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Abstract: Forest plantations have a large potential for carbon sequestration, playing an important
role in the global carbon cycle. However, despite the huge amount of research carried out worldwide,
the absolute contribution of industrial forest plantations is still incomplete for some parts of the
world. To contribute to bridge this gap, we calculated the amount of C stock in three fast growing
forest species in Chile. Relevant C pools (above-ground and below-ground biomass, forest floor,
and soil) were considered for this analysis. Across the industrial plantation forests of Chile, carbon
accumulated in the above-ground biomass was 181-212 Mg - ha~! for Pinus radiata, 147-180 Mg -
ha~! for Eucalyptus nitens, and 95-117 Mg - ha~! for Eucalyptus globulus (age 20-24 years for P. radiata
and 10-14 years for Eucalyptus). Our results agree with other studies showing that 30%-50% of the
total C stock is stored in the soil. Total C stocks were for 343 Mg - ha~! for Pradiata, 352 Mg - ha™!
for E. nitens, and 254 Mg - ha~! for E. globulus, also at the end of a typical rotation. The carbon pool in
the forest floor was found to be significantly lower (less than 4% of the total) when compared to the
other pools and showed large spatial variability. We conclude that industrial forest plantations are a
valuable tool to reduce atmospheric CO; and mitigate climate change. Given the contribution of soils
to total carbon stocks, special attention should be paid to forest management activities that affect the
soil organic carbon pool.

Keywords: forest carbon cycle; climate change mitigation; plantation forestry; soil carbon

1. Introduction

Global climate is changing: air and subsurface ocean temperatures are rising due to greenhouse
gases accumulating at the Earth’s atmosphere [1,2]. These global temperature increases cannot be
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explained by natural variations alone without considering the observed increase in anthropogenic
greenhouse gas concentrations [3]. There is unequivocal evidence that the concentrations of carbon
dioxide (CO,), methane, and nitrous oxide have increased over the last few centuries [2,4]. Because
CO; is the primary anthropogenic greenhouse gas emitted, two strategies can lower the amount
of CO2 in the atmosphere: reducing and avoiding emissions, and increasing carbon sequestration
and land carbon uptake [5]. Afforestation and reforestation in managed forests worldwide play
a key role in regulating the global C cycle and are relevant options for climate change mitigation
[6]. In both cases, carbon pools and carbon sequestration are increased, especially in degraded or
non-forested areas. Such practices could have a large potential impact on CO; sequestration and
co-benefits such as increased ecosystem services and biodiversity and improved soil quality [7,8].
Because climate is changing, understanding the role of managed forests across different site conditions,
in controlling the fate of land carbon uptake for future climate will be critical for C projections [9-11].
Baseline information for C stocks on managed forests is a valuable knowledge tool contributing
towards monitoring C stock changes and to identify the effectiveness of forest management strategies,
afforestation, and reforestation practices on C storage[12-14]. One challenge to generate accurate
baselines for forest C stocks is to increase the availability of ground-based forest data and information
[15,16]. Increased availability of C datasets would be needed to monitor the current and past efficiency
of forest management activities in maintaining primary productivity and high carbon uptake rates.
Another challenge is to build institutional alliances to increase the availability of C datasets of managed
forest to provide robust C cycle reports with a national perspective.

Carbon pools across managed forest (and in general across terrestrial ecosystems) can be
partitioned to four C stock components: a) above-ground biomass (wood and leaves), b) below-ground
biomass (roots), c) soil C in 0-30 cm mineral soil, and d) soil organic layer (forest floor, shed vegetative
parts existing in various stages of decomposition above the soil surface) [17]. The role of forest
plantations in the regional to global C cycle has gaps in spatial and temporal variability, because
there are large geographical areas where accurate forest C estimates are not available. Currently,
the knowledge of C stocks in plantations could be improved by using the increasing amount of
empirical data generated routinely by forest inventory [17,18] and other management measurements
in commercial forests across countries where natural and plantation forests are managed.

In Chile, the industrial forest sector relies on three introduced fast-growing species: Pinus radiata
D. Don (PIRA), Eucalyptus globulus Labill (EUGL) and, Eucalyptus nitens (Deane and Maiden) Maiden
(EUNI) plantations [19]. In these plantations, standing yields and above-ground biomass stocks are
monitored using repeated sampling, a procedure called forest inventory. These inventories capture
tree and plot-level information representing a point in time. Attributes commonly evaluated are
stand density, mean top height, basal area, total and commercial volume, and log assortments. Forest
inventories are done at different stages of stand development: after establishment, before or after
thinning or pruning, and before harvest. Although plantation forests are periodically surveyed,
forest inventories only yield estimates of above-ground biomass; C stocks in soil, forest floor and
below-ground live biomass are generally not measured and estimated with biomass expansion factors
(BEFs). Because soil C is often the largest C pool in forests [20], a group of scientists from 39 public and
private institutions has systematized and made available the Chilean Soil Organic Carbon databas
e[21] to better describe the soil organic carbon pool of forest plantations.

Across the entire world, C cycle-related estimates and datasets have been used to develop
hypothesis about forest management practices and the effectiveness of afforestation to mitigate
the negative effects of climate change [7,22-28]. Bastin et al. [29] described the potential impact
of reforestation at the global scale to mitigate climate change. Nevertheless, the key hypotheses
presented by Bastin et al. [29], that the restoration of trees remains among the most effective strategies
for climate change mitigation, have been criticized due to the oversimplification in the role of plant and
atmosphere interactions and due to the need for accurate estimates of C stocks on each pool, especially
when considering soils, climate and land-use changes [30-33]. In Chile, a recent study highlighted
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the impacts of afforestation subsidies in forest cover, carbon sequestration, and biodiversity [34]. As
the main conclusions were drawn from the above-ground C densities of the different land-use classes,
having a consistent data set is crucial to support their findings. In this sense, the quality of C cycle
related datasets for these and future studies is critical to quantify the real feedback between C stocks,
land-use changes, and climate change mitigation [35].

Considering the uncertainties in the role of forest plantations on carbon sequestration in Chile
the main motivation of this study is the generation of a comprehensive data set of C stocks across the
managed forests of Chile integrating public and private data. Thereby, we ask the following research
questions: 1) How are C stocks distributed among the four C pools? 2) How does C in above-ground
biomass vary with species and forest age? 3) What is the capacity of forest plantations to store C across
the different forest regions of Chile? and 4) How does the capacity of forests to store C vary with
climate and soil type? We aim to answer these questions using a data-driven approach, to establish a
2019 baseline for the C stored in managed forests of Chile by component, and to understand how C
storage varies across regions, climate, and soil types.

2. Materials and Methods

In this section we describe the environmental and soil conditions where forest plantations of PIRA,
EUGL and EUNI grow in Chile (Section 2.1) and describe how public and private data are combined
to estimate C stocks for the four components (Figure 1). The contribution of above-ground biomass
and roots (Section 2.2) to C stocks was estimated using forest simulation models calibrated with forest
inventory data. To estimate 0-30 cm mineral soil (Section 2.3) and soil organic layer (forest floor) C
stocks (Section 2.4) a digital soil mapping strategy was used to extrapolate sample data.

Based on the compiled data and simulations, we build maps of soil, litter, above- and
below-ground C stock for the year 2019, showing the spatial distribution of C stocks across regions,
climates, and soils (Section 2.5 and 2.6).
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Figure 1. Flow diagram describing the input data and the modeling process used to estimate the 4

carbon pools using a data-driven approach
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2.1. Area of study

The study area was 493,112 ha of PIRA plantations, 108,640 ha of EUGL and 58,766 ha of EUNI
located in central Chile, from the Maule (latitude 35°14’) to the Los Rios (latitude 40°6’) administrative
regions. This area has large variability in climate, topography and soils (Figure 2).

