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ARTICLE INFO ABSTRACT

Keywords: Forest ecosystems are recognized for their large capacity to store carbon (C) in their aboveground and below-
Biomass ground biomass and soil pools. While the distribution of C among ecosystem pools has been extensively studied,
Deadwo_"d less is known about nitrogen (N) and phosphorus (P) pools and how these stocks relate to each other. There is
Patagonia also a need to understand how biotic and abiotic ecosystem properties drive the magnitude and distribution of C-
Evergreen broadleaf forest . . . . . .

Nutrients N-P stocks. We studied a temperate rainforest in southern South America to answer the following questions: 1)
Vines how are C-N-P total stocks distributed among the different ecosystem pools?, 2) how do C:N, C:P and N:P ratios

vary among ecosystem pools?, and 3) which are the main biotic and abiotic drivers of C-N-P stocks? We
established 33 circular plots to estimate C, N, and P stocks in different pools (i.e. trees, epiphytes, understory,
necromass, leaf litter, and soil) and a set of biotic (e.g., tree density and richness) and abiotic variables (e.g., air
temperature, humidity and soil depth). We used structural equation modeling to identify the relative importance
of environmental drivers on C-N-P stocks. We found that total ecosystem stocks (mean + SE) were 1062 + 58 Mg
Cha'!, 28.8 + 1.5 Mg N ha!, and 347 + 12.5 kg P ha" .. The soil was the largest ecosystem pool, containing
68%, 92%, and 73% of the total C, N, and P stocks, respectively. Compared to representative temperate forests,
the soil of this forest contains the largest concentrations and stocks of C and N. The low P stock and wide soil C:P
and N:P ratios suggest that P may be limiting forest productivity. The ecosystem C-N-P stocks were mainly driven
by abiotic properties measured in the study area, however for N stocks, variables such as plant diversity and
canopy openness were also relevant. Our results provide evidence about the importance not only of under-
standing the differences in C, N, and P stocks but also of the factors that drive such differences. This is key to
inform conservation policies related to preserving old-growth forests in southern South America, which indeed
are facing a rapid land-use change process.

1. Introduction

The study of ecosystem pools of chemical elements is key for
modelling climate change because these pools determine ecosystem
productivity and the exchange of greenhouse gases (GHG) between
terrestrial ecosystems and the atmosphere. Forests are major contribu-
tors to several important biosphere processes (Weathers et al. 2013),
including the carbon (C), nitrogen (N), and phosphorus (P) biogeo-
chemical cycles. It is estimated that forests contain about 80% of global
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aboveground C (IPCC 2007), around 40% of belowground terrestrial C
(IPCC 2007), and fix around 10% of atmospheric CO5 each year (Waring
and Running 2007). Temperate forests are known to have lower C
allocated to vegetation but greater C allocated to soils (62%) than
tropical forests (IPCC 2000). Carbon stocks in soils are constrained by a
complex interaction of two alternative C fluxes. On the one hand,
increasing CO, concentrations in the atmosphere increases C seques-
tration in the soil, determined by an increase in primary productivity,
although this process is very sensitive to the age of soil C (He et al.
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2016). On the other hand, global warming and forest degradation in-
crease C losses via an increase in decomposition of soil organic matter
(Achat et al. 2015; Prietzel et al. 2016). More importantly, earth system
models recently predicted that high-latitude carbon-dense forests under
global warming will lose more C as CO, from soils than other forests
(Crowther et al. 2016; Davidson 2016), thus acting as a strong positive
feedback mechanism over global warming. All these counteracting ef-
fects and the varying degree of recalcitrance (e.g., wide C/N ratio) of the
different C pools make predicting future changes in global C stocks in
forest ecosystems more complex.

Most of the studies on element stocks in forests consider only C,
because it constitutes about 50% of the biomass (IPCC 2000). However,
nitrogen (N) is an essential and often limiting nutrient for plant and
microbial communities (Groffman and Rosi-Marshal, 2013). As with C,
global change can drastically affect N pools and fluxes. In central
Europe, it was observed that large rates of N deposition altered N pools
and increased nitrate losses in forests (Brumme and Khanna 2008).
Forest perturbation also increases N losses via the GHG nitrous oxide
(Robertson and Tiedje 1988) and as diluted nitrate (Likens and Bormann
1995). In unpolluted montane old-growth forests in southern Chile, 1°N
addition experiments showed that soil organic matter has a strong ca-
pacity to retain N for a long time (Perakis and Hedin 2001). N-fertil-
ization experiments in this area show increased nitrate losses only with
large rates of N addition (>160 kg N ha! year™!; Perakis et al. 2005),
confirming the large N retention capacity of the unpolluted primary
forests. Another study in lowland highly productive forests in this area
showed that industrial selective logging of old-growth forests signifi-
cantly reduced the rates of soil microbial N transformations, such as that
of free-living biological N fixation and increased losses via denitrifica-
tion (Pérez et al. 2009b), which in the long term may reduce N stocks in
soils.

Given the N dynamics of these forests, we still need to understand
how N stocks interact with those of other elements, for example P, to
determine ecosystem dynamics. P is also considered a limiting element
for primary productivity in temperate forests, particularly under a high
N deposition (Prietzel and Stetter 2010), and when growing in P-poor
soils (Gaxiola et al. 2010). The soil P stock can be drastically reduced in
soils after logging in tropical (Imai et al. 2012) and temperate forests (Ilg
et al. 2009). Less is known about how P is distributed in the different
ecosystem pools and how its stock relates to other elements in southern
temperate forests (Zhang et al. 2020).

Most studies about drivers of nutrient stocks in forests have worked
at the global or landscape scales, while few have worked at the stand
level, focusing mainly on aboveground biomass rather than nutrient
pools. One study in a tropical rainforest found that light availability
(caused by logging disturbance) and soil fertility (mainly P availability)
determined the levels of biomass stocks, soil organic matter, and
aboveground plant productivity (van der Sande et al. 2018). Also in a
tropical forest, aboveground biomass was negatively correlated with the
abundance of lianas and positively correlated with less acidic soil pH
and potassium concentration (Ledo et al. 2016). In a subtropical forest, it
was observed that aboveground biomass was directly affected by
structural variables (tree density and diameter at breast height diversity)
and elevation (Liu et al. 2020). Soil moisture was found to influence
species composition and structure of a forest stand in central Poland,
which in turn determined the deadwood biomass stock (Blonska et al.
2020). Finally, in a managed forest in a temperate-boreal transition area,
it was observed that aboveground basal area and the proportion of
coniferous vegetation were positively related to soil C concentration and
stock (Jevon et al. 2019). Therefore, by identifying the ecosystem
properties that regulate C, N and P stocks we can increase our under-
standing about the factors limiting primary productivity and accumu-
lation of biomass.

