordia, stem apical me-
ristem and groups of compacted cells. Such elements are
presented in figure SA. A high number of fibers were also
observed (figure 5B). The disposition of the cortex, paren-
chyma and the vascular tissues are presented in figure 5C.

The stem and leaves were observed as continuous
structures. The vascular tissue of the stem connects with
the leaf vascular tissue, where one or more stem bundles
diverge to the leaf, which might present smaller quantities
of trichomes, showing normal growth and development
(figure 6).

A further observation from the histological analysis
was performed on the region of emergence of the adven-
titious roots. It occurred in association with the axillary
buds (figure 7A). The adventitious roots were analyzed,
from which we identified the medulla (figure 7B) and the
presence of root hair (figure 7C), which facilitate the en-
trance of solutes to the plant. We also observed the epi-
dermis, parenchyma, endodermis and the vascular system
(figure 7D).
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DISCUSSION

In vitro oxidation, contamination, survival and establish-
ment. Our results revealed the effectiveness of using active
chlorine for reducing contamination in bamboo explants.
Nevertheless, the use of activated charcoal presented no
effect in reducing oxidation, as 100 % of the materials
were oxidized after 42 days of in vitro cultivation. The
oxidation process is commonly associated with mecha-
nisms of tissue cicatrization, which promote exudation
of phenolic compounds in response to the injuries in the
explants during their preparation and in vifro inoculation
(Mudoi et al. 2013). The severity of the darkening (i.e., ne-
crosis) of the explant might vary according to factors such
as the bamboo species, the tissue or organ chosen as the
explant and the culture medium (Huang et al. 2002), the
seasonality of the propagule collection (Singh et al. 2013).
As the sources of explants were transported through a long
distance, it also contributed to accelerating the oxidation
process.

Despite oxidation commonly represents a negative im-
pact to the in vitro cultivation of forest species (Huang et
al. 2002, Silva et al. 2015), the explants of B. vulgaris of
this study were still able to develop sprouts. The oxidation
caused no damage to the axillary buds and the emerged
sprouts (figure 3). Bamboo species have shown proclivity
to oxidation, which not necessarily implicates in the mor-
tality of the propagated materials (Mudoi ef al. 2013).

Another limiting factor on the propagation of bamboos
has been the high contamination with fungi and bacteria,
compromising the development of the propagules. Fungal
and bacterial contamination commonly affects the initial
stage of the in vitro cultivation, compromising the continui-
ty of the propagation (Ramanayake et al. 2006). Contami-
nation has been an issue for large-scale production of spe-
cies of economic interest (Singh et al. 2013). Therefore, we
supplemented the culture medium with active chlorine and
achieved considerable reduction in the contamination rate.

In general, active chlorine has been used in the asepsis
stage before inoculation (Teixeira et al. 2006, Brondani et

Figure 4. Details of the multiplication stage showing the sprout sectioning, in vitro adventitious rooting and acclimatization of Bam-
busa vulgaris explants. (A) Explant presenting multiple sprouts after 63 days of cultivation. (B) Nodal segments sectioned and selected
for the multiplication of sprouts. (C) Detail of the in vitro sprouting after 21 days of cultivation. (D) In vitro adventitious rooting after
36 days of cultivation. (E) Cloned plant in acclimatization. Bar = 1 cm.

Detalles de la etapa de multiplicacion que muestra la seccion del brote, el enraizamiento adventicio in vitro y la aclimatacion de los explantes
de Bambusa vulgaris. (A) Explantes que presentan multiples brotes después de 63 dias de cultivo. (B) Segmentos nodales seccionados y seleccionados
para la multiplicacion de brotes. (C) Detalle del brote in vitro después de 21 dias de cultivo. (D) Enraizamiento adventicio in vitro después de 36 dias

de cultivo. (E) Planta clonada en aclimatacion. Barra = 1 cm.
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al.2013). Active chlorine is an effective compound toward
the suppression of bacteria, fungi and their spores, virus
and protozoa, exhibiting deleterious effects on microorga-
nisms (Teixeira et al. 2006). It has been used in replace-
ment to other compounds that are of much toxic effect,
such as the mercury chloride (HgCl,) and antibiotics (Ji-
ménez et al. 2006, Brondani et al. 2013).

Figure 5. Anatomic structure of a nodal segment of Bambusa vul-
garis. (A) Longitudinal section of the axillary bud evidencing cells
ofleafprimordia(lp), groups of compacted cells(cc). The arrows in-
dicate the presence of multiple meristematic regions. Bar=200 pm.
(B) Longitudinal profile of the node containing the axillary bud.
The arrow indicates de the presence of fibers. Bar = 200 pm.
(C) Transversal section of the nodal segment, with the dotted line
evidencing the cortex (epidermis and hypodermis) and parenchy-
ma (Pa). Details of the vascular system, with the black arrow in-
dicating xylem and the yellow arrow the phloem. Bar = 100 um.
Source: figure 5SA according to Brondani ef al. (2017).

Estructura anatémica de un segmento nodal de Bambusa vul-
garis. (A) Seccion longitudinal de la yema axilar que evidencia células de
primordios foliares (Ip), grupos de células compactadas (cc). Las flechas
indican la presencia de multiples regiones meristematicas. Barra=200 um.
(B) Perfil longitudinal del nodo que contiene la yema axilar. La flecha
indica la presencia de fibras. Barra =200 pm. (C) Seccion transversal del
segmento nodal, la linea discontinua que evidencia la corteza (epidermis
y hipodermis) y parénquima (Pa). Detalles del sistema vascular, con la
flecha negra indicando el xilema y la flecha amarilla. Barra = 100 pm.
Fuente: figura 5A de acuerdo con Brondani ez al. (2017).
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The use of active chlorine in our study implicated in
partial elimination of the contamination with microorga-
nisms. Similarly, contamination with microorganisms has
been variable among different studies with bamboos using
active chlorine, such as 55 % in Bambusa ventricosa Mc-
Clure (Wei et al. 2015), 80.5 % (Garcia et al. 2004), 91 %
(Marulanda et al. 2002) and 95 % (Jiménez et al. 2006) in
Guadua angustifolia Kunth and 100 % in Bambusa tulda
Roxb (Mishra et al. 2008). Similarly, the microbial conta-
mination was reduced to 55 % in B. ventricosa with Na-
ClO and to 20 % with HgCl, (Wei et al. 2015). Therefore,
the responses of the explants to germicides also depend
on the bamboo provenance and the genotype used for pro-
pagation (Brondani et al. 2013), as the gene expression
machinery of each genotype confers distinct resistance de-
grees to the microorganisms.

The high rates of contamination reported by different
studies might be associated with endophytic microorga-
nisms from bamboos (Singh ez al. 2013) that are exuded to
the culture medium after tissue sectioning, compromising
the development of the explant and reducing the in vitro
survival of the plant material. Contamination by fungi fu-
lly compromises the explants; however, bacterial conta-
mination or later manifestation might be controlled under
certain conditions, occasionally enabling the continuity of
the cultivation of the explant.

Besides reduction in contamination rates, the use of
active chlorine might have had a positive effect on the sur-
vival of the explants of B. vulgaris. Cl is considered an es-
sential ion, which influences the photosynthetic reactions
and cleavage of the water molecule, releasing oxygen (Her-

Figure 6. Longitudinal section of one leaf primordium of Bam-
busa vulgaris. The arrow indicates the presence of trichomes (tr)
on the epidermis. Bar =200 um.

Seccion longitudinal de un primordio de hoja de Bambusa
vulgaris. La flecha indica la presencia de tricomas (tr) en la epidermis.
Barra =200 pm.
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Figure 7. Anatomic structure of adventitious root from Bambusa vulgaris. (A) Transversal section of the connection between the
adventitious root (Ra) with the nodal segment (SeN) as indicated by the arrow. (B) Longitudinal section evidencing the medulla (me).
(C) Transversal sections of the root. The arrow indicates the presence of root hair on the adventitious roots (Bar =200 um). (D) Trans-
versal sections of the root evidencing details of the epidermis in green arrows. The parenchyma (Pa) and endodermis are indicated by
the yellow arrow. The vascular system is indicated with the black arrow. Bar = 100 um.

Estructura anatomica de raiz adventicia de Bambusa vulgaris. (A) Seccion transversal de la conexion entre la raiz adventicia (Ra) con el
segmento nodal (SeN), como se indica por la flecha. (B) Seccion longitudinal que evidencia el médula (me). (C) Seccion transversal de la raiz, la flecha
indica la presencia de raiz de pelo en las raices adventicias (barra =200 pm). (D) Seccion transversal de la raiz que evidencia detalles de epidermis con
la flecha verde, parénquima (Pa), endodermis con la flecha amarilla y sistema vascular con la flecha negra. Barra = 100 um.

dean et al. 2016). Na*stimulates the growth by intensifying
cellular expansion (Bassil et al. 2012). Effectively, in our
work, the highest survival rates were obtained when acti-
ve chlorine was added to the culture medium (68 % when
only chlorine was supplemented to the culture medium
and 42 % with the supplementation of both chlorine and
charcoal). It might also have contributed to the higher
percentage of sprout induction (91 % of explants) from
the medium with supplementation of chlorine only. Other
studies have reported similar trends, implying beneficial
effects from the use of chlorine in sprout induction and
vigor of the explants of bamboos (Garcia et al. 2004).
Despite the beneficial effects of active chlorine in the
reduction of contamination and increase of survival and
sprouting, low rates of explant establishment were achie-
ved in our study, as well as frequently reported by others.
The highest rates of establishment (16 %) were achieved
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with the treatment with only active chlorine, once more
corroborating its beneficial effect toward the in vitro cul-
tivation of B. vulgaris. Therefore, we recommend that the
culture medium should be supplemented with active chlo-
rine (0.004 %) in order to achieve better results for the
in vitro propagation of the species. Such recommendation
might also be extended to other bamboo species, as well
as other trees. However, further assessment of methods for
more effective reduction of the contamination and higher
establishment of explants is necessary.

Spontaneous occurrence of adventitious rooting. At 63 days
of cultivation, a few explants were selected for the multipli-
cation phase, as they presented more than three sprouts (<
10 % of the explants) (figure 4A). After 36 d, we observed
the development of adventitious roots in a few of the sprouts
cultivated in the multiplication medium. Subsequently, the



sprouts were submitted to ex vitro conditions for acclima-
tization. The adventitious rooting occurred without supple-
mentation of the culture medium with plant growth regula-
tors of the auxin group such as indole-3-butyric acid (IBA)
and might be explained by the accumulation of endogenous
auxins in the explants (Ramanayake ef al. 2006). The natu-
ral auxin accumulation might have increased metabolic ra-
tes and promoted the development of adventitious roots on
the sprouts (Kapoor and Rao 2006). Low rooting rates are
major issues encountered during the in vitro culture of bam-
boo (Ramanayake et al. 2006, Singh ef al. 2013); necrosis
may occur in some cases (Kapoor and Rao 2006). Howe-
ver, the development of spontaneous adventitious roots was
also observed in nodal segments of Bambusa bambos var.
gigantea Bennet and Gaur (Kapoor and Rao 2006) and G.
angusifolia (Jiménez et al. 2006). The use of charcoal in
the culture medium may have contributed to the rooting of
the explant, as it conditioned it to a darker environment,
suitable for the emergence of roots (George et al. 2008).
Nevertheless, further work is required to effectively test for
adventitious rooting ability of explants containing axillary
buds of B. vulgaris, as protocols for such purpose remain
scarce for the species. Concentrations of plant growth re-
gulators such as IBA and a-naphthalene acetic acid (NAA)
combined with cytokinins need to be tested for such goal
(Singh et al. 2013).

Histological analysis. The anatomical analysis revealed
that the explants contained the basic cell structure neces-
sary for the development of new sprouts and roots. His-
tological sections of the nodal segments of B. vulgaris
showed evidence of the presence of meristematic regions,
cells of leaf primordia, stem apical meristem and groups
of compacted cells, as shown in figure 5. The top of the
bamboos presents only primary growth divided into the
following regions: cortex, parenchyma and vascular bund-
les, in which the cortex covers the epidermis and hypoder-
mis (Ray et al. 2004).

A high number of fibers were also observed (figure 5B).
Fibers are made of sclerenchymatic tissue and are charac-
terized by their long, tapered, forked shape and thickened
walls, composed of lignin and various microfibril layers.
The fibers contribute for structural support and flexibility
of the stems (Ray et al. 2004).

The connection between the vascular system of the
stem and the leaves, where one or more vascular bundles
are oriented to the leaves, was evidenced from the histo-
logical sections (figure 7A). Therefore, stem and leaves
are continuous structures. The presence of trichomes was
evident from the histological analysis (figure 7C). Tricho-
mes are common structures in bamboo leaves (Soderstrom
and Ellis 1988), and the presence of smaller quantities of
trichomes is a common feature observed in explants culti-
vated in vitro (Machado et al. 2014).

The explants that developed adventitious roots were
analyzed with light microscopy. The emergence of the
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root occurred from the nodal region in association with
the axillary buds. Adventitious roots are encountered in all
vascular plants, although in bamboos, they are generally
originated from the stem (Kapoor and Rao 2006). We ob-
served that the adventitious root arises at the nodal seg-
ment connection (Figure 7A), and its anatomical structure
is systematically organized, beginning with the epidermis,
cortex, vascular tissues and the medulla. We also obser-
ved root hair on the histological sections (figure 7C). Root
hairs are important structures as they increase the surfa-
ce area of the root, enabling a more efficient absorption
of water and nutrients (Libault ez al. 2010). They showed
normal growth and development.

CONCLUSIONS

The active chlorine promoted the reduction of fungal
and bacterial contamination of the explants and increased
the survival and development of sprouts from the explants.
The activated charcoal promoted no effect in avoiding the
oxidation of the materials; however, the oxidation caused
no damage to axillary buds and sprouts of B. vulgaris.

From the experiments, we obtained a single explant
with adventitious rooting, even without the application of
plant growth regulators. Such event was used in a histolo-
gical characterization, showing evidences of the presence
of meristematic regions and the emergence of adventitious
roots from the nodal region in association with axillary
buds.

Our protocol might be potentially applicable for the
in vitro propagation of B. vulgaris aiming at the cloning
of selected adult matrices of B. vulgaris, as well as other
bamboos. Further tests are necessary to improve explant
establishment and promote adventitious rooting of the ma-
terials.
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SUMMARY

Roads and trails bring deteriorating changes in the structure and composition of forests. The present study investigated the impact
of roads and trails on floral diversity and structure of Ganga Choti forest, Kashmir. Phytosociological attributes using systematic
quadrate sampling were recorded and analyzed using multivariate ordination techniques including Principal Component Analysis
and Cluster Analysis. The total number of species found in the area was 101 belonging to 47 plant families. The dominant family
was Poaceae followed by Labiateae, Asteraceae and Rosaceae. The dominant species of the area included Pinus wallichiana, Abies
pindrow, Viburnum grandiflorum, Sarcococca saligna, Poa alpina, Fragaria nubicola, Onychium japonicum and Poa pratensis. The
dominant life form was Hemicryptophyte (31.68 %), whereas leaf spectra class was Microphyll (30.69 %). The average diversity value
was 3.39 with a maximum of 3.71 at the control site and 3.08 at the disturbed site. Average tree density was 505/ha with a maximum of
680/ha at the control site and a minimum of 330/ha at the disturbed site. Intense deforestation was indicated by a stump density value
of 330/ha. Results revealed that roads and trails have adversely affected the composition and structure of vegetation with high pressure
on keystone tree species. Disturbed sites showed lower values of diversity indices, species richness and regeneration synchronized
with high deforestation, overgrazing, erosion and increased frequency of invasive species. The study area needs immediate attention
of the management for conservation of local forests by minimizing the impacts of roads and trails.

Key words: deforestation, Himalayas, species diversity, overgrazing.

RESUMEN

Los caminos y senderos deterioran la estructura y composicion de los bosques. El presente estudio investigé el impacto de los caminos
y senderos en la diversidad de flora y la estructura del bosque de Ganga Choti, Cachemira. Los atributos fitosociologicos se registraron
mediante muestreo cuadrado sistematico. Los atributos fitosociologicos se registraron utilizando un muestreo cuadrado sistematico
y se analizaron mediante técnicas de ordenacion multivariante, que incluyeron analisis de componentes principales y analisis de
conglomerados. Se encontraron 101 especies plantas en el area, pertenencias a 47 familias. La familia dominante fue Poaceae seguida
de Labiateae, Asteraceae y Rosaceae. Las especies dominantes del area incluyeron Pinus wallichiana, Abies pindrow, Viburnum
grandiflorum, Sarcococca saligna, Poa alpina, Fragaria nubicola, Onychium japonicum'y Poa pratensis. La forma de vida dominante
fue hemicriptéfita (31,68 %), mientras que la clase de espectros de hojas fue microfila (30,69 %). El valor de diversidad promedio
fue 3,39 con un maximo de 3,71 en el sitio de control y 3,08 en el sitio alterado. La densidad promedio de arboles por hectarea fue de
505 con un maximo de 680 en el sitio de control y un minimo de 330 en el sitio alterado. La deforestacion intensa fue indicada por un
valor de densidad de tocones por hectarea de 330. Los resultados revelaron que los caminos y senderos han afectado adversamente la
composicion y la estructura de la vegetacion con alta presion sobre especies clave de arboles. Los sitios alterados mostraron valores
menores de indices de diversidad, riqueza de especies y regeneracion, sincronizados con alta deforestacion, pastoreo excesivo, erosion
y mayor frecuencia de especies invasoras. El drea de estudio necesita una atencion inmediata de la administracion para la conservacion
de los bosques locales para minimizar los impactos de los caminos y senderos.

Palabras clave: deforestacion, Himalaya, diversidad de especies, sobrepastoreo.

INTRODUCTION degrades forest ecosystem by increasing edge habitats,
reducing forest cover, increasing agricultural expansion,

Forest paths and trails strongly influence plant species ~ promoting migration and forestland encroachment (Ver-
composition in natural forests (Godefroid and Koedam  burg et al. 2004). Roads affect forest ecosystem by alte-
2004). Road infrastructure, and the access that it provides, ring the level of available light, water, drainage patterns,
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soil structure and soil nutrients, and act as a barrier to mi-
gration and dispersal (van-Wyk and Smith 2001). Major
impact on forest ecosystem regarding function is due to
alteration of microclimate and the isolation of ecosystem
patches by causing fragmentation and creating edges (Hill
and Pickering 2006).

Road constructions also affect the impact on conser-
vation potential of the area with secondary impacts such
as people influx, economic development and construction
activities. The invasion of alien weeds and invasive plants
is another major issue associated with road development
(Hua et al. 2013). Roads are the major source of landsli-
des and sediment loss as well (Pietikainen 2006). Flow of
surface and ground water and nutrients is affected by trails
changing the geomorphic processes and sediment loads.
Roads provide an easy passageway to nomads as livestock
rearing has been the main source of livelihood in Himala-
yas for centuries (Kumar ef al. 2001). Effects of trampling
may exceed up to one meter from the trail edge by causing
compaction of leaf litter and soil, reducing the abundance
of woody and herbaceous plants (Nilsson 2001).

Population rise has resulted in exceeding forest use
beyond the carrying capacity of the forest ecosystem in
Kashmir Himalayas. Roads and trails are the easy passa-
geways for the population to access the forest area for their
needs, resulting into forest degradation (Shameem et al.
2010). The study area has four link roads and numerous
trails used for the movement of locals and their livestock.
The current study is based on the hypothesis that roads
and trails have significant deteriorating consequences on
forest structure and species diversity in the study area.
Furthermore, roads and trails are associated with increased
anthropogenic forest disturbances such as logging, over-

O Control Site 1
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grazing and erosion affecting floral diversity and forest
structure. The specific objective of the study is to investi-
gate the effects of roads and trails on floral diversity, spe-
cies composition, richness, community maturity and even-
ness of forest stands. It was further aimed at analyzing the
impact of anthropogenic pressure regarding deforestation,
overgrazing and soil degradation on the phytosociological
attributes of forest vegetation.

METHODS

The study area lies in Azad Jammu and Kashmir in Pir
Panjal Sub range of western Himalayas. Sudhan Galli is
located at an elevation of 2300 m at 34°04'34.92" N la-
titude and 73°44'54.52" E Longitude (figure 1). Topogra-
phically the entire area is mountainous, generally sloping
from northeast to southwest covered with moist temperate
forest vegetation. Annual precipitation is about 1,500 mi-
llimeter. May and June are the hottest months with avera-
ge temperature of 20-25 °C, while December and January
are the coldest months with heavy snowfall and freezing
temperature (Pak-Met 2014). The study was carried out
during May-August 2016. Four forest sites were selected
for the study including two disturbed and two control si-
tes. The altitude, latitude and longitude of all study sites
were recorded. The effect of roads and trails on vegetation
distribution was investigated by placing quadrates along
trails and roads. The quadrats were laid 5-20 m away from
the trails and 5-50 m away from the roads. The quadrate
size of 1 m X 1 m was used for the herbs, whereas for trees
and shrubs quadrats size was 20 m x 20 mand 5 m x 5 m
respectively. Vegetation attributes were recorded including
density, frequency and cover. Phytosociological attributes

AFGHANISTAN
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Figure 1. Map of the study area (Right) and satellite imagery of study sites (Left).

