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ABSTRACT

Climate is a critical variable in determining the productivity and structural complexity of forest ecosystems.
Under similar temperature regimes and other site conditions, precipitation becomes fundamental for forest
regeneration and growth, and eventually for the development of structural complexity and patterns in forest
productivity. Empirical quantification for this expected response to varying precipitation is needed, especially to
provide conservation and management strategies under current and future climate change impacts. To address
this need, we evaluated the effects of varying annual precipitation regimes (dry, mesic, and humid sites; all with
similar temperature regimes) on three key forest attributes and processes; 1) size and age structure, 2) tree spatial
point patterns, and 3) forest stand productivity based on the normalized difference vegetation index (NDVI), in
three old-growth lenga (Nothofagus pumilio) forests in western Patagonia. Tree-size and age structure were
irregular in the humid and mesic sites, and regular (unimodal) in the dry site (based on Weibull probability
function). The relationship between tree diameter and age was strongest in the humid site (r2 = 0.86), and
weakest in the dry site (¥ = 0.36). Forest stand productivity was significantly higher in the humid site (mean
NDVI = 0.73, vs. 0.68 and 0.63 in the mesic and dry sites, respectively). Univariate spatial-point patterns showed
that the humid site had the strongest clumped pattern for live trees along all distances analyzed (i.e., 20 m),
while the dry site had a fully random pattern for live and dead trees along all distances analyzed. Collectively,
these results illustrate different challenges for silviculture in these forests: 1) The multi-aged structure, plus
clumped spatial patterns of small trees (following partial overstory disturbance) in the humid and mesic sites,
reflect a gap-based regeneration mode, which consequently suggests the feasibility of implementing uneven-aged
silviculture in these sites; 2) Dry sites, close to the forest-steppe ecotone (dry, cool and windy) may require a
focus on silviculture for adaptation to cope with expected declines in precipitation and to potentially avoid the
loss of these ecosystems to woodlands; 3) Dieback of larger trees in mesic sites (presumably due to xylem
cavitation) is a reflection of climate change impacts and a warning to implement strategies that may adapt these
forests to new climate conditions (transition to dry condition). Consideration of the great variation in structure
and productivity in Patagonian lenga forests due to differences in precipitation regimes, is urgently needed to
guide the development of site-specific management approaches for this forest type, particularly given expected
future declines in precipitation.
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1. Introduction

Forest management during times of global change increasingly em-
phasizes strategies that promote diverse, resilient, complex and adaptive
forest ecosystems at the stand (Puettmann et al., 2009; Schiitz et al.,
2012; Messier et al., 2013; Fahey et al., 2018; Palik et al., 2021; Donoso
et al., 2022a) to landscape level (Messier et al., 2019, 2021; Mina et al.,
2021). At the stand level, complex forests have many attributes such as
rich vertical and horizontal structures, standing dead trees and downed
wood, high compositional and functional diversity, and abundant tree
regeneration and well-developed understories (Spies, 2004; Puettmann
et al., 2009; D’Amato et al., 2009; O’Hara, 2014; Donoso et al., 2020).
These attributes are mostly associated with uneven-aged mature and
old-growth forests (Bauhus et al., 2009), which contrast with even-aged
forests that often lack or have poor representation of these attributes
(Bauhus et al., 2009; D’Amato et al., 2009; Ponce et al., 2017; Donoso
et al., 2022b). Overall, some work suggests that greater stand structural
complexity may provide forests with greater capacity to adapt to dis-
turbances (Puettmann et al., 2009; Messier et al., 2013; Fahey et al.,
2018; Ehbrecht et al.,, 2021). However, climate is a key variable in
determining the patterns of stand structural complexity and productivity
for different forest ecosystems (Barnes et al., 1999; Ehbrecht et al.,
2021). Thus, empirical quantification of how forest structural develop-
ment and productivity are affected by aspects of a given climate regime,
including varying precipitation is needed, especially to inform man-
agement strategies designed to address current and future climate
change impacts.

The evaluation of disturbance patterns and successional develop-
ment in forests is commonly done through tree-size distributions, based
on the diameter of the stem at 1.3 m (d) or total height (h) (Goff and
West, 1975; Lorimer and Krug, 1983; Donoso et al., 1985; Baker et al.,
2005; Zenner, 2005; Miiller-Landau et al., 2006; Coomes and Allen,
2007; Wang et al., 2009). Moreover, foresters and forest ecologists have
used the diameter/age distribution in a stand to reflect its general
structural attributes, such as cohort structure and vertical/horizontal
complexity (Tyrrell and Crow, 1994; Zenner, 2005; Fajardo and Ala-
back, 2005; Soto et al., 2010; Esse et al., 2021). For instance, temperate
forests in Chile stands containing a reverse-J diameter distribution and
large trees (i.e., >70 cm), are likely uneven-aged, have a high vertical
structural diversity (multiple canopy layers; e.g., Parada et al., 2003;
Donoso and Soto, 2016), and typically contain more snags and coarse-
woody debris than even-aged stands with bell-shaped distributions
and relatively small trees (Oliver and Larson, 1996; Franklin et al.,
2002). Since most of the studies in South America’s temperate forests
have proven that the diameter/age relationship is fairly well correlated
in uneven-aged stands or reverse-j diameter distributions (Donoso,
2005; Fajardo and Alaback, 2005; Soto et al., 2010; Esse et al., 2021),
the diameter distribution can be used as a proxy of the age distribution
and the likelihood of old-growth attributes in a forest (Veblen et al.,
1996; Zenner, 2005; Donoso and Soto, 2016). Nevertheless, the rate of
structural development is highly associated with factors influencing site
productivity (Larson et al., 2008), including precipitation regimes. As
such, old-growth forests belonging to the same forest type, with a quite
similar disturbance regime (i.e., in terms of severity and time since the
last disturbance) and stand developmental stage, but under different
precipitation regimes may differ in terms of age distribution (e.g., new
cohort establishment and development since last disturbance) and
structure (e.g., live-tree size-class distribution), a condition that would
provide evidence of potential impacts of climate change upon the future
of these forests in terms of patterns in structural development and
productivity.