Temperate old-growth forests in the Southern Hemisphere are clas-
sified as carbon-dense forests due to their large capacity to store C in
multiple layers of aboveground biomass, associated mainly with humid
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and relatively cold climatic conditions (Keith et al. 2009). Since the last
century, these forests have been intensively deforested and fragmented
(Willson and Armesto 1996; Echeverria et al. 2007) as a result of the
expansion of agriculture, forestry, roads and urban areas. Consequently,
significant remnants of old-growth rainforests continue to dwindle, with
annual deforestation rates of ~4.5% between 1975 and 1990 (Eche-
verria et al. 2006), ~2.4% between 1985 and 2000, and ~0.8% between
2000 and 2011 (Locher-Krause et al. 2017). The loss of carbon and
nutrients is important because of the wide range of ecosystem services
these old growth forests provide (Wirth et al. 2009) and also because of
the feedback mechanisms associated with ecosystem carbon loss. An
example of the potential losses is provided by Perez-Quezada et al.
(2015), who showed that fire in evergreen old-growth forests in south-
ern Chile could reduce the carbon stored in trees from 384 + 120 Mg
ha! to 7.7 + 0.78 Mg ha™'. Further, the decline of old-growth forest
cover can drastically reduce C storage in these landscapes (Armesto et al.
2009). This highlights the importance of understanding the de-
terminants of the magnitude and distribution of C-N-P stocks in these
ecosystems. This knowledge can be used to establish baselines against
which the effects of management and climate change on key biogeo-
chemical processes can be assessed in the future.

We quantified the stocks of C, N and P in different pools (trees,
epiphytes, understory, necromass, litter and soil) of a temperate rain-
forest in southern Chile, aiming to answer three questions: 1) how are
the C-N-P total stocks distributed among the different ecosystem pools?,
2) how do C:N, C:P and N:P ratios vary among ecosystem pools?, and 3)
which are the main biotic and abiotic characteristics that determine the
magnitude and distribution of C-N-P in different ecosystem pools?
Considering that this is a temperate rainforest growing on an organic soil
of volcanic origin, we expected large concentrations and large stocks of
C-N-P, which should be stored mainly in the soil, and controlled mainly
by abiotic ecosystem properties.

2. Materials and methods
2.1. Study area and ecosystem pools

We studied a temperate forest at Senda Darwin Biological Station, a
Long Term Socio-Ecological Research area located in the north-eastern
part of Chiloé Island, Ancud, Chile (41° 52" S, 73° 40’ W) (Fig. 1).
Currently, the rural landscape of Chiloé Island is characterized by a
mosaic of remnant forest fragments, woodlands, peatlands, and grazing
pastures over rolling hills, with altitudes ranging from 50 to 100 m
above sea level (Aravena et al. 2002).

The prevailing weather is temperate with strong oceanic influence
(Beck et al. 2018). Meteorological records (1999-2016) at the biological
station indicate a mean annual temperature (+1 standard error) of 9.7 +
0.19 °C, with a mean maximum temperature of 14.1 °C, usually in
January (summer) and a mean minimum of 5.8 °C usually in July
(winter). Annual rainfall is 2087 + 77.5 mm with a lower-precipitation
period during January-February.

The study site is a 40 ha northern Patagonian old-growth temperate
rainforest stand, with secondary growth in some areas as a result of both
small-scale human intervention and natural forest gap dynamics
(Gutiérrez et al. 2004; Carmona et al. 2010). The forest is dominated by
emergent trees (up to 25 m) that are a mix of evergreen broadleaved
(Nothofagus nitida (Phil.) Krasser, Drimys winteri Jordan Forst. & G.
Forst.) and coniferous (Podocarpus nubigenus Lindl., Saxegothaea con-
spicua Lindl.) species, while the understory is dominated by Tepualia
stipularis (Hook. & Arn.) Griseb. (Perez-Quezada et al. 2018).

Soils in this area are generally classified as Placic Andosols (CIREN,
2003), shallow, with poorly drained conditions, large organic matter
content, low bulk density and low pH (4.3-4.7) (Albornoz et al. 2013).
The soil in this site overlay flat fluvial-glacial terraces (slope 1% NW),
located about 6 km SE from the ocean, about 25 m a.s.l.

Here, we assessed the C-N-P stocks in the following pools: (i)
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Fig. 1. a) Location of the temperate rainforest studied at Senda Darwin Biological Station (marked with a star) in Chiloé Island; b) location of sampling plots (red
dots, the central part of the forest was not sampled because the biological station administration reserved it for a different experiment); c) overview of the forest; d)
soil pit showing the histic epipedon at about 40 cm deep. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

aboveground live trees (i.e., trees with diameter at breast height (DBH)
> 5 cm), (ii) belowground live trees (i.e., trees with DBH > 5 cm), (iii)
epiphytes and vines (i.e., woody vines and epiphytic species such as
ferns, lichens, and bryophytes), (iv) aboveground understory (i.e.,
woody plants with DBH < 5 cm and herbaceous plants), (v) snags (i.e.,
biomass of standing dead trees), (vi) logs (i.e., biomass of lying dead
trees), (vii) plant litter (i.e., layers Oi and Oe), and (viii) soil (i.e., layers
of depths 0-10 cm, 10-30 cm and > 30 cm).

2.2. Estimation of living biomass

We measured forest stand parameters during the austral summer
(January) in 33 circular plots of 10-m diameter (78.5 mz), distanced
>60 m from each other (Fig. 1). We sampled and identified the species of
trees with a DBH > 5 cm, measuring DBH and estimating species rich-
ness, basal area (m?ha~1) and tree density (number of individuals ha 1.
We used allometric functions based on DBH (Gayoso et al. 2002) (Sup-
plementary material, Table S1) to estimate above- and below-ground
tree biomass. The relative basal area and relative density were esti-
mated for each species, as the percentage of the basal area and density
per hectare.

Because one of the dominant species (T. stipularis) lacked a species-
specific allometric equation, we built one by harvesting 30 individuals
(DBH range = 3.5-40 cm) from a site with a management plan located
15 km south of our study site. We measured aboveground dry mass (B,
kg) to fit the allometric function based on DBH (cm; Equation 1, R? =
0.95):

B = 0.172068 DBH>'87%4 @D

For T. stipularis we estimated the distribution of tree biomass as: 79%
trunk, 18% branches and 3% leaves.

Biomass of epiphytes (i.e., woody vines and epiphytic species such as
ferns, lichens, and bryophytes) was estimated by harvesting these plants
growing on those tree species with the largest relative basal areas (i.e.,
D. winteri, P. nubigenus, S. conspicua, T. stipularis, and N. nitida). To do

this, we first identified three randomly selected trees of each species
from each of the following size classes: DBH = 5-15 cm, 16-30 cm,
31-45 cm, 46-60 cm, 61-75 cm, and 76-100 cm. On each tree, we
placed a 20 x 20 cm grid at three different heights: < 0.5m, 0.5-2 m,
and > 2 m, and harvested all epiphytes present. Harvested biomass was
dried at 65 °C for 48 h or until constant weight and weighed for dry
mass. We obtained the biomass of epiphytes and vines for the whole tree
by using stem taper functions and shape factors (Gutiérrez and Huth
2012). For the other tree species, we used the mean of one of the
sampled species, based on field observations of their abundance of
epiphytes and vines. Extrapolation of this stock to the plot was estimated
as the sum of the estimated epiphytic biomass for each tree within the
plot.

Finally, we estimated the biomass of the understory (woody plants
with DBH < 5 cm and herbaceous plants) in two 1-m? plots within the
large plots.