Mapa del area de estudio (derecha) e imagenes satelitales de los sitios de estudio (izquierda).
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including Importance Value Index, Diversity, Evenness,
Richness and maturity were calculated following standard
protocols (Cox 1967, Ahmed and Shaukat 2012). Visual
indicators such as hoof marks, animal excreta, browsed
vegetation, eroded area and signs of trampling were used
to determine grazing intensity. Deforestation rate was re-
corded by counting the number of stumps, whereas rege-
neration rate was calculated by counting the number of
seedlings (Shaheen ef al. 2011). Results were statistically
analyzed by using Multivariate ordination techniques in-
cluding Principal Component Analysis and Cluster Analy-
sis (ter-Braak and Smilaur 1998).

RESULTS

A total of 101 plants were recorded from the study
area belonging to 46 families. The dominant family was
Poaceae with 11 species followed by Lamiaceae or Labia-
teae, Asteraceae and Rosaceae with nine members each.
Pteridaceae displayed five species, whereas Pinaceae and
Polygonaceae showed four species each. The dominant
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species of the area included Pinus wallichiana and Abies
pindrow with IVI values of 79.44 and 67.9, respectively,
followed by Viburnum grandiflorum (36.83), Sarcococca
saligna (19.8), Poa alpina, Fragaria nubicola, Onychium
Japonicum, Poa pratensis and Oxalis corniculata. Hemi-
cryptophytes was the dominated life form class having a
percentage of 31.68 followed by Phanerophytes (18.8 %)
and Geophytes (16.8 %). Microphylls were the dominant
leaf spectrum class with a percentage of 30.69 followed
by Mesophyll (28.7 %) and Nanophylls (26.7 %) (table 1).

The number of species was higher (65) in the control
sites range as compared to disturbed sites (43). Density,
frequency and cover values recorded for the disturbed si-
tes were also lower than those of control sites (table 2).
The Average Shannon diversity value in the area was 3.39
with a maximum of 3.89 recorded at control site 2, whe-
reas a minimum of 2.93 at disturbed site 1. The disturbed
sites showed lower values (0.97) as compared with the
control sites (3.71). Simpson diversity was calculated to
be 0.97. Average evenness was 0.86 with a maximum of
0.94 at control site 2, whereas a minimum of 0.78 at dis-

Table 1. Floristic composition, importance values, life form and leaf spectra of studied sites.

Composicion floristica, valores de importancia, forma de vida y espectros foliares en los sitios estudiados.

Species Name Family fI:)iri sp::t?’im Im[‘)/ (;ia;nce
1 Abies pindrow Royle Pinaceae MP L 44.88
2 Achillea millefolium L. Asteraceae H L 0.70
3 Adiantum venustum D. Don Adiantaceae G L 1.47
4 Aesculus indica Wall. Ex Camb. Hippocastinaceae MP Me 1.98
5 Ajuga bracteosa Wall. ex Benth. Lamiaceae TH Mi 0.50
6 Arisaema flavum (Forsk.) Schott. Araceae G Me 2.10
7 Arisaema jacquemontii Blume Araceae G Me 1.25
8 Aristolochia punjabensis Lace Aristolochiaceae L Mi 0.96
9 Artemisia dubia Wall. ex Besser Asteraceae H N 0.10
10 Arthroxon prinodes (Steud.) Poaceae H 2.92
11 Asplenium adiantum—nigrum L. Adiantaceae G L 1.28
12 Aster himalaicus C.B. Clarke Asteraceae H Mi 0.30
13 Berberis lycium Royle. Berberidaceae NP N 2.54
14 Bergenia ciliata (Haw.) Sternb. Saxifragaceae H Me 0.73
15 Bistorta amplexicaulis (D. Don) Polygonaceae H Mi 3.45
16 Bupleurum falcatum Linn. Umbelliferae TH N 0.66
17 Calamintha umbrosa Fisch. et Meyer Lamiaceae H Mi 1.46
18 Caltha alba Jacq.ex.Camb. Ranunculaceae CH Me 0.15
19 Caltha palustris L. Ranunculaceae CH Me 1.21
20 Cedrus deodara (Roxb. ex D. Don) Pinaceae MP L 0.35
Continue

73



BOSQUE 39(1): 71-79, 2018
Impacts of roads and trails on floral diversity and structure

Table 1 Continued
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21 Chrysopogon echinulatus (Nees) Poaceae H N 0.20
22 Cichorium intybus L. Asteraceae CH Me 0.25
23 Cirsium vulgare (Savi) Ten. Asteraceae TH Ma 479
24 Convolvulus arvensis L. Convolvulaceae L Me 0.18
25 Conyza bonariensis L. Asteraceae TH Mi 0.92
26 Cotoneaster rosea Edgew. Rosaceae NP L 0.32
27 Cynodon dactylon L. Poaceae H N 1.28
28 Cynoglossum glochidiatum Wall. ex. Benth. Boraginaceae TH Mi 1.21
29 Cyperus compressus L. Cyperaceae G N 0.23
30  Dactylis glomerata L. Poaceae H N 2.79
31 Desmodium elegans DC. Papilionaceae NP Me 1.20
32 Digitaria sanguinalis (Linn.) Poaceae H N 0.84
33 Dryopteris juxtaposita Christ. Pteridaceae H N 0.23
34 Dryopteris stewartii More Pteridaceae G Me 4.48
35 Duchesnea indica (Andrews) Rosaceae H Mi 3.53
36  Elaeagnus umbellata Thunb. Elaeagnaceae NP Mi 0.47
37 Equisetum arvense L. Equisetaceae TH N 0.47
38 Erigeron multiradiatus Benth. ex C. B. Clarke Asteraceae TH Mi 0.40
39  Euphorbia helioscopia L. Euphorbiaceae CH Mi 0.19
40 Fragaria nubicola Lindl. Rosaceae H Mi 9.46
41 Galium aparine L. Rubiaceae TH N 3.72
42 Gentiana kurroo Royle Gentianaceae TH N 0.89
43 Geranium wallichianum D. Don. ex. Sweet. Geraniaceae H Mi 3.61
44 Hedera helix auct. Araliaceae L Me 1.58
45 Hedera himalaica Tobler Araliaceae L Me 0.58
46 Impatiens bicolor L. Balsaminaceae G Me 4.11
47 Impatiens edgeworthii Hook. f., F1. Brit. Ind. Balsaminaceae G Me 1.58
48 Indigofera heterantha Wall.ex Brandi Papilionaceae NP N 1.91
49 Isodon rugosus Wall. ex Benth. Lamiaceae MC Me 2.88
50  Jasminum humile L. Oleaceae H N 2.29
51 Lilium polyphyllum D. Don Liliaceae G Mi 0.38
52 Lonicera quinquelocularis Hardwicke Caprifoliaceae MC Me 1.80
53 Machilus odoratissima Wall. ex Nees Lauraceae MP Me 2.34
54 Micromeria biflora Benth Lamiaceae TH L 1.00
55 Nepeta erecta Boyle ex Benth. Lamiaceae CH Mi 4.89
56 Oenothera rosea L Her. Ex Ait Onagraceae CH Mi 0.86
57 Onychium japonicum Thunb. Pteridaceae G L 5.83
58 Origanum vulgare L. Lamiaceae H Mi 0.77
59 Oxalis corniculata L. Oxalidaceae H N 432
60  Phalaris paradoxa Lion. Poaceae TH N 1.30
61 Picea smithiana (Wall.) Boiss Pinaceae MP L 2.77
Continue
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Table 1 Continued

62 Pinus wallichiana A B. Jackson Pinaceae MP L 45.66
63 Plantago lanceolata L. Plantaginaceae H Mi 1.43
64 Plantago major L. Plantaginaceae H Me 3.88
65 Poa alpina L. Poaceae H N 7.55
66 Poa pratensis L. Poaceae H N 3.48
67 Polygonum aviculare L. Polygonaceae H L 3.73
68 Polygonum nepalense Meisner. Polygonaceae G Me 0.87
69 Potentilla anserina L. Rosaceae H N 0.85
70 Prunella vulgaris L. Lamiaceae TH Mi 2.61
71 Prunus padus L. Rosaceae MP Me 2.31
72 Pteris cretica L. Pteridaceae G Mi 2.29
73 Pteris vittata L. Pteridaceae G Mi 1.40
74 Quercus incana Roxb. Fagaceae MP Me 2.81
75 Ranunculus muricatus L. Ranunculaceae CH Me 2.62
76 Rosa macrophylla Lindl. Rosaceae L Mi 0.57
77 Rubus arcticus L. Rosaceae Np Mi 0.20
78 Rubus fruticosus L. Rosaceae Np Mi 2.06
79 Rumex nepalensis Spreng. Polygonaceae CH Mi 4.95
80 Salvia lanata Roxb. Lamiaceae CH Me 0.41
81 Sambucus wightiana Wall.ex Wight et Arn. Sambucaceae CH Me 0.65
82 Sarcococca saligna (D.Don) Muell. Arg. Buxaceae NP Me 7.46
83 Sauromatum venosum (Ait.) Schott. Araceae G Me 0.31
84 Sedum ewersii Ledeb. Crassulaceae G Mi 0.15
85 Sibbaldia cunneata O kunz Rosaceae H N 0.68
86 Sisymbrium irio L. Brassicaceae TH Mi 0.44
87 Skimmia laureola DC Rutaceae NP Me 2.67
88 Solanum nigrum L. Solanaceae CH Ma 0.56
89 Stellaria media L. Caryophyllaceae H N 2.13
90 Tagetes minuta L. Asteraceae TH N 0.19
91 Taraxacum officinale Weber Asteraceae H Mi 2.29
92 Themeda anathera (Nees) Hack. Poaceae H N 0.19
93 Thymus linearis Benth. Lamiaceae CH Mi 1.36
94 Trifolium repens L. Poaceae H N 8.67
95 Urtica dioica L. Urticaceae H Me 2.46
96 Valeriana pyrolifolia Decne. Valerianaceae G Mi 0.20
97 Verbascum thapsus L. Scrophulariaceae TH Ma 0.63
98 Viburnum grandiflorum Wall. ex DC Caprifoliaceae NP Me 19.74
99 Viola canescens Wall. ex.Roxb. Violaceae G Mi 5.76
100  Viola odorata L. Violaceae H Mi 0.96
101 Vulfia myrosus L. Poaceae H N 0.88

Life form. MP: Megaphanerophytes= 7.69 %. MC: Microphanerophytes= 1.92 %. NP: Nanophanerophytes= 10.57 %. CH: Chamaephytes = 12.5 %.
TH: Therophytes = 14.42 %. G: Geophytes = 17.30 %. L: Liana = 4.807 %. H: Hemicryptophytes = 30.7 %.
Leaf spectra. Ma: Macrophyll = 2.88 %. Me: Mesophyll = 28.84 %. Mi: Microphyll = 30.76 %. L: Leptophyll = 11.53 %. N: Nanophyll = 25.96 %.
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turbed site 1. Average richness recorded for the area was
1.81 with a maximum richness value of 2.23 at disturbed
site 1, whereas a minimum value of 1.48 at disturbed site
2. The disturbed sites showed lower values of maturity
index (25.75) when compared with 34.6 at control sites.
The average maturity value recorded from the area was
30.17 with a minimum of 23.13 at disturbed site 1, whe-
reas a maximum of 42.22 at control site 2. None of the
forest sites was found to be mature (> 60 %) as the ave-
rage maturity index values for the investigated area was
30.18. Relatively higher values were reported at control
sites (34.6) than those reported for disturbed sites (25.75)
revealing the negative impact of roads and trails on the
forest (table 2).

Forest stands showed tree density of 505/ha with a
maximum of 760/ha at control site 1, whereas a minimum
of 200/ha at disturbed site 2. The disturbed sites showed
lower density values (330/ha) as compared with 680/ha at
control sites. Intense deforestation and logging were in-
dicated at the disturbed sites with a stump density value
of 520/ha as compared with the 150/ha at control sites.
Average stump density recorded from the area was 335/ha

with maximum stump density of 600/ha at disturbed site 2,
whereas a minimum of 100/ha at control site 2. Average
stem/stump value recorded from the area was 2.78 with
a maximum value of 6 at control site 2, whereas a mini-
mum value of 0.3 at disturbed site 2. Regeneration value
in the area was 290 seedling/ha with a maximum of 500/ha
at control site 2, whereas a minimum of 0/ha at disturbed
site 2. The disturbed sites showed lower regeneration rate
(130/ha), compared with 430/ha at control sites (table 3).

Disturbed sites showed higher grazing intensity placed
in grazing classes 2 and 3 showing maximum hoof marks,
animal excreta and browsed vegetation. Control sites
showed relatively lower grazing pressure. Disturbed site
1 was highly eroded and placed in class 3, while disturbed
site 2 was moderately eroded and placed in class 2, within
erosion classes. No visible effect of erosion was observed
at the control sites.

PCA axis explained 94 % variance in the data indica-
ting the statistical strength of the test. PCA Biplot showed
dominant species of the area separated away along the X-
axis; i.e., Pinus wallichiana and Abies pindrow represen-
ting their ultra-dominance. Viburnum grandiflorum, Poa

Table 2. Phytosociological parameters of forest communities from the study area.

Parametros fitosociologicos de las comunidades forestales del area de estudio.

Study Site nsliizi:r 2:32;:33 (Sii:f;ﬁ; Richness Evenness Nﬁt;;i:y
Control 1 68 0.94 3.53 1.86 0.84 26.98
Control 2 63 0.98 3.89 1.66 0.94 42.22
Average control 65.5 0.96 3.71 1.76 0.89 34.60
Disturbed 1 43 0.99 2.93 2.23 0.78 23.13
Disturbed 2 40 0.97 3.22 1.48 0.87 28.37
Average disturbed 41.5 0.98 3.08 1.86 0.83 25.75
Overall average 535 0.97 3.39 1.81 0.86 30.17

Table 3. Structural attributes and disturbance indicators of studied forest stands.
Atributos estructurales e indicadores de perturbacion de rodales forestales estudiados.

Study site doiyhs densiyha sumpruae | Seodinasha AT SRR
Control 1 760 200 3.8 400 class 1 class 1
Control 2 600 100 6.0 500 class 1 class 1
Average control 680 150 4.9 450 un-eroded ungrazed
Disturbed 1 460 440 1.04 260 class 3 class 2
Disturbed 2 200 600 0.3 0 class 2 class 3
Average disturbed 330 520 0.67 130 eroded grazed
Overall average 505 335 2.78 290
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alpina and Trifolium repens were significantly correlated
with the disturbed sites. Cirsium vulgare, Nepeta erecta,
Polygonum aviculare, Rumex nepalensis, Poa pratensis,
Urtica dioica, Onychium japonicum, Skimmia laureo-
la, Bistorta amplexicaulis were also found clumped near
the disturbed sites. On the other hand, Fragaria nubico-
la, Sarcococca saligna, Dactylis glomerata and Stellaria
media showed strong correlation with the control site
(figure 2). The cluster analysis dendrogram revealed 104

40

Disturbed Site 1

'Vibumum grandiflorum :
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species arranged in five major associations grouped based
on correlation and dominance in communities. Abies pin-
drow, Pinus wallichiana and Viburnum grandiflorum were
branched out at thelst cut level, having maximum relati-
ve abundance at all sites. The 2™ association comprised 9
co-dominant species, whereas the 3™ association had 24
species abundantly found at disturbed sites. The species of
control sites were clustered in the 4% and 5% groups with 24
and 15 species respectively (figure 3).

‘Pinus wallichial

Component 2

-40

.. Control Site 1
Control Site 2

Figure 2. Principal Component Analysis Biplot of the species and study sites.

Grafico del analisis de componentes principales de las especies y sitios de estudio.
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Figure 3. Cluster Analysis Dendrogram of the species data based on Euclidean distance.

Dendrograma del analisis de conglomerados de los datos de especies basado en la distancia euclidiana.

77



BOSQUE 39(1): 71-79, 2018
Impacts of roads and trails on floral diversity and structure

DISCUSSION

The current study was based on the assessment of im-
pact of roads and trails on the vegetation of the Ganga
Choti forests. The forest structure and composition of the
investigated area showed important influence of the im-
pacts of roads and trails. Vegetation parameters fluctuated
significantly correlated with the intensity of road and trail
disturbance.

Average tree density of the forest stands was calculated
to be 505/ha. This value is less than 1828/ha calculated
in the temperate forest of Garhwal Himalaya (Devlal and
Sharma 2008), 610/ha in Subtropical Zone of Garhwal Hi-
malaya, India (Tiwari ez al. 2010), 1028/ha in the temperate
forest of Garhwal Himalaya (Kumar et a/. 2001), 963/ha in
the temperate forest of Arunachal Pradesh, India (Bharali
et al. 2011), 820/ha in Gangotri valley, India (Dhaulkhandi
et al. 2008) and 602/ha in Himalayas of Pakistan (Ahmed
et al. 2006). Low tree density indicates high disturbance
due to fuelwood and timber extraction at disturbed areas
(Sagar et al. 2003). This is synchronized with high stump
density (520/ha) at disturbed sites indicating severe defo-
restation and pressure. Presence of roads and trails are as
low as 1 % of the land area and can degrade the vegetation
of an area up to 20 % (Nepstad et al. 2001). Locals access
the forest for fuel wood, timber, fodder and non-timber
products leading to forest degradation.

Natural regeneration was as poorly represented as 130
seedlings/ha at disturbed sites. Average regeneration rate
calculated for the studied area was 290 seedlings/ha, which
is less than 5,474/ha in the Sikkim Himalaya (Sundriyal et
al. 1994), 5,200/ha in Gangotri, India (Dhaulkhandi et al.
2008) and 2681/ha in Garhwal Himalaya, India (Tiwari et
al. 2010). High disturbance prevents the vegetation from
reaching the climax community. Simpson’s diversity value
of 0.98 showed the instability of vegetation communities
at the investigated sites due to high intensity of anthro-
pogenic pressure, microclimatic variations and edaphic
factors correlated with roads and trails disturbance (Sen
et al. 2008).

Average value of specie richness was high at the dis-
turbed site (1.86) as compared with 1.76 at control sites,
which showed the invasion of non-native flora at the site.
The new land use type favors the non-native species and
non-managed alien vegetation (Cardoso et al. 2013). Mild
disturbances and high moisture level increase the species
richness allowing increased light, water and nutrients in
open trail sections as compared with closed tree canopies
of control plots (Atik et al. 2011). The percentage of clim-
bers/lianas was very low (4.9 %) in the area, indirectly in-
dicating the lower trees diversity and density (Dhaulkhan-
di et al. 2008).

Results revealed high soil erosion at disturbed sites due
to road cuttings, exposing the soil to slides and erosion.
The forest areas with roads are reported to have fivefold
increase in landslide intensity, which is also reflected in
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our study area (Ovando 2008). Slope is also a key factor
influencing potential for impacts to soil and vegetation.
Exposed trail slopes are subjected to surface erosion, evi-
dent from diminished vegetation cover and reduced plant
heights along the trail (White ef al. 2006). Roads and trails
associated activities cause loss of herbaceous understory
and compaction of soil resulting in decreased forest pro-
ductivity and sediment loss leading to loss of freshwater
habitats and altered stream hydrology (Pietikainen 2006).

CONCLUSIONS

The investigated forest showed significant deteriora-
ting impacts on forest structure and composition associa-
ted with the presence of roads and trails. The disturbed
sites with roads and trails were characterized by lower flo-
ral diversity, species richness and immature communities.
High grazing pressure, deforestation intensity and soil de-
gradation were observed at the disturbed sites correlated
with roads and trails presence. There is an immediate need
for sustainable management of local forests by minimi-
zing the impacts of roads and trails. It is recommended to
incorporate biodiversity conservation into the design and
implementation of road projects along with Sound road
engineering and design work, minimizing forest fragmen-
tation, maintaining partial tree canopy cover and contro-
lling erosion and runoff.
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SUMMARY

An increase in drought conditions over the last century has been documented in Central Chile, a fact that could affect the Mediterranean
forests, especially the northernmost Nothofagus populations from South America (Nothofagus macrocarpa). For this reason, it is key
to study the climate influence on radial growth and trees establishment to design strategies of conservation and mitigation in the face
of a climate change situation. In this study, 10 trees populations of N. macrocarpa were selected across natural distribution for a
dendroecological analysis. The relationship between droughts and radial growth was analyzed annually, while the influence of water
favorable conditions in trees establishment was evaluated in periods of 10 years. Results identified three growth patterns: (i) most
degraded populations of the Coastal Mountains (young trees predominate), (ii) low-intervened forests found at a higher altitude in
the Coastal Mountains and (iii) low-intervened forests of the Andes Mountains. All populations showed positive correlations with the
SPEI-drought index during winter-spring, being sensitive up to 36 months after a dry period. More than 64% of the years with lowest
growth are associated with historical droughts in all the chronologies, whereas trees establishment linked to humid periods was found
especially in the less degraded forests (37-41% trees). These results provide an ecological vision of the climatic sensitivity of the
Chilean Mediterranean forest and can contribute to the design restoration, conservation and mitigation actions in situations of global
warming.

Key words: tree rings, Chilean Mediterranean forest, climate change, droughts, oak of Santiago.

