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Abstract

Abstract and background Widespread changes in

forest structure and distribution have been docu-

mented in northern Patagonia over the past century.

We employed LPJ-GUESS, a dynamic global vegeta-

tion model (DGVM) to investigate the role of climate,

atmospheric carbon dioxide (CO2), and fire on simu-

lated forest cover during the twentieth century. Our

objective was to assess the drivers responsible for

forest change to temperature, precipitation, radiation,

fire and atmospheric CO2

Results Simulations using observed changes in cli-

mate and CO2 from 1930 to 2010, showed an increase

in forest cover under changing climate and CO2,

because of higher carbon assimilation and net primary

production. The model results were compared with a

remote-sensing-derived biomass map and ‘greening’

indices from the normalized difference vegetation

index. Model simulations and satellite data both show

increased greening at high and low elevations. In

contrast, simulations using pre-industrial climate and

CO2 conditions resulted in a decrease in fire frequency
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and lower simulated biomass than is reflected by

present-day vegetation.

Conclusion Our simulations shows that climate is

the primary driver and CO2 fertilization is the

secondary driver of forest expansion in northern

Patagonia. We suggest that rising CO2 mitigates

climate-induced drought stress due to increases in

water-use efficiency.

Keywords Patagonian forest � Fire suppression �
Climate � Dynamic global vegetation models

(DGVMs) � Biomass � Atmospheric CO2

Introduction

Climate, fire, and atmospheric CO2 constrain and

shape the vegetation composition and structure at the

landscape scale (Bradshaw and Sykes 2014). These

interactions are complex because fuel load, fuel types,

and moisture (all elements of a fire regime) are

controlled by climate while rising atmospheric CO2

leads to more efficient photosynthesis and allows less

dought-tolerant vegetation (trees) to survive in areas

where it may be too dry (Calvo and Prentice 2015). In

turn, fire releases carbon from vegetative biomass into

the atmosphere creating a complex feedback mecha-

nism between vegetation, fire regime, and climate (van

der Werf et al. 2010). Ecosystems thus respond to

changes in climate, CO2, and fire, either by increasing

or decreasing biomass production. A process-based

ecosystem model can assist in examining these

interactions because different drivers of forest pro-

ductivity (e.g., CO2, fire, and climate) can be changed

one variable at a time (Calvo and Prentice 2015).

The northern Patagonian region of southern South

America (Fig. 1) represents an interesting geography

to explore the interaction of climate, CO2, and fire

because of the strong climate gradients and vegetation

patterns. The north-to-south orientation of the Andes

creates west-to-east moisture gradient, which in turn

affects forest distribution. The mean elevation of the

Patagonian Andes decreases from approximately 3000

m at 38 �S to less than 1000 m at 56 �S. Mean annual

temperature, growing season length, species richness,

and total above-and below-ground biomass also

decrease from north to south. Across the longitudinal

trans-Andean gradient, annual precipitation decreases

from west to east (Veblen et al. 1996).

Tree invasion of the steppe during the 20th century

has been described in northern Patagonia based on

information from dendroecology, remotely sensed

data, repeat photography, and landscape models

(Paritsis et al. 2018). Increased Austrocedrus chilensis

woodland along the Patagonia steppe (40–41 �S)
between 1913 and 1985 is hypothesized to be the

result of changes in fire and grazing (Veblen and

Lorenz 1988). Changes in patch composition and

landscape structure (41 �S) from wet forest to the

semi-arid woodlands from 1940 and 1970 have been

attributed to a reduction in fire frequency (Veblen et al.

1999). Gowda et al. (2011) used historical land-cover

maps from 1914 in combination with 30 years of

LANDSAT data to quantify the change in forest cover

along the northern Patagonia forest-steppe transition

and attributed the change to human-related activities

(i.e., fire, intensive grazing) and structural features of

the landscape (i.e., topography, aspect and slope).