2.3. Sampling of necromass and soil

To estimate necromass, we measured the volume of all the snags
(standing dead trees with DBH > 5 cm) in the large plots (78.5 mz), and
the logs (i.e., partially buried and not buried dead trees with DBH > 5
cm) present in the small plots (1 m2), which were classified into one of
five decay classes, according to Carmona et al. (2002). Plot-based nec-
romass was obtained by multiplying the volume recorded in the plots by
the density of the corresponding decay class (Carmona et al. 2002).

To estimate the leaf litter layer mass, we collected samples of organic
layers Oi (recognizable leaf parts and fine woody debris diameter < 5
cm) and Oe (decomposed plant material) from 0.25 m? plots, located in
the center of the 1-m? plots. After removing the litter layer, disturbed
soil composite-samples were obtained from layers at 0-10 cm, 10-30
cm, and > 30 cm depths (maximum depth varied between 41.5 and 63
cm). These samples were oven dried at 30 °C for 72 h or until constant
weight.
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2.4. C-N-P concentrations, stocks and ratios

We used species-specific C, N, and P concentrations for the various
tree components (i.e., roots, foliage, branches, and trunk) from literature
(Pérez et al. 1991; Gayoso et al. 2002; Vann et al. 2002; Supplementary
material, Tables S2a-b). Concentrations for the other pools (epiphytes
and vines, aboveground understory, necromass, plant litter, and soil)
were estimated from field-collected samples using an elemental analyzer
for C and N (model NA2500, Carlo Erba, Italy), and acid digestion for P
(Seaman et al. 2015); samples were taken back to Santiago for chemical
analyses at the Biogeochemistry Laboratory, LABASI, of the Pontificia
Universidad Catoélica de Chile.

We estimated soil stocks, expressed as Mg ha™! for C and N (or kg
ha™! for P), as a function of concentrations (kg kg_1 soil), horizon
thickness (m), and horizon bulk density (kg m3). We determined soil
bulk density using the excavation method (Maynard and Curran 2007),
digging five small pits (20 x 20 cm section) and collecting samples of
approximately 10 cm thick for each soil layer. The pits were covered
with a low-density polyethylene bag and then filled with granitic sand of
known density. After covering the pit with sand, it was extracted and
weighed. By knowing the weight and density of the sand, we were able
to estimate the volume of the applied sand and thereby the bulk volume
of soil (Maynard and Curran 2007).

For the other stocks, the biomass content per plot was transformed to
element content per unit area using the corresponding element con-
centration. The C:N, C:P and N:P ratios were calculated from the stocks
of the following pools: trees (wood, branches, leaves and roots), epi-
phytes (ferns, mosses, etc.), necromass (logs and snags), understory
(herbs, shrubs and trees with DBH < 5 cm), litter (layers Oi and Oe), and
soil (0-10 cm, 10-30 cm and > 30 cm).

2.5. Biotic and abiotic drivers

Table 1 shows the set of biotic and abiotic variables that were esti-
mated at the 33 sampling plots. Forest stand variables were derived from
measurements taken in order to estimate tree biomass (see section 2.1).
Species shade tolerance was classified according to Aravena et al.
(2002). Species diversity index (Sppiy) was calculated using the formula
proposed by Margalef (1977):

S—1

TogN’ 2

Spoiv =

where S in the number of species and N is the total number of individuals
in the sample.

At the center of each plot, we measured leaf area index (LAI) and
canopy openness using a fish-eye converter lens (FC-E8 0.21x, Nikon,
Tokyo, Japan) and digital camera (COOLPIX P5100, Nikon, Tokyo,
Japan), and the software Gap Light Analyzer (Frazer et al. 1999) to
process the images. Using portable sensors, we measured air tempera-
ture and relative humidity (S-THB-M002, Onset Computer Corporation,
Bourne, USA) and photosynthetically active radiation (PAR) (LI-192, LI-
COR, Lincoln, USA), for 20 min at each plot. Because we measured these
variables at different times of the day at each plot, we expressed them as
the percentage of the corresponding values measured in a flux tower at
40 m, located within the studied forest (Perez-Quezada et al. 2018). The
full list of variables is presented in Table 1, and their correlogram in
Supplementary material Figure S1.

2.6. Statistical analyses

We used structural equation modeling (SEM) to create a theoretical
model that infers cause-effect relationships among variables, allowing us
to disentangle the relative effects of abiotic and biotic factors on C-N-P
stocks. We applied partial least squares path modeling (PLS-PM; Ten-
enhaus et al. 2005), which is a non-parametric composite-based SEM
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Table 1

Biotic and abiotic variables measured at 33 sampling plots. Latent variables 1 are
those used in the PLS-PM models shown in Fig. 4 and Latent Variables 2 the ones
used for models shown in Fig. 5.

Variables Unit* Mean + Latent Latent
SD Variables Variables
1% 2
Diameter at breast height cm 135+ - -
(1.3m) 5.1
DBH maximum cm 42.8 + DBH max Biotic
26.4
DBH minimum cm 54+1.0 - -
Tree basal area m?ha™! 64.6 + - -
48.5
Tree density NIH 3511.1 - -
+2002.1
Tree density of shade- NIH 748.5 + Light- Biotic
tolerant species 728.5 demanding
Tree density of NIH 81.0 + - -
intermediate light- 208.3
demanding species
Tree density of light- NIH 2681.5 Light- -
demanding species +2226.6 demanding
Tree species richness N° 4.4+1.9 Diversity Biotic
species
per plot
Tree species diversity index 1.1+0.6  Diversity Biotic
Leaf area index 3.7+0.6 Canopy -
Openness
Canopy openness % 5.3+28 Canopy Biotic
Openness
Relative humidity, relative % 106.5 + HR Abiotic
to that measured at 40 m 11.4
Air temperature, relative to % 96.3 + Temp Abiotic
that measured at 40 m 9.8
Photosynthetically active % 22+19 PAR Abiotic
radiation, relative to that
measured at 40 m
Soil depth to hard layer cm 51.8 + Soil depth Abiotic
5.4

*NIH, N° of individuals per hectare. ** Latent variables may consist of one or
several variables. In case of multi-variable composites, we kept the name that
better described the direction of change of the latent variable. Variables marked
with dashes were not selected as important inside the latent variables during the
model construction.

that has shown robustness while dealing with ecological interactions
(Ferner et al. 2018; Lopatin et al. 2019). We selected PLS-PM over
likelihood-based SEMs due to its ability to work when the sample size is
low (Rigdon, 2016). PLS-PM uses Linear Ordinary Least Squares re-
gressions to assess the interactions among latent variables (LVs; i.e.,
unobserved variables comprised by one or more variables merged in a
supervised manner) while reducing overfitting due to data dimension-
ality reduction. We standardized the LVs to normalize path coefficients
and intercepts. We tuned the algorithm by using the Cronbach’s alpha
index (check for unidimensionality among indicators) and the loading
values (correlation within the indicators of an LV; we dropped variables
with loadings below 0.5). We used the plspm R-package for the analysis
(Sanchez et al. 2017).