RESUMEN

Se ha documentado un aumento de las condiciones de sequia durante el tltimo siglo en Chile central, que estaria afectando al bosque
mediterraneo, especialmente a los bosques septentrionales del género Nothofagus en América (Nothofagus macrocarpa). Por esta
razon resulta imprescindible estudiar la influencia del clima en el crecimiento radial y establecimiento de arboles a fin de disefiar
estrategias de conservacion y mitigacion al cambio climatico. Diez poblaciones de N. macrocarpa fueron seleccionadas para analizar
la relacion entre las sequias y el crecimiento radial anual y la influencia de condiciones hidricas en el establecimiento. Se identificaron
tres patrones de crecimiento: (i) poblaciones mas degradadas de la Cordillera de la Costa, (ii) bosques poco intervenidos y que se
encuentran a una mayor altitud de la Cordillera de la Costa, y (iii) poblaciones poco intervenidas de la Cordillera de Los Andes.
Todas las poblaciones presentaron correlaciones positivas con el indice de sequia SPEI (indice estandarizado de precipitacion-
evapotranspiracion) durante invierno-primavera, siendo sensibles hasta 36 meses después de un periodo seco. Mas del 64 % de los afios
con bajo crecimiento en todas las cronologias fue asociado a sequias historicas. Se observo mayor establecimiento de N. macrocarpa
vinculado a periodos hiimedos especialmente en los bosques poco degradados. Estos resultados entregan una vision ecoldgica sobre la
sensibilidad climatica del bosque mediterraneo de Chile y pueden contribuir en el disefio de proyectos de restauracion, conservacion
y mitigacion frente al calentamiento global.

Palabras clave: anillos de crecimiento, bosque mediterraneo chileno, cambio climatico, sequias, roble de Santiago, dinamica de la
regeneracion, dendroecologia.
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INTRODUCCION

Los ecosistemas forestales de Chile central (30°a35°S)
son los tnicos bosques mediterraneos de América del Sur.
Estos bosques contienen una alta diversidad de plantas en-
démicas, por lo que han sido declarados /otspot de biodi-
versidad, es decir, un area biogeografica de gran riqueza
bioldgica con necesidad de conservacion (Myers et al.
2000). Histoéricamente han sufrido un gran impacto antro-
pico, lo que ha provocado una considerable disminucion
de su cobertura vegetal, principalmente debido a la sustitu-
cion por cultivos agricolas y forestales, expansion urbana,
sobrepastoreo, tala no sustentable e incendios forestales
(Donoso 1982). En este sentido, estudios sobre la dinamica
de crecimiento de los bosques y su relacion y adaptacion a
las variaciones climaticas son fundamentales para entender
su evolucidn ecoldgica, al mismo tiempo, son claves para
disefiar estrategias de conservacion y mitigacion al cambio
climatico (e.g. Daniels y Veblen 2004, Camarero y Gutié-
rrez 2007). No obstante, la historia de estos bosques y su
relacion con condiciones de sequia y respuesta al cambio
climatico ha sido débilmente investigada. Dentro de este
ecosistema forestal se destacan los bosques de Nothofagus
macrocarpa [(DC.) Vasquez et Rodr.], especie endémica
de Chile, los cuales son considerados relictos del periodo
cuaternario y representan en América del Sur el limite nor-
te de la distribucion del género Nothofagus (Gajardo 2001)

Los anillos de crecimiento de los arboles permiten es-
tudiar la variabilidad del crecimiento a resolucién anual,
estimar el afio de establecimiento de los arboles y su
respuesta a la variabilidad climatica, entre otras funcio-
nes (dendroecologia, Schweingruber 1996). Por lo tanto,
estos estudios permiten evaluar la incidencia del cambio
climatico en los ecosistemas forestales. Diversos estudios
dendroecolodgicos han identificado el efecto negativo que
ejercen las sequias en el crecimiento y mortalidad de ar-
boles en diferentes bosques mediterraneos del mundo
(e.g. Gea-lzquierdo et al. 2014; Allen et al. 2015). A pesar
de que las sequias han aumentado en las ultimas décadas
en Chile central (Garreaud ef al. 2017), la incidencia de
este fendmeno sobre el bosque mediterraneo ha sido po-
bremente estudiado.

La influencia de periodos hiimedos en la dinamica de
establecimiento de arboles se ha investigado en varias es-
pecies en bosques mediterraneos europeos (e.g., Camarero
y Gutiérrez 2007). Sin embargo, se ha estudiado levemente
el éxito de la regeneracion a largo plazo en Chile central,
las cuales se han concentrado en la region norte (Gutié-
rrez et al. 2008, Holmgren et al. 2006). Particularmente, la
importancia de los pulsos de precipitacion en el estableci-
miento de la vegetacion puede tener un impacto significa-
tivo en los ciclos de agua y nutrientes, y en la diversidad de
plantas y animales (Holmgren ef al. 2006).

Existen estudios que indican que Chile central es una
region clave para estudios dendrocronolégicos (e.g., Le
Quesne et al. 2006, Christie ef al. 2011). Sin embargo, no
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se ha explorado todo el potencial dendrocronologico de su
diversidad arborea. Por otra parte, estudios de anillos de
crecimiento han sido ampliamente utilizados en bosques de
Nothofagus spp.en ChileyArgentina (e.g., Laraetal. 2005),
pero aun es poco explorado el potencial dendroecolégico de
N. macrocarpa. En este sentido, la distribucion de N. ma-
crocarpa cubre aproximadamente la distribucion latitu-
dinal del bosque mediterraneo de Sudamérica (Gajardo
2001), por lo que puede ser considerada una especie clave
para entender la respuesta y adaptacion de este bioma host-
pot alavariabilidad climatica regional en América del Sur.
Esta especie se encuentra tanto en la Cordillera de la Costa
como de Los Andes, siendo las poblaciones de la Costa las
mas perturbadas por el hombre (Gajardo 2001).

Considerando que los bosques de N. macrocarpa se
encuentran en diferente estado de conservacion (e.g., Do-
noso 1982, Gajardo 2001) y afectados por condiciones de
sequia persistente en los ultimos afios (e.g., Garreaud et al.
2017), las hipdtesis de este estudio son: a) las poblaciones
estudiadas tienen patrones de crecimiento diferente segin
su ubicacion, b) el aumento de las sequias en las ultimas
décadas estan afectando negativamente la dindmica de cre-
cimiento de los arboles, especialmente en las poblaciones
mas degradadas, c) los periodos favorables de humedad
controlan el establecimiento de los arboles, principalmente
en poblaciones con menos influencia antropogénica. Por lo
tanto, el objetivo principal de esta investigacion es estudiar
la respuesta de los bosques de Nothofagus macrocarpa al
cambio climatico reciente en la region, tanto en crecimien-
to radial como establecimiento.

METODOS

Area de estudio. Este estudio fue realizado en poblacio-
nes de N. macrocarpa ubicadas en la zona central de Chile
(32°57’ - 34°51” S, 71°07°-70°40° W), tanto en la Cor-
dillera de la Costa como en la de Los Andes (figura 1).
Esta region esta caracterizada por un clima mediterraneo
tipico, con inviernos lluviosos y frios (junio a agosto) y
veranos secos y calurosos (diciembre a marzo). La pre-
cipitacion anual en esta regidon es muy variable e influen-
ciada por la variabilidad de El Nifio Oscilacion del Sur
(ENSO). Situaciones calidas (frias) de la temperatura de
superficie del mar (SST) en el Pacifico ecuatorial central
se asocian a condiciones humedas (secas) en Chile cen-
tral (Quintana 2000). Los suelos a lo largo de la Cordillera
de Los Andes se desarrollan a partir de rocas volcanicas
o graniticas y de sedimentos glaciales, mientras que en la
Cordillera de la Costa predominan los suelos graniticos,
poco desarrollados y con frecuentes afloramientos rocosos
(Donoso 1982).

En esta region, la vegetacion estd dominada por ma-
torrales, estepas de plantas con espinas y bosques cadu-
cifolios de N. macrocarpa, comunmente conocido como
roble de Santiago (Gajardo 2001). Las estepas, matorrales
y espinos cubren la mayor parte de las laderas y piede-
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Figura 1. Area de estudio y ubicacion de las 10 poblaciones de Nothofagus macrocarpa en el centro de Chile.

Study area and locations of the populations of Nothofagus macrocarpa in central Chile.

montes inferiores, caracterizadas por un bosque abierto de
especies perennes y esclerdfilas (Donoso 1982), principal-
mente en laderas de exposicion sur. Los bosques de N. ma-
crocarpa se localizan en las elevaciones mas altas de las
montafias (1.000-1.800 m) y representan poblaciones ais-
ladas a lo largo de su area de distribucion tanto en la Cor-
dillera de la Costa como en la de Los Andes. La fisionomia
de los bosques de N. macrocarpa generalmente incluye
un estrato arboreo alto (> 16 m) de individuos dispersos,
remanentes de una estructura anterior que probablemente
fue intervenida por fuego o tala. Bajo el dosel superior se
establece un segundo estrato conformado por individuos
de la misma especie (8-16 m). En situaciones donde hay
menores densidades de copa y en el limite altitudinal in-
ferior, es posible distinguir un estrato arbustivo esclerdfilo
(1-3 m de altura), muy variable en densidad y composicion
de especies (Gajardo 2001).

Muestreo. Se seleccionaron cinco sitios de bosques de
N. macrocarpa que cubrieran su distribucion natural. Estos

sitios correspondieron bosques dentro del Parque Nacional
La Campana (PLC), Santuario de la Naturaleza El Roble
(SER), Santuario de la Naturaleza Altos Cantillana (SAC),
Reserva Nacional Robleria del Cobre de Loncha (RRL) y
Santuario de la Naturaleza Alto Huemul (SAH). Los cua-
tro primeros sitios se ubicaron en la Cordillera de la Cos-
ta y el restante en la Cordillera de Los Andes (cuadro 1,
figura 1). En cada sitio se muestrearon dos o tres subpo-
blaciones, excepto en RRL donde se muestred solo una
poblacion. En total se analizaron 10 poblaciones de N. ma-
crocarpa (cuadro 1). La finalidad de muestrear mas de una
poblacién por sitio fue aumentar la representatividad del
muestro, asegurando de esta manera mejores estimadores
estadisticos en los diversos analisis. Las poblaciones de la
Cordillera de la Costa correspondieron a bosques secunda-
rios con evidencias de intervenciéon humana, a excepcion
del sitio SAC donde se encontraron bosques antiguos con
poca intervencion, correspondiendo a las poblaciones que
se encuentran a mayor altitud (~1.800 m), sin acceso a ca-
minos. En las poblaciones de la Cordillera de Los Andes se
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Cuadro 1. Descripcion de los sitios de Nothofagus macrocarpa considerados en este estudio.

Description of Nothofagus macrocarpa sites studied.

Variables descriptivas PLC SER SAC RRL SAH
Tipo de cordillera Costa Costa Costa Costa Los Andes
Area silvestre protegida Parque Santuario Santuario Reserva Santuario
Afio de inicio de proteccion 1967 2000 2010 1996 1996
Altitud promedio de los sitios 1.280 1.600 1.800 1.090 1.550
Estado de degradacion Alto Alto Bajo Medio Bajo

DAP + EE (cm) 27,8 £ 1,9 35,6 £ 2,2 47,5 + 48 354 £ 2,0 46,5 + 6,5
Bosques puros o mixtos Puro Puro Puro Mixto* Mixto**

*Mixto con algunas especies de arboles y arbustos esclerofilos; **Mixto con Austrocedrus chilensis y algunas especies de arboles esclerofilos. DAP:

Diametro promedio de los arboles muestreados a 1.3 m de altura de fuste, EE: Error estandar.

encontraron bosques antiguos (SAH1-SAH?2) y secunda-
rios (SAH3), pero con aparente poca intervencién humana.

En abril y mayo del afio 2015 fueron colectados entre
10 y 20 arboles por poblacion en un area de 0,5-1 ha. Se
realizé un muestreo aleatorio de arboles con el objetivo
de incluir individuos de diferente edad y tamafio. Fueron
extraidos entre dos y cuatro tarugos de madera a una al-
tura de 1,30 m del suelo, usando taladro de incremento
tipo Pressler. Los tarugos fueron preparados y cofechados
usando la metodologia convencional en dendrocronolo-
gia (Stokes y Smiles 1996). La datacion fue corroborada
con el programa COFECHA (Holmes ef al. 1986), lo cual
permitié estimar el afio de establecimiento de los arboles
cuando las muestras presentaron médula.

Construccion de cronologias de crecimiento y estableci-
miento de drboles. Las cronologias de ancho de anillos
fueron estandarizadas a partir de las series cofechadas,
utilizando el programa ARSTAN, siendo seleccionadas las
cronologias residuales (Holmes et al. 1986). Esta metodo-
logia permite remover la tendencia de la serie de tiempo
asociada a la edad bioldgica de los arboles individuales
(Holmes et al. 1986). Se utilizo la cronologia residual para
eliminar la autocorrelacién temporal de primer orden de
las series (Holmes et al. 1986). Para describir las crono-
logias generadas se calcul6 la intercorrelacion (), la cual
representa el coeficiente de correlacion de Pearson entre
las series de crecimiento; la sensibilidad media (SM), que
indica el cambio del porcentaje medio de la variabilidad
del crecimiento de un ano a otro; el coeficiente de corre-
lacién medio para todas las combinaciones posibles de se-
ries de anillos en un periodo comun (Rbar), el que estima
el porcentaje de la varianza comun entre las series; la sefal
expresada de la poblacion (EPS), que es una medida de la
confianza de la sefial comun de las cronologias resultantes
y que verifica una cronologia teérica infinitamente replica-
da (Holmes et al. 1986).
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Un analisis de componentes principales fue realizado
en el periodo comun de las 10 cronologias utilizadas en
este estudio, para identificar modos comunes de variabi-
lidad en el crecimiento radial anual. Las cronologias con
mayor similitud fueron agrupadas y creadas nuevas crono-
logias regionales llamadas “grupos”. Para esto, fueron es-
tandarizadas las series de cada grupo mediante la media bi-
naria robusta de todos los indices de anillos de crecimiento
disponibles en un afio determinado (Holmes et al. 1986).

Para estimar el ano de establecimiento del arbol se
utilizaron las muestras que tenian médula visible o cur-
vatura del anillo inicial, mas la tasa de crecimiento de los
aflos iniciales (Abrams y Orwig 1996). Se usaron clases de
10 afios de reclutamiento de arboles para facilitar la com-
paracion con los datos climaticos, considerando como va-
riable la frecuencia relativa por década. El agrupamiento
de clases de afios es usado en estudios dendroecoldégicos
de establecimiento, debido a que aumenta el nimero de
muestras en un periodo, facilitando asi el analisis con las
condiciones hidricas del suelo y mitigando cualquier in-
exactitud potencial derivada de algun error en la datacion
de las muestras (Abrams y Orwig 1996).

Datos climaticos. Se utilizaron datos instrumentales de
precipitacion de 20 estaciones meteorologicas cercanas a
los sitios de estudio, los que fueron extraidos del Centro
de Ciencia del Clima y la Resiliencia (CR2 2017). Fueron
construidas series regionales de precipitacion con al menos
dos estaciones por cronologia, siendo el periodo comin
1943-2014. Sin embargo, estas 20 estaciones climaticas te-
nian series incompletas o cortas de temperatura, por lo que
se utiliz6 ademas el conjunto de datos modelados de la base
de datos del Centro Climatico de la Universidad East An-
glia (Climatic Research Unit CRU TS3.24). Para estudiar
la relacion entre el balance hidrico y el crecimiento radial
de los arboles se utilizo el indice de sequia SPEI (indice de
precipitacion - evapotranspiracion estandarizado), el cual



se basa en una combinacién de datos de precipitacion y
temperatura de la misma base de datos modelados por el
CRU. La evaluacion de la sequia se realiza a través de un
calculo basico del balance hidrico climatico, es decir, la di-
ferencia entre precipitacion y evapotranspiracion potencial,
el cual puede tener diferente resolucion temporal (Vicente-
Serrano et al. 2010). Por ejemplo, el SPEI-12 seria el indice
calculado, para cada mes, con una ventana que incluye el
mes corriente mas los once meses anteriores. Los datos de
temperatura y SPEI fueron extraidos de la base de datos
globales del sitio KNMI Climate Explorer, con resolucion
espacial de 0,5° (Trouet y Van Oldenborgh 2013).

Se utilizo la cronologia de la precipitacion reconstruida
por Le Quesne et al. (2006) (periodo entre 955 y 2000)
y de la temperatura reconstruida por Rohde et al. (2013)
(periodo 1855-2014) para Chile central con el objetivo de
compararlos con el crecimiento radial y establecimiento
de arboles, desde el inicio de las cronologias de anillos de
crecimiento (antes del establecimiento de datos instrumen-
tales). Estos valores fueron estandarizados y agregados a
la cronologia de los datos instrumentales/CRU vy, poste-
riormente, comparados con las cronologias de anillos y
establecimiento.

Influencia del clima regional sobre el crecimiento radial y
establecimiento de darboles. Para analizar la respuesta del
crecimiento radial al clima regional, se realiz6 un analisis
de correlacion de Pearson entre las variables climaticas
mensuales (precipitacion, temperatura y SPEI) correspon-
diente a la region central de Chile y las cronologias resi-
duales de ancho de anillos (Schweingruber 1996).

Para identificar el efecto de la sequia sobre el creci-
miento radial, se utilizaron los aflos de sequias significa-
tivas en Chile central identificados por Le Quesne ef al.
(2006) y Garreaud et al. (2017) y que corresponden a los
siguientes afios: 1863, 1879, 1886, 1892, 1908, 1916,
1917, 1924, 1938, 1943, 1945, 1946, 1955, 1962, 1964,
1967, 1968, 1969, 1973, 1976, 1985, 1988, 1990, 1994,
1996, 1998, 2003, 2007, 2010, 2011, 2012, 2013, 2014.
Para identificar el efecto de periodos hiimedos en el esta-
blecimiento de arboles, se consideré una década con con-
diciones favorables de humedad cuando la anomalia de la
precipitacion reconstruida por Le Quesne ef al. (2006) fue
por encima de la media y durante periodos de al menos
10 afios. Esto correspondi6 a las décadas: 1790, 1830,
1840, 1850, 1880, 1890, 1900, 1950, 1970, 1990.

Para estimar el porcentaje de aflos/arboles que fueron
sensibles significativamente a la sequia/periodos htime-
dos, se calcul6 la media y la desviacion estandar de cada
cronologia (crecimiento/establecimiento). Se consider6 un
afio significativo con menor crecimiento radial, cuando el
valor del indice del anillo de crecimiento fue de 0,5 des-
viaciones estandares bajo la media. Luego, esos afios con
menores valores del crecimiento radial fueron contabili-
zados y comparados con los afios de sequia identificados.
Esdecir, si se contaron 20 afios significativos, y de los cuales
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15 coincidieron con afios de sequias, significa que el 75 %
de los afos con crecimiento bajo la media se asocio a even-
tos de sequia. En relacion a la sequia se considero el afo
del evento y el siguiente. Esto ultimo se relaciona al hecho
de que el ancho del anillo de crecimiento formado en un
afio ¢ tiene influencia en las caracteristicas del anillo que
se formara en ¢+/ (Schweingruber 1996). Para el estable-
cimiento se usé la misma légica anterior, pero en lugar de
los indices anuales de anillos se uso la frecuencia relativa
del ntimero de arboles establecidos en una década. En am-
bos casos se utilizaron las estadisticas como estimadores
del éxito en el establecimiento de los arboles asociados a
periodos himedos.

Se utilizo el programa EVENT para realizar un analisis
de épocas superpuestas (Holmes y Swetnam 1994), con el
objetivo de comparar si tanto los afios de sequias como dé-
cadas humedas, tuvieron incidencia en el crecimiento ra-
dial y establecimiento de arboles, respectivamente. Es de-
cir, los indices de crecimiento/frecuencia de reclutamiento
para los afios/décadas anteriores, durante y posteriores a
los eventos (sequia/periodo hiimedo), fueron promediados
superponiendo los eventos identificados en un determina-
do periodo. Se calcularon sus desviaciones respecto a los
indices esperados para observaciones realizadas al azar y
los intervalos de confianza (P < 0,05) de estas desviacio-
nes, a partir de 1000 simulaciones realizadas sobre las pro-
pias cronologias mediante un método bootstrap (Holmes y
Swetnam 1994).

RESULTADOS

Caracteristicas de las cronologias. En el cuadro 2 se indi-
ca un resumen de las estadisticas de las 10 cronologias de
ancho de anillos de Nothofagus macrocarpa desarrolladas.
Un total de 146 arboles fueron estudiados, con edades entre
18 y 225 afios. Muchos arboles gruesos (DAP > 60 cm) no
presentaron médula en las muestras colectadas, lo cual su-
giere que podrian alcanzar edades superiores a las informa-
das en este trabajo. El periodo comun entre cronologias fue
de 77 anos (1938-2014). Las poblaciones del norte (PLC y
SER) fueron las mas jovenes, mientras que los bosques de
SAC y SAH las mas antiguas. La media anual del ancho de
anillo de crecimiento vari6 entre 1,0 y 2,1 mm/afio, con una
desviacion estandar + 0,1-1,5, siendo los mayores valores
encontrados en los bosques antiguos de SAC.

Las cronologias tuvieron alta intercorrelacion entre se-
ries con una media de coeficiente de correlacion de 0,51
y una sensibilidad media de las cronologias de 0,44. Esto
indica un buen nivel de sincronizacion del crecimiento
radial entre individuos de una misma poblacion y que el
crecimiento de los arboles muestran sensibilidad respecto
de su variabilidad anual de crecimiento. El coeficiente de
correlacion medio (Rbar) varié entre 0,24 (SAH1) y 0,41
(SER1) y todas las cronologias tuvieron un valor de EPS
promedio > 0,92, indicando cronologias de alta calidad
(cuadro 2).
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Cuadro 2. Estadistica descriptiva de las cronologias de ancho de anillos desarrolladas para los bosques de Nothofagus macrocarpa.
7: intercorrelacion, SM: sensibilidad media, Rbar: coeficiente de correlacion medio, EPS: sefial expresada de la poblacion, DE:

desviacion estandar, ES: error estandar.