Spatial patterns of forest trees (i.e., horizontal tree position in the x
and y coordinate) arise from spatially-explicit patterns and processes
governing spatial heterogeneity in resource availability over time (Perry
et al., 2006; McIntire and Fajardo, 2009; Wiegand and Moloney, 2014).
These patterns are also key aspects of forest structure; influencing tree-
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tree interactions, regeneration patterns, and resilience to disturbance
(Salas et al., 2006; Soto et al., 2010; Churchill et al., 2013). While most
studies examining tree spatial patterns are site-specific, studying these
patterns across multiple sites highlights the influence of broader scale
factors, such as site productivity and precipitation regime, upon forest
spatial structure (e.g., Iniguez et al., 2019). Nevertheless, a unique
combination of factors are needed across multiple sites to isolate the role
of precipitation regime in affecting forest spatial structure. This includes
examining sites across different climate conditions (e.g., precipitation),
but that share a similar development stage (e.g., old-growth) and
disturbance history, and are dominated by a single species to reduce
variation from interspecific interactions. Such an examination may
provide valuable results in terms of management alternatives to increase
stand structural complexity and adaptive capacity for monospecific
forest ecosystems, such as the widely distributed Nothofagus pumilio
forests of the Patagonian region, particularly in the context of climate
change.

Remote sensing data through the normalized difference vegetation
index (NDVI) has been widely used as a proxy to estimate vegetation
productivity (Wang et al., 2004; Pettorelli, 2013; Bianchi et al., 2020),
and has offered researchers a way to couple this process with forest
structure (Pau et al., 2012; Pettorelli, 2013; Asbeck et al., 2021). NDVI is
strongly related to above-ground forest productivity through photo-
synthetic activity because the internal mesophyll structure of healthy
green leaves strongly reflects near-infrared radiation, while leaf chlo-
rophyll and other pigments absorb a large proportion of the red visible
radiation (Wang et al., 2004; Pettorelli, 2013; Fuenzalida et al., 2019). It
is well established that precipitation affects productivity of forest stands
(Barnes et al., 1999; Chapin et al., 2011), with several studies demon-
strating a relationship between NDVI and climate, i.e., temperature and
precipitation (Tang et al., 2017; Lara et al., 2018; Bianchi et al., 2020).
For example, Salas-Eljatib (2021) recently showed that decreasing
growing season precipitation and increasing temperature in 1 °C by
2100 would cause a decrease in site index (a proxy of forest produc-
tivity) by 1.4 m in secondary forests in South-Central Chile. Given the
importance of forest productivity upon stand structural development,
and the scarcity of studies on this topic worldwide, studying how pre-
cipitation declines influence changes in structure for the same forest
type in the same development stage, may enable inferences regarding
mechanisms, processes and patterns operating across the landscape, and
may provide useful insights on the potential impacts of climate change
on future forest productivity.

Western Patagonia is largely dominated by cold temperate and pure
Nothofagus pumilio forests (Gonzalez et al., 2006). In general, this forest
type has a gap-phase regeneration mode, which is consistent with the
natural disturbance of the region, allowing the species to naturally
regenerate in small-to medium-size gaps (Veblen 1992; Rebertus and
Veblen, 1993; Veblen et al., 1996; Fajardo and de Graaf, 2004; Promis,
2018; Donoso et al., 2022a). These small scale disturbances create
irregular patchy structures with different sizes, but the effects of pre-
cipitation upon forest structural attributes (e.g., size and age, and spatial
patterns) and productivity following partial overstory disturbance (i.e.,
selective cuttings) have not been studied at different sites receiving
different levels of precipitation or larger spatial scales. Understanding
how stand recovery and development following disturbance varies
across precipitation regimes is of importance to refine ecological theory
and forest management at different spatial contexts, within these and
other forest ecosystems (e.g., Soto and Puettmann, 2020).

These naturally monospecific Nothofagus pumilio forests could pro-
vide an exceptional opportunity to isolate the effects of large-scale cli-
matic controls upon forest structure and productivity. In western
Patagonia, the temperature gradient is very narrow (mostly associated
to altitudinal gradient and/or latitude; Fajardo et al., 2019), but pre-
cipitation is strongly associated with longitude (2,500 to 400 mm of
mean annual precipitation in the west-to-east axis of the eastern slope of
the Andes where N. pumilio forests grow; Olivares-Contreras et al.,
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2019). To this end, recent studies (e.g. Ehbrecht et al., 2021; Seidel et al.,
2021) have isolated the effects of large climate factors upon forest
structural complexity, unveiling that precipitation has a direct effect on
stand structural complexity index (SSCI; Ehbrecht et al., 2021) and
understory complexity index (UCI; Seidel et al., 2021). Moreover, Soto
et al. (2021) found that varying precipitation in Nothofagus pumilio old-
growth forests affects both abiotic and biotic understory patterns.
Therefore, in this study we sought to further to evaluate the potential
effects of precipitation on structure, age/d relationships, univariate
spatial point pattern, and forest productivity (NDVI) in three distinct
Nothofagus pumilio old-growth forests growing in sites with differing
precipitation and without evident large-scale overstory disturbances at
least during the last 50 years. Our specific hypothesis are: H1) There is a
monotonic and descendant d (live and dead trees) and age distribution
in the humid site given the lack of water limitation allows regeneration
in gaps (tail in curve) and faster recovery of small tree-size classes,
which changes to unimodal in the dry site due to water limitation that
inhibits gap-scale regeneration and recruitment into smaller d classes,
H2) Age and d are highly related in humid sites given the absence of
water limitation and fewer limits to tree growth, but the relationship
becomes weaker towards drier sites due to site-specific controls of
regeneration associated with fine scale patterns in soil water availability
resulting in a wide range of ages for a given d, H3) Distinct univariate
spatial point patterns are evident among sites, being highly clumped in
the humid site due to no water limitation, which allows clumped
regeneration (high competition and mortality) in gaps, and decreasing
towards random spacing at the dry site for live and dead trees given the
lack of gap-scale recruitment and mortality, and H4) Productivity de-
clines from sites with higher precipitation to sites with lower precipi-
tation due to more rapid stand recovery and growth in humid sites
relative to mesic and dry sites, where water limitation limits gap-
infilling and tree growth.

