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Abstract
General patterns of forest dynamics and productivity in the Andes Mountains are poorly
characterized. Here we present the first large-scale study of Andean forest dynamics using
a set of 63 permanent forest plots assembled over the past two decades. In the North-Cen-
tral Andes tree turnover (mortality and recruitment) and tree growth declined with increasing
elevation and decreasing temperature. In addition, basal area increased in Lower Montane
Moist Forests but did not change in Higher Montane Humid Forests. However, at higher ele-
vations the lack of net basal area change and excess of mortality over recruitment suggests
negative environmental impacts. In North-Western Argentina, forest dynamics appear to be
influenced by land use history in addition to environmental variation. Taken together, our re-
sults indicate that combinations of abiotic and biotic factors that vary across elevation gradi-
ents are important determinants of tree turnover and productivity in the Andes. More
extensive and longer-term monitoring and analyses of forest dynamics in permanent plots
will be necessary to understand how demographic processes and woody biomass are re-
sponding to changing environmental conditions along elevation gradients through
this century.
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North-Central Andes: Higher Montane Humid and Lower Montane Moist
Forests
The first PCA axis captured 48% of the environmental variation, and it was positively correlat-
ed to low elevation, high minimum temperatures, and high latitude (Table 2, Fig 2). The second
PCA axis explained 32% of the variation and was positively correlated with high annual precip-
itation rates and high pluvio-thermic scores. Therefore, the first two axes captured 80% of the
environmental variation.

Our analyses showed that LMMFs increased in basal area over the study period
(mean = 0.84 ± 0.26%), whereas HMHFs did not have statistically significant changes in net
basal area change (mean = -0.19 ± 0.25%), and that these differences were significantly differ-
ent (Table 3). In addition, LMMFs also had significantly higher relative tree growth rates than
HMHFs, although this pattern did not hold for total tree growth rates (Table 3). In addition,
tree recruitment was faster in LMMFs than at HMHFs. Mortality rates did not differ between
forest groups (Table 3). Within forest groups, tree mortality was significantly higher than tree
recruitment in HMHFs (F1,15 = 3.76, P<0.001), but these demographic rates did not differ in
LMMFs (F1,15 = 1.13, P = 0.275).

Discussion
This study shows that the rates of tree turnover and basal area net change of Andean forests are
strongly related to large-scale variation in geographic and environmental factors. Moreover,
we found contrasting patterns of basal area change in forests with different environmental

Table 4. Summary of the results of Linear Regression analyses using PCA axes as predictive variables of forest demography for plots in North-
Central, and North-Western Argentina.

PCA 1 PCA 2

Variables R2 Estimate P R2 Estimate P

North-Central Andes Tree turnover (% yr-1) 0.003 -0.04 ns 0.19 -0.21 0.003

Tree growth (m2 yr-1) 0.01 0.09 ns 0.12 -0.04 0.047

Relative tree growth (% yr-1) 0.01 0.05 ns 0.32 -0.38 <0.001

Basal area change (% yr-1) 0.09 0.39 ns 0.08 -0.31 ns

North-Western Argentina Tree turnover (% yr-1) 0.08 -0.05 ns 0.01 -0.24 ns

Tree growth (m2 yr-1) 0.13 -0.34 ns 0.29 1.68 0.021

Relative tree growth (% yr-1) 0.04 0.15 ns 0.05 0.25 ns

Basal area change (% yr-1) 0.22 -0.06 0.03 0.13 0.15 ns

doi:10.1371/journal.pone.0126594.t004

Fig 4. Linear regressions of forest demographic variables in North-Western Argentina. Basal area net
change and individual tree growth and as a function of the first two factors of a Principal Component Analysis.

doi:10.1371/journal.pone.0126594.g004

Turnover and Basal Area Change in Andean Forests

PLOS ONE | DOI:10.1371/journal.pone.0126594 May 14, 2015 8 / 14



Individuals
0 100 200 300 400 500

0.000

0.002

0.004

0.006

0.008

0.010

0.012

A

 Basal area (m2)
0 1 2 3 4 5

0.0

0.5

1.0

1.5

B

Aboveground biomass (Mg)