Descriptive statistics of Nothofagus macrocarpa chronologies.

Codigo érbl(jloes* P;?Zfl())ocl(e): Minirljl::ll?/[izlilxoiino** Me((irirr‘:r:)DE g SM Rbar = ES proErr}:esdio
PLCI1 15/15 1929-2014 55-86 1,2+0,3 0,63 0,42 0,33 +0,01 0,96
PLC2 15/14 1925-2014 32-111 1,7+0,4 0,54 0,49 0,30 + 0,02 0,94
SERI 15/15 1921-2014 63-170%* 1,0+0,1 0,48 0,48 0,42 +£0,01 0,93
SER2 15/14 1938-2014 34-99 1,9+0,4 0,58 0,53 0,40 £ 0,01 0,95
SACI 15/13 1837-2014 24-224%%* 1,5+0,8 0,50 0,43 0,33+0,01 0,93
SAC2 12/11 1840-2014 18-195%* 2,1+£1,5 0,52 0,51 0,28 £ 0,02 0,92
RRL 24/23 1890-2014 19-157** 1,7+0,9 0,47 0,40 0,25+0,01 0,95
SAHI 20/18 1851-2014 73-164%* 13£04 042 040  0,24+0,02 0,93
SAH2 14/13 1832-2014 46-225%* 1,2+0,7 0,46 0,36 0,27 £ 0,01 0,92
SAH3 10/10 1910-2014 32-154%** 1,8+£0,4 0,52 041 0,38 £ 0,02 0,92

* Ntumero de arboles muestreados/considerados en la cronologia.

** Corresponde a la edad minima de los individuos del sitio considerando que las muestras de los arboles seleccionados no siempre presentaron los

anillos centrales o la médula.

Patrones de crecimiento. El analisis de componentes prin-
cipales de las 10 cronologias residuales de anillos de creci-
miento mostré que PC1 y PC2 contribuyen con el 47,36 %
de la variabilidad de los datos, permitiendo tres niveles de
agrupamiento o grupo (figura 2). El grupo I lo componen las
poblaciones mas degradadas y mas jovenes de la Cordillera
de la Costa (PLC1-PLC2-SER1-SER2-RRL). El grupo II lo
integran las poblaciones poco intervenidas y mas altas de la
Cordillera de la Costa (SAC1-SAC2) y las poblaciones de
la Cordillera de Los Andes (SAH1-SAH2-SAH3) se identi-
fican en el grupo I11. El periodo de la cronologia del ancho
de anillos de crecimiento fue 1890-2014 para el grupo I,
1837-2014 para el grupo 11 'y 1832-2014 para el grupo III.

Sensibilidad climatica del crecimiento radial. El analisis
de correlacion muestra similitud entre la respuesta climati-
ca de los arboles en todas las cronologias, siendo afectadas
positivamente por la precipitacion antes de la estacion de
crecimiento (r=0,24 2 0,44, P <0,05), mientras que la tem-
peratura presentd correlaciones negativas durante la esta-
cion de crecimiento (r =-0,24 a -0,47, P < 0,05) (figura 3).
Sin embargo, se destacan variaciones en la significancia
estadistica entre las poblaciones del norte y las del sur. Los
arboles de las cuatro poblaciones del limite norte (PLC y
SER) mas RRL son especialmente sensibles a las precipi-
taciones y SPEI-1 de invierno e inicio de primavera, veri-
ficado por las correlaciones significativas en la mayoria de
los meses entre mayo y noviembre. Por otra parte, los ar-
boles de las poblaciones del sur (Andes) responden negati-
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vamente a las altas temperatura de noviembre y diciembre,
con altos valores de correlacion (7 ~-0,40, P <0,01).

En general, todas las cronologias agrupadas mues-
tran correlaciones positivas con las precipitaciones de los
meses lluviosos y primavera, siendo el mes de junio el
mas significativo en los tres grupos (r > 0,34, P < 0,01).
Mientras que la temperatura tiene una correlacion negati-
va con el crecimiento radial, especialmente en noviembre
(r<-0,24, P<0,05) (figura 4). Al analizar por meses agru-
pados, se observa que la precipitacion acumulada de mayo
a noviembre y la temperatura media de octubre a diciem-
bre, constituyen las variables climaticas mas relacionadas
al crecimiento radial de los arboles de N. macrocarpa.

Utilizando el indice de sequia SPEI a diferente escala
temporal, se encontr6 que las cronologias de anillos tie-
nen una sensibilidad positiva al balance hidrico durante la
estacion de crecimiento, inclusive con SPEI-36, es decir,
35 meses anteriores al mes corriente (» ~ 0,20) (figura 5).
El grupo I muestra los valores de correlacion mas alto con
SPEI, entre SPEI-3 y SPEI-18 (» ~ 0,60), es decir, los arbo-
les son fuertemente afectados por sequias hasta 18 meses de
ocurrida una disminucion importante en la disponibilidad
hidrica para los arboles. Igualmente los grupos II y III tie-
nen una relacion positiva con SPEI 18 (r ~ 0,40), especial-
mente entre octubre y marzo de la estacion de crecimiento.

Efecto de las sequias en el crecimiento radial. Los tres gru-
pos analizados mostraron que todas las poblaciones tienen
una alta sensibilidad a los afos de sequia (al menos > 64 %
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Figura 2. Posiciones relativas de las 10 cronologias de Nothofa-
gus macrocarpa de acuerdo a los dos componentes principales
para el periodo 1938-2014. Los circulos representan el agrupa-
miento de las poblaciones utilizando como funcion distancia
1-correlacion de Pearson (correlacion cofenética = 0,913). Fue-
ron definidos tres grupos: (i) bosques degradados de la Cordillera
de la Costa (grupo I: circulo negro), (ii) bosques poco degradados
de la Cordillera de la Costa (grupo II: circulo gris); (iii) bosques
poco degradados de la Cordillera de Los Andes (grupo II1I: circu-
lo gris claro). Los porcentajes de los ejes indican cudnta variacion
de los datos fue explicada por las componentes principales.

Relative positions of 10 residual chronologies of N. macro-
carpa according to the two principal components for the period 1938-
2014. Circles represent the clustering of populations used as a function
1-Pearson’s correlation (cophenetic correlation = 0,913). Three groups
were defined: (i) most degraded forests of the Coastal Mountains (cluster
I: black circle), (ii) low-intervened forests of the Coastal Mountains
(Cluster II: gray circle), (iii) low-intervened forests of the Andes
Mountains (Cluster III: light gray circle). Percentages by axes indicate
how much variation is explained by the principal components.

Temperatura

Precipitacion
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de los afios con bajo crecimiento radial coincidieron con
afios de sequia) (figura 6A, B, C). Sin embargo, los bosques
antiguos menos degradados que se ubican en la Cordillera
de la Costa (SAC1-SAC2) fueron mas sensibles a la sequia
en comparacion a todas las poblaciones analizadas, ya que
un 71 % de los arboles muestreados respondieron negativa-
mente a este evento. Cabe destacar que en las ultimas tres
décadas se han intensificado significativamente las sequias
en Chile central, causadas por un aumento de la temperatura
y disminucion de la precipitacion en la region (figura 6D, E).

El analisis de épocas superpuestas indicod que en el afio
de ocurrencia de las sequias, el crecimiento radial sufrid
una disminucioén significativamente mayor, en los tres gru-
pos analizados, respecto de los afios sin ocurrencia de se-
quias, con un intervalo de confianza del 99 % para el grupo
Iy 95 % para el grupo I y III (figura 7A).

Efecto de periodos humedos en el establecimiento de
N. macrocarpa. Se observd reclutamiento de arboles en-
tre el periodo 1840-1990, 1790-2014 y 1780-2014 para el
grupo I, Il y ITI, respectivamente, considerando solo los ar-
boles con anillos visibles cercanos a la médula. Cabe des-
tacar que 15 arboles no tenian médula visible, pero tenian
>100 anillos de crecimiento (SER =2, SAC=2, SAH=11).
Las poblaciones del grupo I presentaron arboles mas jo-
venes que las otras poblaciones, con establecimientos de
arboles principalmente entre las décadas de 1920y 1980,y
con una sola cohorte de edad establecida a partir de 1900.
El grupo II incluy6 arboles establecidos en los siglos XIX
y XX, observandose tres pulsos de establecimiento: 1820-
1850, 1870-1910 y 1950-1990. Por ultimo, el grupo III
tuvo una distribucion mas heterogénea del establecimiento
de arboles, pero de todas formas se observaron tres pulsos
de establecimiento principalmente entre 1780-1820, 1880-
1910 y 1930-1980 (figura 6).
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Figura 3. Analisis de correlacion entre las 10 cronologias agrupadas y las variables climaticas mensuales (precipitacion acumulada,
temperatura media y SPEI-1), desde mayo a abril y durante el periodo 1943-2014. Asteriscos indican significancia estadistica al nivel de
confianza de 95 % (r=+0,23). La flecha indica estacion de activo crecimiento de los arboles. Las cronologias estan ubicadas de norte a sur.

Correlation between the 10 grouped chronologies and monthly climatic variables (cumulative precipitation, mean temperature and SPEI-1)
between May and April, during the period 1943-2014. Asterisk indicates statistical significance at the 95 % confidence level (r =+ 0.23). Arrow indi-
cates growing season. The chronologies are located from north to south.
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Figura 4. Analisis de correlacion entre las tres cronologias agrupadas y las variables climaticas mensuales (precipitacion acumulada y temperatura media), durante el periodo 1943-2014.
(A) Grupo 1, (B) Grupo 11 y (C) Grupo III. M-N (mayo a noviembre) y O-D (octubre a diciembre) representan las mayores correlaciones de los meses agrupados en relacion a precipitacion
y temperatura, respectivamente. La linea horizontal indica significancia estadistica al nivel de confianza de 95 % (r == 0,23). La flecha indica estacion de activo crecimiento de los arboles.

Correlation among the three grouped chronologies and the monthly climatic variables (accumulated precipitation and average temperature) during the period 1943-2014. (A) Cluster I, (B) Cluster 1T

and (C) Cluster III. M-N (May to November) and O-D (October to December) represent the highest correlations of the pooled months for precipitation and temperature, respectively. Horizontal line indicates
statistical significance at the 95 % confidence level (r =+ 0.23). Arrow indicates growing season.
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Figura 5. Analisis de correlacién entre las tres cronologias agrupadas y el Indice de Precipitacion - Evapotranspiracion Estandarizado (SPEI), durante el periodo 1943-2014. (A) Grupo I,
(B) grupo Il 'y (C) grupo III. El indice SPEI fue calculado con una escala temporal de 1-48 meses. Valores de correlacion son significantes con 7> 0,20 (P < 0,05). Flecha indica estacion
de crecimiento de los arboles.

Correlation between Standardized Precipitation-Evapotranspiration Index (SPEI) and three grouped chronologies and the monthly climatic variables (accumulated precipitation and average tempe-
rature) during the period 1943-2014. (A) Cluster I, (B) Cluster I and (C) Cluster III. The SPEI index was calculated at time scale of 1-48 months. Correlation values are significant at » ~ 0.20 (P <0.05). Arrow
indicates growing season.
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Figura 6. Influencia de la variabilidad climatica regional en el crecimiento radial y establecimiento de arboles de Nothofagus
macrocarpa. En cada cronologia se muestra el porcentaje de aflos/arboles que fueron sensibles significativamente a la sequia/periodos
htimedos. (A) Grupo I (cronologia periodo 1890-2014). (B) Grupo II (cronologia periodo 1837-2014). (C) Grupo III (cronologia
periodo 1832-2014). (D) Anomalias de las precipitaciones segiin reconstruccion de Le Quesne ef al. (2006). (E) Anomalias de las
temperaturas segun reconstruccion de Rohde ef al. (2013). El panel de la izquierda representa las cronologias del crecimiento
radial anual (indice), mientras que el panel de la derecha muestra la cronologia de establecimiento (frecuencia relativa) en clases de
10 afos. Lineas amarillas y rectangulos azules indican sequias y décadas hiimedas, respectivamente (ver también metodologia).
Circulos negros indican una disminucién del crecimiento radial asociada a las sequias, mientras que flechas negras indican un aumento
del establecimiento de arboles asociados a décadas con condiciones de humedad favorables.

Influence of regional climate variability on radial growth and trees establishment of Nothofagus macrocarpa. In each chronology the
percentage of years/trees that were significantly sensitive to drought/wet periods is shown. (A) Cluster I (chronology period 1890-2014). (B) Cluster
II (chronology period 1837-2014). (C) Cluster III (chronology period 1832-2014). (D) Precipitation anomalies according to Le Quesne et al. (2006).
(E) Temperature anomalies according to Rohde ez al. (2013). The left panel represents the chronologies of tree-ring width (index) and the right
panel the establishment chronology (relative frequency) in classes of 10 years. Yellow lines and blue rectangles indicate droughts and wet decades,
respectively (see methodology). Black circles indicate a decrease in radial growth associated with droughts, while black arrows indicate an increase in
the establishment of associated trees for decades with favorable humidity conditions.
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Figura 7. Resultado del analisis de épocas superpuestas compa-
rando (A) cronologias del ancho de anillo de crecimiento con
los aflos de sequias, y (B) cronologia de la frecuencia relativa
del establecimiento de arboles con las décadas humedas. El eje
X representa cinco afios, dos aflos antes y dos afios después del
evento, mientras que el eje Y indica las anomalias de las variables
analizadas. Asteriscos representan la significancia estadistica
(*951C, ** 99 IC).

Results of superposed epoch analysis comparing (A) chro-
nologies of tree-ring width with drought years, and (B) chronologies of
establishment relative frequency with wet decades. The X axis represents
five years, two years before and two years after the event, while the Y
axis indicates the anomalies of the variables analyzed. Asterisks represent
statistical significance (* 95 CI, ** 99 CI).

Los periodos humedos tuvieron una influencia positiva
en el establecimiento de arboles de N. macrocarpa, siendo
esta tendencia mas marcada en los bosques antiguos poco
degradados, tanto de la Cordillera de la Costa (grupo II)
como la de Los Andes (grupo III) (al menos 37 % de los ar-
boles se establecieron en décadas humedas). En cambio, en
los bosques degradados de la Cordillera de la Costa mostra-
ron que solo el 14 % del establecimiento de arboles pudo ser
atribuido a aflos con mayor precipitacion. Se observa que
desde la década de 1980 hay un aumento de la temperatura
y disminucion de la precipitacion con consecuencias en la
disminucion del establecimiento de arboles (figura 6 D, E).

El analisis de épocas superpuestas mostro que el es-
tablecimiento de los arboles es influenciado significativa-
mente por las décadas himedas durante el periodo solo en
el grupo II. Los resultados del grupo III tuvieron tendencias
similares al grupo II, pero no alcanz6 a ser significativos;
en cambio en el grupo I las décadas humedas indicaron una
incidencia negativa durante el evento y el afio siguiente,
pero sin alcanzar niveles significativos (figura 7B).
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DISCUSION

Sensibilidad climdtica del crecimiento radial de N. ma-
crocarpa. La sensibilidad climatica detectada para el cre-
cimiento radial y el establecimiento de N. macrocarpa ex-
pande el nimero de especies que se pueden utilizar para
estudios dendrocronolégicos que buscan entender la rela-
cion entre la variabilidad climatica y la dinamica de los
bosques en Chile central. La novedad de esta investigacion
es que considera cronologias de toda la distribucion natu-
ral de N. macrocarpa, tanto en la Cordillera de la Costa
como en la de Los Andes, que ademas se corresponde con
el area biogeografica del bosque mediterraneo de América
del Sur. Lo anterior permite inferir patrones biogeogra-
ficos en el impacto de las tendencias recientes del clima
en la distribucion de una especie que entrega informacion
sobre las respuestas del bosque mediterraneo. Por ejem-
plo, el agrupamiento de las cronologias tiene un origen
biogeografico, donde las poblaciones del sur (Andes, gru-
po III) se diferencian del norte (grupo I y grupo II), de
acuerdo al analisis de componentes principales (figura 3).
Otros estudios mas al sur de Chile demuestran que la si-
militud en los patrones de crecimiento de diferentes po-
blaciones tiene explicacion biogeografica (e.g., Lara ef al.
2005, Mufioz et al. 2013), verificando la importancia de
considerar un gradiente geografico y climatico en estudios
dendroecologicos. Ademas del gradiente climatico predo-
minante en la distribucion geografica de N. macrocarpa,
las tendencias recientes de crecimiento radial y estableci-
miento se pueden explicar por el grado de perturbacion de
las poblaciones. Las cronologias provenientes de bosques
degradados (grupo I) son las mas jovenes entre las pobla-
ciones estudiadas (figura 5), las cuales tienen un patrén
de crecimiento similar demostrado por el PC1 (figura 2).
Cabe sefialar que los bosques de N. macrocarpa del Parque
Nacional de La Campana, Santuario de la Naturaleza el
Roble y Reserva Nacional Robleria del cobre de Loncha se
encuentran cercanos a caminos que lo conectan a grandes
ciudades, lo que facilito las perturbaciones antropogéni-
cas aunque actualmente se encuentren protegidos (desde
1969 para PLC, 1996 para RRL y 2000 SER) (cuadro 1).
Ello evitaria su explotacion y degradacion antropica en el
futuro, pero no su decaimiento forestal asociado a los cam-
bios en la variabilidad climatica regional predicha para las
proximas décadas de acuerdo a los escenarios climaticos
propuestos por el Grupo Intergubernamental de Expertos
sobre el Cambio Climatico (Collins ef al. 2013).

Las estadisticas descriptivas de las cronologias de-
muestran una variacion similar en el patrén de crecimiento
de arboles en cada uno de los sitios (cuadro 2), indicando
una sincronizacion del crecimiento radial entre individuos
de la misma especie. Ello se podria atribuir a la formacion
de madera anual como respuesta a las variaciones clima-
ticas (Schweingruber 1996). El analisis dendroclimatico
demostr6 que todas las cronologias del ancho de anillos de
crecimiento responden positivamente a la oferta de agua



en el suelo entre mayo y noviembre (figura 3). Sin em-
bargo, un aumento de la temperatura durante los primeros
meses de la estacion de crecimiento (octubre-diciembre)
promoveria un aumento de la evapotranspiracion, causan-
do una disminucion del crecimiento de los arboles en estos
bosques mediterraneos. Por lo tanto, afios con otofios/in-
viernos lluviosos sumado a primaveras/veranos con tem-
peratura media bajo el promedio provocaria condiciones
favorables para el crecimiento radial de N. macrocarpa.
Resultados similares se han documentado en otras especies
forestales de clima mediterraneo en Chile central (e.g., Le
Quesne et al. 2006, Gutiérrez et al. 2008, Barichivich ez al.
2009), demostrando que la estacion lluviosa es clave para
el crecimiento de los arboles del bosque mediterraneo en
Chile central.

Efecto de las sequias en el crecimiento radial. En general,
los aflos de sequias regionales tuvieron un efecto negativo
en el crecimiento radial en mas del 64 % de los arboles de
N. macrocarpa, a partir de 1863. Por lo tanto, los grandes
desvios de condiciones himedas/secas que afectan a Chile
central causan impactos regionales en el crecimiento de
los bosques de N. macrocarpa tanto en la Cordillera de
la Costa como en la de Los Andes, siendo las sequias de
1892, 1924, 1967, 1968, 1988, 1996 y 1998, 2007, 2010,
2011, 2012 las que afectaron a todas las cronologias repre-
sentadas en los diferentes grupos (figura 6). En este con-
texto, las grandes sequias de los afios 1968, 1996 y 1998
no solo causaron severas restricciones en el suministro de
agua que afectaron la vegetacion mediterranea sino que
ademas ejercieron una incidencia negativa en la produc-
cion de energia hidroeléctrica con dramaticos impactos
negativos en la economia chilena (Quintana 2000).

En general, los arboles caducifolios responden a las se-
quias alterando su fenologia foliar, modificando el sistema
radicular para la captacion de agua en suelos mas profun-
dos y aumentando su resistencia a la cavitacion (Allen et
al. 2015). Sin embargo, estos cambios modificarian las ta-
sas de respiracion y fotosintesis, afectando los procesos de
crecimiento radial del arbol, siendo las embolias el riesgo
funcional extremo que puede ser causado por una sequia
severa (Choat ef al. 2012). Basado en los resultados de esta
investigacion se propone que a este riesgo estan sometidos
los bosques mediterraneos del centro de Chile.

El analisis de épocas superpuestas mostré que las gran-
des sequias afectaron el crecimiento radial solo durante el
afio del evento, lo que significa que no hay una disminu-
cion significativa del crecimiento post sequia. Sin embar-
20, el analisis de correlacion entre el indice de sequia SPEI
y las cronologias muestran alta sensibilidad de N. macro-
carpa hasta 36 meses luego del evento de sequia (figura 5).
Esta respuesta negativa del crecimiento a las sequias es
un fendmeno preocupante en ecosistemas mediterraneos
a nivel mundial, ya que se ha verificado en bosques medi-
terraneos europeos el decaimiento y mortandad causados
por un efecto simultdneo de disminuciones en la precipita-
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cion y aumento de la temperatura (e.g. Gea-Izquierdo et al.
2014). Recientemente se ha propuesto un fenémeno global
emergente de una mayor mortalidad de arboles y disminu-
cion del crecimiento, atribuido al aumento de sequias y dé-
ficit hidrico en diferentes ecosistemas boscosos, lo que se
puede exacerbar en un futuro cercano (Allen ef al. 2015).