In this paper, we used the Lund-Potsdam-Jena

General Ecosystem Simulator (LPJ-GUESS) DGVM,

a dynamic process-based model that simulates stands-

level eco-physiological processes (i.e., photosynthesis

Fig. 1 Map showing the topography of the study area. The

Andes influence the west-to east precipitation and vegetation

gradient in the region. The west is wetter than the east as a result

of orographic precipitation
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and respiration) and ecological dynamics (i.e., com-

petition, disturbance). The use of a DGVM allows the

exploration of different climate-fire scenarios that

might influence vegetation cover and biomass and the

role of fire in altering these effects. We address the

following questions:

1. How well does LPJ-GUESS simulate present

Patagonian vegetation gradients in terms of forest

cover?

2. Can the model reproduce observed trends in forest

cover over the twentieth century?

3. What is the role of climate, atmospheric CO2, and

fire in forest expansion in the last 115 years?

Study area

The dramatic environmental gradient in northern

Patagonia (40–45 �S) is shaped by the rainshadow

produced by the interception of the Southern westerly

wind belt (SWW) by the Patagonian Andes. The

seasonal position and strength of the SWW are

determined by the intensity and location of the

southern Pacific subtropical atmospheric low-pressure

systems (Garreaud et al. 2009). The Andes act as an

effective barrier in blocking the movement of the

SWW, causing orographic precipitation west of the

Andes at high elevations, and dry conditions on the

eastern flank of the Andes and into the steppe (Fig. 2)

(Paruelo et al. 1998). Along the northern Patagonian

Andes, annual precipitation ranges from *3000 mm/

yr-1 at the Andean crest to *500 mm/yr-1 in the

steppe (Garreaud et al. 2013). In the temperate

rainforest west of the Andes, the average annual

temperature is 11.1 �C, average austral winter tem-

perature is 7.6 �C (June, July, and August of

1901–2016), and the average austral summer temper-

ature is 15.0 �C (December, January, and February of

1901–2016). However, at high elevation (*1500 m),

the average annual temperature is 2.6 �C, average

austral winter temperature is- 2.4 �C, average austral
summer temperature is 7.9 �C. East of the Andes, at

low elevation (*800 m), the average annual temper-

ature is 7.4 �C, and the average austral winter

temperature is 1.9 �C; average austral summer tem-

perature is 13.2 �C (Harris et al. 2014). Although

ecologically considered a predominately temperate

bioclimatic zone (Amingo and Ramirez 1998), two

Koppen-Geiger climate classifications described the

majority of northern Patagonia: warm temperate fully

humid summer on the western flank of the Andes and

cold arid steppe to the east (Kottek et al. 2006).

The temperate rainforest is dominated by the shade-

intolerant Nothofagus species (e.g. N. alpina), the

coniferous Fitzroya cupressoides, and shade-tolerant

trees including Laureliopsis philipiana, and Saxe-

gothaea conspicua (Kitzberger and Veblen 2003).

Subalpine forests at elevations above 1000 m elev. are

dominated by N. pumilio. With the eastward decline in

precipitation, N. dombeyi forms a homogeneous forest

composition with a 3- to 6-m tall, dense Andean

bamboo (Chusquea culeou) understory. At intermedi-

ate precipitation levels and elevation (1500–1000 mm/

yr-1; 1000 to 800 m elevation), the conifer Austroce-

drus chilensis co-dominates with N. dombeyi in dry,

mixed forest. With increasing aridity (\1000 mm yr)

to the east, open woodland of A. chilensis becomes

dominant with xeric shrubs such as Aristotelia

chilensis and Lomatia hirsuta. At the forest-steppe

ecotone, A. chilensis gives way to steppe grasses and

small shrubs such as Discaria articulata andMulinum

spinosum. N. antarctica dominates nutrient-limited

sites, xeric sites close to the steppe and favors north-

facing slopes, riparian areas and bogs with high

ground water, disturbed sites, and places exposed to

strong winds (Kitzberger and Veblen 2003).