The northernmost part of this research is situated in the O’Higgins region, where forest plantations
are mainly located on granitic soils in the Coastal Andes range. The climate in this area is Mediterranean
with a coastal influence. Annual precipitation ranges between 400 to 800 mm and with average annual
temperatures of 15 °C. In the Maule region, forest plantations are mostly found in the coastal mountain
range and the central plains on soils of metamorphic and granitic origin [36]. The climate is warm
temperate, with a sea coast influence during summer. Precipitation varies from 500 to 800 mm per year,
and occurs mainly in 4 months during the winter season. Average monthly temperatures are 20 °C in
summer and 7 °C in winter. Forest plantations in the Nuble region are located mainly in the coastal
ranges and in the Andes foothills, over granitic-metamorphic and volcanic ash soils, respectively.
These sectors are highly productive, with a warm temperate climate with precipitation of 800 to 1000
mm on the coast, and 1200 to 1500 mm in the Andes foothills. This region has four to five dry months,
and temperatures that can exceed 30 °C in summer and below -5 °C in winter. In the Biobio region, the
forest plantations are mainly in the coastal plains of the Gulf of Arauco on soils of marine sediments
and in the coastal range on soils of metamorphic origin. The climate is temperate-rainy, with dry
periods during summer and with rain for the rest of the year. Precipitation range from 1200 mm to
2000 mm annually and average temperature is 13 °C. A few plantations in this region are located in
the central plains, on volcanic sandy soils, not very productive, and where rainfall does not exceed 700
mm per year. From the Araucania to Los Lagos region, forest plantations are mainly found between
the coastal range and the central plains. These plantations are on highly productive volcanic ash soils
deposits with a temperate rainy climate where rainfall ranges between 1,200 to 2,300 mm per year,
concentrated in 9 months of the year and mean annual temperature is 11 °C.
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Figure 2. Topographic and climatic variability of study area. (a) elevation [m a.s.l.]; (b) annual
precipitation [mm]; (c) mean annual temperature [°C]; and (d) minimum annual temperature [°C].

2.2. Above-ground and below-ground biomass carbon pool

Biomass estimates were collected for 49,826 different stands of three species: PIRA (n = 40,363),
EUGL (n = 6,952) and EUNI (n = 2,511) adding up to 659,140 hectares of forest plantations and
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Table 1. Biomass conversion and expansion factors (BCEF) of merchantable growing stock volume to
above-ground biomass (Adapted from [17]).

Growing stock level (m®)
<20 21-40 41-100 100-200 >200

Pinus radiata 1.8 1.0 0.75 0.7 0.7
Eucalyptus sp. 3.0 1.7 1.4 1.05 0.8

Table 2. Ratio of below-ground biomass to above-ground biomass (Adapted from [17]).

Above-ground biomass (tonnes - ha™1)

<50 50-150 >150
Pinus radiata  0.40 0.29 0.20
Eucalyptus sp.  0.44 0.28 0.20

representing 30% of the forests plantations in the study area. Merchantable volume of growing stock
was measured using three methods: direct field measurements, LIDAR measurements and predictions
from yield tables. On 63% of the stands, direct field measurements, involving 36,421 survey sites, were
taken. This field measurements were then projected to year 2018 using a locally developed forest
growth model, "Modelo Nacional de Simulacién” (MNS) [37]. On 30% of the surface of EUGL and
EUNI, representing the 7% of the total area, measurements were carried out using LIDAR data (6
points m~2) and a model linking LIDAR-derived-metrics to ground-truth data [38]. On the remaining
29% of the stands, merchantable volume of growing stock was calculated using a yield table, relating
yield to the combination of specie, age, number of trees per unit of area, and management schema. For
the three methods, the total volume per stand was determined as the sum of the volumes of individual
trees within its given area. The volume of each tree was calculated using a taper function integrated
between two portions of the stem (tree base and tree top) [39,40]. The equations used were generated
by MNS and were adjusted for each species and productivity zone.

Merchantable volume of growing stock was then converted directly to total biomass using biomass
conversion and expansion factors (BCEF) following the procedure suggested in [17] (Table 1). Values
used were the corresponding for the "Temperate’ climatic zone, forest type "hardwoods” for EUGL
and EUNI, and "pines’ for PIRA. The factors with the growing stock level (m?) (i.e. current biomass)
as BCEFs tend to decrease as growing stock density increases, because the ratio of merchantable
volume to total volume increases with growing stock level. Carbon stock in above-ground biomass
was then estimated by multiplying biomass by the carbon fraction of dry matter (DM). This procedure
is summarized on the following equation:

CAGB = Vol - BCEF, - CF 1)

where CAGB is the carbon content of the above-ground biomass [Mg C - ha~!]; Vol is the
merchantable volume of the growing stock per area [m*- ha~!]; BCEF; is biomass conversion and
expansion factors for expansion of merchantable growing stock level to above-ground biomass [Mg
dry matter (DM) - m~3]; CF is the carbon fraction of dry matter [Mg DM - m~3]. For CF we used 0.48
for PIRA and 0.51 for EUGL and EUNI, as suggested in [17].

Below-ground biomass was estimated as a ratio of above-ground biomass following the approach
suggested by [17] (Table 2). Ratio used was selected according to the species planted and its
above-ground biomass category for the Domain "Temperate’. Conversion from biomass volume
to carbon content was done using the same approach as in above-ground biomass using the following
equation:

CBGB = Vol - R - BCEF - CF @)
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where CBGB is the carbon density of the below-ground biomass [Mg - ha~!]; Vol is the
merchantable volume of growing stock per area [m® - ha~!]; R is ratio of below-ground biomass
to above-ground biomass [Mg DM below-ground biomass - (Mg DM above-ground biomass)~!];
BCEF; is biomass conversion and expansion factors for expansion of merchantable growing stock level
to above-ground biomass [Mg DM - m~3]; CF is the carbon fraction of the dry matter [Mg C - (Mg
DM)~'].

2.3. Soil Organic Carbon Pool

The soil organic carbon pool across the plantation areas was assessed using measured samples
extrapolated by digital soil mapping [41], a reference framework to quantify the spatial variability soil
attributes and their response to environmental variation. Soil carbon values are modeled as a function
of environmental covariates that are surrogates of soil weathering conditions (Table A1l). We used
20,536 observations (soil profiles and top soil auger samples) for the 0-30 cm of mineral soil depth
by merging two datasets. The first database comprises a collection of 9,920 soil profiles measured
on forest plantations just after harvest between 1997 and 2018. Profiles were sampled following the
guidelines for describing and sampling soils presented at [42] on representative sites of stand just
after harvest. The second database comprises 10,616 soil observations (including soil profiles and top
soil samples) spatially selected from the Chilean Soil Organic Carbon database (CHLSOC) [21]. The
CHLSOC includes soil carbon values on different land uses (e.g. native forests, agriculture, grasslands).
Combined, both datasets allowed us to better model the soil-landscape relationship across the different
regions of Chile.

The combined soil carbon dataset was randomly divided into two datasets of 75 and 25% that
were used for training (i.e. model building) and testing (i.e. model validation) of predicted soil carbon
values. The prediction models were based on the Random Forest algorithm, a popular ensemble
of regression trees based on bagging predictors [43]. This algorithm has proven to be efficient for
mapping soil carbon across Chile and Latin America [44—47]. This algorithm was used to model soil
organic carbon based on the statistical relationships between soil carbon and environmental covariates
representing soil forming factors. The environmental covariates used as prediction factors for soil
carbon values were prepared using a spatial support of 90 x 90m grids and derived from remote
sensing, terrain analysis, climate gridded datasets or thematic maps (Table A1). The Random Forest
algorithm was implemented following the guidelines proposed in previous work [48,49] and evaluated
using the testing dataset. The uncertainty of model predictions are also calculated using a quantile
based form of Random Forests [50], which estimates a pixel-wise measure of uncertainty. The main
assumption of this approach is that the mean of the predictions is similar or not different to the mean
of the estimated model based uncertainty. From this methodology we obtain a regional soil C estimate
(with an associated uncertainty map) that we further generalize to the forest stand level for C reporting
purposes.

2.4. Forest Floor Carbon Pool

Forest floor C plays a major role regulating soil and atmosphere feedbacks [51], but there are no
datasets for soil organic layer (forest floor) C for Chile. For this study, forest floor was sampled using a
conditioned Latin hypercube sampling design [52]. The sampling design considered the planted tree
species, the age of the plantation and the soil organic carbon stock to define the sampling universe. This
sampling design methods selects a sample in order that the multivariate distribution of the sampling
variables is maximally stratified. A total of 100 sites were sampled with 5 replicates per site with a 25
cm circular sampling frame. The five samples per site were pooled by site. Humus and litter thickness,
and bulk density were measured on site, and organic carbon content was analyzed in a laboratory by
using a LECO analyzer (LECO Corporation, Michigan, USA).