We divided our analysis into three types of models: (i) models
depicting the relationships between predictors and the Tree, Epiphytes,
Necromass, Understory, Litter, and Soil C, N, and P stocks separately, (ii)
models depicting the relationships between predictors and total
ecosystem C, N, and, P stocks, and (iii) models describing the relation-
ships between the detailed C, N, P stocks with total ecosystem stocks.
Furthermore, for models (i) and (ii), we tested the links using individual
predictors and general biotic and abiotic latent variables merging
various kinds of predictors (Latent Variables 1 and 2, Table 1). We used a
one-sided bootstrapping with 500 iterations to validate the models and
find the significant (a« = 0.05) path coefficients or relationships (Ten-
enhaus et al. 2005; Castillo-Riffart et al. 2017; Ferner et al. 2018; Araya-
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Lopez et al. 2018; Lopatin et al. 2019). We used Moran’s I index to check
for spatial autocorrelation on the residuals of the LVs (Lopatin et al.
2019).

3. Results
3.1. Characteristics of the forest stand

Four dominant species represent 53% of total basal area (D. winteri
(Winteraceae), N. nitida (Nothofagaceae), S. conspicua (Podocarpaceae)
and T. stipularis (Myrtaceae)), however, only two species dominate in
relative abundance (64%, T. stipularis and D. winteri, Table 2). Mean tree
density was 3512 individuals ha~! and the basal area was 64.6 m? ha™!
(Table 2), which according to the model by Gutierrez et al. (2004) in-
dicates that the trees are < 80 years old, with a mean of 50-60 years.
Most of the trees have DBH < 30 cm, which corresponds to second
growth stands, with one layer of emergent trees that reach 25 m and a
sub-canopy layer dominated by T. stipularis. The average species rich-
ness was 4.4 tree species per plot. The forest stand has a mean LAI of 3.7
and average soil depth of 51.8 cm (Table 1).

3.2. C-N-P concentrations

Carbon, N, and P concentrations by component measured in this
study are presented in Table 3. According to the coefficient of variation,
the concentration of C within each component was much more stable
than the concentrations of N and P. Carbon and N in epiphytes and
understory (~50% and 0.65-1.12%, respectively, Table 3) were greater
than those in tree species (~44% C and 0.23% N, Supplementary ma-
terial Table S2a), whereas P concentration was very similar (~0.01%)
across pools. Necromass showed large C concentration (~48%) in all
decomposition classes, whereas N and P seemed to increase with the
stage of decomposition, although variability was greater (Table 3). Both
litter layers showed greater C, N, and P concentrations compared to
necromass. Concentrations of C, N, and P were fairly similar in the soil
profile, decreasing only 30%, 20% and 12% between the upper and
lower layers, respectively (Table 3). Soil density was low (<0.55 g cm %)
even in the deeper layers.

3.3. C-N-P stocks and ratios

Total ecosystem stocks were 1072.6 + 51.4 Mg Cha™!, 28 + 1.28 Mg
N ha ! and 356 + 11 kg P ha~! (Table 4). Soil has the largest nutrient
pools in this temperate rainforest, accounting for more than 68%, 92%,
and 73% of C, N, and P, respectively (Fig. 2). Similarly, living trees and
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necromass were the second and third largest reservoirs of all three nu-
trients (Fig. 2). The understory vegetation accounted for almost 1% of
the C pool, and represented 0.32% of the N pool and 0.53% of the P pool.
The litter layer compartment, a rather small reservoir of C (0.8%), N
(0.6%), and P (0.5%), accounts however for more N and P than that
stored in epiphytes (0.01% for both nutrients).

The C:N ratio was widest in trees (187 + 2), followed by necromass
(132 £ 7) and understory (99 + 5), while the rest of the pools showed C:
N values between 30 and 50 (Fig. 3). C:P ratios reached values between
2800 and 6400, with the largest value found in necromass (6401 + 132),
followed by the understory (5064 + 152) and litter (4845 + 19). In the
case of N:P ratios, the largest values were found in the soil (99.9 + 4.3),
followed by leaf litter and epiphytes, with trees showing the lowest
value (16.7 + 0.2) (Fig. 3).

3.4. Biotic and abiotic drivers of C-N-P stocks

Our results show that the determinants of tree, epiphyte, and un-
derstory C-N-P stocks are similar, while the causal relationships for litter
and soil C and N are different from those identified for P (Fig. 4a-b). All
tree stocks are significantly affected by the maximum DBH, with R ~
0.88. Stocks of C, N, and P in epiphytes were predicted with R% ~ 0.73 by
light-demanding species in all cases, and by canopy openness in the case
of C and N stocks. Attributes such as maximum DBH, plant diversity, and
below-canopy temperature were non-significant (i.e., unstable during
bootstrapping) but indicated large effects on all epiphyte stocks
(Fig. 4a). Canopy openness showed significant negative effects on C-N-P
understory stocks, while below-canopy temperature depicted high co-
efficients on C and N litter stocks. Finally, C and N soil stocks were
significantly affected by canopy openness, PAR, and soil depth, while
only soil depth showed significant relation with soil P stocks. Below-
canopy temperature showed relatively large but non-significant influ-
ence on C and N soil stocks. Soil stocks showed R? values of 0.61, 0.55,
and 0.99 for C, N, and P stocks, respectively.

When considering general biotic/abiotic interactions (Fig. 4b), all
tree-based stocks were significantly influenced by biotic factors. Like-
wise, biotic factors exerted a large influence on epiphytes stocks (sig-
nificant for P stocks). On the other hand, abiotic factors exerted large
(but non-significant) influences on litter and soil C and N stocks, and on
soil P stocks. Overall, models using general biotic and abiotic predictors
(Fig. 4b) depicted lower goodness-of-fit than models using detailed bi-
otic and abiotic predictors (Fig. 4a). Fig. 4c shows that only soil stocks
had significant influence in the total ecosystem stocks, with R? > 0.65
for the three elements.

Fig. 5a shows the direct predictions of total ecosystem stocks using

Table 2

Structural characteristics of the North-Patagonian rainforest stand in Chiloé Island.
Tree species AB DBH (cm) BA Relative BA (%) D Relative D

(m*ha™Y) (mha ™ (%)

Gevuina avellana Molina Ga 9.2+ 1.6 0.2 0.3 27 0.8
Drimys winteri Jordan Forst. & G. Forst. Dw 14.7 £ 0.6 19.2 29.8 857 24.4
Crinodendron hookerianum Gay Ch 7.5+ 0.6 0.4 0.6 81 2.3
Myrceugenia parvifolia (DC.) Kausel Mp 7.5+ 0.6 0.2 0.3 39 1.1
Nothofagus nitida (Phil.) Krasser Nn 173+ 1.4 12.5 19.3 332 9.5
Amomyrtus luma (Molina) D. Legrand & Kausel Al 9.2+1 2.4 3.7 224 6.4
Saxegothea conspicua Lindl. Sc 25.7 £ 5.7 12.3 19.0 104 3.0
Podocarpus nubigenus LindL Pn 175+ 2.2 6.0 9.3 154 4.4
Amomyrtus meli (Phil.) D. Legrand & Kausel Am 7.4+0.4 0.6 0.9 127 3.6
Laureliopsis philippiana (Looser) Schodde Lp 6.6 0.01 0.01 4 0.1
Tepualia stipularis (Hook. & Arn.) Griseb. Ts 8.1+0.2 9.4 14.5 1413 40.2
Caldcluvia paniculata (Cav.) D. Don Cp 9.4 +£0.8 0.8 1.2 97 2.7
Weinmannia trichosperma Cav. Wt 6.9 +£0.8 0.03 0.1 8 0.2
Eucryphia cordifolia Cav. Ec 12.0 £ 1.7 0.6 1.0 46 1.3
Total - 64.6 100 3512 100