Methods

LPJ-GUESS was run with monthly climate data from

the climate research unit (CRU; 1901–2016) to

simulate the vegetation of northern Patagonia (Harris

et al. 2014). The model was parameterized with the

major plant functional types (PFT) and tree species

that dominate the study area. We ran six simulations

with different parameters that are summarized in

Table 2: (1) detrended gridded meteorology for

approximately pre-industrial climate conditions (PI;

1901–1930 repeated to run the simulations for

1901–2016) and pre-industrial atmosphereic CO2

concentration; (2) transient grided meteorology cli-

mate (1901–2016) and transient CO2 concentration;

(3) pre-industrial CO2 value of 280 ppmv; and (4)

observed CO2 values from 1901 to 2016. We imple-

mented a land masking system to eliminate fire in

agricultural and urban landscape in a subset of

simulations. By using pair-wise combinations, we
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were able to quantify the complex and non-linear

relationships between climate, CO2 and fire.

For model evaluation, we compared the simulated

above-and below-ground biomass from 2000 to 2013

with remotely sensed derived above-ground biomass

(AGB; 2000–2013) (Avitabile et al. 2016), as well as

trends in vegetation greenness (Tucker et al. 2010).

For fire, we compared model-simulated burned area

with MODIS observed burned area (Giglio et al.

2016). Multiple paired t-tests on 20000 randomly

selected sites were used to determine the extent to

which differences between CO2, fire, and climate

drove simulated biomass.

Ecosystem model description

LPJ-GUESS is a DGVM that follows the BIOME3

model (Haxeltine and Prentice 1996). It is designed to

model both regional and global vegetation, using a

forest gap model in its implementation of plant

biophysical properties such as demography and plant

resource competition (Bugmann 2001). Model outputs

such as biomass, nitrogen balance, and vegetation

structure and composition, have been compared with

observed data, such as ecosystem flux, field observa-

tion, and data inventory associated with net primary

pro- ductivity (Kauwe et al. 2014), and remote-sensing

data (Blanke et al. 2016). Sensitivity analyses and

model-data comparisons suggest that LPJ-GUESS

performs well when compared with other terrestrial

vegetation models (Sitch et al. 2015).

In LPJ-GUESS, each grid cell is composed of

multiple patches (1000 m2) where individual plant

functional types (PFTs) and tree species are simulated.

Establishment of each plant functional types (PFTs)

and tree species occurs annually, as long as there is

low plant density within the grid cell and the simulated

climate is within the prescribed bioclimatic limits of

the PFT or tree species. The model simulates soil-

water content using a two-layer soil hydrology

scheme with each layer of a fixed thickness (0.5 m

upper and 1.0 m lower thickness) and with percolation

between layers, including surface and sub-surface

runoff (Haxeltine and Prentice 1996). The model also

integrates a process-based fire model called Glob-

FIRM (Global FIRe Model) to simulate burned area,

linking fire with fuel load and fuel moisture, factors

that in turn depend on climate and simulated vegeta-

tion. Ignitions are assumed to be unlimited, and the

area burned is related to fire- season length. The fire

effects depend on the length of fire season and the

specific fire resistance value for each PFT. In our

Fig. 2 Spatial distribution of downscaled (1981–2010) CRU

climate data (0.008333 resolution). The climate data were

downscaled from a 0.5� resolution to a 0.008333� resolution to

match the simulated pixels at 0.008333 resolution. A mean

temperature ( �C). B annual precipitation (mm/month). C mean

cloud cover (%). The red line shows the border between Chile

and Argentina
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simulation, we assumed that the smallest area burned

in a grid cell is 1000 m2 (Thonicke et al. 2001).