2. Methods and material
2.1. Study area

The study area is the geographic region where Patagonian forests
develop. We deliberately selected three contrasting precipitation sites
-used previously by Soto et al. (2021)- within the temperate bioclimatic
gradient transitioning from a rainy and warm climate in the Pacific coast
to a cold and drier climate in the Patagonian steppe (Pisano, 1977). It is
important to note these sites are different in terms of mean annual
precipitation, but not in mean annual temperature (see Soto et al., 2021
and Table 1). The three sites are located in western Patagonia, Aysén
Region, specifically as follows: The humid site is located in Lago largo
(45°13'S; 71°51'W; 940-970 m a.s.l.), the mesic site located in Reserva
Nacional Trapananda (45°21’S; 71°48 W; 950-1050 m a.s.l.), and the
dry site in Coyhaique alto (45°24'S; 71°34'W; 1050-1150 m a.s.l.). The
humid site has 994 + 19.3 mm of annual precipitation and a mean
annual temperature of 5.1 + 0.4 °C. The mesic site has 817 + 20.1 mm
of annual precipitation, and a mean annual temperature of 4.8 + 0.2 °C.
The dry site has 613 + 18.6 mm in mean annual precipitation and a
mean annual temperature of 4.6 + 0.3 °C. Fig. 1 shows average tem-
perature and precipitation at the three locations from 1970 to 2018
based on Worldclim 2.1 (Fick and Hijmans, 2017 details are provided
there).

Soils on the dry site correspond to Nirehuao soil series (CIREN,
2005); they have a sandy loam texture developed over a old glacial
material, and are classified as sandy loam in the family of the frigid
humic dystrudepts (CIREN, 2005). Soils of mesic and humid sites have
sandy textures and finer textures at the superficial soil profile (Incepti-
sols), and in the lower soil profile the texture becomes finer. This soil has
been locally developed from volcanic ashes (Andisols) (CIREN, 2005).
Some soil characteristics obtained from raster data from the soilgrid
database (https://soilgrids.org/) are displayed per site in Table 1
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Table 1
Site and forest characteristics (Mean + (SD)) for the three forests studied.
Dry Mesic Humid F-value
Overstory Disturbance (based on owner personal communication)
year 1967 1962 1971
Climate characteristics
Mean annual 613.0c (18.6) 817.3b 994.0a 21.7%*
precipitation (mm) (20.1) (19.3)
Mean annual 5.1(0.4) 5.7(0.1) 6.1(0.4) 1.93 ns
temperature (°C) 1
Stand characteristics
Top-height (m) 12.6¢ (2.6) 16.7b(2.4) 19.3a 24.5%*
(1.8)
Density (tree ha ') 1,379b (467) 2,821a 3,280a 9.9
(993) (1538)
Basal area (m” ha ) 68.8(8.4) 59.4(4.9) 63.9(25.1) 1.1ns
Mean dbh (cm) 21.9a(3.8) 12.6b(1.6) 12.4b(1.9) 51.2%**
Leaf area index (m? 2.1¢ (0.2) 2.5b (0.3) 3.0a (0.2) 34.6%**
m?);
Understory characteristics
Cover (%)3 3.6b (0.4) 77.6a 81.7a 46.7%%*
(22.2) (20.6)
Richness (S)3 1.1b (0.04) 5.7a (0.7) 4.9a (0.9) 42.3%%*
Simpson diversity 0.05b (0.03) 0.66a 0.64a 37.5%%*
index (D)3 (0.06) (0.01)
Soil characteristics
Taxonomic group Inceptisol Andisol Andisol
Soil texture Silty loam/ Silty loam Silty loam
Sandy loam
Bulk density (cg/cm®), 88.5a (0.7) 83.3b(1.2) 86.3b 94.1%**
0.7)
Cation exchange 250.5b (1.9) 277.1a 275.0a 52.6%**
capacity (mmol(c)/ (7.9) (6.4)
kg)2
Nitrogen (cg/kg)2 4641.3 4689.0 4165.3 2.2 ns
(265.3) (956.2) (609.4)
Soil organic carbon 1040.0b 1045.8b 1089.3a 5.6*
(dg/kg)2 (54.6) (35.8) (19.9)
Volumetric soil water 7.8c (1.4) 13.8b(1.9) 19.3a 74.4%%*
content (%)3 3.1)
Coarse-woody debris 26.6b (3.3) 37.3a (4.3) 33.7a 16.4%**
(%)3 (5.9)
Litter cover (%)3 64.7a (5.7) 54.6b (5.7) 57.2b 7.0%
(8.5)

Notes: ns: non significant, * p < 0.05, ** p < 0.01, ***p < 0.001. Different letters
show statistical differences obtained through LSD’s post hoc test. ; Precipitation
and temperature calculations 3 to 5 raster pixels (obtained from WorldClim 2.1)
were used (Fick and Hijmans, 2017). 5 Soil characteristics were obtained from
Soilgrid database (https://soilgrids.org/), where one to two pixels were ob-
tained and averaged (cg = centigram, dg = decigram). 3 data obtained from Soto
et al. (2021).

(further details are given in the footnote of the table).