The estimated forest floor C stocks were combined with environmental variables (Table A1)
to implement the same modeling strategy used for mapping soil C values and their uncertainties
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(Random Forest for prediction and quantile Random Forest for calculating uncertainty). Different
models were estimated to predict the soil organic carbon content, layer thickness and bulk density for
the humus and the litter layers. To evaluate model fit, a repeated cross validation with 5 groups (folds)
and 5 repetitions was applied. The Litter and humus layer organic carbon stock was modeled over a
raster grid of 90 x 90 meters and then generalized as the mean on a stand basis for reporting.

2.5. Integration of the results

Above- and below-ground biomass C was estimated on a stand basis based on forest inventories
and/or tabulated data. Soil and forest floor information were produced using a DSM approach over a
90 x 90 meter grid. The mean value per stand for the soil and forest grid layer was estimated to derive
a database including the mean value of the four pools and their total for all 49,835 stands. and each
stand was categorized by specie, age, administrative region, soil class and climatic zone.

We present the information aggregated by species, administrative region, climate, and soil parent
material. Comparisons by climate were generated by combining the gridded stand C data with the
Chile map of Képpen climate classification [53]. For the forest region evaluated, this map presents 2
climate classes using a third-order Koppen-Geiger classifications (Oceanic climates and Mediterranean
warm/cool summer climates). This two classes were further divided following Sarricolea et al. [53]
using a new criteria to enable the identification of climatic subtleties in 7 sub classes. Mediterranean
warm/ cool summer climates were divided in 3 classes: Mediterranean warm/cool summer climate
(Csb), Mediterranean warm/cool summer climate with a more pronounced coastal influence (Csb(i))
and Mediterranean warm/cool summer climate from highlands (Csb(h)). Ocean climates were divided
in 4 categories: Ocean climate (Cfb), Ocean climate with a more pronounced coastal influence and
dry summer (Cfb(s,i)), Ocean climate with a dry summer (Cfb(s)) and Ocean climate with a more
pronounced oceanic influence (Cfb(i)). Comparisons by soil parent material were generated by
combining the gridded stand C data with a soil parent material map obtained from the soil series maps
[54-63] together with the geological map of Chile [64]. This map presents 10 soil classes for the forest
region: soils formed over lacustrine parent material (Lac), soils formed from sandy alluvial deposits
(AR); soils formed from granitic materials (G); soils formed from old volcanic ashes deposits (CVa); soils
formed from recent volcanic ashes deposits (CVr); soils formed from recent volcanic ashes deposits over
metamorphic materials (CVrMe); shallow volcanic soils with drainage problems, regionally known
as Nadis[65] (Na); soils formed over metamorphic parent material (M); soils formed over marine
sediments covered by old volcanic ashes (SMCVa) and, soils formed over marine sediments (SM).
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Figure 3. Categorical layers used to characterize the spatial variability of the Carbon pools: (a)
Administrative regions; (b) Soil classes by parent material: soils formed over lacustrine parent material
(Lac), soils formed from sandy alluvial deposits (AR); soils formed from granitic materials (G); soils
formed from old volcanic ash deposits (CVa); soils formed from recent volcanic ash deposits (CVr); soils
formed from recent volcanic ash deposits over metamorphic materials (CVrMe); Nadis soils (Na); soils
formed over metamorphic parent material (M); soils formed over marine sediments covered by old
volcanic ash (SMCVa) and, soils formed over marine sediments (SM); (c¢) Climatic zones: Mediterranean
warm/cool summer climates were divided in 3 classes: Mediterranean warm/cool summer climate
(Csb), Mediterranean warm/cool summer climate with a more pronounced coastal influence (Csb(i))
and Mediterranean warm/cool summer climate from highlands (Csb(h)). Ocean climates were divided
in 4 categories: Ocean climate (Cfb), Ocean climate with a more pronounced coastal influence and
dry summer (Cfb(s,i)), Ocean climate with a dry summer (Cfb(s)) and Ocean climate with a more
pronounced oceanic influence (Cfb(i)).

2.6. Statistical comparison of mean values

Carbon pools were compared either by geographic region, climatic zones or by soil parent material.
To overcome inherent differences between groups, both in distribution form and in variance size, a
bootstrap regression was adopted to provide both robustness in the group comparisons, as well as to
give insight about the statistical power of each comparison. To do so, the data was split into groups
corresponding to [ regions, or m climatic zones or n parent materials. The bootstrap algorithm sampled
100 observations with replacement per group and regressed the C pool value with the categorical
grouping using a linear model. This process constitutes one realization of the data for further analysis.
Comparisons among groups were undertaken using Tukey’s test for each realization. A total of 1000
realizations for this procedure were performed and the number of times a group was found different
from the remaining groups was recorded as a success. A comparison thresholds was used to indicate
significant differences: 0.05. These comparison lead to the construction of mean confidence intervals,
by using the variance of the values, that allowed for a summary of final comparisons.
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3. Results

3.1. How is the C stock distributed between the different C pools on a forest plantation?

At rotation age (20-24 years for PIRA, 10-14 for EUGL and EUNI), average above-ground biomass
C was higher in the stands planted with PIRA (196.8 Mg - ha~!) followed by the stands planted with
EUNI (164.7 Mg - ha~!) and then, EUGL (105.9 Mg - ha~!). Below-ground biomass C pool did not
differ between PIRA and EUNI, (36.2 and 33.0 Mg - ha~!) but was lower for EUGL (22.0 Mg - ha™1).
Organic layer soil C (forest floor C) was considerably lower than the other pools, similar for EUNI and
PIRA (10.5 and 9.6 Mg - ha™!) and slightly higher for EUGL (12.0 Mg - ha™?!). 0-30 cm mineral soil
carbon was higher for EUNI (146.0 Mg - ha~1) lower values for EUGL (115.2 Mg - ha~1) and PIRA
(100.7 Mg - ha~!) (Figure 4).

AG biomass C pool BG biomass C pool Forest Floor C pool 0-30 cm mineral SOC

%, .

o N \s o
& & ¢ & ©

{2\‘?‘

Figure 4. Distribution of carbon stock (mean and confidence interval of the mean) between the four
pools (Above-ground biomass (AGB), Below-ground biomass (BGB), forest floor and 0-30 mineral soil
organic carbon (SOC)) evaluated for Eucalyptus globulus (EUGL), Eucalyptus nitens (EUNI) and Pinus
radiata (PIRA) at rotation age (10-14 years-old for EUGL and EUNI, 20-24 years-old for PIRA). Means
denoted by a different letter indicate significant differences for p < 0.05.

The above-ground biomass C is 57% of total C for PIRA, 47% for EUNI and 41% for EUGL.
Below-ground biomass C pool is 10% of total C for PIRA, 9% for EUNI and 8% for EUGL. The smallest
C pool is organic soil layer (forest floor), representing 3 to 5% of the total C. 0-30 cm mineral soil
organic C is between 29 to 45% of the total ecosystem C (Figure 5).
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Figure 5. Proportion of C in the four pools evaluated (Above-ground (AG) biomass, Below-ground
(BG) biomass, forest floor and 0-30 mineral soil organic carbon (SOC) C pools) for Eucalyptus globulus
(EUGL), Eucalyptus nitens (EUNI) and Pinus radiata (PIRA) at rotation age (10-14 years-old for EUGL
and EUNI, 20-24 years-old for PIRA).