Plant functional types and species

parameterization

We estimated the bioclimatic parameters associated

with the establishment of the six tree species

(Nothofagus dombeyi, N. pumilio, N. betuloides, N.

antarctica, Fitzroya cupressoides, Austrocedrus

chilensis) and two plant functional types (PFTs;

Broadleaved evergreen warm temperate trees, Mixed

evergreen shrubs) groupings specific to the region, and

two grasses (high and low elevation grasses; Table 1),

and Chusquea culeou. The high-elevation and low-

elevation grasses can also be thought of as cool-and

warm-temperature grasses, respectively. The biocli-

matic parameters are (1) minimum coldest month

temperature for survival (Tcmin_surv), (2) minimum

coldest month mean temperature for establishment

(Tcmin_est), (3) maximum coldest month mean estab-

lishment (Twmin_est) and (4) minimum growing degree

days sum on a 5 �C base (GDD5). GDDs were

estimated as a function of monthly mean temperature

(Wang et al. 2006) using the equation below:

GDD5 ¼
X

12
1

Tm� 5ð Þ � Nd Tm � 5�C

where GDD5 is the annual sum of monthly tempera-

ture above 5 �C, Tm is the monthly mean temperature

(Tm 5 �C), and Nd is the number of days in a month. In

the model, PFT or tree species will not establish in a

particular grid cell if the average value of the last 20

years for these variables does not exceed the threshold

given in Table 1 (Venevsky et al. 2002). We estimated

bioclimatic parameters for each tree species and PFT

based on distribution map associated with the classi-

fication of southern South America vegetation belts

published by the World Wildlife Fund (WWF) (Olson

et al. 2001) and Worldclim with a resolution of (*1

km) (Hijmans et al. 2005). The vegetation maps

(WWF & Worldclim) classify PFT and tree species

into bioclimatic zones that are strongly associated with

the distribution of each PFT and tree species. This

climate database (WWF & Worldclim) together with

monthly means meteorological data from the CRU

datasets, were used to create a bioclimatic classifica-

tion for northern Patagonia and then construct the

northern Patagonian bioclimatic natural vegetation

distribution maps. The bioclimatic zone for each PFT

and tree species was subsequently extracted from the

Table 1 Species parameters and bioclimatic limits used in the

simulation: GDD5; minimum growing degree-day sum (5 �C
base), Tcmin_est (minimum coldest month mean temperature),

Tcmax_est (maximum coldest month mean temperature),

Twmin_est (minimum warmest month mean temperature),

Tcmin_surv; (minimum coldest month temperature), DT; Drought

tolerance

Species GDD5 Tcmin_est Tcmax_est Twmin_est Tcmin_surv DT

High-elevation cool grasses [800–1300 m] (e.g., Cushion grasses) 100 – 0 – – –

Low-elevation warm grasses [\ 800 m] (e.g., Stipa speciosa) 1500 0.6 – 11.6 - 1.3 –

Mixed evergreen shrubs (e.g., Lomatia hirsuta, Schinus patagonicus) 700 – 5 10.8 - 3.2 0.59

0.33

Broadleaved evergreen warm temperate tree 1500 1.73 7.9 10.1 0.23 0.70

Valdivian forest taxa e.g., Eucryphia cordifolia, Weinmannia trichosperma

Austrocedrus chilensis 1350 0.6 6.3 11.6 - 1.3 0.58

Fitzroya cupressoides 600 6.4 0.18 9.3 - 1.4 0.65

Chusquea culeou 700 - 1.6 4.3 8.6 - 3.7 0.62

Nothofagus dombeyi 1000 0.53 8.15 10.9 - 1.4 0.63

Nothofagus pumilio 400 - 1.6 4.3 8.6 - 3.7 0.62

Nothofagus betuloides 1100 0.53 8.15 10.9 - 1.4 0.68

Nothofagus antarctica 700 – 0.36 4.8 10.3 - 2.9 0.58

We use ‘–’ to indicate that no limit is applied
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vegetation map and overlain on the CRU climate data.

We then choose boundary values between 5 and 95%

CI for these variables (Table 1) that correspond with

the observed limit of each PFT and tree species.