Pr
ob

ab
ilit

y 
de

ns
ity

0 10 20 30 40 50

0.00

0.02

0.04

0.06

0.08

0.10

0.12

C

Wood density (gr cmï�)
0.50 0.55 0.60 0.65 0.70 0.75 0.80

0

5

10

15

20

25

D

Pr
ob

ab
ilit

y 
de

ns
ity



Next	  GeneraCon	  Ecosystem	  Experiment	  
(NGEE)	  

•  Workshop	  details:	  

•  This	  workshop	  is	  hosted	  by	  DOE’s	  Next	  GeneraCon	  Ecosystem	  Experiment	  (NGEE)-‐
Tropics	  project.	  	  This	  will	  be	  a	  three-‐day	  workshop	  with	  ca.	  15-‐20	  parCcipants	  
represenCng	  disciplines	  ranging	  from	  physiology,	  community	  ecology,	  and	  
modeling.	  	  	  

•  Day	  (1)	  will	  consist	  primarily	  of	  short	  presentaCons	  from	  experts	  on	  what	  
approaches	  they	  have	  used	  and	  what	  syntheCc	  results	  and	  knowledge	  they	  have	  
gained	  using	  their	  parCcular	  approaches,	  and	  what	  developments	  (both	  model	  and	  
empirical)	  they	  require.	  	  	  

•  Day	  (2)	  will	  focus	  on	  outlining	  a	  criCcal	  series	  of	  analyses	  and	  papers	  to	  be	  
executed	  through	  the	  course	  of	  Phase	  (1)	  of	  the	  NGEE-‐Tropics	  project,	  and	  how	  
model	  algorithms	  will	  be	  developed.	  	  We	  will	  addiConally	  idenCfy	  a	  potenCal	  
manuscript	  to	  arise	  specifically	  from	  the	  workshop.	  	  

•  	  Day	  (3;	  ½	  day)	  will	  be	  focused	  on	  finalizing	  the	  plan	  going	  forward	  and	  potenCally	  
draZing	  and	  outlining	  a	  schedule	  for	  compleCon	  of	  a	  manuscript.	  The	  second	  ½	  day	  
of	  day	  (3)	  will	  include	  a	  field	  trip	  to	  see	  a	  drought	  and	  heat	  manipulaCon	  at	  Los	  
Alamos	  NaConal	  Lab	  and	  potenCally	  other	  local	  sites	  represenCng	  extreme	  
drought-‐induced	  mortality.	  



Mortalidad	  por	  tamaños	  y	  calses	  de	  
densidad	  de	  madera	  



General	  model	  

•  AGB_change=(CompeCCon+disturbance)+clima	  

The	  same	  model	  for	  each	  one	  of	  the	  
demographic	  parameters	  

	  
AGB_mort	  –	  AGB_recr	  –	  AGB_growth	  



How	  to	  represent	  each	  explanatory	  set	  
of	  variables?	  

•  CompeCCon:	  
– Stand	  Density	  Index	  (SDI):	  log10N	  =	  -‐1.605(log10D)	  +	  k	  
– Gini	  coefficient:	  

growth, and jumped to the next category, a new stem was

selected and marked. Finally, to have an estimate of the
total stem density, all individuals were counted per clump

and per height category in each new census.

Data analysis

We used generalized linear models (GLM) for analyzing
density, growth, and mortality in both plots and treatments.

However, before processing the data, corrections were
applied to cases that might have been associated with

measurement error, as follows: (i) negative growth rates in

height were equal to zero; (2) growth rates above
2 m year-1 were matched to 2 m; (3) stems initially reg-

istered as dead that appeared to be alive again in subse-

quent measurements were eliminated from the analysis,
because it was not known if they were subject to a mea-

surement error or a typing error.