AB, abbreviation of species name used in Supplementary material Table S1; DBH, diameter at breast height; BA, basal area; D, tree density. DBH is mean + 1 SE of all
sampled individuals; BA and D are calculated based on the total sampled area (33 plots x 78.5 m?).
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C, N, and P concentrations (%) across ecosystem stocks recorded for 33 plots and oil bulk density (g cm ) ina temperate rainforest in southern South America. Classes

of necromass represent different levels of decomposition from low (1) to high (5).

Stocks N Mean SD CV (%) Min Max
Living plants Epiphytes C 30 50.2 1.6 3.2 46.8 53.4
N 30 1.187 0.692 58.3 0.347 3.071
P 15 0.0145 0.0055 37.9 0.0073 0.0287
Understory C 12 49.7 1.1 21 47.9 51.5
N 12 0.653 0.325 49.7 0.310 1.512
P 12 0.0108 0.0034 31.1 0.0075 0.0197
Necromass Class 1 C 5 48.1 0.7 1.4 47.7 49.4
Class 2 5 47.9 2.2 4.6 44.8 50.4
Class 3 5 47.2 4.1 8.5 40.5 50.9
Class 4 5 48.7 1.0 2 47.5 49.8
Class 5 5 49.5 2.9 5.7 46.9 54.2
Class 1 N 5 0.247 0.071 28.7 0.165 0.351
Class 2 5 0.202 0.123 60.6 0.101 0.414
Class 3 5 0.268 0.082 30.6 0.182 0.373
Class 4 5 0.684 0.489 71.4 0.254 1.371
Class 5 5 0.363 0.262 72.0 0.204 0.827
Class 1 P 5 0.0048 0.0010 21.2 0.0036 0.0059
Class 2 5 0.0058 0.0021 36 0.0042 0.0093
Class 3 5 0.0066 0.0024 36.7 0.0041 0.0101
Class 4 5 0.0099 0.0044 44.1 0.0070 0.0174
Class 5 5 0.0076 0.0043 56 0.0040 0.0151
Litter Oi C 10 54.0 0.7 1.2 53.2 55.1
Oe 10 54.6 1.2 2.1 52.0 56.2
Oi N 10 0.817 0.112 13.6 0.692 1.040
Oe 10 1.338 1.190 88.9 0.713 1.674
Oi P 5 0.0119 0.0008 6.3 0.0106 0.0125
Oe 5 0.0100 0.0048 48 0.0072 0.0186
Soil 0-10 cm C 33 48.4 7.2 14.9 24.3 55.1
10-30 cm 33 42.3 8.7 20.4 21.4 55.1
>30 cm 33 34.0 13.8 40.6 9.4 54.9
0-10 cm N 33 1.558 0.236 15.1 0.867 1.942
10-30 cm 33 1.506 0.288 19.1 0.858 2.121
>30 cm 33 1.234 0.447 36.2 0.344 1.899
0-10 cm P 5 0.0154 0.0053 34.1 0.0083 0.0208
10-30 cm 5 0.0130 0.0028 21.3 0.0082 0.0151
>30 cm 5 0.0135 0.0026 19.4 0.0110 0.0179
0-10 cm Bulk density 5 0.22 0.09 40.92 0.14 0.37
10-30 cm 5 0.29 0.08 28.64 0.23 0.43
>30 cm 4 0.51 0.05 10.39 0.45 0.57

the detailed biotic and abiotic predictors. Ecosystem C stock was pre-
dicted mainly by PAR and soil depth, where only soil depth was sig-
nificant (R = 0.54). Ecosystem N stock was explained mainly also by
PAR, and soil depth, but also by canopy openness (R? = 0.57). Finally,
ecosystem P stock was explained only by soil depth (R? = 0.68). Only
general abiotic factors depicted significant influences on ecosystem C
and N stocks (Fig. 5b). A detailed list of all path coefficients of the
models of Figs. 4 and 5 can be found in Supplementary material
Tables S3 and S4. Finally, all our predictive models resulted in non-
significant Moran’s I P-values (P > 0.05), showing that our models do
not have spatial autocorrelation problems in the residuals (see Supple-
mentary material Table S5 for a detailed list of the obtained P-values).

4. Discussion
4.1. Distribution of C-N-P stocks in the different ecosystem pools

4.1.1. Carbon

As expected for a temperate forest, soil contained the largest pool of
C. Its concentration in the topsoil (48%, 0-10 cm layer) showed only a
moderate decrease with soil depth (34%, >30 cm). Compared to the
description of the soil series in this area (CIREN, 2003), this soil has a
histic epipedon, with lower bulk density and much higher C content
(Table 3). In forest soils in Europe, C concentrations can be <10% in the
topsoil layer (0-20 cm) and <4% in the sub-soil (20-40 cm) (Baritz et al.
2010). Even in carbon-dense temperate forests, the reported C concen-
tration in the topsoil layer is lower than the value reported in this study,

with a mean value of 14.5% in the temperate coastal forests of Oregon
(Sun et al. 2004) and 12.1% in secondary forests of Eucalyptus regnans in
Australia (O’Brien et al. 2003). C concentrations found in the topsoil
layer in this forest are however similar to those found in the relatively
shallow soils of the mountain forests on Chiloé Island (41 + 29% and 26
+ 21%, respectively; Vann et al. 2002).

We report the second largest total C stock in forests, after the value
reported for an old-growth conifer forest in Oregon, although the latter
stored more C in trees than in the soil (Smithwick et al. 2002, Table 4). In
relation to C stocks in soils, when compared to other temperate forests
worldwide, the value reported in the present study is much larger
(Table 4), although it should be considered that some of these studies
may have not sampled to the maximum soil depth, as we did in our
study. Similar values, however, have also been found in spruce forests of
Alaska, with a moss carpet of Sphagnum and Pleurizium covering the
forest floor, where C stocks in soils ranged between 169 and 787 Mg C
ha! (Kane et al. 2005). In several temperate and boreal forests in
Canada, C stocks in soils ranged from 92 to 278 Mg C ha™! (Marty et al.
2015), with the largest estimate being 484 Mg C ha™! (Dixon et al.
1994).

The second largest C stock was found in the trees (including roots),
with values falling within the range of those previously reported for
lowland and mid-elevation forests of southern Chile (Schlegel 2001).
Temperate rainforests of Chile tend to be dominated by evergreen,
broad-leaved, shade-tolerant slow-growing tree species (Armesto and
Figueroa 1987) with a relatively low frequency of large-scale distur-
bance and prevalence of gap-phase dynamics (Gutiérrez et al. 2008).