We also focused on fitting parameters related to

limiting factors for growth for each tree species and

PFT based on the literature and expert advice recieved

at workshop with ecologist from Ecotono in San

Carlos de Bariloche in 2016. For example, the

variables related to drought tolerance (characterized

by the minimum ratio of actual transpiration to

equilib- rium evapotranspiration) (Sykes et al. 1996)

and GDDs were considered the most limiting factors

for Austrocedrus chilensis. The bioclimatic parame-

ters are listed in Table 1. The parameters used for tree

species were based on information about the compo-

sition and distribution of native forest in southwestern

Argentina and southern Chile (Pollmann and Veblen

2004).

Environmental data and simulation protocol

Present-day vegetation cover was modeled using six

experimental scenarios (Table 2) to determine the role

of climate, CO2, and fire. The study was set up using

current-era climate data for the ‘‘historical period’’

(1901–2016). LPJ- GUESS began the simulation from

‘‘bare ground’’, (i.e., LPJ-GUESS assumes no vege-

tation in the grid cells), and the model was run on 100

replicate patches within each grid cell at 1-km2

(0.008333�) resolution. Each patch has a stochastic

element for establishment, mortality, and patch-re-

placing disturbance, thus allowing the model to

represent a quasi-stable landscape pattern and process.

The first phase in the simulation is a 1000- years spin-

up to achieve equilibrium of pre-industrial stable veg-

etation structure and carbon pools. For this phase, the

first 30 years of detrended historical climate data

(1901–1930) were used repeatedly as model input with

pre-industrial atmospheric CO2 content. The detrend-

ing of the climate data (1901–1930) was done to

remove long-term trends and emphasize short-term

(annual to decadal) changes (i.e., variations related to

El Niño Southern Oscillation (ENSO) and Southern

Annular Mode).

The historical period was simulated following the

spin-up and was run from 1901 to 2016 with observed

changes in atmospheric CO2 and climate. The original

meteorological data consisted of monthly time series

corresponding to mean air temperature, total precip-

itation and cloud cover percentage at a spatial

resolution of 0.5� for the model domain from the

climate database CRU TS 4.01 (Harris et al. 2014).

The CRU climate data were spatially downscaled and

biased-corrected (see Zhang et al. 2017 for details of

the downscaling methods) to match the spatial reso-

lution (0.00833�) and historical period of overlap

(1960-1990) from the WorldClim-Global Climate

Database v1.4 (Hijmans et al. 2005). We compared

the performance of the downscaled CRU precipitation

and temperature data with the northern patagonia

climate grid data (NPCG) (Bianchi et al. 2016). Our

results showed good agreement with the NPCG

climate data (Supplementary Figure S1). The soil

texture data used in the simulations were based on the

WISE30sec database (0.00833� spatial resolution)

(Batjes 2015), and were used to provide sand, silt and

Table 2 The combined effect of climate and CO2 for each simulation evaluated by the LPJ- GUESS model for the northern

Patagonia forest

Model Climate CO2 Fire Land masking Scenarios

H–H Historical Historical On Off S1

H–H Historical Historical On On S2

H–H Historical Historical Off On S3

H–PI Historical Pre-industrial On Off S4

PI–PI Pre-industrial Pre-industrial On Off S5

PI–H Pre-industrial Historical On Off S6

H historical climate (1901–2016), P pre -industrial climate (1901–1930 recycled for 115 years); historical CO2: changing CO2 levels

from 1901 to 2016); Pre-industrial CO2 (constant CO2 value repeated for 115 years)
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clay content for estimating water-holding capacity and

thermal diffusivity at 1-km2 resolution.

Experimental design

The simulations summarized in Table 2 examined the

effects of individual drivers on vegetation patterns and

trends over time (observed CO2, observed climate,

pre-industrial (PI) CO2 and PI climate; Table 2). A

land-masking system was implemented into LPJ-

GUESS to ensure that fire did not occur in urban or

agricultural areas using data from the land cover data

from the Global Land Cover 2000 (GLC2000) for

South America (European Commission, Joint

Research Center, 2003), which consists of 55 land

cover classes at 1- km2 spatial resolution (Bartholomé

and Belward 2007). We classified urban and agricul-

tural grid cells as masked and scaled each 1- km2 pixel

to range between 0 and 1 accordingly. The simulated

fire was limited to those areas that were not masked.