Characterization of stem density and relation to height

To analyze the relationship between density and height of the
E. oleracea population, we used the Lorenz curve and the

Gini coefficient (Vandermeer and Goldberg 2003). The

Lorenz curve relates in ascending order the accumulated
relative frequency of the population density by size (x-axis)

with the accumulated relative proportion of resource uptake

(y-axis), in this case represented by heights. When the curve
reaches the equality equity line (45!), it is assumed that the

resource is evenly split between individuals of the popula-

tion. In our specific case, we used the curve trend to infer
about the impact derived from competition for sunlight and

its effect on height–abundance relationship. The Lorenz

curves are summarized by theGini coefficient (Eq. 1), which
calculates the area between the Lorenz curve and the equity

line. The Gini coefficient ranges between 0 and 1; when this

setting tends to zero the resource is evenly distributed. On
contrary, when theGini coefficient tends to one, itmeans that

a very small portion of the population is uptaking almost all

of the resource. For calculation purposes, individuals were
organized in ascending order with respect to height and we

evaluated the successive difference in size between the in-

dividual hi with the height of next higher individual hj, until
the nth individual. The result of this sum divided by the

average height (h) and population density (n) yields the Gini

coefficient, G (Vandermeer and Goldberg 2003):

G ¼
Pn

i¼1

Pn
j¼1 hi " hj

2hnðn" 1Þ
: ð1Þ

The Lorenz curves and the Gini coefficient were cal-

culated per treatment at the beginning (1997) and the end

(2008) of the measurement period.

Thinning effect on the developmental state of E. oleracea

populations

To define the effect of thinning on the developmental state

of the E. oleracea populations, we used GLM (logistic

type, Eq. 2) with binomial errors to assess the probability
of mortality (m) according to the initial size in height

(Coomes and Allen 2007). We compared the trends of

mortality in relation to size in both natural conditions and
under selective thinning. In this model, mortality was taken

as a dependent variable and consisted of a Bernoulli vector

type 1 and 0, representing the dead or alive state of stems
recorded between 1998 and 2008, respectively. The inde-

pendent variable consisted of heights of stems until the

base of the apical leaf, taken during the first year of plot
establishment. The probability pr(m) associated with this

event was calculated based on a type logit-link function, as

follows:

prðmÞ ¼
expðaþ b& hÞ

1þ expðaþ b& hÞ ; ð2Þ

where a and b are the parameters of the model, h is the

height of the stem, and m is the mortality probability

vector. The logistic model parameters were found
separately for the control (unthinned) and treatment (thin-

ned). If the value of exponent b is positive, it is assumed

that the forest is suffering a disturbance process, associated
with mortality of the biggest individuals. If the value of b is

zero, the forest is thought to be in an equilibrium state and

mature phase in which mortality is indifferent to size of the
individual. If b is negative, it is assumed that the forest is in

a self-thinning or competition phase, with a higher mor-

tality rate of small individuals (Coomes and Allen 2007).
We evaluated the total significance of the model based on

a = 0.05. We used a variogram to assess the spatial cor-

relation of the residuals in each model (control and treat-
ment) independently (Fortin and Dale 2005). Finally, we

regressed the residuals of the model against the stem

density of each clump to test for a significant remaining
effect from total biomass on the mortality patterns.

Thinning and size effect on height growth

For growth calculations, net annual increment in height
was used (NAI H, m year-1) of all individuals marked and

measured within the clumps. The NAI H was determined as

the difference between the final height h2 and initial height
h1 for a certain period of time (t, years). With NAI H

average, mean annual increment in height was found (MAI

H) for each treatment and forest type. In addition to NAI H
and MAI H, we calculated the intrinsic rate of increase in

height for each individual (rh; Eq. 3) for the whole period
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Curvas	  de	  Laurenz	  
(1997–2008). The intrinsic rate of growth is defined by

Vandermeer and Goldberg (2003):

rh ¼
lnðh2Þ $ lnðh1Þ

t
: ð3Þ

To study the effect of the initial size in both stem height

and palm biomass, as well as forest thinning, in deter-

mining the relative growth in height of E. oleracea indi-
viduals, we used a generalized linear model (GLM, Eq. 4).