Table 4
Mean (41 SE) stocks of carbon (Mg ha™1), nitrogen (Mg ha™?!), and phosphorus (kg ha™') in the different ecosystem pools of temperate forests.
Forest Type* Lat. Trees above  Trees below Trees (1)+  Epiphytes and Understory Snags (5) Logs (6) Necromass (5)+ Litter (7) Soil (8) Ecosystem™* (1 Source***
(€8] 2) 2) vines (3) @ 6) - 8)
Carbon
BL 42° S 210.6 + 47.4 53.6 +11.5 264.1 + 1.2+0.1 8.4+ 3.3 13.9+35 46.5+125 60.3 +£13.2 9.2+ 0.9 729.3+39.4 1072.6 +51.4 This study
58.9
Southern OG 37° S 930 + 41 106 + 34 1
Cool temperate 37°8S 176 102 278 1
dry
Evergreen 40° S 140 - 503 38.8-133 178-635 10.4-53.6 3.4-13.8 2
Evergreen 38°S 177.6 12.2 28.0 71.9 99.9 2.6 266 558.3 3
Andean evergreen 38° S — 40° S 361.1 97.8 458.9 4 28.4 6.11 143.8 641.2 4
Coastal evergreen 38°S — 40° S 195.1 54 249 1.5 33.6 7.7 164.7 456.5 4
Coniferous OG 44° N — 47° N 464.7 161.8 626.5 1.6 24.5 47.7 72.2 365.5 1127 5
Coniferous OG 46° N 275.75 84.8 360.6 2.2 28.9 41.9 70.8 3.2 93 612 6
Cool moist 40° N —45°N; 37°S— 377 265 642 7
43° S
AU Nothofagus 37° S 208.5 8
Southern OG 43° S 189.7 +£ 45.6 9
BL 36°N — 70° N 105.6 25.7 131.6 10
NZ Nothofagus 43.25° S 122.6 11.3 16.4 42 192.3 11
Temperate Dry 34°N 85.7 21.3 107 0.47 2.6 1.28 60.71 139.8 12
European 36° N —70° N 70 105 175 13
NZ Nothofagus 41.5° S 165.9 55 220.9 25.4 25.4 15.3 54.7 343.6 14
Nitrogen
BL 42° S 0.9 +£0.2 0.5+0.1 1.4+0.3 0.03 £ 0.002 0.08 +0.03 0.13+£0.04 0.4+0.1 0.5+0.1 0.17 £ 0.02 25.8+1.3 28 +£1.28 This study
NZ Nothofagus 41.5° S 0.449 0.158 0.607 0.069%*** 0.049 0.049 0.2 2.4 3.325 14
Mountain mixed 42° N 0.781 0.282 1.06 0.147 + 3.0+0.3 4.3 15
0.017
Nothofagus 43° S 0.033 + 0.01 0.070 + 1.46 + 0.34 16
0.003
Northern conifer 44° N 1.92 6.75 17
Cold BL 27° N 0.068 0.092 26.4 18
Northern conifer 42° N — 49° N 0.013-0.287 0.196 +£ 0.03 3+ 0.3 19
Spruce mixed 63.5° N 0.28 £0.02 0.165 + 0.02 0.44 0.035 +0.01 0.006 + 0.062 + 0.03 0.068 0.55 +£0.07 1.70 2.76 20
0.001
Secondary Scots 57°N — 64° N 0.2-0.4 2-8 2.2-8.4 21
pine
Northern 50° N 0.371 + 0.04 5.4+0.3 22
deciduous
Northern 45° N 0.9 0.092 + 23
deciduous 0.083

(continued on next page)
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Hence, structure (e.g., high tree density and basal area, Table 2) and
disturbance dynamics (e.g., gap-phase dynamics) and low litter
decomposition rates (A. Gaxiola, unpublished results) of these forests
may promote large carbon accumulation. Soil C stock in our study site is
four times greater than the stock in the biomass of the trees (Fig. 2,
Table 4). This is similar to what was observed in another study where the
soil stock was three times larger than the trees (Nadler et al. 2001) but
lower than in conifer forests of Alaska, where this relation was six times
greater (Goodale et al. 2002).

Finally, the third largest C stock was found in the necromass (snags
+ logs). The stock of logs (46.5 Mg ha™!) was greater than that of the
snags (13.9 Mg ha™1), which is within the range of values reported for
old-growth conifer forests in the US Pacific Northwest (Page-Dumroese
and Jurgensen 2006) and other carbon-dense temperate forests world-
wide (Table 4). In the litter layer, the C stock is in the middle of the range
of values reported for temperate forests (Table 4). It is worth noting that
although the pool of epiphytes contains the lowest stock of C (Fig. 2),
this stock represents an important C pool in temperate rainforest eco-
systems of Chile, as previously reported (Diaz et al. 2010; Pérez et al.
2004).

Source***
24
This study
14
15
22
23
25
26

Ecosystem** (1
- 8)

5.5-8.3

356 + 11

713.8

99.2

323

259 + 6.4
439.5
489-10,500

4.5-8.0
21

Soil (8)
41-506
198

1.9+0.2

16.5
3.9-150

0.286-1.4
54

4.1.2. Nitrogen

N concentration in the topsoil in the present study was 1.6%
(Table 3), which is twice as much as the reported values in the topsoils of
the moist coastal old-growth temperate forests of the Oregon Cascades
(0.69%, Sun et al. 2004) and the managed forests of Eucalyptus regnans in
Australia (0.4-0.6%, Hopmans et al. 2005). The N concentration we
found is similar to that found in very organic soils in tropical forests
(range 1.31-1.82%, Edwards and Grubb 1982) and a previous study in
our site (1.3%, Aravena et al. 2002). Soil N stock (26 Mg N ha™) is
similar to the value reported in a temperate broadleaf forest in the
Eastern Himalayas (Tashi et al. 2016) and greater than values reported
for other forests (Table 4). Because the soils in the study area have been
classified as unpolluted (Hedin et al. 1995), we think the high N con-
centration in the soil is the result of the large organic matter content, and
the low N mineralization rates observed in this area compared to other
temperate forests (Pérez et al. 1998). N tree stocks in the present study
are similar to those previously reported for another temperate rainforest
in Chile (Vann et al. 2002) (Table 4). The mean N stock in logs is greater
than those values previously reported (Table 4), however, these results
suggest a large storage capacity in logs, not only for C, but for N and P as
well, becoming a key ecosystem component to protect.

The order of importance of the different ecosystem N pools in our site
is similar to that of C, i.e. soil > trees > necromass > understory >
epiphytes (Table 4). However, of the three elements N was the one with
the largest proportion stored in the soil (92%), which is large compared
to other forests (Table 4). This forest is an example of an extraordinarily
large capacity to store C and N in the soil profile, most likely determined
by the level of conservation of the study site.