2.2. Regeneration dynamics of lenga

Nothofagus pumilio (common name lenga) is a mid-tolerant to shade-
tolerant tree species, and can reach approx. 2 m in diameter and 30 m
height in forests (Gonzalez et al., 2006). Its major regeneration mode is
through gaps created after the death of one or several senescent trees.
This gap-phase regeneration mode (Veblen, 1992; Rebertus and Veblen,
1993; Veblen et al., 1996; Fajardo and de Graaf, 2004; Promis, 2018;
Donoso et al., 2022a) is consistent with the dominant natural distur-
bance of the region, which is tree windfalls. The regeneration ecology of
lenga has not been well studied and there are key knowledge gaps due to
the different site conditions along the large distributional range of the
species (i.e., ~35° to 54° S). However, as mentioned above, it is a species
adapted to regenerate under small- to medium-size gaps (Veblen et al.,
1996; Promis, 2018) that occur frequently in Patagonia due to the action
of winds upon senescent and decaying trees mostly in old-growth forests
(Rebertus et al., 1997; Promis, 2018). These usually small-scale auto-
genic disturbances create a mosaic of different cohorts at the stand scale,
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Fig. 1. Upper panel depicts the study area within Southern America and the major geoforms of the Andes in the Aysén region, western Patagonia, Chile. The map was
obtained from a digital elevation model obtained from the ASTER sensor with 30 m spatial resolution (NASA et al., 2019). The lower left panel shows the mean
annual temperature (mm), and lower right panel shows the mean annual precipitation for a period of 1970-2018 and were obtained by using the raster images from
the Worldclim2 (Fick and Hijmans, 2017). The study locations are displayed with white dots and major towns in black triangles.

although winds can occassionally generate stand-scale disturbances
(Promis, 2018). These irregular patchy structures have different ages,
but the age structure of lenga forest stands remains poorly understood.

There are several factors that influence regeneration dynamics of
lenga in these forests. Increased light availability after gap creation has
been identified as the major predictor of lenga regeneration (Donoso,
1993; Heinemann et al., 2000; Heinemann and Kitzberger, 2006; Promis
2018), but more detailed works have shown that an increase in light
availability is positively correlated with air and soil temperature in small
treefall gaps (<700 m?) in Tierra del Fuego island, and the interaction of
these factors may trigger the regeneration of lenga (Promis, 2018). In
contrast to shade-intolerant Nothofagus species, such as coihue (Notho-
fagus dombeyi), which needs larger canopy gaps or large-scale

disturbances, where mineral soil is exposed and the competing under-
story vegetation is destroyed (Veblen et al., 1996; Soto and Puettmann,
2018), regeneration of lenga is often associated with highly decayed
coarse-woody material on the forest floor, and also with abundant litter
cover without understory competition (Donoso, 1993; Promis, 2018,
Toro-Manriquez et al., 2018). These microsite preferences and findings
from work examining regeneration patterns for lenga in relation to soil
moisture, highlight the importance of moisture during the growing
season in affecting regeneration patterns for this species (Bava and Puig,
1992; Heinemann et al., 2000; Heinemann and Kitzberger, 2006). In
general, the successful regeneration of this species appears to require the
lack of competition with understory species (Donoso, 1993; Promis,
2018), the proper combination of soil water content and light
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availability in the understory (Heinemann et al., 2000; Martinez-Pastur
et al., 2007), and the availability of “safe sites’” to environmental ex-
tremes to allowing successful regeneration provided by coarse woody
debris (Toro-Manriquez et al., 2018). Therefore, we would expect the
long-term structural dynamics of lenga forests to vary based upon pre-
vailing precipitation regime; however, such investigations have yet to
occur in these forests.

2.3. Study design, data collection and management

Four blocks with three permanent sample plots of 1,600 m? (40 x 40
m) were established in 2019 on each site (dry, mesic, and humid). Each
site comprises large areas of old-growth forests, with the humid site
located within 1,500 ha of continuous forests, mesic site in Reserva
Nacional Trapananda within 2,305 ha, and the dry site in Estancia Punta
del Monte within >5,200 ha. At each site, blocks were laid out in
different aspects and slope conditions within similar developmental
stage and disturbance history (Tablel). In each plot, diameter at breast
height (d) of all live and dead trees above 5 cm were measured.

Single-tree selection cuttings were implemented in summer 2020 in
two-thirds of the plots (8 plots), leaving the rest as control (4 plots).
From the managed plots we collected wood discs at breast-height (1.3
m) of all felled trees. The selection harvesting captured a good repre-
sentation of trees along the entire diameter distribution, from 5 to 60 cm
in d. The original and residual diameter distributions and further details
about single-tree selection cutting are given in appendix (Fig. S1).

A total of 1,166 tree discs were collected, 243 for the dry site, 522 for
the mesic site, and 401 for the humid site. We used geometric radii to
determine where to count and measure annual rings. Discs were air-
dried in dark and well aerated rooms to avoid wood collapse or fun-
gus proliferation. Later, the dried samples were sanded with increasing
grain of sandpaper to ensure the identification of all rings. The samples
were scanned and then rings counted (years) and measured (mm) using
the Windendro software (Regent instruments, Quebec, Canada). The
tree ring series per site were cross-dated using COFECHA software to
avoid missing false rings (Holmes, 1983).

One of the four control plots per site was randomly selected to
measure the spatial coordinates of all trees. We divided the plots in a
grid of 10 x 10 m, where all trees above 5 cm (live and dead) in d were
measured and their x and y coordinates registered in the horizontal
space following the protocols of Salas et al. (2006) and Soto et al.
(2010).