Los eventos de sequia en Chile central han sido ca-
talogados como fendmenos sin precedentes durante el
siglo pasado en el contexto de los seis siglos anteriores,
tomando gran relevancia durante el siglo XX (Christie et
al. 2011). Por otra parte, se observa una tendencia negati-
va del crecimiento en los ultimos afios de cada cronologia
(figura 6A, B, C), que estaria asociada a la disminucion
de las precipitaciones y un aumento de la temperatura du-
rante los ultimos afios (figura 6D, E). Se ha documenta-
do una disminucion histdrica de la precipitacion entre el
periodo 2010-2015, la cual no tiene antecedentes en los
registros instrumentales locales, la que parece estar impul-
sada por el cambio climatico y antropogénico (Garreaud
et al. 2017). Tales predicciones y la relevancia global de
los bosques demandan profundizar en el entendimiento
de la resiliencia de los bosques de Nothofagus macrocar-
pa y otros ecosistemas forestales mediterraneos de Chile
central a los incrementos en las condiciones de sequia
(e.g. bosque escleroéfilo).

Efecto de décadas humedas en el establecimiento de arbo-
les. Los bosques poco degradados, tanto de la Cordillera
de la Costa (grupo II) como la de Los Andes (grupo III),
fueron los que mejor respondieron a periodos himedos (al
menos > 37 % del establecimiento de arboles es asociado
a periodos humedos de 10 afios) (figura 6B, C). No obs-
tante, el establecimiento de arboles asociados a décadas
hiimedas se comprob6 solamente en las poblaciones del
Santuario de la Naturaleza Altos Cantillana, utilizando el
analisis de épocas superpuestas (figura 7B). Otros estudios
en América del Sur indican que periodos humedos inducen
a un mayor establecimiento de especies arboreas latifolia-
das. Por ejemplo, Holmgren et al. (2006) mostraron que
lluvias intensas provocan un aumento de la regeneracion
en Prosopis spp. en Peru y en Chile (30° S), lo que de-
muestra que afios de evento de El Nifio (lluvias sobre lo
normal) generaria una oportunidad para regenerar el bos-
que. Resultados similares se han reportado en bosques de
neblina de Aextoxicon punctatum Ruiz et Pav. en la zona
semiarida de Chile (30° S, Gutiérrez et al. 2008).

Por otra parte, los resultados muestran que a partir de
la década de 1980 la temperatura se ha incrementado res-
pecto de las décadas anteriores (figura 6E), coincidiendo
con menores tasas de establecimiento de arboles. Se ob-
serva ademas la nula presencia de regeneracion por semi-
llas de las especies que componen el dosel arboreo de la
comunidad, especialmente en las poblaciones del grupo I
(observacion in situ). En bosques mediterraneos europeos
también se ha observado que durante las décadas mas ca-
lidas del siglo XX (1990) el reclutamiento disminuyd, a
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pesar de la disponibilidad de sitios adecuados para el es-
tablecimiento y la presencia de individuos reproductores
(Camarero y Gutiérrez 2007).

En los tres grupos se observan cohortes de arboles de
edades uniformes, con mas de una cohorte en los grupos
Il y III (figura 6). Sin embargo, en el grupo I se observa
una sola cohorte no asociada a condiciones favorables de
humedad, lo que es caracteristico de bosques afectados por
disturbios (Cullen et al. 2001). Esto ultimo indicaria que su
establecimiento estaria relacionado a otras variables, posi-
blemente asociadas a la intervenciéon humana que tuvieron
en el siglo XX, causando degradacion y fragmentacion de
estos bosques (Donoso 1982). La menor variacion entre
los diametros de los individuos del grupo I (error estandar
< 2,2, cuadro 1) también sugiere una condicion coetianea
entre los arboles, lo que probablemente es consecuencia de
la alteracion provocada por la intensa explotacion a la que
estuvieron sometidas estas poblaciones en el siglo pasado
(Gajardo 2001). Por otra parte, en el grupo II predominan
los arboles viejos (70 % de los arboles se establecio antes
de 1900), sin embargo, se observa establecimiento en las
décadas de 1950, 1960, 1970, 1980 y 1990. Esta poblacion
es una de las que se encuentra con menor intervencion hu-
mana debido a su dificil acceso, por lo que el éxito del
establecimiento de la regeneracion se debe principalmente
a la resiliencia a factores naturales bidticos (competencia
intra e inter especifica) y clima, siendo el factor humano
menos incidente que en las otras poblaciones.

También se debe considerar en toda la distribucion de
N. macrocarpa, que el éxito de la regeneracion depende
del dafio producido por conejos (Oryctolagus cuniculus)
y liebres (Lepus europaeus), los cuales depredan su rege-
neracion de plantulas en Chile central (Holmgren et al.
2006). Se ha observado poco éxito de la regeneracion na-
tural y de plantaciones de N. macrocarpa en el Santuario
de la Naturaleza El Roble debido al ataque de lagomorfos
y roedores'. Por lo tanto, es importante conocer los patro-
nes de establecimiento de arboles antes de la llegada de
estas especies invasoras. En este sentido, los grupos Iy III
mostraron significancia en el siglo XX, mientras que en el
grupo I, las décadas hiimedas del siglo pasado no tuvieron
incidencia en el establecimiento de arboles (figura 6), por
lo que el poco éxito de la regeneracion podria deberse en
parte al ataque de estos herbivoros.

CONCLUSIONES

Este estudio proporciona evidencia empirica del estado
de conservacion y vulnerabilidad al cambio climatico del
bosque mediterraneo de América del Sur, proporcionando
una vision ecoldgica sobre la sensibilidad climatica de las
poblaciones de N. macrocarpa a lo largo de toda su dis-
tribucion geografica. En todas las poblaciones se observa
un efecto negativo de las sequias en el crecimiento radial,

! Pefia-Rojas K. Comunicacion personal.
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acentuandose a partir de 1980. Las poblaciones del norte,
mas la de Loncha, son las mas jovenes y coetaneas, lo que
seria explicado por la mayor perturbacion antropogénica
respecto de las otras poblaciones analizadas. Ademas, se
observa que el crecimiento radial de estas poblaciones tie-
ne una mayor sensibilidad a la variabilidad hidrica que las
de Los Andes y las que se encuentran a mas altitud de la
Cordillera de la Costa. Por otra parte, se comprueba que
décadas humedas estan asociadas a pulsos de estableci-
miento, a excepcion de lo que se observa en los bosques
mas degradados de la Cordillera de la Costa. Por lo tanto,
las poblaciones de N. macrocarpa del limite norte de la
Cordillera de la Costa deben tener prioridad para progra-
mas de conservacion, restauracion ecoldgica y mitigacion
a efectos del cambio climatico. El hecho de encontrarse
en areas silvestres protegidas no garantiza su preservacion
dada las respuestas a la variabilidad climatica reciente de
incremento en las sequias. Estos resultados entregan una
vision ecoldgica sobre la respuesta del bosque mediterra-
neo de América del Sur a los cambios ambientales recien-
tes, los cuales deberian ser complementados con estudios
genéticos, isotopicos, y demograficos, entre otros.
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SUMMARY

Although there is a great potential for Rhododendron ponticum (common rhododendron) to naturally spread throughout the entire
Black Sea region of Turkey, there has been no generic biomass study. Therefore, this study was carried out to determine the biomass
amounts of common R. ponticum populations and how that biomass differs according to certain vegetation and habitat characteristics.
Data were obtained from 36 plot areas in the Black Sea region of Turkey: 18 from Giresun and 18 from Bartin. The data were
afterwards grouped in terms of altitude, dominant exposure and vegetation height factors, to reveal the change of R. ponticum biomass
accordingly. The data obtained showed significant variation; therefore, mass values are expressed as mean values. The potential
relationship between the afore-mentioned factors and the amounts of biomass was examined by using the analysis of variance. Results
showed that the highest biomass amount occurs at 0-500 m in altitude, with a mean biomass of 40,035 kg ha'. Regarding dominant
exposure and biomass amounts, the mean biomass of the R. ponticum population was found to be 38,185.6 kg ha'! in sunny exposure
and 35,185 kg ha'! in shady exposure. Regarding vegetation height and biomass amounts, 38,820.7 kg ha! was the highest biomass
when the vegetation height was 2-2.5 m. Overall however, the analysis of variance for exposure, altitude and mean height of vegetation
revealed no significant differences among the groups. It can be concluded that using average values to estimate biomass storage
capacities of R. ponticum populations is the most reasonable way to proceed at this time.

Key words: biomass, Rhododendron ponticum, root/shoot ratio, altitude, exposure, LDMC.

RESUMEN

Aunque existe gran potencial para que Rhododendron ponticum (rododendro comun) se extienda de forma natural por la region del
Mar Negro de Turquia, no ha habido ningun estudio genérico de biomasa. Por lo tanto, este estudio se llevo a cabo para determinar
las cantidades de biomasa de las poblaciones de R. ponticum y cémo esa biomasa difiere de acuerdo con ciertas caracteristicas de
la vegetacion y el habitat. Los datos se obtuvieron de 36 parcelas en la region del Mar Negro de Turquia: 18 de Giresun y 18 de
Bartin. Los datos se agruparon segun altitud, exposicion y altura de la vegetacion, para revelar el cambio de la biomasa R. ponticum.
La relacion entre dichos factores y la biomasa se examin6 mediante analisis de varianza. El analisis de la varianza para la exposicion,
la altitud y la altura media de la vegetacion no reveld diferencias significativas entre los grupos. Los resultados mostraron tendencia
de mayor cantidad de biomasa (40.035 kg ha') a 0-500 m de altitud. Con la exposicion se encontrd que la biomasa media tendid a
ser mayor en condicion soleada (38.185,6 kg ha!) que sombria (35.185 kg ha'). Cuando la altura de la vegetacion fue de 2-2,5 m,
la biomasa tendi6 a ser mayor (38.820,7 kg ha'). Se puede concluir que el uso de valores promedio para estimar las capacidades de
almacenamiento de biomasa de las poblaciones de R. ponticum es la forma mas razonable de proceder en este momento.

Palabras clave: biomasa, Rhododendron ponticum, relacion raiz/tallo, altitud, exposicion, LDMC.

INTRODUCTION Their natural habitat spreads from northeastern Asia to
the east of North America (Colak 1997). Rhododendron

Rhododendron is the largest genus of the Ericaceae fa-  ponticum L. (common rhododendron), which is a mem-
mily, with approximately 1,200 species (Rotherham 1983).  ber of this genus, is a species of auxin belt (Aksoy and
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Mayer 1975). Although it is an auxin belt species, R. pon-
ticum spreads over Turkey, Caucasia, Lebanon, England,
Ireland, Bulgaria, Spain, central and southern Portugal,
Belgium and France. The Black Sea region has the largest
distribution of R. ponticum (Clay et al. 1992, Colak 1997).

Although the various Rhododendron species are diffe-
rent in their resistance to environmental stress, R. ponticum
avoids growing in locations where there is insufficient soil
moisture (Cross 1981). However, being a shade-tolerant
species is an advantage over its non-shade-tolerant rivals.
Even a 90 % canopy cover cannot prevent the penetration
of this species into such an area (Gritten 1995).

Rhododendron ponticum is a type of vegetation without
an obvious main body. It has a complex branching structu-
re and very dense foliage (Nadezhdina ez a/. 2004). While it
has more sparse foliage and a taller, more spread-out form
under canopy cover, it is shorter with more dense foliage
in open areas. Under optimal growing conditions, it may
grow vertically to heights of 7-8 m in the eastern Black
Sea region, and its diameter can spread over 30-40 cm.
It grows in altitudes up to 2,100 m and is distributed
throughout northern Anatolia (Colak 1997).

It is generally an undesirable species. It constitutes an
impediment to the germination and development of the na-
tural plant habitat in forested areas of the Black Sea region.
In locations of decreased canopy cover, one finds scrub
growth in the Mediterranean region and the Rhododendron
spp. in the Black Sea region (Colak 1997). Rhododendron
spp. not only prevent seed from germinating, they also
steal the nutrition, light and water from the saplings in their
environment (Lei et al. 2006). Furthermore, Rhododen-
dron spp. cover and block light from small saplings in the
environment, which leads to their death due to lack of light
(Esen 2000). Additionally, Rhododendron spp. reduce the
speed of decomposition in the top layer of soil and cause
the formation of acidic humus (Nadezhdina et al. 2004).
Lastly, Rhododendron spp. also create a serious impedi-
ment for field studies in forestry (Varol and Ozel 2005).

Because of the above-mentioned characteristics,
Rhododendron spp. are considered an invasive species,
which are problematic for commercial forests, where they
are not wanted. Most of the studies on Rhododendron spp.
were carried out to identify their invasive species and to
find a way to deal with them (Gritten 1995, Milne and Ab-
bott 2000, Dehnen-Schmutz et al. 2004). The biomass of
Rhododendron spp., however, has caught the attention of
many researchers, who have investigated their potential
use in manufacturing, especially in the creation of fiber and
particleboard. From a technological aspect, Rhododendron
spp. were found useful in particleboard production, even
though they are not used in the production process due to
lack of economic feasibility (Akgiil et al. 2012).

Data regarding woody biomass are necessary for un-
derstanding facts such as: carbon storage and the carbon
cycle, global benefits, determining the yield of vegeta-
tion, bioenergy source management and the estimation
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of amount of flammable material in forest fires (Durkaya
et. al. 2016). Because of the international processes and
agreements, in which Turkey is participating, Turkey must
protect its contribution of forest ecosystems to the carbon
cycle and internationally declare its level. The United Na-
tions Framework Convention on Climate Change (UN-
FCCC) obliges all parties to prepare, publish and perio-
dically update the national inventories, using comparable
methods regarding gas emissions, which have a greenhou-
se effect, forest removal, change in use of forestland and
forestry practices according to UN guide practice (Joosten
et al. 2004). Before the present study, there was no study
performed on the R. ponticum regarding its natural distri-
bution area in Turkey, which would allow for the estima-
tion of carbon-storage levels.

To assess the biomass of R. ponticum correctly, it is
necessary to determine the different factors affecting bio-
mass change. It is known that factors such as average ve-
getation age and elevational diversity gradient have either
positive or negative correlations with biomass storage ca-
pacity (Pajtik e al. 2008, Zhang et al. 2009). Dominant
exposure and mean height of vegetation are investigated as
additional variables because they likely affect the biomass
development of R. ponticum.

In literature research, no comparative study was found
(excluding work done in Artvin at 1,700 m height (Ozkaya
2016) of the R. ponticum biomass storage by various vege-
tation and habitat condition characteristics. Primarily, this
study will provide practical and useful information on bio-
mass storage data for R. ponticum populations. Further-
more, this study draws attention to the uncertainties and
difficulties for researchers and practitioners in assessing
and measuring R. ponticum biomass and the lack of pre-
vious studies. One of the main obstacles is the principle
of “accurate and exact determination” in biomass reports.
The current study will make it possible to understand the
differences in biomass capacities and to make better bio-
mass capacity evaluations.

Rhododendron ponticum populations in the Giresun
and Bartin regions, where populations of that species are
distributed, were investigated in this study. Because of the
high R. ponticum reserves, the afore-mentioned regions
have all the characteristics needed for sampling.

The hypothesis of this study is: there are differences
in the distribution of biomass of the R. ponticum accor-
ding to exposure, altitude, mean height and mean age of
vegetation. To test this hypothesis, we tried to determine
if there is a difference between aboveground and below-
ground biomass storage of R. ponticum, which is distribu-
ted throughout the Black Sea region. We also attempted to
reveal the variation in the level of biomass storage by cer-
tain vegetation and habitat condition characteristics. The
objectives in this study are:

e To determine biomass storage capacity of R. ponti-
cum according to sun/shade exposure, altitude, and



mean height of vegetation by regional comparison
(Giresun to Bartin).

e To determine the relationship of mean age with
aboveground, belowground, and total amount of
biomass.

e To evaluate for statistically significant differences
among biomass components by groups and sub-
groups.

METHODS

Study area. Bartin and Giresun districts were selected to
be study areas, as they are natural distribution areas for
this species. Both of these regions host widespread natural
R. ponticum vegetation and are suitable for specimens ha-
ving the required characteristics. The Giresun district is
located in the east, while the Bartin district is located in
the west, both in the Black Sea region (figure 1). There are
approximately 500 km between the two regions.

Climate data. The dominant climate in the study areas is
the Black Sea climate type. This type of climate includes
abundant rainfall throughout the year, moderately hot sum-
mers and mild winters. Since the research areas are near the
sea and in low altitude mountain areas, parallel to the shore,
the temperature difference along the shore decreases, humi-
dity increases and air mass from the Balkans is in effect.
Annual mean temperature in the Bartin districtis 12.9 °C,
with the highest average temperature being 42.8 °C in July
and the lowest average temperature being 4.1 °C in January.
Annual precipitation is 1,040.1 mm on average, with the
highest precipitation amount being 181 mm (in August)
and the driest month being April with 40 mm. The relative
humidity is an average of 55.6 % annually. The vegetative
period lasts for six months. Accordingly, the area’s precipi-
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tation type was found to be rich in humidity and the vegeta-
tion cover was found to be an overly humid forest.

The annual mean temperature in the Giresun district is
14.2 °C, with the highest mean temperature being 22.3 °C in
August and the lowest mean temperature being 6.9 °C in Fe-
bruary. The highest level of precipitation occurs in October
and November, while the lowest level of precipitation occurs
in May and June. The highest monthly precipitation level
may exceed 140 mm, while the minimum level does not fall
below 60 mm. The annual mean relative humidity is 61 %.

Experimental data. At the beginning of this study, the na-
tural factors that had potential to affect the biomass storage
capacity of R. ponticum vegetation were determined, and
the study was designed accordingly. These factors were di-
vided into four groups, and afterwards, the subgroups were
established (except for the mean age). The sampling pro-
cedure was executed to cover these groups and subgroups,
and the data were clustered accordingly. The groups and
sub-groups established are listed below:

1. Exposure: Sunny exposure (14 plots), shadowy ex-
posure (22 plots),

2. Altitude (m): 0-500 (12 plots), 501-1,000 (16 plots),
1,001-1,500 (5 plots), 1,501- (3 plots),

3. Mean height of vegetation: up to 1-1.5 m (5 plots),
1.51-2m(12plots),2.1-2.5m(14plots),and2.51-3m
(5 plots),

4. Mean age.

This study was carried out using the data collected from
36 plot areas of 100 m?, 18 areas in each region. In deter-
mining the plot areas, the regions in which the R. ponticum
flora covered 70 % or more of the area were selected first
to ensure the standard. To reduce slope-related errors, the

B Native distribution
M Alien distribution

Figure 1. Native and alien distribution of Rhododendron ponticum (Cross 1975) and study areas.

Distribucion nativa y exotica de Rhododendron ponticum (Cross 1975) y areas de estudio.
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study commenced on land with 5-10 % slope. The study
areas were distributed in accordance with the aim of this
study (in dimensions of 10 m x 10 m) according to various
altitude, exposure and vegetation height levels. Since the
factor of slope does not affect the biomass storage capacity
of R. ponticum vegetation, it was not involved in the ex-
perimental design. In studies on sloping lands, the require-
ment is to determine a correction factor and recalculate the
edge lengths to accurately find the limits of sample plots.
To prevent possible error and time loss in these calcula-
tions, the sampling procedure was executed on lands ha-
ving up to 10 % slope. In examining the actual statuses of
the land plots, only the alive, healthy and robust individual
populations were chosen. Summarized data from the tem-
porary plots can be seen in table 1.

To determine the aboveground biomass, all the indivi-
duals within each plot area were clear-cut at ground level,
and the branches were weighed. Besides that, the stem sec-
tions were taken from 3-5 individuals at the point closest
to the soil level to determine the age.

To determine the belowground biomass, the distribu-
tion of individuals within the plot areas: at every sampling
point, a 2 m x 2 m section was dug down to the bedrock,
and the roots were taken out and weighed. Fine root (thin-
ner than 2 mm) sampling was not performed, and they
were excluded from assessment.

Samples were taken from every component and fresh
weights were measured. To determine the weight of lea-
ves, the sample branches were taken and by separating the
leaves, the weights of leaves and branches were measured,
and compared to estimate the ratio. Subsequently the sam-
ples were taken to the laboratory and completely dried at
65 £ 3 °C and their dry weights were found. Using fresh/
dry weight ratios, the fresh weight values were translated
into dry weight values. Although the most widely accepted
method for determining the moisture content of wood is to
dry in an oven at 105 °C, the removal of volatile content at
this temperature may lead to errors in estimating moisture
content (Granstrom 2003).

The analyses of data obtained from plots of 100 m?
were performed in keeping with the design of the study.
According to the study design, to reveal the R. ponticum’
biomass, four groups were sampled which were believed
to have an effect on the biomass, and were afterward di-
vided into sub-groups. By using the analysis of variance,
differences between these sub-groups were established.

To determine the relationship between the obtained
data, hypothesis H, was set first.

H,: There is no difference between the groups’ mean
values.
H, There are differences between the groups’ mean
values.