The number of stems belonging to each clump was em-

ployed as surrogate of palm biomass. The vector composed
by the data rh, which represents the dependent variable of

the model, was derived from all measurements taken from

growth in height for the whole period (11 years). The in-
dependent variables were treatment (0 for control, 1 for

thinning), the height of the individual in the first mea-
surement year (1997), and the total number of stems as a

surrogate of biomass. The interaction terms between all

pairs of variables were also evaluated. The inclusion of the
interaction between variables aimed to assess the potential

combined effect from both variables together, which, if

significant, has priority over factors or variables considered
independently. The height and number of stems were

logarithmically transformed, constituting the GLM as

follows:

rh ¼ b0 þ b1 lnðh97Þ þ b2 lnðnstemsÞ þ b3 treatment
þ b4 lnðh97Þ & treatmentþ !; ð4Þ

where bi is the parameter of the model, h97 is the initial

height, nstems is the number of stems of each clump,

treatment refers to control or thinned, and ln is natural
logarithm. The relevance of each variable within the model

is defined by its significance according to a t test, and the

overall significance of the model is evaluated by means of
an F test (a B 0.05). Finally, we used a variogram to test

for spatial independence in the residuals of the model for

relative growth (Fortin and Dale 2005). The R 2.15.3
software (R Core Team 2013) was used for the statistical

analysis.

Results

Hierarchical relationship between size (height)
and density

In total, we sampled 368 clumps of palms that accounted

for 6706 stems. During the 11 years of monitoring, we

measured mortality and growth in height for 1473 stems
out of the 6706, of which 943 were included within the

thinned forest treatments. The Lorenz curves showed that

for E. oleracea populations, forest thinning diminished the
inequality in resource uptake expressed in stem height, in

comparison with the unthinned forest during the whole

period evaluated (11 years) (Fig. 1). In 1997, roughly 10 %
of the accumulated stem height (resource) was concen-

trated in around 70–80 % of the population, which means

that only 20–30 % of the larger stems included around
70–80 % of the total accumulated stem height (Fig. 1a). In

the unthinned forests, this condition of inequality persists

in 2008, as shown by the slight change in the Gini coeffi-
cient from 0.76 to 0.75 over 11 years of sampling. In

contrast, in the thinned forests, according to the Gini co-
efficient, the inequality in resource uptake was reduced

from 0.84 in 1997 to 0.47 in 2008. At the end of the period
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and these have an approximately stationary age structure
(Fig. 1c; Watt 1947; Leibundgut 1959; Bormann &
Likens 1979; Shugart 1984; Clark 1990, 1991). The dia-
meter size distribution of the metapopulation (DDM)
can be calculated from the age (or size) distribution of
stands, and the stem density and diameter distribution of
each of the constituent populations (Fig. 1b). The simula-
tions thereby allow us to test the extent to which changes
in disturbance regime modify forest stand structure.

This study makes use of long-term data from 250 plots
sampling stands of 

 

Nothofagus solandri

 

 var. 

 

cliffortioides

 

(Hook. f ) Poole (mountain beech) growing naturally
in New Zealand. 

 

Nothofagus solandri

 

 is strongly light
demanding and regenerates in cohort-like pulses following
canopy damage (Wardle 1984), so natural stands are
assumed to function similarly to even-aged plantations

(the limitations of this assumption are discussed later).
We classify the stands into development phases, examine
whether the DDPs change in the way expected from
competition, and then examine whether thinning-stands
follow the constant-LAI rule and whether disturbance
occurs mostly in mature stands. The general rules
derived from these analyses are then used to simulate
DDMs and explore the consequences of different types
of disturbance regime (Fig. 1).

 

Methods

 

DESCRIPTION  OF  FIELD  SITE

 

Nothofagus solandri

 

 forms monospecific forests on the
eastern slopes of the Southern Alps (Wardle 1984).

Fig. 1 (a) Factors influencing the diameter distribution of trees in natural mixed-aged forests can be discerned by recognizing
forests as consisting of a shifting mosaic of patches at different developmental stages (seedling recruitment, competitive thinning,
mature thinning and disturbed). Using this approach, the diameter distribution of the metapopulation (DDM), as shown in (b),
is seen to be influenced by three aspects of population size structure: (c) the way in which the diameter distribution of populations
(DDPs) varies as they age; (d) the way in which stem density decreases over time in thinning stands as a result of competition for
space (solid arrows), and increases over time in disturbed stands as a result of seedlings recruit (dashed arrows); and (e) the age
distribution of populations, which is controlled by disturbance.

Coomes	  &	  Allen	  2007	  

Disturbance:	  

growth, and jumped to the next category, a new stem was

selected and marked. Finally, to have an estimate of the
total stem density, all individuals were counted per clump

and per height category in each new census.