To estimate the change in productivity over time in each plot, we
used the normalized difference vegetation index (NDVI). NDVI is
considered a proxy of above-ground primary productivity (Pettorelli,
2013), and is a very useful tool for studying the integrated effect of the
main climatic constraints (temperature and precipitation) on forest dy-
namics (Lara et al., 2018; Yang et al., 2017). This index uses two bands
in a multispectral raster dataset: chlorophyll pigment absorptions in the
red band (RED) and the high reflection capability of vegetation in the
near-infrared band (NIR) (Pettorrelli, 2013). Usually, vegetation with
high productivity shows low reflectance in the visible wavelength band
(400-700 pm), i.e. RED band, because radiation within these wave-
lengths is utilized in photosynthesis, while reflectance in the NIR
wavelength band is high (750-2600 pm) (Fuenzalida et al., 2019). NDVI
was calculated from Landsat 8 Operational Land Imager (OLI) images,
obtained between December to February of each year from 2015 to 2020
(Table S.2) because the productivity is maximized in the middle of the
southern summer. NDVI data was derived from the surface reflectance
products, Level-2 Landsat (imagery with radiometric, atmospheric and
geometric corrections), obtained from the U.S. Geological Survey
(USGS) web-service (https://glovis.usgs.gov/app). All the scenes were
considered Tier 1 (T1), which corresponds to the higher quality data and
are considered suitable for time-series analysis. This index is given by
Eq. (1) (Rouse et al., 1974):
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NDVI — (NIR - RED)

NIR + RED

Where NDVI is the vegetation index value, which varies between —1
to 1; NIR and RED are reflectance in the near infrared and red wave-
length bands. Since this index has a strong relationship with photosyn-
thesis and this in turn with productivity, high values close to 1, indicate
high productivity, values close to 0 low productivity, and values close to
—1 bare areas or without vegetation (Rouse et al., 1974; Pettorrelli,
2013).

2.4. Analyses

2.4.1. Tree-size distribution among precipitation sites

The size and age structure per site was analyzed by fitting the Wei-
bull density probability function (pdf) using tree d (all live and dead
trees separately) and age (live trees only, obtained from selection cut-
ting). For the live trees, we used all live trees without segregation of
form and health status. The Weibull model represents the symmetric
distributions, as well as the asymmetric distribution (Salas-Eljatib et al.,
2021). We used the following reparameterization of the Weibull’s pdf:

0-36) -] z

where d is the random variable (tree diameter), and a and p are
parameters. The advantages of using the Weibull pdf is the interpreta-
tion of its parameters. Bailey and Dell (1973) noticed that values of the @
parameter lower than 1 describe monotonic and descendant curves,
which resembles negative exponential diameter distributions; mean-
while, if a is lower, Eq. (2) depicts a unimodal curve with positive
asymmetry. Lastly, when a equals 3.6, Eq. (2) represents a curve similar
to those described by the Gaussian’s pdf. Values higher than 3.6 describe
a normal curve with negative asymmetry. Eq. (2) was fitted by
maximum likelihood using the R package fitdistrplus (Delignette-Muller
and Dutang, 2015).

2.4.2. Age-diameter relationship

We studied the age-size relationship by modeling tree age as a
function of its diameter (d). Because of the nested structure of the data
(trees within sample plots, and those nested within blocks), we fit linear
mixed models by maximum likelihood using the nlme package (Crawley,
2012) and used findings from previous work to inform the selection of
the random structure (Salas-Eljatib et al., 2019). We assessed the model
by computing the coefficient of determination (%) between the observed
and predicted values, and the mean square error of the residuals, based
on the fixed-effects.

2.4.3. Spatial point patterns

The univariate spatial distribution patterns for live and dead trees
were analyzed with the pair-correlation function (“PCR”, Stoyan and
Stoyan, 1996; Wiegand and Moloney, 2004). As noted by Salas-Eljatib
et al. (unpublished) most of the spatial analyses in forest ecology are
based on fitting Ripley’s function (Ripley, 1977), but because of its cu-
mulative nature, some criticism has been raised (see Wiegand and
Moloney, 2004). To address these issues, the PCR is now one of the
functions most used in current ecological studies, as summarized by
Wiegand and Moloney (2014). The PCR is estimated from Ripley’s
function by the following expressions:

e
R0)= 2 D03 () 3

where u;; is the is the distance (m) between the i-th subject tree and
the j-th tree,

I, is a counter, equal to 1 if u; < r (the tree is within the circular plot
of radius r) or zero otherwise, w; is an edge correction factor. To
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compute the PCR and avoid the cumulative nature of K(r), the following
equation was conducted:

PCR(r) = dﬁ#/ﬂr 4

where the first term of the function is the derivative of the K(r) on the
distance r. PCR(r) is computed between the expected value of rings
around the tree of interest (Wiegand and Moloney, 2004). We used 1 m
as the interval of incrementing r, and starting with r = 1, and ending
with a maximum value of r = 20 m. Further details about this modeling
approach can be reviewed in Wiegand and Moloney (2004). The PCR(r)
function was fitted using the live and dead trees per site conditions using
the SpPack package (Perry, 2004).

2.4.4. NDVI

The average of the last five years (using the highest NDVI per year,
commonly found in December-February-see above section for details)
per plot (12 per site) was used to compare sites using ANOVA, with post-
hoc Tukey’s test performed when ANOVA was significant at a level of 95
%. Previously to running the ANOVA, Levene’s test for homogeneity of
variance, and Shapiro-Wilk for data normality were performed.

3. Results
3.1. Diameter and age structures among precipitation sites

The scale parameter (@) fit for live trees through Weibull probability
function was 1.18 in the humid site and increased towards the dry site,
showing values of 1.38 for the mesic site and 1.68 for the dry site
(Fig. 2). High mortality was observed throughout for small diameters,
and increased their probability towards the humid site. Specifically, a
scale parameter (a) value of 0.98 was found for dead trees in the humid
site, suggesting mortality was intense in d < 10 cm. However, in mesic
(@ =1.42) and dry (a = 1.51) sites the mortality was intense for trees
below 20 cm in d, showing higher scale parameters for both sites (Fig. 2).