To test the hypotheses, the analysis of variance was
used in this study. Since the altitude and height levels (the
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independent variables) consist of four groups, the analysis
of variance was preferred (table 2). Even though the “ex-
posure” variable consisted of two groups, the analysis of
variance was utilized because the results that a t test would
give (the alternative to the analysis of variance) would be
the same as it would be for the variables consisting of two
groups. The relationship of the age variable to the biomass
was analyzed using the regression analysis.

The analysis of variance covers dependent and inde-
pendent variables. The independent variables are also
called “factors”. The magnitude of the factor effects on
the dependent variables was examined. The dependent va-
riables were categorical, while the independent variables
were metric.

In addition to estimating the biomass quantities of the
components, leaf dry matter amounts (LDMC) were also
determined based on age, altitude levels and exposure.
LDMC is the ratio of leaf dry mass to fresh mass, Vaieretti
et al. 2007, Zhang et al. 2017).

RESULTS

One of the potential results anticipated during the study
design phase was that there might be a sufficiently reliable
relationship between the mean age of vegetation and bio-
mass. The performed analyses showed that even the ages
of individuals in the same plot area differed significantly
in their biomass, and that the relationship between biomass
development and mean age has significant variation. As a
natural result of this situation, no relationship could be es-
tablished using the regression equations between age and
biomass (figure 2).

Other results were obtained in accordance with the de-
sign of the present study. Since the data were obtained from
four different altitude levels, two exposures and four height
levels, results are presented in the same order. The results
of the analysis by altitude levels are presented below.

To determine if variables vary according to the “al-
titude” parameter, the analysis of variance produced the
following results presented in table 3. There is no statisti-
cally significant difference among the variables, because
“P” values were found to be higher than 0.05. Here, it can
be concluded that altitude levels have no effect on the bio-
mass development of R. ponticum.

As seen in table 4, it can be stated that the amount
of biomass stored by R. ponticum insignificantly varied
among 0-1,500 m altitudes. The fluctuations in the first
three levels can be explained with the wide variation of
data obtained from the plot areas. Besides that, a signifi-
cant decrease can be seen in the amount of biomass stored
at altitudes higher than 1,500 m. It can be understood that
the development of R. ponticum populations slows down
after reaching this altitude level.

As in altitude levels, we used the analysis of variance
to determine if the relevant variables differed by the ex-
posure variable. Accordingly, as seen in table 5, there was



Table 1. Summarized data from the temporary plots.

Datos resumidos de las parcelas temporales.
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o Age Coordinates ) _
District Plots no (years) N . Average height (m) Altitute (m) Exposure

1 21 466,288 4,512,100 2-2.5 900 N
2 19 467,038 4,512,630 225 985 W
3 14 469,179 4,511,574 2:2.5 500 NE
4 21 463,484 4,506,242 1.5-2 1,400 E
5 15 463,540 4,509,066 1.5-2 1,420
6 16 461,265 4,494,968 1-1.5 1,700 S
7 25 461,524 4,494,589 2.5< 1,550 SE
8 14 467,154 4,506,761 1.5-2 850 SE
9 12 472,556 4,506,516 1.5-2 1,250 SE

Giresun
10 13 470,748 4,504,499 1.5-2 950 NE
11 12 469,986 4,504,876 1-1.5 880 N
12 21 474,493 4,514,275 2.5< 970 E
13 12 470,958 4,488,877 1-1.5 1,700 NW
14 13 467,720 4,490,991 1-1.5 1,330 N
15 18 467,511 4,495,709 1-1.5 1,100 N
16 26 466,527 4,497,502 2.5< 950 S
17 17 466,478 4,507,903 2.5< 920 N
18 12 470,997 4,521,223 2.5< 480 SW
19 13 469,441 4,601,009 225 300 N
20 12 472,837 4,599,478 1.5-2 650 N
21 18 459,756 4,603,503 2-2.5 220 N
22 12 461,832 4,590,851 2-2.5 550 N
23 21 446,073 4,586,621 225 270 SE
24 25 443,131 4,582,215 2-2.5 220 S
25 11 444,300 4,577,192 1.5-2 320 N
26 13 445,690 4,580,133 1.5-2 420 N

Bartin 27 10 458,860 4,589,622 1.5-2 240 N
28 11 463,771 4,590,853 225 500 S
29 12 469,596 4,595,385 1.5-2 530 N
30 15 452,822 4,585,373 2-2.5 540 N
31 18 458,355 4,582,833 1.5-2 520 NE
32 13 456,712 4,583,490 1.5-2 415 N
33 20 462,489 4,595,861 2-2.5 255 N
34 20 454,583 4,583,689 2-2.5 625 N
35 12 451,637 4,592,627 2-2.5 620 NE
36 25 452,400 4,592,285 2-2.5 630 W
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no significant difference because the P values were found
to be higher than 0.05 for wet and/or dry weights of stem,
foliage and root. At this point, it can be concluded that the
exposure factor has no effect on the biomass development
of R. ponticum.

Therefore, in total, sunny exposures have higher bio-
mass values than do shadowy exposures. This difference

Table 2. Information about dependent and independent vari-
ables used in the analysis of variance.

Informacién sobre variables dependientes e independientes
utilizadas en el analisis de varianza.

0-500
501-1,000
Altitude levels (m)
1,001-1,500
>1,500
Sunny
Independent Exposure Categorical
variables Shadowy
1-1.5
Height levels (m) 1.5-2
eight levels (m
¢ 2-2.5
>2.5
Stem weight (kg)
Dependent 1o weight (kg) Metric
variables & £ &
Root weight (kg)

Table 3. Results of the analysis of variance by altitude levels.

Resultados del analisis de varianza por niveles de altitud.

mainly originates from the difference among stem biomas-
ses. The ratio of belowground biomass to the total biomass
was found to be 43 % and 45 %, respectively (table 6).

Table 7 presents the results of the analysis of variance
performed on the height levels. The P value (Significance-
Possibility) was found to be higher than 0.05. Accordingly,
it was concluded that there was no statistically significant
difference between the wet and/or dry weights of stem, fo-
liage and roots.
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Figure 2. The relationship of mean age with aboveground,
belowground, and total amount of biomass.

Relacion de la edad promedio con la cantidad de biomasa
aérea, subterranea y total.

Groups Sum Degrees of Mean F Signiﬁ?ance
of squares freedom (df) square (P-Sig.)
Intergroup 1.481E8 3 4.936E7 0.900 0.452
Stem weight Intragroup 1.756E9 32 5.488E7 (insignificant)
Total 1.904E9 35
Intergroup 1.066E7 3 3,554,164.389 1.508 0.231
Foliage weight  Intragroup 7.543E7 32 2,357,235.179 (insignificant)
Total 8.609E7 35
Intergroup 5.413E7 3 1.804E7 0.512 0.677
Root weight Intragroup 1.128E9 32 3.525E7 (insignificant)
Total 1.182E9 35
Intergroup 4.618E8 3 1.539E8 0.816 0.495
Total Weight Intragroup 6.037E9 32 1.877E8 (insignificant)
Total 6.499E9 35
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Total oven-dried R. ponticum biomass results are given
in table 8 according to vegetation height levels. The ratio
of belowground biomass to the total was found to be 42 %,
46 %, 43 % and 43 %, respectively. The lowest biomass
development was observed in the 1-1.5 m height level. The
biomass development in the > 2.5 m height level confuted

Table 4. Mean weights of components by altitude levels.

Pesos medios de componentes por niveles de altitud.
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the assumption that the biomass increase would peak li-
nearly with the height increase. Contrary to expectation,
no linear increase was observed in biomass development.

The biomass data collected from the two regions within
the natural distribution area of R. ponticum indicated in-
significant statistical differences (table 9) between these

Mean biomass (kg ha')

Altitude (m)
Stem Foliage Root Total
0-500 18,819 + 7,230.2 4,444 + 1,532.8 16,773 + 4,912.9 40,035 + 12,133.3
501-1,000 15,136 + 8,131.3 3,311 + 1,588.2 16,053 + 6,466.8 34,500 + 15,542.2
1,001-1,500 17,740 + 6,353.9 3,882 + 1,514.0 16,949 + 7,489.5 38,571 + 13,662.4
1,501- 12,580 + 3,726.5 2,993 + 1,140.5 12,225 + 2,326.9 27,798 + 4,896.9

+ Std. deviation.

Table 5. Variance analysis results by the dominant exposures.

Resultados del analisis de varianza segun exposiciones dominantes.

Groups Sum Degrees of Mean F Signiﬁfsance
of squares freedom (df) square (P-Sig.)
Intergroup 5.088E7 1 5.088E7 0.341
Stem weight Intragroup 1.853E9 34 5.451E7 0.933 (insignificant)
Total 1.904E9 35
Intergroup 41348.642 1 41,348.642 0.899
Foliage weight  Intragroup 8.605E7 34 2,530,960.890 0.016 (insignificant)
Total 8.609E7 35
Intergroup 2,071,812.081 1 2,071,812.081 0.060 0.808
Root weight Intragroup 1.180E9 34 3.471E7 (insignificant)
Total 1.182E9 35
Intergroup 7.701E7 1 7.701E7 0.408 0.527
Total weight Intragroup 6.422E9 34 1.889 E8 (insignificant)
Total 6.499E9 35
Table 6. Mean weights of components by the dominant exposures.
Promedio de los pesos de los componentes segiin exposiciones dominantes.
Exposure Mean biomass (kg ha'')
Stem Foliage Root Total
Sunny 18,802.3 + 6,812%* 3,783.9 + 1,542.3 16,339 + 5,821.2 38,185.6 + 12,492.5
Shady 15,563.7 + 7,715.3 3,7144 + 1,620.3 15,907 + 534.3 35,185 + 14,464.1

* Std. deviation.
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Table 7. Results of variance analysis by the height groups.

Resultados de analisis de analisis de varianza por grupos de altura.

Groups Sum Degrees Mean F Signiﬁsance
of squares of freedom (df) square (P-Sig.)
Intergroup 1.770E8 3 5.900E7 0.366
Stem weight Intragroup 1.727E9 32 5.397E7 1.093 (insignificant)
Total 1.904E9 35
Intergroup 2,839,052.415 3 946,350.805 0.780
Foliage weight  Intragroup 8.325E7 32 2,601,717.702 0.364 (insignificant)
Total 8.609E7 35
Intergroup 1.846E8 3 6.152E7 0.138
Root weight Intragroup 9.976E8 32 3.117E7 1.973 (insignificant)
Total 1.182E9 35
Intergroup 7.359E8 3 2.453E8 1.362 0.272
Total weight Intragroup 5.763E9 32 1.801E8 (insignificant)
Total 6.499E9 35
Table 8. Mean weights of the components by the height levels.
Pesos medios de los componentes por niveles de altura.
Height(m) Mean biomass (kg ha')
Stem Foliage Root Total
1-1.5 11,449 + 2,347* 3,230 + 859 10,838 +1,672.5 25,517 +2,340,9
1.51-2.0 16,594.3 + 6,551.7 4,083.6 +1,755.9 17,830 + 6,257 38,508.3 + 13,767.5
2.1-25 18,367.6 +9,431.3 3,662.2 +1,187.5 16,790 + 5,977.4 38,820.7 + 15,748.7
2.51- 16,182 +4,377.4 3,653.6 +2,648.4 15,262.8 +4,776.6 35,098.4 +10,394.3
+ Std. deviation.
Table 9. Results of analysis of variance by geographic region.
Resultados del analisis de varianza por region geografica.
Groups tumares  offedom(@  squn P s
Intergroup 7.207E7 1 7.207E7 0.256
Stem weight Intragroup 1.832E9 34 5.389E7 1.337 (insignificant)
Total 1.904E9 35
Intergroup 3,886,155.111 1 3,886,155.111 0.213
Foliage weight  Intragroup 8.221E7 34 2,417,878,346 0.607 (insignificant)
Total 8.609E7 35
Intergroup 3.958E7 1 3.958E7 0.285
Root weight Intragroup 1.143E9 34 3.360E7 1.178 (insignificant)
Total 1.182E9 35
Intergroup 2.806E8 1 2.806E8 0.224
Total weight Intragroup 6.219E9 34 1.534 (insignificant)
Total 6.499E9 35 1.829E8
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regions. However, the Bartin region had trend of a higher
capacity of biomass storage and this difference occurred
especially from the stem biomass (figure 3).
Rhododendron ponticum LDMC ratios were calculated
for altitude levels, age and exposures. LDMC varied from
0.33 gg't0 0.44 g g in the Bartin region and 0.20 g g”' to
0.33 g g''in the Giresun region. Additionally, LDMC varied
from 0.25 g g't0 0.44 g g in sunny exposure and 0.20 g g!
to 0.41 g g'in shadowy exposures. LDMC ratios can be
seen in figure 4, according to altitude levels and ages.
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Figure 3. Mean weights (and standard error) of components by
the study regions.
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Figure 4. Relationship of LDMC to altitude levels and ages.
Relacion de LDMC con niveles de altitud y edades.
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DISCUSSION

In the present study, the aim was to determine the abo-
veground and belowground biomass of R. ponticum in the
districts of Giresun and Bartin, both located in the Black
Sea region, within its natural distribution. Analyses were
performed using the data collected from 36 different plot
areas based on different altitude, dominant exposure, mean
vegetation height and mean age variables. Moreover, the
relationships between the stored biomass and relevant fac-
tors were statistically examined. As understood from the
findings presented in the results, the biomass values of
R. ponticum have a very wide variation and no strong statis-
tical relationship with high reliability could be established.

Given the data obtained from 36 plot areas, the mean
aboveground biomass amount was calculated to be
23.6 Mg ha'l. It was also seen that belowground biomass
contained approximately 18.4 Mg ha' raw root. Mean
total biomass was found to be 42 Mg ha'. According to
the results obtained from mean values, the root/shoot ra-
tio was determined to be approximately 0.78. In a study
carried out in Portugal, the root/shoot ratio was found
to vary between 3.7 (Arbutus unedo L.) and 0.1 (Cystus
multiflorus (LHe'r.)) among Mediterranean woody plants
(40 shrubs from 18 species) (Silva and Rego 2004). The
shrub biomass containing Rhododendrons spp. was found
tobe 14.92 Mg ha'! in the aboveground and 11.46 Mg ha' in
the belowground in the northeastern Tibetan plateau, with
an R/S ratio 0of 0.86 (Nie et al. 2016). While Rhododendron
arboreum stores were 70.41 Mg ha' aboveground biomass
in Nepal (Ranjitkar et al. 2014), total biomass amount
of Rhododendron spp. populations was approximately
40.5 Mg ha'! in the Central Himalaya Mountains (Garkoti
and Singh 1995). As can be seen, the total amount of bio-
mass stored by the community of Rhododendron spp. shows
pronounced regional differences. When a regional compa-
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rison is made, Fagus orientalis Lipsky stands, the most
common species in the study area stores 272.95 Mg ha’!
biomass for a mean diameter of 40 cm (Saracoglu 1998). It
is understood that R. ponticum communities store biomass
at a rate of 15 % of the Fagus spp. stands.

Only two biomass studies exist that were carried out
on the regions where R. ponticum occurs as a natural and
invasive species. The first study was carried out for indi-
vidual R. ponticum spreading under the Pinus sylvestris
L. stands of the Belgian Campine region. According to the
results of that study, the total aboveground biomass amou-
nt was approximately 7.2 Mg ha' and 1/3 of this biomass
consisted of foliage biomass (Nadezhdina et al. 2004). To-
tal aboveground biomass equaled 1/3 of the biomass found
in the present study.

The second study was a comparison of R. ponticum
biomass with ecological factors in a local area at an ave-
rage altitude of 1700 m in Artvin, Turkey. In this study,
the mean aboveground biomass was 16.06 Mg ha’!, be-
lowground biomass was 8.39 Mg ha'! and total biomass
was 24.46 Mg ha'! for the R. ponticum, while root/shoot
ratio was found to be 0.52 (Ozkaya 2016). These values
are similar to our values above 1,500 m. The total average
biomass for our study at 1,500 m and above was 27.79 Mg
ha''. Again, in the present study, the share of foliage in the
aboveground biomass was found to be 16 % and 17 % in
the Giresun and Bartin regions, respectively. It can be un-
derstood that the Rhododendron spp. in the Belgian Cam-
pine region have two times more foliage biomass from a
proportional aspect. It is reported that 27 % of the above-
ground biomass in the Artvin region was leaves, which is
10 % more than in our study (Ozkaya 2016). In studies on
determining the share of foliage in aboveground biomass
of Phillyrea latifolia L., which is a maquis population, Ar-
mand et al. (1993) found that it constituted 27 % of the
mean aboveground biomass in France. While the same
ratio was found to be 15 % in Italy by Marziliano et al.
(2015) and 7 % in Croatia by Topic et al. (2009).

Another attention-grabbing result is the portion of be-
lowground raw root biomass to total biomass. Our value va-
ried between 42 % and 47 %, while in the Artvin region this
ratio was 34.34 % (Ozkaya 2016). When compared to the
root ratios of forest trees, this seems very high. For instan-
ce, Helmisaari ef al. (2002) reported this value to be 25.3 %
for young stands, 21 % for mid-aged stands and 13.2 % for
advanced-aged stands of Yellow Pine. In their study on the
individuals of Phillyrea latifolia, which is a shrubby and
small-tree-formed species, Marziliano et al. (2015) repor-
ted that 9.15 % of total biomass was stored in the foliage,
50.24 % in stem, 59.6 % above the ground and 40.6 %
below the ground. Canadel and Roda (1991) reported that,
in Quercus ilex L. populations, 72 % of the total biomass
consisted of aboveground biomass and the remaining 28 %
consisted of the belowground biomass. The results obtai-
ned in the present study corroborates the belowground bio-
mass values reported by Marziliano et al. (2015).

104

Rhododendron ponticum LDMC values showed that
there were differences among ratios according to altitude
levels and ages. However, there were considerable diffe-
rences between the regions. While the regions had clo-
ser LDMC values within themselves, it is seen that the
Bartin region had higher rates than those observed in the
Giresun region. The Bartin region also had a higher fo-
liage biomass. This can be explained by the fact that the
R. ponticum spreads at lower elevations (220-650 m) in this
region. Mean LDMC was 0.40 g g in Bartin and 0.29 g g!
in Giresun at sunny exposures. Moreover, at shadowy ex-
posures, mean LDMC was 0.37 g g' in Bartin and 0.26 g
g in Giresun. Illa ef al. (2017) reported that LDMC was
lower at shadowy exposures. The LDMC values obtained
in the present study are similar to these study results.

As a general assessment, it can be stated that the sunny
exposures had higher levels of biomass. Considering the
mean vegetation height, it can be concluded that 1.5-2.0 m
and 2.0-2.5 m height levels have similar biomass levels,
and between these two groups, the 1-1.5 m height level
had 35 % lower biomass, while the > 2.5 m height level
also had lower biomass storage. The reason for this is that
R. ponticum populations with low mean vegetation heights
have thinner and more prolific number of stems per unit
area, and higher vegetation height populations have thic-
ker and fewer stems. Considering the variations between
the biomass storage capacities at the altitude levels bet-
ween 0 and 1,500 m, no statistically significant differen-
ce was observed, besides the decrease in biomass storage
capacity of altitudes higher than 1,500 m. In statistical
analyses performed between dominant exposure, altitude
and vegetation height levels and mean biomass values, no
sufficiently reliable relationship could be established. This
is because the data obtained from the plot areas showed a
significant variation.

The Rhododendron spp. populations, which generally
grow in a relatively shadowy environment under the forest
cover, store remarkable amounts of biomass and conse-
quently have high levels of carbon in their aboveground
and belowground organs. Fagus orientalis (Lipsky), which
is one of the essential forest tree species of the region, con-
tains 120-149 Mg ha! biomass compared to 100-year-old
site classes and, for 50 cm goal diameter, Abies bornmii-
lleriana (Mattf.) stores 223-301 Mg ha' aboveground bio-
mass (Saragoglu 1998, Durkaya et al. 2013). According
to the data obtained in the present study, the mean abo-
veground biomass storage was determined to be 23.6 Mg
ha’!. The biomass storage levels of Rhododendron spp. po-
pulations, which are under pressure from humans as a fuel
source, are attention grabbing.

Nowack and Markgraf (1928) reported that there were
no Rhododendron spp. in the moisture-lacking regions of
the western Black Sea region, and that it was related to
exposure. Besides that, in the present study, it was obser-
ved that R. ponticum could find sufficient levels of mois-
ture under any point in the Black Sea Mountains, even in



southern exposures. The mean total biomass amount, even
in sunny exposures, was found to be 3,000 kg ha' when
compared to shadowy exposures.

CONCLUSIONS

Although R. ponticum has an important distribution
throughout the world as a natural and invasive species, the
studies on this species are very limited. Moreover, there
are no comparable and comprehensive biomass or carbon
storage studies on this species, and there are no reliable
data, even regarding the area covered by this species in its
distribution region.

The hypothesis and design of this research were ba-
sed on the assumption that there are significant differences
in biomass storage capacity in terms of certain vegetation
and habitat condition characteristics. However, a mean
age-biomass relationship could not be generalized with
regression as expected because the related data show high
variations. Similarly, there were no statistically signifi-
cant differences found among the variables of: exposure,
altitude, mean height of vegetation and biomass storage
capacities of R. ponticum components. Moreover, the ex-
pectation was that there would be significant differences
among mean vegetation height subgroups based on bio-
mass storage capacities, nonetheless this could not be
observed. Given these results, it can be stated that using
average values for the estimation of biomass storage ca-
pacities of R. ponticum populations is the most reasonable
method to use currently.