3.2. How much C is present in above-ground biomass at different ages for different species?

Fast-growing species in productive forest plantations have a rapid accumulation of above-ground
biomass C to produce pulp or saw timber. The accumulation per unit area increases progressively
over time until it reaches a maximum co-occurring with the maximum leaf area of the stand, then
declines [66] this maximum varies with species and growth conditions of the site. The high variability
observed in Figure 6 results from differences in site conditions and disturbance among stands. E. nitens
accumulates above-ground biomass most rapidly of the three species, but appears to slow biomass
growth much earlier than the other two species. At 10 years-old, the mean value of above-ground
biomass C for EUGL is 93.7 Mg - ha~!, 150.9 Mg - ha~! for EUNI and 68.6 Mg - ha~! for PIRA. At 20
years of age, mean values are 158.1, 292.0 and 163.1 Mg - ha! for EUGL, EUNI and PIRA, respectively.
The current economic rotation for PIRA is 22-24 years and 12 years for EUGL and EUNI, but biomass
and C accumulation continues to increase after the end of the economic rotation. Regarding the
proportion of area for each age class, there is a big area with plantations with less than 1 year. The
proportion of area decreases after rotation age (20-24 years for PIRA, 10-14 for EUGL and EUNI). Albeit
the proportion of area from 0-2 for EUGL and EUNI and 04 years for PIRA is significant, commercial
measures of wood volume are considered 0.
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Figure 6. Distribution of the above-ground biomass C density [Mg - ha~!] according to age for E.
globulus (EUGL) (n = 6,952), E. nitens (EUNI) (n = 2,511), and P. radiata (PIRA) (n = 40,363). Green line is
a smoothing function fitted to all data, using a generalized additive model and a cubic spline smooth
factor.

3.3. What is the capacity of forest plantations to store C across the different forest regions of Chile?

We evaluated the capacity to store C using total ecosystem C at current economic rotation ages
(20-24 years for PIRA and 10-14 years for EUNI and EUGL). For the seven geographic regions evaluated,
total ecosystem C stocks at rotation age ranged between 192 and 437 Mg - ha~!. The lowest values
were found in Maule and Nuble region for EUGL, Biobio for EUNI, and O’Higgins region for PIRA.
Highest values were found in Los Lagos, and Los Rios region for EUGL, Los Rios regions for EUNI,
and Los Lagos and Biobio for PIRA (Figure 7).

Above-ground biomass C pool for EUGL has the highest value at Los Lagos regions with values
around 159.0 Mg - ha~!, followed by Biobio and Los Rios regions (115.7 and 119.1 Mg - ha~!), and with
the lowest and without differences for Maule and Nuble regions (70.2 and 81.7 Mg - ha™!, respectively).
For EUNI, the highest values were found for Nuble and Los Rios regions (176.0 and 180.2 Mg - ha™ 1)
followed by Los Lagos region (157.8 Mg - ha~!), and the lowest at Maule (97.4 Mg - ha™!, respectively).
For PIRA, lowest value was found at the northernmost region, O'Higgins (129.2 Mg - ha~!), and
increasing to the south, with maximum values at Biobio (239.2 Mg - ha~!) and Los Lagos (232.7 Mg -
ha1).
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Figure 7. Mean and confidence interval for the 4 carbon pools (Above-ground (AG) biomass,
Below-ground (BG) biomass, forest floor and 0-30 mineral soil organic carbon (SOC) C pools) and the
total C for Eucalyptus globulus (EUGL), Eucalyptus nitens (EUNI) and Pinus radiata (PIRA) at rotation
age (10-14 years-old for EUGL and EUNI, 20-24 years-old for PIRA) at the 7 administrative regions
evaluated. Means denoted by a different letter indicate significant differences for p < 0.05.

For the 0-30 cm soil organic C pool, we found a similar trend for the three species analyzed. The
lowest values correspond to the northern regions were mean annual temperatures are higher and
precipitations are lower, with values around 100 Mg - ha~! for EUGL and EUNI and 70 Mg - ha~! for
PIRA. At different behavior was found for plantations at Maule region shows low values for PIRA
(68.4 Mg - ha™!), and high values for EUNI and EUGL (195.9 and 111.7 Mg - ha~!). The region with
the biggest stock was Los Rios and the same for the three species, with values around 170 Mg - ha~!
However, for EUNI, Maule presents higher values than Los Rios reaching 195.9 Mg - ha~!

3.4. How does this change with climate and soil types?

Total ecosystem C stocks for forests at rotation age (20-24 years for PIRA, 10-14 for EUGL and
EUNI) was higher for the zones with Ocean climate (Cfb, Cfb(s), Cfb(s,i)) than the zones with a
Mediterranean warm, cool summer climate (Csb, Csb(h), (Csb(i)) for all species. For PIRA, C in a
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Mediterranean warm,coastal influence climate (Csb(i)) has similar values than the areas with Ocean
climate (Ctb, Cfb(s), Cfb(s,i)) (Figure 8).
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Figure 8. Mean and confidence interval of the mean for the 4 carbon pools (Above-ground (AG)
biomass, Below-ground (BG) biomass, forest floor and 0-30 mineral soil organic carbon (SOC) C
pools) and the total C for Eucalyptus globulus (EUGL), Eucalyptus nitens (EUNI) and Pinus radiata
(PIRA) at rotation age (10-14 years-old for EUGL and EUNI, 20-24 years-old for PIRA) at the
climatic zones evaluated: Mediterranean warm/cool summer climate (Csb), Mediterranean warm/cool
summer climate from highlands (Csb(h)) and Mediterranean warm/cool summer climate with a more
pronounced coastal influence (Csb(i)), Ocean climate (Cfb), Ocean climate with a dry summer (Cfb(s)),
and Ocean climate with a more pronounced coastal influence and dry summer (Cfb(s,i)). Means
denoted by a different letter indicate significant differences for p < 0.05.

The above-ground biomass C pool showed a different pattern than that for total C. For EUGL,
the highest above-ground biomass C was found in the Cfb (s,i) and Csb (i) climates. The lowest
value, 81.8 Mg - ha~!, was found in the Mediterranean warm /cool summer climate (Csb). For EUNI,
above-ground biomass C was similar for all climatic zones, with statistical differences and higher
values at Csb, Cfb, Cfb(s,i), Cfb(s) compared to Csb(i) and Csb(h). For PIRA, above-ground biomass C
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was similar across most climate zones (179.4-218.1 Mg - ha~1), with higher C (259.1 Mg - ha~!) in the
Mediterranean warm climate with a more pronounced coastal influence (Csb(i)).

The 0-30 cm soil organic C pool showed a clear trend with climate zone for all three species. The
three zones with ocean climate (Cfb, Cfb(s), Cfb(s,i)), showed significantly higher values than the
zones with Mediterranean climate (Csb, Csb(i), Csb(h)) (153.8-181.2 Mg - ha~! versus 88.9-138.6 Mg
- ha~!, respectively). For all three species, the highest soil organic C value was found for the area
with Ocean climate with a dry summer (Cfb(s)), with values of 172.2, 170.9 and 168.4 Mg - ha~! for
EUGL, EUNI, and PIRA, respectively, and the lowest value was found in a Mediterranean warm/cool
summer climate (Csb) for EUGL (102.4 Mg - ha~!) and PIRA (88.9 Mg - ha~!). For EUNI the lowest
value was similar both in this zone (120.1 Mg - ha~!) and in the two other Mediterranean warm climate
(Csb(i) and Csb(h)) (118.1 and 120.3 Mg - ha~!). EUNI, the only specie with data in Ocean climate
(Cfb), presented there the highest value for 0-30 cm mineral soil organic C pool with 181.2 Mg - ha~!.