Necromass (5)+ Litter (7)

O]

9.5+ 2.0
6.7

Logs (6)
75+1.9
1.27 +1.08

6.7

Snags (5)
2.0 £0.5

Understory

@
1.6 £ 0.6

23 Gk

Epiphytes and
vines (3)

83.5+16.9 0.35+ 0.02

227.6

Trees (1)+
70.2

@

Trees below

(2)
353+7.8

88
22.2

4.1.3. Phosphorus

P concentration in the topsoil (154 mg P kg™!, Table 3) is similar to
those reported in P-poor and very diverse mixed temperate forests of the
highlands in south-central Missouri (150 + 14 mg P kg™'; Singh et al.
2015) and in the topsoil of tropical forests growing on ultrabasic sub-
strates of Borneo (52-207 mg P kg~ !; Kitayama et al. 2000). Greater P
concentrations in forest soils have been reported in the temperate
conifer forests in southern Germany, ranging from 250 to 600 mg P kg ™!
(Prietzel and Stetter 2010), from 622 to 3,308 mg P kg~ ! in secondary
forests of the Pacific Northwest (Spears et al. 2001) and from 367 to 591
mg P kg~! in secondary forests close to our study area (Seaman et al.
2015). The P stocks we found are similar to those of a previous study in
Chiloé island forest for trees, but much greater for soil (Vann et al.
2002), likely because they only measured extractable P. The P stock in
the litter layer (1.9 kg P ha™!) was lower than the values reported for
temperate forests (Table 4). P stocks order was similar to C and N, with

Trees above
(€8]

48.2 £ 9.2
139.6

48
39.2-49.7

17
65

Lat.

48°N — 51° N
Phosphorus
42° S

41.5° S

42° S

50° N

45° N

48° N — 54° N

deciduous
deciduous
Conifer and
deciduous
OG NZ Nothofagus 43.25° S

deciduous
Northern

NZ Nothofagus

Conifer and
Mixed

Forest Type*
BL
Northern

**% ] (Keith et al. 2014); 2 (Schlegel 2001); 3 (Nadler et al. 2001); 4 (Gayoso et al. 2002; Gayoso and Guerra, 2005); 5 (Smithwick et al. 2002); 6 (Harmon et al. 2004); 7 (Keith et al. 2009); 8 (Grierson et al. 1992); 9 (Perez-

Quezada et al. 2015); 10 (Fernandez-Martinez et al. 2014); 11 (Davis et al. 2003); 12 (Dar and Sundarapandian 2015); 13 (Vries et al. 2003); 14 (Hart et al. 2003); 15 (Vann et al. 2002); 16 (Clinton et al. 2002); 17 (Giesen
et al. 2008); 18 (Tashi et al. 2016); 19 (Page-Dumroese and Jurgensen 2006); 20 (Finer et al. 2003); 21 (Egnell et al. 2015); 22 (Pyttel et al. 2015); 23 (Phillips and Watmough 2012); 24 (Brumme and Khanna 2008); 25 (Ilg

et al. 2009); 26 (Brandtberg et al. 2010).
xk “Other species” in Table 2 from Hart et al. (2003).

** Total ecosystem values are presented when at least both trees and soil stocks were reported.

* OG: old-growth; BL, broadleaf.

Table 4 (continued)
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Fig. 2. Stocks of carbon, nitrogen, and phosphorus in the ecosystem pools of a northern Patagonian rainforest. The bar of epiphytes and vines in the top panel does
not show because of the scale of the graph; the value is 1.2 + 0.07 Mg C ha~. Stocks in the compartments of the trees, necromass, litter and soil pools are presented in

Supplementary material Figure S2.
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Fig. 3. Ratios of C-to-N (C:N), C-to-P (C:P), and N-to-P (N:P) in the ecosystem pools of a northern Patagonian rainforest. Values are means + SE estimated with data
from stocks shown in Fig. 2. Ratios of the compartments of the trees, necromass, litter and soil pools are presented in Supplementary material Figure S3.

the soil pool storing 73% of the total ecosystem stock.

4.2. C:N, C:P and N:P ratios in the different ecosystem pools

Wide C:N ratios are usually associated with slow decomposition rates
(Hu et al. 2019). The C:N ratio in the soil of this forest (~30) (Fig. 3) is
wider than the mean values reported for forest soils in Europe (~17;
Cools et al. 2014), suggesting a long residence time for C in this Northern
Patagonian forest. This wide C:N ratio has been observed in temperate
and boreal forests of the Northern Hemisphere, which is attributed to a
lack of symbiotic N fixers, losses of dissolved organic N, episodic N losses
associated with fires, or other similar disturbances (McGroddy et al.
2004). The large C stock contained in necromass in relation to trees
(Fig. 2) suggests there are significant additions of coarse woody debris
with a wide C:N ratio (~185, Fig. 3), which when combined with poor
soil drainage conditions of the study site (Perez-Quezada et al. 2021) can
inhibit aerobic decomposition of soil organic matter. This has been re-
ported in previous studies that found that after forest fires and clearing
there is a rapid recovery of C and N pools in soils (less than a decade)
(Carmona et al. 2002; Pérez et al. 2004).

As well as with N, the wide litter and soil C:P ratios (~3000) are
indicative of a strong P immobilization, and these values are similar to
those found in a rainforest of British Columbia (Kranabetter et al. 2020).

In the present study, the mean N:P ratio in the soil (~100, Fig. 3) is
about seven times greater than those reported for a wide range of forest
soils (N:P = 14.6 + 1.8; Cleveland and Liptzin 2007). Even lower values
(N:P = 6) have been reported in top mineral soils of subtropical forests
along a broad latitudinal gradient of China (Chen et al. 2016). This line
of evidence suggests that P constitutes a limiting nutrient for plant
productivity in our forest, compared to N. Given the low pH (i.e.,
4.3-4.7), micronutrients such as Ca, Mg and K, may also be part of the
elements that limit ecosystem productivity. The low soil P concentration
and stocks may be the effect of both high precipitation (leading to
lixiviation of dissolved P), and the limited weathered P inputs from
volcanic ashes in this organic soil. In fact, Seaman et al. (2015) reported
also a strong P limitation in young successional stands of forests in this
area, evidencing a consistent P limitation throughout ecosystem devel-
opment. The low P stock and wide C:P and N:P ratios may constrain
microbial and enzymatic activities, affecting soil organic matter
decomposition (Delgado-Borquerizo et al. 2017; Hu et al. 2019).

4.3. Main biotic and abiotic drivers of C-N-P stocks

We found that maximum tree DBH was the main driver of C-N-P tree
stocks (Fig. 4). This is because the basal area relates more to the species’
DBH than to its density (compare the species S. conspicua and T. stipularis
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b) Biotic-Abiotic stocks models
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Fig. 4. Partial least square path modeling showing the relationships between carbon, nitrogen, and phosphorus stocks with a) detailed ecosystem variables, and b)
general biotic and abiotic variables. For the description of variables see Table 1. Arrows depict path coefficients with absolute values over 0.3. Asterisks indicate

significant (« = 0.05) relationships.

in Table 1). In a temperate rainforest similar to our study site, DBH of
N. nitida accounted for ~ 96% of the tree C stock variance, showing the
clear link between DBH and aerial tree stocks (Perez-Quezada et al.
2015). The positive influence of canopy openness on the epiphytes
stocks shows that these species are favoured by open canopies and light
microenvironments (Gauslaa et al. 2008), which corresponds with the
significant (¢ = 0.05) positive effect of light-demanding species on
epiphytes (Fig. 4). Likewise, epiphytic biomass have shown to positively
relate with tree DBH in a subalpine forested area in eastern Norway,
which agrees with our result for all C-N-P stocks (Fig. 4; Gauslaa et al.
2008). The positive effect of plant diversity on the epiphytes stocks is a
clear indication that structural variability may provide an appropriate
habitat for the development of the epiphytic biomass (Boudreault et al.
2009). Meanwhile, canopy openness had a significant negative influence
on the understory stocks, indicating that the understory species on this
rainforest are mainly shade-tolerant (Read and Hill 1985; Lusk et al.
2011).