The R. ponticum populations in our study area serve
traditionally as a fuel source, as a source for honey produc-
tion, as a carbon-sink, to prevent erosion in steep regions
and to offer shelter and a habitat for wild life. These utili-
zations will likely continue, and there will be new research
in the future. To ensure the continuance of the existence
and functions of R. ponticum populations, they should first
be recognized as such, and the protection-utilization ba-
lance should be maintained using the data collected from
the field.
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SUMMARY

Tree growth models contribute to describing the structure and functioning of forests, predicting timber production, implementing
appropriate silvicultural practices and assessing the economic dimension of forestry. Nothofagus alpina, Nothofagus obliqua and
Nothofagus dombeyi (Nothofagaceae) form natural forests in Northwestern Patagonia of Argentina. Models of diametric increment
and yield were developed for N. alpina trees from the intermediate and superior canopy strata, through Bertalanfty - Richards’s
functions. They were interpreted together with those for N. obliqua and N. dombeyi, formerly developed using the same methodology.
In all three species, intermediate trees exhibited the lowest diametric growth, probably in response to differences in the amount and
composition of light. Growth of N. alpina trees, compared to N. dombeyi, was similar for all age classes within the intermediate
stratum, and lower for older classes within the superior stratum. However, the performance of this species was adequate in both strata,
which would be associated with the superior shade tolerance (perceived in the intermediate stratum) and the response to increasing
light (in the upper one). Nothofagus obliqua experienced the slowest growth for all social strata and age classes. Discrepancies
observed among models were compatible with interspecific differences in intrinsic growth and demand of light. The simultaneous
interpretation of growth models of N. alpina, N. obliqua and N. dombeyi can contribute to deeply understand ecological patterns and
processes of this subantarctic forest, aimed at its conservation and sustainable management.

Key words: subantarctic forest, timber production, crown classes, shade-tolerance.

RESUMEN

Los modelos de crecimiento arbéreo contribuyen a describir la estructura y el funcionamiento del bosque, predecir la produccion de
madera, implementar alternativas silvicolas y evaluar la dimensiéon econdmica forestal. Nothofagus alpina, Nothofagus obliqua y
Nothofagus dombeyi (Nothofagaceae) conforman bosques naturales en el noroeste de la Patagonia argentina. A través de la funcion
von Bertalanffy-Richards, se desarrollé un modelo de incremento corriente y rendimiento en diametro para N. alpina de los estratos
intermedio y superior, y se los comparoé con los existentes para N. obliqua 'y N. dombeyi. En las tres especies, los arboles intermedios
exhibieron el menor crecimiento que se deberia a la composicion y menor cantidad de luz. El crecimiento de N. alpina, comparado con
el de N. dombeyi, fue similar en todas las clases de edad para el estrato intermedio, y menor en las clases de mayor edad para el estrato
superior. Sin embargo, el desempefio de esta especie fue muy adecuado en ambos estratos, que se asociaria a la mayor tolerancia a la
sombra (percibida en el estrato intermedio) y la respuesta al aumento de la luz (en el superior). Nothofagus obliqua siempre presentd
el crecimiento diamétrico mas lento. Las discrepancias observadas en los modelos fueron compatibles con diferencias interespecificas
de crecimiento intrinseco y demanda de luz. La interpretacion simultanea de los modelos de estas especies de Nothofagus contribuye
a aumentar la comprension ecologica y productiva de un valioso tipo de vegetacion subantartica.

Palabras clave: bosque subantartico, produccion forestal, estratos sociales, tolerancia a la sombra.

INTRODUCCION porque contribuyen a describir la estructura y el funcio-
namiento del bosque, predecir la produccion de madera,

Los modelos de crecimiento arbdreo representan una  implementar alternativas silvicolas y evaluar la dimension
herramienta cuantitativa valiosa para la gestion sostenible  econémica a lo largo de gradientes de edad, calidad de si-
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tio y uso forestal. Estos modelos pueden comprender ecua-
ciones relativamente simples lo que facilita enormemente
su aplicacion (Vanclay 1994). El crecimiento de una planta
representa la variacion del tamafio y peso a lo largo del
tiempo, e integra los efectos de patrones y procesos fisico-
quimicos y ecofisioldgicos tales como la fotosintesis, la
competencia y la asignacion de recursos a las partes aéreas
y subterraneas (Smith et al. 1996). La luz es un componen-
te fisico clave del crecimiento de una planta debido a los
efectos directos e indirectos sobre el desempefio individual
(Pallardy 2007). La respuesta de las especies arboreas a la
variacion de luz es continua; sin embargo, se reconocen
clases discretas de tolerancia a la sombra que permiten ex-
plicar aspectos fundamentales de la sucesion ecoldgica de
los bosques naturales (Tilman 1988).

El diametro del fuste del arbol es una dimension cla-
ve de los modelos de produccion forestal que se mide en
forma sencilla, se relaciona con el tamafio de la copa, el
area basal y el volumen del tronco, permitiendo desa-
rrollar diagramas de manejo de la densidad del bosque
(Smith et al. 1996). En particular, los modelos bioldgicos
del crecimiento diamétrico individual se emplean para in-
terpretar en forma causal patrones y procesos ecosistémi-
cos en el corto plazo (Vanclay 1994). El diametro tiende
a seguir una trayectoria sigmoidea variable a lo largo del
tiempo que depende de las caracteristicas intrinsecas de
la especie, la edad del individuo, la densidad y cobertura
poblacional asi como las propiedades fisicas y quimicas
del sitio. La interaccion de estos factores origina la dife-
renciacion social manifestada en las clases de copa (Smith
et al. 1996).

El bosque alto y cerrado compuesto por las especies ca-
ducifolias Nothofagus alpina (Poepp. et Endl.) Oerst. (rauli)
y Nothofagus obliqua (Mirb.) Oerst. (roble pellin), y la
siempreverde Nothofagus dombeyi (Mirb.) Oerst. (coihue)
(Nothofagaceae), se desarrolla en los faldeos de las cordi-
lleras de La Costa y Los Andes, entre 39° 29" y 40° 22" S
y hasta 1.000 m s.n.m. (Lara et al. 1999). Estos arboles
son diclino monoicos y anemocoros, y experimentarian
una produccion anual variable de semillas que conforman
un banco transitorio en el suelo (Dezzotti et al. 2016). Las
especies de Nothofagus desarrollan poblaciones coetaneas
luego de la ocurrencia de disturbios de gran escala. Las
perturbaciones de pequeia escala promueven un bosque
en mosaico, formado por parches cuya estructura depende
del tamafio y la forma de los claros y el comportamiento
ecologico de las especies (Veblen ef al. 1996).

Los renovales de N. alpina, N. obliqua y N. dombe-
yi tienen un modo de regeneracion comun dependiente
de claros del dosel; sin embargo, estas especies presen-
tan divergencias en la sobrevivencia, el crecimiento y el
desarrollo bajo diferentes regimenes de luz. La diferen-
ciacion del nicho de regeneracion explicaria la variacion
composicional y estructural de este tipo forestal a lo largo
del espacio y el tiempo (Veblen ef al. 1996). En particular,
N. alpina es la especie mas tolerante a la sombra, a juzgar
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por la capacidad de los estadios iniciales de persistir como
“regeneracion avanzada” y crecer mas rapidamente en
condiciones sombrias. Esta capacidad se vincula en parte
al mayor tamafio y acumulacion de nutrientes de la semi-
lla (Read y Hill 1985, Grosse 1988, Ramirez et al. 1997,
Weinberger y Ramirez 2001, Dezzotti ef al. 2004).

Los objetivos de este estudio son: i) desarrollar un
modelo individual de incremento corriente y rendimiento
diamétrico de arboles de N. alpina del estrato intermedio y
superior, ¢ ii) interpretar este modelo en forma simultanea
con los de N. dombeyi y N. obliqua, desarrollados en la
misma area de estudio y con una metodologia equivalen-
te (Chauchard et al. 2001, Chauchard y Sbrancia 2003).
La hipdtesis que se busca validar propone que existe un
patréon de crecimiento diamétrico comuin de N. alpina,
N. obliqgua y N. dombeyi, pero al mismo tiempo subsisten
discrepancias interespecificas en cuanto a las magnitudes
de crecimiento asociadas a la tolerancia a la sombra. La
interpretacion conjunta de los modelos de crecimiento de
las especies de Nothofagus puede contribuir a lograr una
mayor comprension de la ecologia y productividad de este
valioso bosque Subantartico en el contexto del manejo
sostenible.

METODOS

Area de estudio. El modelo de crecimiento para N. alpi-
na se baso en datos colectados en las estaciones de mues-
treo Quilanlahue (40° 09’ S, 71° 28” O), Yuco (40° 09’ S,
71° 31’ O), Hua hum (40° 09* S, 71° 35’ O), Nonthué
(40°07° S, 71° 38° O) y Pucara (40° 09’ S, 71° 39’ O) (Par-
que Nacional Lanin, Argentina). En esta region, el clima es
templado humedo con un pronunciado gradiente de preci-
pitacién longitudinal, provocado por la sombra de lluvias
que ejerce la cordillera de los Andes, y estacional, debido
al desplazamiento anual del centro de presion del océa-
no Pacifico (Paruelo ef al. 1998). En el area Quechuquina
(40°09° S, 71° 34’ O, 1965 - 2009), circundante a las es-
taciones de muestreo, la temperatura media y la precipi-
tacion total anuales son 9,3 °C y 1.889 mm, respectiva-
mente' (figura 1). Los suelos son Andisoles con un perfil
O-A-B_-C, tienen abundante cantidad de limo, arcilla y
materia organica, y alta capacidad de retencion hidrica, in-
tercambio cationico y fijacion de fosforo (del Valle 1998).

La vegetacion pertenece al Distrito del Bosque Cadu-
cifolio de la Provincia Subantartica (Cabrera 1971). Las
estaciones de muestreo se instalaron en areas preservadas
de perturbaciones antrdpicas recientes, intensas y de gran
escala, y representaron parte de la heterogeneidad estruc-
tural de los rodales presentes (APN 2012). Estas estacio-
nes estaban ocupadas por bosques regulares en diferentes
fases de desarrollo (sensu Oliver y Larson 1996), a juz-
gar por la forma normal de la distribucion de tallas, y las

' Direccion Provincial de Bosques de Neuquén, Argentina, datos no
publicados.



relaciones entre la densidad y el volumen del rodal y el
diametro de los individuos. Los rodales jovenes presenta-
ron mayor densidad y menores volumen y didmetro (fase
de exclusion), mientras que los maduros menor densidad
y mayores volumen y didmetro (fase de bosque maduro)
(Dezzotti et al. 2016) (cuadro 1).

Coleccion de datos. Los datos para ajustar el modelo de
crecimiento de N. alpina provinieron de arboles adultos
(didmetro a la altura del pecho a 1,3 m, dap > 10 cm),
localizados en bosques puros, y mixtos con N. obliqua y
N. dombeyi, con cobertura de copas continua, altura maxi-
ma entre 25 y 35 m y sin extracciéon de madera durante el
ciclo de desarrollo del rodal (Attis Beltran et al. 2015).
Las muestras se colectaron de individuos en pie presentes
en parcelas permanentes de muestreo y de apeados fuera
de ellas. Estas parcelas fueron circulares de 500 (n=23)y
1.000 m? (n = 6), y cuadradas de 2.000 m?cada una (n = 4).
A los arboles presentes en las parcelas se los etiquetd con
un numero, y se les sefiald la circunferencia del tronco
(pintura), midi6 el dap (cinta diamétrica) al inicio y final
de un periodo de entre cuatro y nueve afios y asigno la cla-
se de dap (clase 1: 10,1 - 15,0; clase 2: 15,1 - 20,0;...; clase
11: > 60,1 cm) y el estrato social.

Los estratos sociales fueron i) dominante: arbol con
copa mayor en referencia a la del dosel superior y que re-
cibe luz directa en la parte superior y lateral, ii) codomi-
nante: arbol con abundante ramas y follaje, copa menor a
la dominante y que recibe luz directa en la parte superior y
lateral, e iii) intermedio: arbol con abundante follaje, copa
pequeiia y comprimida lateralmente y que recibe luz di-
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recta solo en la parte superior. Los arboles oprimidos, con
copa pequefia que no recibe luz directa, no se analizaron.
En cada parcela permanente de muestreo se eligié en for-
ma aleatoria un arbol de cada clase de tamafo y estrato so-
cial y se lo barreno a 1,3 m del suelo (barreno de Pressler).
La base de datos se complet6 incluyendo arboles con estas
caracteristicas localizados fuera de las parcelas, los cuales
se apearon y se les extrajo una rodela a 1,3 m del suelo
(n = 57). Los anillos de crecimiento de los tarugos y las
rodelas se contaron y midieron para estimar la edad y el
incremento anual y peridédico de los tltimos 5 y 10 afios
(calibre, regla y lupa de 10 x), a través de la metodologia
de Stokes y Smiley (1996).

Modelo de crecimiento diamétrico. El modelo de creci-
miento individual de N. alpina se ajusto a partir de la rela-
cion de la edad a la altura del pecho (z, afos) y el incremen-
to diamétrico corriente (id, cm afio™'), y el dap y estrato
social de los arboles (n = 195). En primer lugar, se analiz6
estadisticamente la relacion entre dap e incremento dia-
métrico corriente para cada clase de dap y estrato social.
Los estratos sociales dominante y codominante se combi-
naron en el estrato superior (ES), porque los pares de da-
tos de dap e incremento diamétrico corriente se solaparon
(figura 2). La fusion de los estratos dominante y codominan-
te fue realizada para N. dombeyi (Chauchard et al. 2001) y
N. obliqua (Chauchard y Sbrancia 2003).

La variacion del incremento diamétrico corriente con
el tamafio del tronco para N. alpina se expresoé a través de
la funcién biologica no lineal von Bertalanffy - Richards
(Richards 1959, Vanclay 1994). Este modelo de crecimien-

71°40°0 71°20°0
40°05°S
Chile :
‘?Q\lonthué T >
EO ’ [ ]
San Martin de
los Andes
)]
Pucara
L]
©o 40°11°S

Figura 1. Localizacion de las estaciones de muestreo Quilanlahue, Yuco, Hua hum, Nonthué y Pucard, y la estacion meteorologica
Quechuquina en la cuenca de los lagos Lacar y Nonthué en el noroeste de la provincia de Neuquén (Argentina).

Location of the sampling sites Quilanlahue, Yuco, Hua hum, Nonthué¢ and Pucard, and the meteorological station Quechuquina within the
Lacar and Nonthué watershed in the Northwestern region of Neuquén province (Argentina).

109



BOSQUE 39(1): 107-117, 2018
Crecimiento diamétrico de especies de Nothofagus

Cuadro 1. Estructura de rodales de Nothofagus spp. alpina (Na), N. obliqua (No) y N. dombeyi (Nd) en cuatro estaciones de muestreo
del 4rea de estudio. D: densidad (arboles ha'), 4B: area basal (m* ha), V: volumen (m* ha™'), dap : didmetro cuadratico medio (cm),
h, ... altura maxima (m) y cc: cobertura de copas (%). Se indica ademas la cantidad de arboles sanos (S), bien formados (BF), domi-
nantes (DM) y codominantes (CD) (Dezzotti et al. 2016).

Structure of four stands of N. alpina (Na), N. obliqua (No) and N. dombeyi (Nd) located within the study area. D: density (individuals ha™'),
AB: basal area (m” ha™), V: volume (m® ha™"), dap : mean quadratic diameter (cm individual™), &, : maximum tree height (m individual ") and cc: crown
cover (%). Number of healthy (S), well formed (BF), dominant (DM) and co-dominant trees (CD) are also indicated (Dezzotti et al. 2016).

Especie

Estacion Variable Total / Promedio
N. alpina % N. obliqua % N. dombeyi %
D 80 42 110 58 190
AB 13,9 28 35,0 72 48,9
v 173,8 16 926,1 84 1.100
Quilanlahue dap, 47,0 63,7 55,4
40° 08’ 60” S h . 40,7 38,0 39,4
71°28°00” O ce 18,1 22 52,8 66 70,9
750 m s.n.m. g 263 36.8 316
BF 26,3 21,1 23,7
DM 5,3 26,3 15,8
CD 10,5 5,3 7.9
D 50 45 20 18 40 36 110
AB 7,6 11 10,9 16 50,6 73 69,1
v 92,3 10 177,0 19 656,7 71 926
Yuco Alto Oriental dap, 43,6 83,1 127.0 84,6
40° 08’ 52” S h . 27,2 32,0 39,1 32,8
71°29746” O cc 9,7 11 15,3 18 50,0 58 75,0
930 m s.0.m. s 36,4 0,0 18,2 18,2
BF 9,1 18,2 0,0 9,1
DM 0,0 0,0 18,2 6,1
CD 0,0 18,2 18,2 12,1
D 40 9 380 83 40 9 460
AB 5 9 42,8 73 10,5 18 58,3
|4 57,9 7 450,5 57 283,4 36 792
Yuco Alto Occidental dap, 39,8 37,8 37,8 45,1
40° 08 “49” S h. 34,2 34,7 37,0 35,3
71°30719” 0 cc 11,1 13 68,1 78 8.3 9 87,5
844 m s.n.m. s 6,5 80,4 43 30,4
BF 43 543 2,2 20,3
DM 0,0 43 2,2 2,2
CD 6,5 32,6 22 13,8
D 30 30 70 70 100
AB 19,5 33 39,2 67 58,7
14 271,1 20 1.071,0 80 1.342
Pucard dap, 91,0 84,4 87,7
40° 09’ 50” S h, . 35,8 45,0 40,4
71°39700” O cc 18,1 23 54,2 70 72,3
700 m s.n.m. S 20,0 30,0 25,0
BF 20,0 0,0 10,0
DM 20,0 20,0 20,0
CD 10,0 40,0 25,0
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Figura 2. Incremento diamétrico corriente (id) y diametro a la
altura del pecho (dap) de Nothofagus alpina de los estratos inter-
medio (circulo blanco, n = 78) y superior (circulo negro, n=117).

Current diametric increment (id) and diameter at breast height

(dap) of N. alpina of the suppressed (square, n = 22), intermediate (white
circle, n = 78) and superior strata (n = 117).

to individual expresa la variacion de tamaio de arboles que
no cambian de estrato social a lo largo del ciclo de vida.
Sin embargo, los arboles en forma espontanea o por efecto
de la silvicultura, pueden atravesar etapas de supresion y
liberacion en funcion de las caracteristicas intrinsecas de
la especie, la edad y la ocupacion y las propiedades fisicas
del sitio (Smith ez al. 1996). Sin embargo, esta posibilidad
no afectaria la capacidad del modelo para predecir el incre-
mento corriente y rendimiento diamétricos de un determi-
nado estrato social durante un periodo limitado (Vanclay
1994). La expresion diferencial del modelo denominado
Bernoulli es:

3_ c
1
¢ ay by []

donde, dy/dt: incremento instantdneo, a y b: constantes
de anabolismo y catabolismo, respectivamente, y: tamafio
parcial o total individual o poblacional (en el presente es-
tudio dap) y c: constante de alometria (para 0 <c <1 = g,
b>0;parac>1=a,b<0).

La iniciacion del analisis del crecimiento individual a
partir de la ecuacién [1], por un lado, no requiere conocer
la edad de los arboles —cuya determinacién demanda un
esfuerzo considerable particularmente en bosques natura-
les— y, por el otro lado, permite obtener la variacion del
tamafio de los arboles a lo largo el tiempo (Tomé et al.
20006). La ecuacion [1] se reformuld segiin Chauchard et
al. (2001) a la forma:
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id = a(dap® — dap dap,“ ™) [2]

donde, dap, : diametro maximo asintotico (cm) representa
el didmetro maximo que un arbol de un estrato determina-
do puede alcanzar naturalmente.

Para evaluar la bondad del ajuste no lineal se utiliza-
ron la suma de cuadrados residuales, el error estandar, el
error absoluto medio y el coeficiente de determinacion.
Ademas, el ajuste de la funcion se aceptd cuando el nivel
de significancia de los parametros biologicos describi6 el
comportamiento de la especie de acuerdo a valores espe-
rados. En general, los valores iniciales de los parametros
de la funcién de regresion no lineal provinieron de Chau-
chard (1991). En cambio, dap_ se obtuvo de la distribu-
cion diamétrica de cada estrato obtenido de las parcelas de
inventario de rodales sin intervencion silvicultural.

En segundo lugar, se obtuvo la variacion del dap a lo
largo del tiempo a partir de la solucion de la ecuacion [1],
de acuerdo a:

1
dap = dap,,(1 — e(“¥D)T=¢ [3]

donde, k: parametro. Esta funcion es sigmoidea con una
asintota superior dap, y un punto de inflexion dependiente
dec(0<c<l).