The total ecosystem C pool varied with soil parent material. For EUGL plantations, total C was
highest in old volcanic ash over marine sediment (SMCVa) parent materials (339.5 Mg - ha~!), but with
no differences with recent volcanic ash over metamorphic rock (CVrMe) and fiadi (Na) (320.8 and 322.7
Mg - ha=1). For EUNI, the highest value was observed for recent volcanic ash over metamorphic rock
(CVrME) (404.0 Mg - ha—!), also with no differences with Nadis and recent volcanic ash (Na and CVr)
(381.3 and 371.2 Mg - ha™!). For PIRA, highest values were observed for marine sediment and old
volcanic ash over marine sediment (SM and SMCVa) (445.4 and 432.3 Mg - ha~1). The lowest values
were observed in sandy alluvial (AR) parent material for EUGL (172.5 Mg - ha™!), in granitic and
marine sediment (G and SM) parent material for EUNI (271.2 and 292.5 Mg - ha~!), and in lacustrine
(Lac) parent material for PIRA (144.4 Mg - ha=1) (Figure 9). The variability of 0-30 cm soil carbon with
soil parent material are similar for all species, with recent volcanic ash over metamorphic rock (CVrMe)
soils having the highest values (171.3, 172.6, 171.7 Mg - ha~! for EUGL, EUNI and PIRA), followed by
fiadis (Na) soils. However, for PIRA, the second highest value was found for old volcanic ash over
marine sediment (SMCVa) soils. The lowest values were observed in lacustrine (Lac) parent material
(37.6 Mg - ha~! for PIRA), in soils with sandy alluvial (AR) parent material (68.9 - ha~!) for EUGL and
in granitic soils (G) for EUNI (105.4 Mg - ha~!). For EUGL, the highest values of the above-ground
biomass C pool were observed at old volcanic ash over marine sediment (SMCVa) (159.1 Mg - ha™1),
and the lowest values at sandy alluvial, granitic, old volcanic ash, and recent volcanic ash soils (AR,
G, CVa, and CVr) (77.2, 82.8,93.4 and 92.3 Mg - ha—1). EUNI plantations showed highest and similar
values for 4 soil parent materials: recent volcanic ash, recent volcanic ash over metamorphic rock, fiadis
and old volcanic ash over marine sediment (CVr, CVrME, Na, SMCVa) soils (175.6, 184.7, 169.5, and
172.5 Mg - ha™!, respectively). And the lowest values were observed at granitic and marine sediment
(G and SM) (129.8 and 136.8 Mg - ha1!). For PIRA, the highest value of above-ground biomass C was
observed for the marine sediment (SM) parent material (267.8 Mg - ha~') and the lowest at soil formed
over lacustrine (Lac) parent material (78.8 Mg - ha™1).

d0i:10.20944/preprints202009.0102.v1
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Figure 9. Mean and confidence interval of the mean for the 4 carbon pools (Above-ground (AG)
biomass, Below-ground (BG) biomass, forest floor and 0-30 mineral soil organic carbon (SOC) C pools)
and the total C for Eucalyptus globulus (EUGL), Eucalyptus nitens (EUNI) and Pinus radiata (PIRA) at the
soil parent material evaluated: soils formed over lacustrine parent material (Lac), soils formed from
sandy alluvial deposits (AR); soils formed from granitic materials (G); soils formed from old volcanic
ashes deposits (CVa); soils formed from recent volcanic ashes deposits (CVr); soils formed from recent
volcanic ashes deposits over metamorphic materials (CVrMe); Nadis soils (Na); soils formed over
metamorphic parent material (M); soils formed over marine sediments covered by old volcanic ashes
(SMCVa) and, soils formed over marine sediments (SM). Means denoted by a different letter indicate
significant differences for p < 0.05.

4. Discussion

Our study shows that plantation forests in Chile store large amounts or carbon. The planted
species differ in their C accumulation rate, with both Eucalyptus species carbon at a more rapid rate
than radiata pine and the most rapid C accumulation for E. nifens. These differences indicate that
management changes could impact plantation C storage by changing the species mix and/or the
rotation length. There are large differences in above-ground biomass C by species, administrative
region, climate and soil parent material, with faster C accumulation and higher biomass and soil C in
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the cooler, wetter areas in the southern regions on fertile soils derived from volcanic ash. A detailed
discussion of these differences is given below, together with a comparison of the data from this study
with that used in [34].

4.1. The capacity of forests to store carbon by species

The capacity of PIRA to store C in above-ground biomass in this study is similar to that reported
for other studies. In New Zealand, Oliver et al. [67] reported 79.4 and 105.6 Mg - ha~! for two stands of
15 and 16 years old, similar to the ones reported here, where the interquartile range for PIRA at age 15
was 80.3 to 124.7 Mg - ha~!, and for age 16 was 84.4 to 137.7 Mg - ha~!. Oliver et al. [67] also reported
a value for C stored in the soil organic layer (forest floor) for the same stands of 13.7 to 14.6 Mg - ha™!,
slightly higher than the value reported by us of 9.84-0.5 Mg - ha~!. Guo et al. [68] reported 71.6 Mg -
ha~! for soil organic C up to 1 m, 8.0 Mg - ha™! for the soil organic layer (forest floor), and 95.0 Mg
- ha~! for above-ground biomass in a 16-years-old PIRA plantation in Australia. In Mozambique,
Guedes et al. [69], reported 162.1+£64.0 Mg - ha~! for above-ground biomass C, 53.34-17.7 Mg - ha~! for
below-ground biomass C, 12.1+£5.6 Mg - ha~! for the soil organic layer (forest floor) C and 135.2+51.1
Mg - ha™! for soil organic C, for plantations of Pinus at rotation age (34 years). Balboa-Murias et
al.[70] assessed the temporal dynamics of C stored in above-ground tree biomass in even-aged, pure
stands of maritime pine and radiata pine managed under different silvicultural regimes in northwest
Spain. Total above-ground carbon storage for the whole 30 years rotation in radiata pine plantations
(clear-cutting plus thinning) ranged between 96.0 Mg - ha~! and 187.0 Mg - ha™! for different initial
stocks and site quality. In the same region [71] reported total live C stocks in above and below ground
live biomass of radiata pine plantations at 11 years old in an experimental design for silvopastoral
systems of 130.6949.68 and 145.80+27.21 Mg - ha~!, depending on the initial density.

Soares and Tomé [72] in a EUGL fertilization-irrigation experiment in Portugal estimated
above-ground biomass yields at 6 years old plantations of 93.66-157.42 Mg DM - ha~! (47.46-80.28 Mg
C - ha~') and below-ground biomass (roots) of 25.88-44.16 Mg DM - ha~! (13.19-22.52 Mg C - ha™!).
Normal rotation for EUGL in Portugal is 10-12 years. Demessie et al [73] measured biomass on EUGL
plantations in southern Ethiopia, showing total C in above-ground biomass of 493 + 106.01 Mg - ha~!
and SOC in the range of 175.5 4 13.62 Mg - ha! at 22 years old. In Mozambique, Guedes et al. [69],
reported 202.5+124.6 Mg - ha™! for above-ground biomass C, 58.7+31.0 Mg - ha~! for below-ground
biomass C, 6.643.1 Mg - ha~! for the soil organic layer (forest floor) C and 138.84-60.2 Mg - ha~! for
soil organic C, for plantations of Eucalyptus at rotation age.

In Chile, research on carbon content in forest plantations is scarce. Within these, Espinosa et al.
[24] estimates that the C content only in PIRA stems would reach an average of 55 Mg C- ha~!, and
Acunia et al. [74], values between 6.1-6.9 Mg C - ha~! on harvest residue, consisting on leaves, twigs
and rests of stems of radiata pine. However, more consistent records can be found in the reports of the
Bioenercel Consortium, which had the purpose of conducting research on biofuels from lignocellulosic
material[75]. This consortium carried out destructive samplings between the Nuble, Biobio and
Araucanfa regions, estimating the total above-ground biomass C of PIRA of 62.6 Mg - ha~! (42.5-151)
in sandy alluvial soils, 139.6 Mg - ha~! (124-157.5) in soils from recent volcanic ash, and 183.7 Mg
-ha~! (129-251.5) in marine sediment soils for stands 15-31 years old. The Consortium estimated
above-ground biomass C of 13-16 year-old EUGL as 100.1 Mg - ha~! (46-178), and of 15-19 year-old
EUNI at 271.2 Mg - ha~! (225.5-306). The results presented in [75] are in accordance with those of
our study. In PIRA we recorded an average of 102.5 and 213.0 Mg C - ha~! at 13 and 24 year old,
respectively; in EUGL an average of 115.6 and 139.2 Mg C - ha~! at 13 and 16 year old, respectively;
and in EUNI an average of 227.4 and 277.2 Mg C - ha~! at 15 and 19 year old, respectively. Small
differences may be due to the Bioenercel records being obtained only in a restricted geographic area
and not the larger longitudinal range evaluated in this article.

As shown in Figure 4, we found differences in the above-ground C stock at rotation age, with
PIRA having with the highest value, followed by EUNI and them EUGL. Because this comparison is
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for different ages for each species, the results differ if we compare at the same age. As we presented
in Section 3.2 and Figure 6, at 10 years old, above-ground C pool was largest for EUNI followed by
EUGL, with PIRA having the lowest value. At 20 years-old, above ground biomass is greatest in EUNI
presents the highest value, with lower and similar values for EUGL and PIRA, although there are few
stands of EUGL at that age.