Regarding necromass, we did not find significant relationships with
the variables we used in the analysis (Fig. 4 and Supplementary material
Figure S1). Litter decomposition increases with warmer temperatures
(Zhang et al. 2008), which probably explains why in this forest the C-N
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litter stocks were negatively related to below-canopy temperature. In
terms of soil stocks, we found that C-N soil stocks were significantly
predicted by PAR, canopy openness, and soil depth, while P soil stock
was only explained by soil depth (Fig. 4 a). The relation of PAR should
be considered cautiously because it shows an opposite sign compared to
canopy openness as predictors of soil C and N, although they are posi-
tively correlated between them (Supplementary material Figure S1).
Our general models showed that aboveground pools are generally
more affected by biotic factors. Meanwhile, the abiotic attributes
affected litter (C-N) and soil (C-N-P), although the relations were not
significant (Fig. 4b). Specifically, belowground components were
related to microclimatic and soil properties (Deiss et al. 2018), while
aboveground stocks related heavily to plant community composition
and structural characteristics (Gauslaa et al. 2008; Lusk et al. 2011;
Lopatin et al. 2019). When the predictor variables were related directly
to C-N-P ecosystem stocks (Fig. 5), we observed that most of the in-
teractions reflect the same variables explaining soil stocks (Fig. 4a),
being the abiotic factors the most important ones (Fig. 5b). Hence,
adding other soil properties, such as pH and microbial activity (e.g.,
Deiss et al. 2018), may enhance the predictions of ecosystem stocks in
general, but specially for P. Another way to improve our results would



J.F. Perez-Quezada et al.

a) Detailed stocks models

Forest Ecology and Management 494 (2021) 119341

b) Biotic-Abiotic stocks models
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Fig. 5. Partial least square path showing the relationships between ecosystem carbon, nitrogen, and phosphorus stocks with a) detailed ecosystem parameters, and b)
general biotic and abiotic variables. For the description of variables see Table 1. Arrows show path coefficients with absolute values over 0.3. Asterisks indicate

significant (a = 0.05) relationships.

be to include site-specific data for those tree species characteristics that
we took from the literature (i.e., biomass allometric equations and
nutrient concentration).

Climate, land-use history, soil development and stand age are known
to drive C-N-P stocks at the landscape level. The proximity of our study
site to the ocean probably explains the low influence of below-canopy
relative humidity on C-N-P stocks compared to other studies. For
example, relative humidity was observed to generate differences of up to
one order of magnitude in C stocks in forest ecosystems, comparing
eastern and western Oregon Cascades (Smithwick et al. 2002). In rela-
tion to land-use history, the forest in the present study has been sub-
jected only to small-scale human intervention. Moreover, during the late
Pleistocene northwestern Chiloé island was under periglacial condi-
tions, which favoured the development of moorland vegetation (Vil-
lagran 1988), allowing the accumulation of peat horizons in the soil
profile, which is today reflected in deep C-rich horizons. In fact, the C
concentration in the forest soil did not differ significantly from those of
the surrounding peatlands, going from 47.5% in the topsoil to 35.3% in
the most decomposed subsoil (Cabezas et al. 2015).

4.4. Conservation and management implications

Slow decomposition rates of snags and logs in these temperate
rainforests result in large C storage capacity. This can be also related to
the wide C:P ratios found in this stock, thus, not only C, but also N and P
can be kept within the ecosystem, which highlights the importance of
conserving deadwood or properly manage the amount of deadwood that
is removed (Smith-Ramirez et al. 2014). Furthermore, necromass is a
key element for forest regeneration and dynamics (Christie and Armesto
2003), thus it is important not only from a C stock perspective, but it also
requires a long-term monitoring strategy.

The soil was the largest ecosystem pool, containing 68%, 92%, and
73% of the total C, N, and P stocks, respectively. The consequences of
losing C from soils, besides the indirect reduction in soil fertility and
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water storage capacity, is the consistent increase in CO in the atmo-
sphere, which can trigger a positive feedback mechanism on global
warming (Knorr et al. 2005). In Southern Chile, industrial selective
logging of very productive evergreen forests significantly reduced C
stocks in top mineral soils compared to traditional selective logging
(Pérez et al. 2009a), suggesting that C storage in these ecosystems is
highly susceptible to losses depending on logging intensity.

Ongoing research in this forest using eddy covariance technique to
measure ecosystem fluxes showed that this forest is a carbon sink, but
switches to source during summer droughts (Perez-Quezada et al. 2018).
Moreover, it has been observed that continued periods of droughts
during the warmer growing season can drastically reduce tree radial
growth (Pérez et al. 2009b; Walter et al. 2016), confirming the hy-
pothesis that tree C sequestration may decrease under future warmer
and drier conditions. Climate change models predict warmer and drier
summers for southern Chile (Collins et al. 2013). It is therefore key to
quantify and understand the drivers of C, N and P stocks, as forests may
become a source of greenhouse gases if the C and N stored is emitted as
CO4 or NyO, respectively, acting as a positive feedback for climate
warming.

According to Echeverria et al. (2012), the area of northern Chiloé has
been subject to land-use change in the past decades, which has reduced
the area of forests to 47% of the landscape. Because this rapid land-use
change continues today, the extremely large amount of C and N stored in
these forests could be lost via runoff or volatilization processes, being in
the latter case in the form of GHG.

5. Conclusions

Regarding our main questions, we conclude that: 1) most of the C-N-
P stocks are stored in the soil profile, followed by trees. Coarse woody
debris on the forest floor also represented a large stock of C and N in the
ecosystem, similar to that stored in the belowground biomass of live
trees. For P, belowground biomass of live trees represented a much
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larger stock compared to logs; the C and N storage capacity of this forest
is at the top end of values reported for temperate forests in the world. For
P, the total ecosystem stock is low compared to other forests in the
world;

2) the low P stock and wide C:P and N:P ratios in the soil may on the
one hand constrain microbial and enzymatic activities that decompose
organic matter; on the other hand, this P limitation is very likely limiting
growth in this forest.

3) the aboveground C-N-P stocks were mainly driven by biotic fac-
tors, while underground stocks were driven by abiotic factors. Because
most of the C-N-P stocks were belowground, the abiotic factors were
more important in explaining the total ecosystem stocks.

Considering the extremely large amount of C and N stored in these
forests in Northern Patagonia and the rapid land-use change process that
they are undergoing, we believe our results provide supporting evidence
about the importance of preserving and restoring these forest
ecosystems.
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