The Weibull pdf for age had a distinct age pattern among sites
(Fig. 3). The scale parameter fit for the dry site was 3.47 and decreased
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Fig. 3. Weibull probability function for tree age for each site and sorted by
precipitation (increasing from left to right panels). The estimated parameters
and log likelihood of the Weibull probability density function (Eq. (2)) and the
fitted curve in red are also displayed. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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D.P. Soto et al.

towards the mesic (1.85) and humid (1.45) sites. In the same way, the

form parameter (/?) was higher for the dry site (140.5) and declined
towards the mesic (69.46) and humid (58.6) sites. Specifically, peaks in
regeneration occurred 30-50 years ago in the humid site, 40-60 years
ago in the mesic site and 80 years ago in the dry site (Fig. 3), which
abruptly stopped after this peak of regeneration.

3.2. Age vs. d relationship among precipitation sites

The relationship between age and d displayed an exponential versus
linear relationship at all studied sites (Fig. 4); however, the strength of
this relationship varied. There was a strong relationship of observed vs.
predicted values for the humid (,,2 = 0.865) and mesic (r2 =0.772) sites,
and a weaker relationship for the dry site (7 = 0.376). Specifically, trees
close to 5 cm in d had ages in the range of 50-200 years at the dry site. In
contrast, mesic and humid sites had strong age/d relationships in small-
sized trees, but for larger trees this relationship weakened (Fig. 4).

3.3. Univariate spatial point patterns among precipitation sites

The univariate spatial point pattern for the three sites under study
showed different spatial patterns in tree positions (Fig. 5). For the dry
site, the null hypothesis of random pattern was met for live and dead
trees, whereas the mesic site displayed a clumped pattern until 13 m,
and the humid site showed intense clumping for almost the entire dis-
tance analyzed (Fig. 5). An irregular spatial point pattern between
random and clumped was shown for dead trees along the distance
analyzed for the mesic and humid site (Fig. 5). Specifically, the mesic
site had clumped dead trees at intermediate distances and the humid site
had clumping of dead trees at short distances. In contrast, the dry site
displayed a fully random pattern for dead trees (Fig. 5).

3.4. Productivity among precipitation sites

We found significant differences among sites in terms of NDVI
(Fig. 6), with the humid site (mean NDVI = 0.73) being different with
respect to the mesic (mean NDVI = 0.68) and dry (mean NDVI = 0.63)
sites (p < 0.05), and the mesic site being different with respect to the dry
site (p < 0.05). The dispersion of NDVI was narrower in the humid site,
and amplified towards the dry site (Fig. 6).
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Fig. 4. Age-d relationships fitted through GLMMs for the three distinct pre-
cipitation sites. r* corresponds to the relationship between observed and fitted
predicted values.
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4. Discussion

The forests studied here showed contrasting size and age distribu-
tions, different spatial patterns of stem positions, and also different
productivity, despite representing the same stand developmental stage
(old growth) for pure N. pumilio forests, being at relatively short dis-
tances (ca. 30 km), and lacking apparent partial overstory disturbance in
the last 50 years (Bernardo Acuna (humid site), Wildo Palma (mesic
site), and Alejandro Galilea (dry site), personal communication).
Although several studies have documented the influence of disturbance
history in generating variation in old-growth structural characteristics
and processes in a given forest type (Zenner, 2005; D’'Amato et al.,
2008), our study is one of few to demonstrate the influence of the un-
derlying precipitation regime in affecting stand structural development
and therefore forest productivity. Our findings indicate that the rates of
structural development and recovery (i.e., regeneration following par-
tial overstory disturbance) are driven differentially by precipitation re-
gimes in this forest type, which may affect post-disturbance recovery
time or even stall recovery by arresting succession when regeneration
limitations are present (see Soto and Puettmann, 2020). Such informa-
tion collected in this study is critical for anticipating changes in forest
structural dynamics, and to plan for appropriate adaptation strategies in
response to climate change, including precipitation declines.

4.1. Effects of precipitation upon tree size and age distributions.

The scale parameter (@) of the Weibull probability function (pdf) for
the humid and mesic sites indicated a quite similar monotonic and
descendant curve, confirming an irregular tree-size structure or reverse-
J diameter distribution for these sites (sensu Bailey and Dell, 1973;
Lorimer and Krug, 1983). A similar pattern for the age structure was
found for the humid and mesic sites, suggesting that these forests are
truly uneven-aged. These results confirm our study hypothesis that pure
lenga old-growth forests with irregular tree-size structures are uneven-
aged; this postulate has remained unresolved until now, assuming the
diameter structure can be linked to age structure. However, the scale
parameter for the dry site was 1.68 and 3.47 for the size and age
structures, respectively. The latter values for the dry site can be
considered unimodal with a left asymmetry, indicating that smaller trees
(i.e., d < 10 cm), as well as those with ages<50 years old are almost
absent in that forest condition. Moreover, the age structure showed a
lack of relationship between age and d, with trees 5 cm in d with an age
of 20 years or 200 years. Three potential mechanisms can be operating
in these dry sites with scarce soil water availability: 1) mortality induced
by drought on tree regeneration (seedlings), 2) mortality induced by
strong competition to small-trees (established regeneration), and/or 3)
seasonal mortality of small regenerating seedlings due to inhibition
mechanisms caused by dense and thick litter layers, as found by Soto
etal. (2021). This is also consistent with the findings by Hennemann and
Kitzberger (2006) in canopy gaps in lenga forests in drier sites in its
northern distribution in Argentinean Patagonia. Therefore, competition
for soil resources (i.e., soil water availability), which is largely assumed
to be size-symmetric (sensu Schwinning and Weiner 1998), can be
considered as the decisive mechanism operating in the dry site. The
same mechanism was claimed by Soto et al. (2021) for understory pat-
terns in lenga forests (i.e., cover, richness and plant diversity) within the
same sites under study here. On the other hand, the humid and mesic
sites have no apparent water limitation for the studied species, where a
prolific regeneration became established and grew following the last
partial overstory disturbance. In these sites, high mortality was observed
among small d sizes (see Weibull pdf for dead trees) presumably indi-
cating greater resource limitation in these size classes relative to larger
trees. Since soil water availability is likely not a limiting factor for
regeneration and growth in mesic and humid sites for N. pumilio, these
patterns of mortality are likely driven by asymmetric competition for
light instead of symmetric competition for soil resources (Schwinning
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Fig. 6. Distribution of the NDVI per plot (12 per site) by precipitation sites.
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one-way ANOVA model.

and Weiner, 1998; Weiner, 1990).