The growth of a forest plantation has different development stages [39,76], and this alters the
dynamics of above-ground C. Figure 6 shows that these stages are clearly marked in PIRA and EUN]I,
with slower C accumulation after age 16 for both. Figure 6 also shows that while the accumulation rate
slows for older stands, carbon storage continues to increase after age 20 years, especially for PIRA.
Even though the proportion of older stands is low across the landscape, these stands are especially
important for storing C and C will likely continue to accumulate in them after age 20-24 years. Among
the three species, EUNI accumulates C the most quickly, followed by EUGL and finally PIRA. C
accumulation in PIRA is reduced by pruning and thinning that reduce its annual accumulation rate,
while EUGL and EUNI are not thinned or pruned.

At the global scale, the importance of above-ground biomass and its capacity to store carbon
has been well researched and quantified. The role of soils, albeit its importance [77], still has large
uncertainties [78,79]. Scharlemann ef al. [20] summarized global data and reported a proportion of
soil C to total C as 50 to more than 75% for this region. The value for this study is between 29 to 41%
(Figure 5) but this study’s lower proportions arise from our study estimating only 0 to 30 cm of depth
compared to 0 to 100 cm for the global synthesis.

4.2. The capacity of forests to store carbon in different regions

When comparing the different administrative regions, there is a clear trend in the amount of
biomass that increases from north to south (Figure 7). The maximum is observed at Biobio region
characterized by its high productivity due to the SM soils together with Csb(i) climate that moderates
the temperatures and with abundant precipitations. In the case of EUNI, the Nuble region has the
highest biomass production because the plantations are located in high productivity CVr soils, towards
the foothills (Figure 2 and 3). Regarding the soils, in the northern regions we have drier Csb climates
with higher temperatures, and with more intervened and degraded soils. On the other hand, values
increase going south, where Cfb climate conditions are more humid and with lower temperatures.

Since the 1980s, the National Forest Institute (INFOR), a state forestry research and extension
agency, generates a national inventory that is used to forecast wood availability for the main tree
species. The last report [80] summarizes planting areas, stand management and forest yield information
providing a reference that can be used to estimate above-ground C stocks. Data about mean annual
increments if presented at [80] grouped by Growth Areas (GA), Site Class, and Management Schemes.
This growing zones were proposed in 1990 following the spatial distribution of rain, temperature, and
soil fertility. In order to compare them with the administrative regions, these Growth Areas should
be considered as corresponding to GA 1: Coastal dry land, O’Higgins region and interior dry land,
Maule region; GA 2: Coastal dry land, Maule region and north coastal zone, Biobio region; GA 4:
Pre-mountainous sector of the Maule, Biobio and La Araucania regions; GA 5: Sandy area between
the Itata river, south of the San Carlos de Purén sector to the southern bank of the Biobio river; GA 6:
Coastal zone of the Biobio region and northern part of the Araucania region; GA 7: Inland zone of
the Biobio region and northern part of the Araucania region, between the Itata river and the Traiguén
zone; GA 9: Coastal zone of the Araucania region to the south of Purranque, considering the coastal
zone in the north and including the central zone in the Los Rios and Los Lagos region. GA 3 and 8 do
not have forest plantations. The Site Class corresponds to a productivity rating of 1 (high) to 4 (low)
(Table A2). When comparing the values reported by Buchner et al. [80] with the ones reported here, we
found that our values are inside the range considering the overlap between regions and growth areas.
Our value for PIRA in the Biobio region is 4.7% superior to the one reported for GA4 and GA6 (Table
7). The range of values reported for GA5 (36.7-100.0 Mg - ha!) is lower than the value we report for
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AR soils (141.0 Mg - ha~!) (Table A6) for PIRA. However, for EUGL the value reported here (68.1 Mg -
ha!) is between the proposed range (56.4-96.8 Mg - ha~!). We found low values in the south of the
Maule region, in coincidence with Lac soils (71.0 Mg - ha™!) (Figure 3 b) and the lowest value reported
was found for that area is 68.5 Mg - ha=!.

Recently, Heilmayr et al. [34] evaluated the impact of subsidies on plantation expansion by using
an econometric land use change model. To estimate the carbon impact of the plantations, the authors
used a "regulated forest estate” together with available information. Merchantable wood volume
were calculated assuming a regulated forest (i.e. same amount of area for every age class) in every
administrative region of Chile. Then, wood volume were converted to carbon densities using an
approach similar to the one presented here, albeit with different coefficients (Equation 1, Table 1).
Finally aggregated regional values were calculated using the share of pine as a percent of all plantations
[34,81]. Following the same procedure as in [34], and to produce a weighted value per region, we
considered above-ground C pool of a regulated forest and we found big discrepancies with the values
presented at [81]. Our value for EUGL on a regulated scenario (same area for every age class from 0 to
12 years-old) is 32% higher in the Maule region (35.1 to 26.6 Mg - ha’l), and 57%, 33%, 64% an 86%
higher for Biobio, La Araucania, Los Rios and Los Lagos regions (Table A4). These discrepancies are
much higher for the other species. 148% higher for PIRA at the O’Higgins region (61.4 to 24.71 Mg -
ha~!), again considering a regulated forest with the same area for every age class, in this case, from
0 to 24 years-old. Besides, 174% and 191% for EUNI and PIRA in Maule, 180% and 204%; 138% and
210%; 147% and 141%; 95% and 164% higher for EUNI and PIRA for Biobio, La Araucania, Los Rios
and Los Lagos regions. Finally, when comparing with the share area of each specie as reported by
Gysling Caselli et al. [82], the discrepancies are still notorious. Our combined value is 189% higher
than the proposed for Maule region (77.12 to 26.63 Mg - ha~!); 194% higher for Biobio (92.3 to 31.3
Mg - ha~1); 177% higher for La Araucania region (85.1 to 30.7 Mg - ha™'); 143% higher for Los Rios
region (91.12 to 37.3 Mg - ha!) and 109% higher for Los Lagos region (77.27 to 36.89 Mg - ha~!). As
the approach is the same, but the coefficients used were different, the differences could be considered
to be due to these. However, the differences in the coefficients can only explain differences of 20 to
30%. For example, for a plantation of PIRA with 100 m® of merchantable wood volume, the coefficients
applied by Heilmayr et al. [34] produce a value of 27.3, those suggested by Aalde et al. [17] estimate
a value 35.7 Mg or 30%, which is less than the observed differences of 140 to 210%. Doing the same
exercise with a plantation of EUGL or EUNI and considering 75 m> of merchantable wood volume, the
differences are of 20%, again less than the observed differences of 32 to 86% for EUGL or 95 to 180%
for EUNL

4.3. The capacity of forests to store carbon in different climatic zones

The Chilean territory is characterized by its climatic and topographic variability, where
precipitation, temperature and soil are the factors that determine productivity [83]. Above-ground C
stock potential is strongly correlated with the amount of light interception or leaf Area Index (LAI)
[83,84] and LAI depends on several factors such as: suitable selection of species, crop design (initial
stock density and rotation), management regimes (weed control, fertilization, irrigation); and climatic
conditions [85,86]. The variability in the accumulation of carbon at the landscape level is a function of
the prevailing edaphoclimatic characteristics at each site.In Chilean soils, SOC stocks increased with
latitude [87]. PIRA has established itself as a species capable of developing into various environments,
for this reason was established and subsidized for forestation a vast area of southern Chile [88].
However, its productivity is determined by nutritional factors [88] and precipitation [83]. Species
of Eucalyptus have been characterized by their temperature sensitivity, EUGL one part is bounded
distribution areas where the involvement of frost does not limit their establishment and EUNI was
consolidated as replacement in areas where EUGL was not possible to be established. Studies such
as those developed by [84,89,90] show that temperature and water stress are the two factors that
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negatively impact the LAI of the genus Eucalyptus, which translates into a poor accumulation of carbon
in places that limit temperature and precipitation.

Figure 8 shows that in the O'Higgins and Nuble regions (north-central of Chile) the carbon pool
is significantly less than in the rest of the regions (from Biobio to Los Lagos). In this area, the climate
is extremely dry in summer and with rainy seasons that do not exceed 4 months, together with high
temperatures during summer making the production of biomass limited. EUNI has a different behavior
on this climate because all the plantations are in the foothills above 750 m a.s.l,, in conditions more
related to climate Csb(h). The Csb(i) climate is a coastal climate that is moderated by the humid ocean
winds in the summer, achieving an annual amplitude that does not exceed 5°C. It is a mild climate
for the development of biomass in the plantations, favoring a productivity that equals or exceeds the
productivities found in more humid climates such as those found in Cfb climates.