Data analysis

We used generalized linear models (GLM) for analyzing
density, growth, and mortality in both plots and treatments.

However, before processing the data, corrections were
applied to cases that might have been associated with

measurement error, as follows: (i) negative growth rates in

height were equal to zero; (2) growth rates above
2 m year-1 were matched to 2 m; (3) stems initially reg-

istered as dead that appeared to be alive again in subse-

quent measurements were eliminated from the analysis,
because it was not known if they were subject to a mea-

surement error or a typing error.

Characterization of stem density and relation to height

To analyze the relationship between density and height of the
E. oleracea population, we used the Lorenz curve and the

Gini coefficient (Vandermeer and Goldberg 2003). The

Lorenz curve relates in ascending order the accumulated
relative frequency of the population density by size (x-axis)

with the accumulated relative proportion of resource uptake

(y-axis), in this case represented by heights. When the curve
reaches the equality equity line (45!), it is assumed that the

resource is evenly split between individuals of the popula-

tion. In our specific case, we used the curve trend to infer
about the impact derived from competition for sunlight and

its effect on height–abundance relationship. The Lorenz

curves are summarized by theGini coefficient (Eq. 1), which
calculates the area between the Lorenz curve and the equity

line. The Gini coefficient ranges between 0 and 1; when this

setting tends to zero the resource is evenly distributed. On
contrary, when theGini coefficient tends to one, itmeans that

a very small portion of the population is uptaking almost all

of the resource. For calculation purposes, individuals were
organized in ascending order with respect to height and we

evaluated the successive difference in size between the in-

dividual hi with the height of next higher individual hj, until
the nth individual. The result of this sum divided by the

average height (h) and population density (n) yields the Gini

coefficient, G (Vandermeer and Goldberg 2003):

G ¼
Pn

i¼1

Pn
j¼1 hi " hj

2hnðn" 1Þ
: ð1Þ

The Lorenz curves and the Gini coefficient were cal-

culated per treatment at the beginning (1997) and the end

(2008) of the measurement period.

Thinning effect on the developmental state of E. oleracea

populations

To define the effect of thinning on the developmental state

of the E. oleracea populations, we used GLM (logistic

type, Eq. 2) with binomial errors to assess the probability
of mortality (m) according to the initial size in height

(Coomes and Allen 2007). We compared the trends of

mortality in relation to size in both natural conditions and
under selective thinning. In this model, mortality was taken

as a dependent variable and consisted of a Bernoulli vector

type 1 and 0, representing the dead or alive state of stems
recorded between 1998 and 2008, respectively. The inde-

pendent variable consisted of heights of stems until the

base of the apical leaf, taken during the first year of plot
establishment. The probability pr(m) associated with this

event was calculated based on a type logit-link function, as

follows:

prðmÞ ¼
expðaþ b& hÞ

1þ expðaþ b& hÞ ; ð2Þ

where a and b are the parameters of the model, h is the

height of the stem, and m is the mortality probability

vector. The logistic model parameters were found
separately for the control (unthinned) and treatment (thin-

ned). If the value of exponent b is positive, it is assumed

that the forest is suffering a disturbance process, associated
with mortality of the biggest individuals. If the value of b is

zero, the forest is thought to be in an equilibrium state and

mature phase in which mortality is indifferent to size of the
individual. If b is negative, it is assumed that the forest is in

a self-thinning or competition phase, with a higher mor-

tality rate of small individuals (Coomes and Allen 2007).
We evaluated the total significance of the model based on

a = 0.05. We used a variogram to assess the spatial cor-

relation of the residuals in each model (control and treat-
ment) independently (Fortin and Dale 2005). Finally, we

regressed the residuals of the model against the stem

density of each clump to test for a significant remaining
effect from total biomass on the mortality patterns.