4.2. Age vs. d relationships

In some cases, particularly with species less tolerant to shade, there is
often a strong correlation between tree size and age (Witt, 2010).

Nevertheless, previous work has demonstrated a weaker relationship for
shade-tolerant trees given the ability for individuals to reach advanced
ages as smaller, suppressed individuals before ascension to upper can-
opy positions in humid site conditions (e.g., Seymour and Kenefic,
1998). The high age-d correlation in humid and mesic sites in this study
(? = 0.86 and 0.77) may reflect the rapid development of regeneration
in these forests enabled by access to ample soil water availability. In
contrast, the lack of a strong age-size relationships observed in old-
growth forests under dry conditions suggest variation in access to
limiting resources, namely soil water, may have resulted in a wide range
of ages for a given size. These patterns are consistent with those
observed in response to variability in above-ground resource availability
(i.e., light) in more humid forests (Seymour and Kenefic 1998).

Each site had large (>100 cm) and old trees that correspond to
structural legacies from past partial overstory disturbance. Recruitment
patterns at each site following these events had varying duration,
depending on the precipitation regime. The dry site exhibited an
extended recruitment period reflected by cohorts establishing between
200 and 80 years ago. In contrast, the recruitment period spanned 100
years at the mesic site (50-150 years ago) and was shortest at the humid
site (50 year spanning 50-100 years ago). The differences in recruitment
periods between precipitation regimes is consistent with patterns in
other temperate forests, where drier sites display extended recruitment
patterns due to greater limitations to successful regeneration, namely
soil moisture availability (e.g., Millar et al., 2015). Moreover, the multi-
decadal recruitment periods documented at all sites are consistent with a
growing body of literature highlighting such patterns following stand
replacing disturbances and their importance in generating complex
forest conditions early in stand development (Tappeiner et al., 1997;
Donato et al., 2012; Freund et al., 2014).
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4.3. Changes in spatial patterns in lenga forests according to precipitation

A common hypothesis from spatial point patterns of trees is that
small trees (e.g., saplings) have a clumpy pattern, middle-age trees have
regular patterns, and old trees have a random spatial distribution in old-
growth forests (Szwagrzyk and Czerwczak, 1993; Aldrich et al., 2003;
Rozas, 2006), which is not consistently supported by our results. Spe-
cifically, we found a distinct spatial pattern from complete randomness
in the dry site to strong clumping in the mesic and humid sites. This
confirmed our hypothesis H3. The process of changing from a clumped
(young forest or young trees) to a random pattern (mature and/or old-
growth forest or patterns of large trees) (Szwagrzyk and Czerwczak,
1993; Aldrich et al., 2003; Wiegand and Moloney, 2004) is largely
linked to mortality that takes place in absence of major endogenic
overstory disturbances (Kenkel, 1988; Leps and Kindlmann, 1987). A
generally accepted hypothesis is that dead trees have a clumped pattern
in space reflecting the outcomes of mortality at short distances due to
strong competition (Kenkel, 1988; Wiegand and Moloney, 2004). Spatial
patterns for dead trees at the mesic and humid sites followed this
expectation, whereas dead trees at the dry site did not meet this hy-
pothesis and followed a random process consistently along all distances
analyzed (20 m). Some work suggests that spatially random mortality
patterns, such as those detected at the dry site, are more common in old-
growth forest ecosystems than previously expected, and reflect density-
independent mortality processes (Larson and Churchill, 2008; Aakala
et al., 2012). Undoubtedly, further research is needed to better under-
stand these patterns, and larger plots (e.g., 1 ha) would help for this
purpose.

4.4. Productivity of lenga forests across sites with differing precipitation

The difference in NDVI between sites shows that there is an effect of
climate (i.e., precipitation) on primary forest productivity. This rela-
tionship has been demonstrated in different vegetation types globally
(Zhang et al., 2013; Clinton et al., 2014; Tang et al., 2017; Yang et al.,
2017; Touhami et al., 2022). Moisture is the main abiotic environmental
limitation for regeneration and growth in the dry site, including canopy
gaps not filled with regeneration since the last disturbance (ca. 50
years), causing lower productivity. The humid site allows for the
development of abundant clumped regeneration in gaps, high tree
densities, and large and tall trees. While productivity expectations for
the mesic site were similar as for the humid site, and in fact, also had
abundant regeneration and high tree densities in small-diameter classes
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clumped in gaps, there was a massive apical death (that is, upper can-
opy) of large trees, which started to occur in the mid-90s (Fig. 7). Apical
death of these large trees represents an adaptation strategy to new drier
conditions in this site, as these individuals would not be able to transport
water to the upper canopy from soils with lower moisture than historical
levels, i.e., it is a consequence of a cavitation process (sensu Ogasa et al.,
2013; Olson et al., 2018). This is of particular interest and concern since
it can be inferred that forests at this site are transitioning towards a drier
condition triggered by changes in precipitation experienced in western
Patagonia (Olivares-Contreras et al., 2019). The use of remote sensing
and corresponding NDVI in these areas allowed us to capture these dy-
namics and demonstrate that NDVI works well as a proxy for the forest
productivity of the sites studied, being in line with the existing literature
(Clinton et al., 2014; Asbeck et al., 2021; Touhami et al., 2022).