We found that the values for topsoil organic C were higher in the 3 zones with Cfb climate (i.e.
Ctb, Cfb (s,i), Cfb(s)), which coincides with areas of higher precipitation and lower annual temperature
(Table 8, Figure 2). Comparing the regions with Mediterranean climate (Csb, Csb(i), Csb(h)), it is
observed that the values are higher in the areas with coastal influence, relegated to the highest water
availability in that area.

4.4. The capacity of forests to store carbon at different soils

Our results showed a positive relation between surface soil carbon, based on parent material and
moisture regime. Even though, in volcanic soils land use change and management play a key role on
soil properties [91], the volcanic ash condition and soil acidity increased the potential of surface soil
C accumulation [92]. Reyes Rojas et al. [44] estimated for central Chile larger amounts of soil carbon
in volcanic soils, specially under moist regimes. The poorest sites are those of Lac parent material,
developed to the north of the central valley, which present fine material by continental deposition that
in the past were intervened and degraded with agricultural activities (rice or wheat crops), where
the values of bulk density (>1.2 g - cm~%) make agricultural production difficult therefore these sites
are currently destined to forest plantations [93] (Table 9, Figure 2)[94]. Low biomass production and
low above-ground biomass C was observed for PIRA and EUGL in sandy alluvial soils (AR parent
material) and this is related to the low capacity of these soils to accumulate SOC and store water within
the soil profile in comparison to the more clayey volcanic soils[35]. Soils formed over SM (SM and
SMCVa) correspond to highly productive soils for PIRA and EUGL, given their structure and depth
that favour root development and resource availability.

Compared to EUGL, EUNI is a high yielding species that is intended for highly productive sites
but which present limitations to EUGL growth such as low temperature, frost and waterlogged areas
[84,95-97]. This is why this species presents high biomass in soils of CVr and CVrMe origin in the
foothills and coastal areas, which have good structure, but where there are cold and windy conditions
and frost events. EUNI has also good performance of soils of Na origin, which, as already mentioned,
are soils of recent volcanic origin, that are shallow, that exhibit high levels of SOC and present an
iron-cemented layer [65,98], which must be ripped to ensure the establishment of EUNI. CVrMe soils
have a higher pool of C in the 3 species, this is because these soils are located in the regions of Los Rios
and Los Lagos, where the mean annual temperature are lower making the decomposition of organic
matter slower. The same can be seen in soils of Na origin, which in addition to low temperatures
present problems of waterlogging, this condition limits the decomposition of organic matter and favors
the fixation of C. In general the value of topspoil C is higher for EUNI for all types of parental material,
probably as a result that EUNI is preferred to other species under this soil type, because where it is
colder, EUNI is prioritized, and those conditions favor the accumulation of organic matter.

5. Conclusions

Across the plantation landscape of 2,197,386 ha from the O’Higgins region (latitude 35°14’) to the
Los Lagos region (latitude 40°6') averaged 322.4 Mg - ha~!, 343.4 Mg - ha~! for Pinus radiata, 351.9 Mg
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- ha~for Eucalyptus nitens and 254.6 Mg - ha~! for E. globulus. Total C storage in plantation forests and
their soils is 708 Tg. This compares to the annual fossil fuel C emissions for Chile in 2019 of 23 million
tonnes C (=23 x 10'2 g or 23 Tg) [99]. The data compiled and the procedures used in this study provide a
forest carbon baseline and database for assessing changes in future studies. The collaborative effort and
public-private data sharing also point the way towards how future C assessments can be accomplished.
The baseline data will be valuable for modelling C storage changes under different management
regimes (changes in species, rotation length and stocking) and for different future climates.
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Appendix A. Environmental covariates used in Digital Soil Mapping

Table Al. Enviromental covariates used to model soil organic carbon and forest floor carbon using
digital soil mapping techniques

Category Source Resolution ~ Variables

Topography SRTM 90m Elevation model, Aspect, Slope, Chanel Network
Base Level, Channel Network Distance, Longitudinal
Curvature, Convergence Index, Slope Length and
Steepness Factor, Maximal Curvature, Minimal Curvature,
Profile Curvature, Tangential Curvature, Terrain Surface
Convexity, Terrain ruggedness index, Topographic Position
Index, Topographic Wetness Index, Valley Depth

Climate CR2-Uchile  500m Mean annual temperature, Mean diurnal range (mean
of max temp - min temp), Isothermality, Temperature
seasonality, Max temperature of warmest month, Min
temperature of coldest month, Temperature annual
range, Mean temperature of the wettest quarter, Mean
temperature of driest quarter, Mean temperature of
warmest quarter, Mean temperature of coldest quarter,
Total (annual) precipitation, Precipitation of wettest month,
Precipitation of driest month, Precipitation seasonality,
Precipitation of wettest quarter, Precipitation of driest
quarter, Precipitation of warmest quarter, Precipitation of
coldest quarter, average number of cold Day

Soil CIREN 90m Parent Material

Morphology

Vegetation =~ MODIS 250m Average Enhance vegetation index from last 20 years,
indices Minimum Enhance vegetation index, Maximum Enhance

vegetation index, Enhanced vegetation index range,
Standard deviation for EVI from last 20 years
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Appendix B. INFOR Reference values

Table A2. Above-ground Biomass Carbon Pool for the different Growth Areas, Site Class and
Management Scheme (1-10 for Pinus radiata, 11 Eucalyptus globulus and 12 Eucalyptus nitens). Rotation
length is 20 years for management scheme 1, 22 years for 2 and 3, 24 for 7 to 10, and 12 years for
management scheme 11 and 12. Above-ground Biomass Carbon calculated using the methodology
presented in Section 2.2 and data from [80]

Growth Site

Area Class Management Scheme

1 2 3 7 8 9 10 11 12

1 1 207.1 1885 180.6 1799 1714 1628 1714 60.5 922
2 1642 1492 1414 1457 514 1285 1371 645 78.6
3 1214 110 1021 1028 1028 942 1028 484 72.6
4 85.7 785 70.7  68.5 68.5 68.5 77.1 40.3 66.5
2 1 2142 2121 1963 1971 1885 1799 197.1  96.8 87.6
2 178.5 1649 1571 1542 1542 1457 1542 66.5 82.9
3 142.8 1414 1257 1285 1285 120 1285 645  96.8
4 1071 942 864 8.7 8.7 771 94.2 645  96.8
4 1 2285 2042 1963 1799 1799 1542 1885 96.8 1705
2 1785 157.1 1414 1285 1371 1285 1371 1014 1475
3 1499 1335 1257 120 1114 1028 1028 829 1198
4 1214 1021 1021 8.7 771 857 942 968 922
5 1 100 86.4 78.5 771 771 68.5 77.1 87.6  96.8
2 78.5 70.7 628 60 60 60 60 96.8 82.9
3 64.3 55 47.1 514 514 428 514 66.5 84.7
4 50 393 393 36.7 367 428 428 56.4 66.5
6 1 221.3 2042 1885 1885 1799 1542 1885 1428 198.1
2 1714 157.1 1414 1371 1371 1285 1457 129 1659
3 142.8 1257 1178 1457 120 1028 120 1152 129
4 1071 942 864 8.7 8.7 771 857 829 968
7 1 207.1 1963 1885 1799 1799 1714 1799 1014 165.9
2 178.5 1649 1571 1542 1542 1371 1542 829 1475
3 1499 1414 1335 1285 1285 120 1285 96.8 1152
4 1142 1021 1021 942 942 85.7 942 66.5 78.3
9 1 2142 1885 1728 1714 1628 1542 1714 1106 198.1
2 1642 1414 1335 120 120 120 1285 968 175.1
3 1214 110 1021 942 942 85.7 942 783 1521
4 92.8 78.5 70.7 60 60 60 60 84.7 1152

Appendix C. Average C stock values of the different pool per Specie, Region, Climatic zones and
Parent Material.