En tercer lugar, se obtuvo el incremento diamétrico co-

rriente (id) en funcion de ¢ a partir de la forma derivada de
la ecuacion [2], de acuerdo a:

1
dap, (1 — e ek g

d k
= 1-c
La ecuacion [2] se utilizé para realizar el ajuste esta-
distico porque explicitd la relacion entre el incremento
diamétrico corriente y dap, (Chauchard et al. 2001). El
modelo desarrollado es consistente para arboles con una
edad aproximada de hasta 200 afios, teniendo en cuenta
que el dap, de individuos del estrato intermedio fue 50 cm
y del estrato superior fue 75,5 cm.
A partir del modelo von Bertalanffy - Richards se es-
timaron los siguientes parametros de vida, que permitie-

ron una mejor comprension del crecimiento individual
(Richards 1959, Melo y Vargas 2003):

— _fm= 5

cma e + 2 [5]
2c + 2

= 6

v - (6]

1 7

dpi =dap,, c1-c (7]
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ok
cpi = - [8]
= Lia [9]
tpi = E n(l—-c)

donde, cma: crecimiento medio absoluto (cm.afio), fv:
tiempo de vida requerido para alcanzar dap, , (afios), dpi:
diametro en el punto de inflexion (cm), crpi: crecimiento
relativo en el punto de inflexion (%) y #pi: tiempo en el que
ocurre el maximo incremento corriente anual en el punto
de inflexion de la funcion (anos).

El incremento y rendimiento diamétricos de N. alpina se
los compar6 con los de N. dombeyi y N. obliqua, obtenidos
por Chauchard ef al. (2001) y Chauchard y Sbrancia (2003).

La comparacion interespecifica dentro de cada estrato
social se baso en el analisis, por un lado, visual de las cur-
vas de los modelos de incremento corriente y rendimiento
diamétricos y, por otro lado, de la expresion proporcional
del dap e incremento diamétrico corriente respecto de la
especie que alcanzo6 el valor méximo de estas variables. La
existencia de diferencias significativas de las medias de las
diferentes variables, entre estratos sociales, tamafios de ar-
boles y especies, se evaluaron con el analisis de la varianza
(ANDEVA) porque los datos cumplieron con los supuestos
de la evaluacion paramétrica referidos a la homogeneidad
de la varianza y la normalidad del error (P < 0,05).

RESULTADOS

El modelo de crecimiento de N. alpina. El incremento dia-
métrico corriente promedio del estrato inferior fue 0,30 cm
afio! (EE = 0,01; min. 0,08 y max. 0,56; n = 78) y del
estrato superior fue 0,61 cm afio”! (EE = 0,02; min. 0,17 y
max. 1,05; n = 117); estos valores difirieron significativa-
mente entre si (ANDEVA, F, ;.= 157,5; P <0.0001). En
ambos estratos, el valor de incremento diamétrico corrien-
te disminuy6 en las clases de mayor tamafio. En el estra-
to inferior, el incremento diamétrico maximo (id, ,) fue
0,39 cm.afo! en la clase 10,1 - 15,0 cm dap y el incremen-
to diamétrico minimo (id_, ) fue 0,18 cm afio”' en la clase
45,1 - 50,0 cm dap. En el estrato superior id, , fue 0,83 cm
afio”' enlaclase 10,1 -15,0 cmdap e id , fue 0,17 cm.afio’!
en la clase > 60,1 cm dap. El valor de incremento diamétri-
co corriente difirid entre clases de tamaifio dentro de cada
estrato social (ANDEVA, P < 0,05) (figura 3).

En N. alpina, la funcion id = f (dap) exhibié valores
de cuadrado medio del error, error estandar, error absoluto
medio y coeficiente de determinacion para el estrato supe-
rior iguales a 0,00016, 0,009, 0,012 y 0,996, respectiva-
mente (n = 117), y para el estrato inferior 0,00004, 0,007,
0,004 y 0,994, respectivamente (n = 78). La comparacioén
de los valores de los parametros del modelo de incremento
en didmetro entre N. alpina, N. obliqua'y N. dombeyi se in-
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Figura 3. Incremento diamétrico corriente para Nothofagus
alpina (id, cm afio™') del estrato intermedio (barra blanca, n = 78)
y superior (barra negra, n = 117) con relacion al diametro a la
altura del pecho (dap, clase 1: 10,1 - 15,0; clase 2: 15,1 - 19,9;..;
clase 11: > 60,1 cm). La linea vertical y el nimero indican el error
estandar de la media y el tamaio de la muestra, respectivamente.
id difiere entre clases de tamafio dentro del estrato social
(ANDEVA, P <0,05).

Current diametric increment of N. alpina (id, cm year) of the
intermediate (white bar, n = 78) and superior strata (black bar, n = 117)
in relation to diameter at breast height (dap) (class 1: 10.1 — 15.0, class 2:
15.1-19.9, ..., class 11: > 60.1 cm). The vertical line and number of bars
indicate the standard error of the mean and sample size, respectively. id
differs among size classes within social strata (ANOVA, P < 0.05).

dica en el cuadro 2. En el estrato inferior, el id , fue igual
a 0,41 cm afio! y se produjo en la clase 10,1 - 15,0 cm
dap, mientras que el valor nulo de incremento diamétrico
corriente se produjo en la clase 75,1 - 80,0 cm. En el estra-
to superior el id , fue igual a 0,76 cm afo” y se produjo
en la clase 15,1 - 20,0 cm dap, mientras que el valor nulo
de incremento diamétrico corriente se produjo en la clase
90,1 - 95,0 cm dap (figura 4).

En N. alpina, la funcion dap = f(f) estimé a los 5, 50,
100, 150 y 200 afios un valor de dap para el estrato inferior
de 1,3, 18,9, 35,6, 47,4 y 55,4 cm, respectivamente, y para
el estrato superior 2,5, 34,6, 59,4, 73,3 y 80,7 cm, respec-
tivamente. Estos valores representaron un rendimiento del
estrato superior mayor al del estrato inferior entre 90 %
(en los individuos mas jovenes) y 50 % (en los de mayor
edad) (figura 5). La funcion id = f{f) estim6 una variacion
del valor de incremento diamétrico corriente para el estra-
to inferior entre 0,32 (5 afios) y 0,13 cm afio™ (200 afos), y
para el estrato superior entre 0,62 (5 afios) y 0,11 cm afio™!
(200 afios). El id , para el estrato inferior fue 0,41 cm afio
a los 30 afos, y para el estrato superior 0,76 cm afio! a
los 20 afios. El valor de incremento diamétrico corriente
del estrato superior fue entre un 90 % (en los individuos
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Cuadro 2. Valores absoluto y comparado entre especies y estratos (EI: intermedio, ES: superior) de los parametros del modelo de
incremento en diametro para N. alpina (Na), N. obliqua (No) (Chauchard y Sbrancia 2003) y N. dombeyi (Nd) (Chauchard et al. 2001).
a, k, c: parametros de vida, dap, : diametro maximo asintotico (cm), cma: crecimiento absoluto medio (¢cm afio™), v: tiempo de vida
requerido para alcanzar dap, (aiios), dpi: didmetro en el punto de inflexion (cm), crpi: crecimiento relativo en el punto de inflexion
(%), tpi: tiempo en el que ocurre el maximo incremento corriente anual del diametro (en el punto de inflexion de la funcién, afios).

Absolute and comparative values among species (Na: N. alpina, No: N. obliqua, Nd: N. dombeyi) and strata (EI: intermediate, ES: superior)
of life parameters (PV) of the diametric growth model. dap, : maximum asymptotic diameter (cm), cma: mean absolute growth (cm year™), tv: life-time
(years), dpi: diameter at the inflection point (cm), crpi: relative growth at the inflection point (%), fpi: time of absolute maximum growth (years).

EI ES EI/ES
Y Na No Nd Na/Nd  No/Nd Na No Nd Na/Nd  No/Nd Na No Nd
0,32 0,32 0,31 1,03 1,03 0,54 0,59 0,43 1,26 1,37 0,59 0,54 0,72
k 0,009 0,008 0,008 1,13 1,00 0,013 0,009 0,013 1,00 0,69 0,69 0,89 0,62
c 0,21 0,07 0,22 0,95 0,32 0,23 0,10 0,32 0,72 0,31 091 0,70 0,69
dap 70,60 62,00 74,30 0,95 0,84 88,60 74,00 100,0 0,89 0,74 0,80 0,84 0,74
cma 0,25 0,23 0,24 1,05 0,96 0,47 0,33 0,49 0,95 0,68 0,53 0,70 0,49
v 2770  267,0 3070 090 0,87 190,0 221,0 203,0 094 1,09 1,46 121 1,51
dpi 21,00 3,60 23,70 0,88 0,15 13,30 8,90 46,10 0,29 0,19 1,58 0,40 0,51
dpi/dap, 0,30 0,06 0,32 0,93 0,18 0,15 0,12 0,46 0,33 0,26 2,00 0,50 0,70
crpi 4,10 11,50 3,50 1,17 3,27 5,60 10,30 4,10 1,37 2,54 0,73 1,12 0,85
tpi 27,40 9,10 32,40 0,85 0,28 20,60 10,20 29,70 0,69 0,34 1,33 0,89 1,09

mas jovenes) y 10 % (en los de mayor edad) mayor al del
estrato inferior hasta los 155 afios, y a partir de esta edad
el valor de incremento diamétrico corriente fue muy bajo y
similar en ambos estratos sociales (figura 5).
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Figura 4. Modelo ajustado y datos promedio del incremento
diamétrico corriente (id) en funcion del diametro a la altura del
pecho (dap) de Nothofagus alpina de los estratos intermedio (cir-
culo blanco, linea discontinua, n = 8) y superior (circulo negro,
linea continua, n = 11).

Adjusted model and mean data of current diametric increase
(id) as a function of diameter at breast height (dap) of N. alpina within the
intermediate (white circle, dashed line, n = 8) and superior strata (black
circle, solid line, n = 11).

La comparacion entre especies. Las diferencias de creci-
miento diamétrico entre especies son pequefias a juzgar
por la interpretacion de los modelos. Sin embargo, existen
discrepancias interespecificas en funcion de la posicion
social. En las clases de mayor edad, N. dombeyi presentod
la mayor diferencia de crecimiento entre estratos, mien-
tras que, en contraposicion, N. obliqua presentd la menor
diferencia; N. alpina exhibi6é una diferencia intermedia
(figuras 5 y 6). En el estrato inferior, N. dombeyi supero
a N. obliqua a partir de los 75 afios (N. dombeyi = 26,5
y N. obliqua = 26,4 cm dap). A los 200 afios, N. alpina y
N. dombeyi alcanzaron, en promedio, 55,4 cm dap mien-
tras que N. obliqua 48,7 cm de dap. En el estrato superior
N. dombeyi exhibio6 el comparativo menor dap promedio
hasta 10 anos (N. alpina=4,7; N. obliqgua=4,9y N. dombe-
yi =4,5 cm dap). Posteriormente, N. dombeyi supero en ta-
mafio a N. obliqua a partir de los 15 afos (N. dombeyi="1,9
y N. obliqua = 7,4 cm dap) y a N. alpina a partir de los
55 anos (N. dombeyi = 37,2 y N. alpina = 36,9 cm dap).
A los 200 afios, N. dombeyi alcanz6 89,3; N. alpina 80,1 y
N. obliqua 60,5 cm dap (figuras 5y 6).

En el estrato inferior, aunque N. dombeyi exhibid a los
25 afios el valor menor de incremento diamétrico corrien-
te en comparacion con el de las demas especies, las dife-
rencias interespecificas fueron escasas (N. alpina = 0,41;
N. obliqua = 0,38 y N. dombeyi = 0,37 cm afio"). Pos-
teriormente, esta especie superd a N. obliqua a los 30
afios (N. dombeyi = 0,38 y N. obliqua= 0,37 cm aio™') y a
N. alpina a los 80 afios (N. dombeyi = 0,33 y N. alpina =
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Figura 5. Rendimiento (dap) e incremento corriente diamétricos (id) de Nothofagus alpina (Na), N. obliqua (No) y N. dombeyi (Nd)
a lo largo del tiempo (7) de los estratos intermedio (izquierda) y superior (derecha).

Yield (dap) and current increment of diameter (id) in N. alpina (Na), N. obliqua (No) and N. dombeyi (Nd) along time (f) within the inter-

mediate (left) and superior strata (right).

0,32 cm afio™'). A los 200 anos, N. dombeyi alcanzo 0,15;
N. alpina 0,13 y N. obliqua 0,11 cm afno™ id. En el estrato
superior, N. dombeyi exhibid el valor menor de incremento
diamétrico corriente en comparacion con el de las otras
especies hasta los 5 afios (N. alpina = 0,60, N. obliqua
= 0,50 y N. dombeyi = 0,49 cm afio!). Posteriormente,
N. dombeyi superd a N. obliqua a los 10 afios (N. dombeyi
=0,62 y N. obligua= 0,51 cm ano™') y a N. alpina a los 25
afios (N. dombeyi= 0,76 y N. alpina= 0,73 cm afio"). A los
200 anos, N. dombeyi alcanzé un valor de incremento dia-
métrico corriente igual a 0,14; N. obliqua 0,12 y N. alpina
0,11 cm ano™ (figuras 5y 6).

Para N. alpina, el modelo de crecimiento predijo va-
lores de dap, , cma, tv, dpi, crpi'y tpi en el estrato inferior
iguales a 70,6 cm, 0,25 cm afio™!, 277 afios, 21,0 cm, 4,1 %
y 27,4 afos, respectivamente, y en el estrato superior igua-
les a 88,6 cm, 0,47 cm afio!, 190 afios, 13,3 cm, 5,6 %
y 20,6 afios, respectivamente. La comparacion de estos
parametros entre especies dentro de los estratos mostrd
que, en el estrato inferior, los valores de dpi, cma y tv de
N. alpina y N. obliqua fueron similares a los de N. dom-
beyi. Los valores de dpi, dpi/dap y tpi de N. alpina fue-
ron equivalentes a los de N. dombeyi, mientras que los de
N. obliqua fueron mas bajos. El valor de crpi de N. obliqua
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fue mayor al de N. dombeyi. En el estrato superior, los valo-
resdedap ,cmaytvde N. dombeyi fueron similares alos de
N. alpina y N. obliqua, mientras que los de dpi, dpi/dap, y
tpi fueron mayores y el valor de crpi fue menor (cuadro 2).

La comparacion de los parametros de vida entre es-
tratos dentro de las especies mostrd que en N. alpina,
N. obliqgua 'y N. dombeyi, los arboles del estrato inferior ex-
hibieron valores menores de dap, y cma y mayores de tv.
En cambio, los valores de dpi y dpildap, del estrato infe-
rior de N. alpina fueron mas altos que los del estrato supe-
rior, mientras que los valores para el estrato inferior de las
demas especies fueron mas bajos que en el estrato superior.
El valor de los parametros de vida del estrato intermedio
de N. alpina fue compatible con arboles que exhiben cre-
cimiento menor durante periodos mas breves; dap, , cma'y
crpi fueron menores, y fv fue mayor (cuadro 2).

DISCUSION

El diametro del fuste de los arboles intermedios en las
tres especies aument6 a menor velocidad que el de los su-
periores. Por ejemplo, el incremento corriente medio de
N. alpina del estrato intermedio, segin la base de datos,
y maximo, segiin el modelo de crecimiento, fue practica-
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Figura 6. Valor relativo de rendimiento (dap) e incremento co-
rriente diamétricos (id) de Nothofagus alpina (Na) y N. obliqua
(No) con relacion a N. dombeyi (Nd) a lo largo del tiempo (7) de
los estratos intermedio (EI) y superior (ES).

Relative value of yield (dap) and current increment of diame-

ter (id) in N. alpina (Na) and N. obliqua (No) relative to N. dombeyi (Nd)
along time (#) within the intermediate (EI).

mente la mitad al del estrato superior. En comparacion con
el estrato superior, el intermedio presento6 en las clases de
edad menor un incremento corriente y rendimiento 93 %
menor, y en las de edad mayor un rendimiento 46 % menor
y un incremento corriente 15 % menor. El menor creci-
miento de los arboles intermedios se asociaria a que reci-
bieron una menor cantidad de luz y con una composicion
espectral fotosintéticamente menos Optima, debido a la
mayor reflexion y absorcion por parte de los arboles domi-
nantes (Pallardy 2007).

Aunque los arboles del estrato intermedio crecieron
mas lentamente, la culminacion del incremento corriente
anual fue similar a la de los arboles del estrato superior. El
mantenimiento por parte de los arboles subordinados de
una forma de crecimiento equivalente al de los dominan-
tes y codominantes, indicaria la existencia de un patron de
crecimiento comun independientemente de las condicio-
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nes de luz (Chauchard et al. 2001, Chauchard y Sbrancia
2003). La escasa diferencia de crecimiento a lo largo del
tiempo dentro de cada especie y entre estratos, se podria
deber a que arboles dominantes alcanzaron el valor asintd-
tico de tamafio y luego disminuyeron su crecimiento. Sin
embargo, la limitacién impuesta por el didmetro maximo
de los individuos medidos también podria contribuir a ex-
plicar este resultado.

El crecimiento de N. alpina, comparado con el de
N. dombeyi, fue similar en todas las clases de edad para el
estrato intermedio, y menor en las clases de mayor edad
para el estrato superior. Sin embargo, el desempeiio de
esta especie fue muy adecuado en ambos estratos, que se
asociaria a la mayor tolerancia a la sombra (percibida en
el estrato intermedio) y la positiva respuesta al aumento
de la luz (en el superior). El mayor caracter umbrofilo de
los renovales de N. alpina fue documentado previamen-
te. Grosse (1988) y Donoso et al. (2013) hallaron en ro-
dales mixtos implantados, una mayor sobrevivencia y
crecimiento de estos renovales en condiciones de menor
luminosidad asociados a claros pequeiios del dosel. En
ecosistemas naturales mixtos, Dezzotti ef al. (2004) y Sola
et al. (2015) documentaron que los renovales de N. alpina
constituyeron la “regeneracion avanzada” en rodales vir-
genes, y presentaron mayor crecimiento en los bordes de
los claros en rodales luego de la implementacion de cortas
de seleccion. Estos autores propusieron ademas que este
sistema silvicultural no mantendria la composicion relati-
va originalmente equilibrada, debido a la menor competi-
tividad de los renovales de N. alpina asociado al aumento
de la radiacion en el piso del bosque. La mayor tolerancia
a la sombra de los renovales de N. alpina se asocia a me-
nores valores de respiracion y punto de compensacion de
luz (Read y Hill 1985).

Los individuos maduros de N. dombeyi del estrato su-
perior crecieron a mayor velocidad que los de las demas
especies; este resultado es compatible con el conocimiento
acerca de su alto potencial de crecimiento (Tuley 1980,
Miiller-Using y Schlegel 1981, Chauchard et al. 2001). Sin
embargo, los individuos jovenes de N. dombeyi exhibieron
un crecimiento similar al de N. alpina y N. obliqua; esto
podria deberse a que el tamafio de los claros no fue el ade-
cuado para que esta especie heliofila exprese su maximo
potencial. Miiller-Using y Schlegel (1981), Donoso (1993)
y Dezzotti et al. (2004) adjudicaron el menor crecimiento
temprano de N. dombeyi (e.g., durante los primeros dos
aflos), al significativo menor peso y reserva de nutrien-
tes de la semilla. A lo largo de la distribucion geografica,
el peso de la semilla es hasta 4,4 mg, mientras que la de
N. obliqua es hasta 21,3 mg y la de N. alpina 24,4 mg
(Dezzotti et al. 2016). El papel de esta reserva sobre la
variacion del didmetro perderia importancia, en favor del
de la luz, en etapas posteriores (Miiller-Using y Schlegel
1981, Donoso et al. 2013).

El modelo permitié representar adecuadamente la va-
riacion del didmetro del fuste de N. alpina, a juzgar por
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el comportamiento del valor de los parametros dentro de
limites biolégicamente esperados. El modelo ademas se
conform6 con variables sencillas de medir y funciones
simples, que potencian su utilidad sin afectar sustancial-
mente la precision (Crecente-Campo et al. 2010, Van-
clay 2010, Ivancich ef al. 2014). Esta precision debe ser
compatible con la complejidad y variabilidad estructural
de los sistemas boscosos, particularmente, la que ocurre
en los naturales sin manejo silvicultural (Vanclay 1994).
Sin embargo este modelo, y el de N. obligua (Chauchard y
Sbrancia 2003) y N. dombeyi (Chauchard ef al. 2001), ex-
hiben ciertas limitaciones. Por un lado, se ajusté utilizando
valores medios de las variables para cada clase diamétrica,
por lo que solo predice el valor promedio mas esperado.
Por otro lado, no consideré la densidad del rodal, y por
lo tanto las predicciones se deben tomar con prudencia en
condiciones de alta densidad del rodal.

CONCLUSIONES

El modelo von Bertalanffy-Richards desarrollado, des-
cribe adecuadamente el crecimiento diamétrico de N. alpi-
na, a través de variables de medicion y funciones matema-
ticas sencillas. En el marco de la silvicultura, este modelo
permite predecir el incremento corriente y el rendimiento
diamétricos del estrato intermedio y superior para periodos
de hasta una década. En el marco de la ecologia, el mode-
lo posibilita inferir aspectos asociados a la tolerancia a la
sombra de esta especie, e interpretarlos conjuntamente con
los de N. obliqua y N. dombeyi. La comparacién revela,
por un lado, un comportamiento ecoldégico comun de es-
tas especies de Nothofagus asociado a la demanda de luz
y, por otro lado, divergencias compatibles con el mayor
caracter umbrdfilo de N. alpina y helidfilo de N. dombeyi
que resulta en pequeias diferencias en las magnitudes de
crecimiento en diametro. Estos resultados contribuyen a
aumentar la comprension del funcionamiento de esta va-
liosa comunidad subantartica del noroeste de la Patagonia
argentina, en el contexto de su conservacion y manejo sos-
tenible.
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