4.5. Forest complexity variations according to precipitation

The last partial overstory disturbances at the humid and mesic sites
recruited new d and age cohorts with the abundance of these trees
generally < 20 cm in d. This pattern indicates that regeneration was
prolific after this disturbance, enhancing an irregular and uneven-aged
forest structures in both sites, humid and mesic. The same pattern has
been reported in lenga forests with irregular structures at low elevation
forests in mesic sites in Argentina (Bava, 1999; Lopez-Bernal et al.,
2003). Also, Promis (2018) showed that humid coastal mixed forests of
lenga and coihue de Magallanes (Nothofagus betuloides) had reverse-J
diameter distributions (i.e. negative exponential curve). Moreover,
four decades ago Donoso (1981) pointed out in the original Chilean
forest types classification that pure lenga forests could have uneven-
aged structures, but there was little empirical support for this asser-
tion. In this work, we confirm the uneven-aged condition for old-growth
lenga forests and highlight the variation in structures expected under
this condition in different precipitation regimes.

Overall, uneven-aged forests are often characterized by complex
forest structures (see Puettmann et al., 2009; Messier et al., 2013; Soto
and Puettmann, 2020; Stiers et al. 2020) that are linked to several
ecosystem services (Fahey et al., 2018; Perles-Garcia et al., 2021). In
that matter, recent studies have pointed out that precipitation influences
forest structural complexity at global (Ehbrecht et al., 2021) and
regional scales (Seidel et al., 2021). As forest structural complexity is
linked to several forest functions and services, studying how varying
climate components (i.e. precipitation and temperature) affect forest
processes and patterns is of great interest to foresters and forest

Fig. 7. Aerial photograph showing the dieback of larger trees of lenga in the mesic site in Reserva Nacional Trapananda. Photograph taken during March 2021.
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ecologists (Fahey et al., 2018; Ehbrecht et al., 2021). Old-growth forests
without recent past disturbances, such as those examined in this study,
provide an excellent opportunity to assess forest structure according to
climatic variations. For example, Seidel et al. (2021) found that the
understory complexity index of different forest types of Chile can be
directly linked to climate factors (i.e., seasonal precipitation) without
mediation of canopy openness and basal area in absence of recent major
overstory disturbances. In addition, the contrasting patterns of produc-
tivity for the three sites we examined, although not unexpected given
the well-known linkages between precipitation on above-ground forest
productivity (Barnes et al., 1999; Asner et al., 2005), also can be linked
to forest structural complexity (Gough et al., 2019), which is related to
more densely packed canopy strata (Stiers et al. 2020; Ehbrecht et al.,
2021).

4.6. Implications for forest management

An understanding of the structure and dynamics of old-growth for-
ests is central to the development of silvicultural strategies for restoring
their complexity and increasing adaptation potential in the face of
climate change (Palik et al., 2021). To this end, the natural recruitment
process documented at the humid and mesic sites suggest tree regen-
eration after partial overstory disturbance five decades prior to this
study, supporting previous work that old-growth lenga forests follow
gap-phase regeneration patterns (sensu Veblen, 1992; Heinemann et al.,
2000; Fajardo and de Graaf, 2004; Promis, 2018; Donoso et al., 2022a).
This natural disturbance model, which allow regeneration and the
establishment of new d and age cohorts in these forests, could be
emulated with uneven-aged silvicultural systems, such as single-tree
selection systems (Nyland, 2002; O’Hara, 2014; Donoso et al., 2020;
Soto and Puettmann, 2020; Donoso et al., 2022b) (Fig. 8). This silvi-
cultural option is a great alternative to the traditional shelterwood
system (Martinez-Pastur et al., 2000) and seed-tree cutting (Rosenfeld
et al., 2006) typically and successful used in lenga forests, since it creates
more complex forest structures than these even-aged approaches
(Puettmann et al., 2009, 2015; Messier et al., 2013; Stiers et al., 2020;
Donoso et al., 2022a). Actually, Bava (1999) suggested the uneven-aged
silviculture options for humid sites in northern Patagonia, but it has
been rarely used. In contrast, the size and age structures documented for
the dry site are more consistent with forest ecosystems experiencing

Fig. 8. An example of single-tree selection method based on BDq approach
recently implemented at Reserva Nacional Trapananda (mesic site) treated with
45 m? of residual basal area with D of 60 cm and q factor of 1.6. It is hy-
pothesized that regeneration will create a new age cohort and understory will
increase in species richness and cover due increases in resource availability left
soon after harvesting (including downed wood), therefore potentially
increasing stand structural complexity.
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mixed severity disturbance regimes, where extended recruitment pe-
riods following partial overstory disturbances can generate complex
structures over time (Donato et al., 2012; Fraver and Palik, 2012). Given
the recent drought dynamics in our study region, resistance adaptation
strategies (see Palik et al., 2021) focused on reducing drought-induced
stress on existing trees in these forests will be a critical near-term op-
tion to avoid their potential transformation into woodlands. Collec-
tively, these findings underscore the importance of accounting for the
influence of varying precipitation upon regeneration dynamics, forest
structure and productivity in these Patagonian pure old-growth forests,
and argue for the development of site-tailored management strategies
that account for underlying climate regime to achieve timber or con-
servation/adaptation objectives (D’Amato et al., 2011; Palik et al.,
2021).

5. Conclusions

In this study, we show that old-growth lenga forests, from the eastern
Andes towards the steppe, are less complex and vigorous as precipitation
declines whereas other environmental conditions are similar. Changes in
the structure, spatial patterns and productivity in old-growth lenga
forests in western Patagonia suggest that the impacts of climate change,
especially declines in precipitation expected for the region, must be
faced differentially across the region. While humid and mesic sites could
be managed with uneven-aged silviculture to promote complex forest
structures for a variety of goods and services, our results suggest that
climate change adaptation strategies should be considered for dry sites,
specifically management strategies aimed at preventing in more extreme
cases the potential transformation of pure lenga forest ecosystems to
woodlands. In this vein, it is urgent that decision-makers and forest
managers take into account these findings to enhance adaptive man-
agement of these forests for both conservation or production purposes.
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