Table A3. Average (+standard deviation, n=11,084) carbon (C) stocks [Mg - ha~!] in each specie at
rotation age (10-14 years-old for EUGL and EUNI, 20-24 years-old for PIRA)

Specie  Age Above-ground Below-ground  Forest  Soil Organic Total

P 8 Biomass C Biomass C FloorC  C(0-30cm)  Ecosystem C
EUGL 10-14 105.94+5.6 22.0£1.2 12.0+£0.4  1152+34 254.6+8.5
EUNI  10-14 164.7+8.0 33.0£1.7 10.5+0.5  146.0+£4.9 351.9+12.3

PIRA 2024 196.8+8.0 36.2+1.7 9.6+0.5 100.7+4.9 343.4+12.1
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Table A4. Average (+standard deviation, n=11,084) carbon stocks [Mg - ha~1] for each administrative
region for each specie at rotation age (10-14 years-old for EUGL and EUNI, 2024 years-old for PIRA)

Specie Administrative ~ Above-ground Below-ground Forest  Soil Organic Total
Region Biomass C Biomass C FloorC C(0-30cm) Ecosystem C
EUGL Maule 70.2+4.7 16.4+09  9.0+0.4 111.7+£3.3 207.44+6.9
Nuble 81.7+4.7 17.8+£09  9.8+£0.4 82.7£3.3 192.04+6.9
Biobio 115.7+3.4 23.6+0.6 13.6+0.3 111.94£2.3 264.7+4.9
La Araucania 97.0+4.7 20.0+£0.9 10.3+0.4 159.6+3.3 286.91+6.9
Los Rios 119.1+4.7 241+09  9.2+04 171.5+3.3 324.0£7.0
Los Lagos 159.0+4.7 31.8£09  9.9+0.4 138.0+3.3 338.7+6.9
EUNI  Maule 97.44+6.5 19.5+£1.3  7.6£0.3 195.942.5 320.4+8.3
Nuble 176.0+6.5 353£1.3  9.1+0.3 116.3+£2.5 336.84+8.3
Biobio 141.0+4.6 28.3+£0.9 12.9+0.2 109.4£1.7 290.6+5.9
La Araucania 132.0+6.5 26.6+1.3 10.4+0.3 164.61+2.5 333.6+8.3
Los Rios 180.2+6.5 36.1+1.3  9.5+0.3 167.94£2.5 395.84+8.7
Los Lagos 157.8+6.5 31.9+1.3 10.4+0.3 157.0£2.5 357.0+8.3
PIRA  O’Higgins 129.2+7.8 26.3+2.0 10.1+0.5 56.1+3.2 221.14+10.5
Maule 159.6+7.8 30.8+2.0  83+£05 68.4+3.2 267.3+10.5
Nuble 176.6+7.8 33.6+£20  8.3+0.5 95.2+3.2 313.6+10.5
Biobio 239.24+5.5 45.6+14 11.5+0.3 112.5+2.2 408.5+7.4
La Araucania 204.2+7.8 38.7£2.0  9.5+05 136.9£3.2 389.61+10.5
Los Rios 199.24+7.8 16.8+2.0  8.7+0.5 168.8+3.2 393.5+£10.5
Los Lagos 232.7+7.8 453420 9.4+05 149.4+3.2 436.8+10.5

Table A5. Average (+standard deviation, n=11,084) carbon (C) stocks [Mg - ha~!] in each climatic
zones for each specie at rotation age (10-14 years-old for EUGL and EUNI, 20-24 years-old for PIRA)

Specie Climatic Above-ground Below-ground Forest  Soil Organic Total
zone Biomass C Biomass C FloorC  C(0-30cm)  Ecosystem C
EUGL Csb 81.8+3.4 17.8+£0.6  10.7£0.3 102.442.2 212.3+4.5
Csb (i) 129.24+4.9 26.0+0.9 14.0+0.4 115.94+3.1 285.2+6.4
Cfb (s,i) 134.4+4.9 26.9+09 10.6+0.4 153.8+3.1 325.8+6.4
Ctb (s) 117.5+4.9 239409  9.1+04 172.24+3.1 323.0£6.4
EUNI  Csb 160.1+4.3 321408 10.5+0.2 120.1£1.8 320.5+5.4
Csb (i) 136.1+6.1 274412 13.940.3 118.5+£2.5 295.9+7.6
Csb (h) 116.746.1 23.3+12 99403 120.34+2.5 270.2£7.6
Cfb 165.8+6.1 33.2+1.2 125403 181.2+£2.5 392.7+7.6
Ctb (s,i) 170.1+6.1 342412 10.0+0.3 158.74+2.5 373.1£7.6
Ctb (s) 176.916.1 354+12  9.3+0.3 170.942.5 395.1£8.0
PIRA  Csb 179.4+5.6 343+16  8.8+0.3 88.94+2.5 311.6+7.6
Csb (i) 259.1£7.9 49.1£23 12.7+04 113.8+3.6 434.5+10.7
Csb (h) 188.0+7.9 37.6+23  9.9+04 138.6+3.6 374.0+£10.7
Cfb (s,i) 218.1+7.9 39.3+23  9.5+04 157.84+3.6 424.74+10.7

Ctb (s) 199.7+7.9 16.8£2.3 8.7+0.4 168.413.6 393.6+10.7
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Table A6. Average (+standard deviation, n=11,084) carbon (C) stocks [Mg - ha—1] in each parent
material for each specie at rotation age (10-14 years-old for EUGL and EUNI, 20-24 years-old for PIRA)

Specie Soil Above-ground Below-ground Forest  Soil Organic Total
parent material Biomass C Biomass C FloorC  C(0-30cm)  Ecosystem C

EUGL AR 772432 172+£0.6  9.3+0.2 68.94+2.2 172.5+4.8
G 82.8+4.5 17.8+0.8  10.0£0.3 92.5+3.0 203.1£6.8
CVa 93.4+4.5 20.3+0.8 11.4+0.3 91.2+3.0 216.3+6.8
Cvr 92.3+4.5 19.8£0.8  9.74+0.3 139.6£3.0 261.4+6.8
CVrMe 116.31+4.5 235+0.8 9.84+0.3 171.34+3.0 320.8£6.8
Na 131.5+4.5 26.3+0.8  9.9+0.3 155.1£3.0 322.74+6.8
M 96.7+4.5 20.1+£0.8  10.0£0.3 122.4£3.0 249.31+6.8
SMCVa 159.14+4.5 31.8£0.8 10.6+0.3 138.04+3.0 339.5+6.8
SM 134.1+4.5 271408 11.8+£0.3 119.2£3.0 292.31+6.8

EUNI G 129.8+7.2 26.0+14 10.14+0.3 105.443.0 271.2£9.5
CVa 154.8+7.2 31.0+14 11.4+0.3 133.3£3.0 330.449.5
Cvr 175.6£7.2 352+14  9.5+0.3 150.9£3.0 371.249.5
CVrMe 184.7+7.2 369+14  9.840.3 172.6+3.0 404.0£9.5
Na 169.5+7.2 33.9+14  9.5+0.3 168.5+3.0 381.3+9.5
M 144.1£7.2 29.0+1.4 11.1£0.3 141.9£3.0 326.14+9.5
SMCVa 172.54+7.2 347+14 10.3+0.3 142.3+3.0 359.7£9.5
SM 136.8+7.2 27.7+14  11.8+£0.3 116.1£3.0 292.54+9.5

PIRA  Lac 78.8£8.0 194422  8.6+0.4 37.6+£3.5 144.4+11.0
AR 151.1£5.7 30.1+1.5  7.1£0.3 68.74+2.5 257.0+7.8
G 177.0£8.0 33.8+22  8.7+04 76.6+3.5 296.1+11.0
CVa 160.0+8.0 312+22  8.5+04 78.2+£3.5 277.7£11.0
Cvr 181.4+8.0 32.6+22  9.1+04 109.7£3.5 332.8+11.0
CVrMe 198.7£8.0 149+£22  9.0+0.4 171.7£3.5 394.44+11.0
Na 208.5£8.0 252422  9.84+04 135.74+3.5 379.2+11.0
M 213.3+8.0 40.5+£22  9.8+04 110.1£3.5 373.6+11.0
SMCVa 228.7£8.0 439422  9.8+04 149.943.5 432.3£11.0
SM 267.8£8.0 50.9+22 11.24+04 115.5+3.5 445.4+11.0
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