Thinning and size effect on height growth

For growth calculations, net annual increment in height
was used (NAI H, m year-1) of all individuals marked and

measured within the clumps. The NAI H was determined as

the difference between the final height h2 and initial height
h1 for a certain period of time (t, years). With NAI H

average, mean annual increment in height was found (MAI

H) for each treatment and forest type. In addition to NAI H
and MAI H, we calculated the intrinsic rate of increase in

height for each individual (rh; Eq. 3) for the whole period
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SIZE  STRUCTURE  OF  POPULATIONS  (DDPS )

The DDPs were positively skewed in 200 of the 212
thinning stands, the skew being greatest in the young
stands of small stems, and decreasing as stands aged
(Figs 3 and 4b). Skewness also decreased with increas-
ing Dm (Fig. 4a, F1,207 = 82.1, P < 0.00001). Similarly,
coefficients of variation (CV) decreased over time (CV1993

= 0.049 (± 0.011) + 0.76 (± 0.017) CV1974, F1,211 = 2070,

P < 0.00001) and with increasing mean stem diameter
(CV1974 = 0.97 (± 0.043) − 0.0022 (± 0.00024) Dm, F1,210 =
84.1, P < 0.00001). Weibull functions provided the sort
of flexibility required to model such size distributions.
The scale parameter was found to be closely related to
the mean stem diameter of the individuals in the stand
(scale = 1.118 (± 0.00138) Dm, r2 = 0.99), while the shape
parameter, which is inversely correlated with CV, increased
significantly with mean stem diameter (shape = 0.825
(± 0.152) + 0.00715 (± 0.00085) Dm, r2 = 0.25).

The 38 disturbed populations functioned differently
to thinning populations. Within each stand it was the
relatively large trees that tended to die, perhaps because
they were especially exposed to wind or snow damage;
the logistic regression of mortality against size gave rise
to b-values that were significantly greater than zero in
13 of the 38 plots (Fig. 2b), and the mean b-value was
greater than zero (0.0087 ± 0.0042; t = 2.0, d.f. = 37,
P = 0.048). Seedling recruitment resulted in huge changes
in CV and skewness over time, to the extent that the val-
ues in 1974 were completely uncorrelated with those in
1993 (Pearson correlation, r = 0.25, P > 0.10; skewness
r = 0.11, P > 0.50).

When data from stands within each development
phase were pooled, very different size-specific mortality
curves were observed. Mortality declined with tree size
in the competitive thinning stands (Fig. 5a), consistent
with asymmetric competition being the predominant
mortality process. A U-shaped mortality function was
apparent in the mature thinning stands (Fig. 5b), con-
sistent with competition and senescence/disturbance
simultaneously affecting the stands. An increasing
probability of death with size was apparent in the dis-
turbed stands (Fig. 5c), perhaps indicating that large
trees are particularly susceptible to damage.

MORTALITY  IN  THE  COMPETITIVE  THINNING  
PHASE :  A  CONSTANT  LAI  RULE?

The thinning trajectories for competitively thinning
stands were found to be highly consistent among stands

Fig. 2 Size-discrimination of mortality processes within (a)
thinning, and (b) disturbed Nothofagus stands, in relation to
the mean stem diameter of  the stands (Dm). The extent of
size-discrimination was estimated by modelling death as a
function of stem diameter by fitting the function logit(P) =
a + bD using logistic regression, where P is the probability of
death, D is stem diameter, and b is the parameter which
indicates the degree of size discrimination (! = significant
and " = not significant at P = 0.05). When b < 0, smaller
trees within stands are most likely to die, and when b > 0 the
larger trees are more likely to die.

Fig. 3 Diameter distributions within stands in which the mean stem diameters Dm are (a) small, (b) medium, and (c) large. The
diameter distributions were obtained by pooling data from 90, 50 and 110 stands, respectively. N is the total number of trees within
a size bin. A decrease in skewness is observed with increasing Dm.



Climate:	  

•  Exogenous	  variables:	  
– Wordclim:	  minimum	  temperature,	  variance,	  
seasonality,	  etc.	  

–  	  ENSO	  index	  
–  	  DATA	  FIRST	  CENSUS	  AND	  VARIANCE	  ALL	  YEARS	  
COVERED	  BETWEEN	  CENSUS?	  

•  Endogenous	  variables:	  (Feeley	  et	  al	  2011)	  
– Thermal	  MigraCon	  Rates	  (TMRs)	  
– Community	  Temperature	  Scores	  (CTS)	  
– Other???	  