To assess how well the model represents the biomass

gradient in Patagonia (Objective 1), we evaluated it

against a biomass map derived from various satellite

observations of surface reflectance and vegetation

height. For more information see Avitabile et al.

(2016). A Pearson correlation coefficient was com-

puted to assess the relationship between the simulated

and remotely-sensed biomass. For Objective 2, we

used Global Inventory Modeling and Mapping Studies

third-generation NDVI (GIMMS NDVI3g) at 8-km2

resolution for the period of January 1981 to December

2016 based on the Advanced Very High-Resolution

Radiometer (AVHRR) sensor to understand regions of

browning and greening in the vegetation. The NDVI

data are a composite of daily values each half-month

(Tucker et al. 2010). NDVI is widely used as a proxy

for vegetation productivity and vegetative response to

seasonal climate variability (Zhu et al. 2016). Trend

analysis on GIMMS NDVI3g was performed using

Trend Estimation on annual aggregated time series

(AAT) based on Forkel et al. (2013).

We used the modeled carbon in vegetation biomass

(Objective 3) from the S1 scenario (historical climate,

changing CO2, land masking off, fire ‘on’) and S4

scenario (historical climate, PI CO2 (280 ppm), land

masking off, fire ‘on’) to evaluate the effect of CO2 on

forest cover. The difference between the simulations

isolates the impact of increasing CO2 on forest cover

compared to the PI level. The same logic was applied

to isolate the effect of fire and climate on forest cover.

The fire effect was calculated by the difference

between S2 (historical climate, changing CO2, land

masking on, fire ‘on’) and S3 (historical climate,

historical CO2, land masking on, fire ‘off’). While S1

and S6 (PI climate, historical CO2, land masking off,

fire ‘on’) and S4 (historical climate, PI CO2, land

masking off, fire ‘on’) and S5 (PI climate, PI CO2, land

masking off, fire ‘on’) were used to calculate the

effects of climate. Analysis of the interactions and

statistical significance of their effects was determined

using paired t-tests of difference between the means as

estimated for the entire study region. The six exper-

imental set-ups (Table 2) allow for the full evaluation

of the individual and combined effect of climate, CO2,

and fire incidence on above-and below-ground

biomass.

Lastly, we compared results from Glob-FIRM to

the MODIS-observed annual burned area for the

period of 2001–2014. The Terra and Aqua combined

MCD64A1 Collection 6 sensor Burned Area data

product is a monthly, Level-3 gridded 500-m product

containing per-pixel burning and quality information.

For more information on the MODIS burned area

product see Giglio et al. (2018). Finally, the GIMMS

NDVI3g and MODIS data were downscaled to

0.00833 (1-km) to match the simulated grid cells.

Results

Overall, the model results show an increase in biomass

between 1930 and 2010 based on the S2 (historical

climate, historical CO2, land masking on, fire ‘on’)

Table 3 This table shows the quantile summary (kg C m-2)

for all the scenarios used in these analyses

Model 0% 25% 50% 70% 100%

H–H (S1) 0.00 0.19 2.22 15.7 28.39

Fire (S2) 0.00 0.19 0.65 9.88 29.13

No-FIRE (S3) 0.00 0.19 0.65 10.27 29.06

H–PI (S4) 0.00 0.13 1.67 13.57 24.59

PI–PI (S5) 0.00 0.08 0.42 12.16 23.14

PI–H (S6) 0.00 0.13 0.53 14.17 26.65
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simulation (Fig. 4b and Table 3). This increase in

biomass is coincident with increased CO2, warming,

and a modest decrease in precipitation (Supplemen-

tary Figure 5S) (Harris et al. 2014). In contrast, the

simulation with PI CO2 resulted in decreased forested

area under historical climate. PI climate with PI CO2

reduced forest distribution, but the effect of PI CO2

alone on biomass was minor compared to the effect of

PI climate. However, the absence of fire increased

forest biomass under warmer climate, increasing CO2,

and land masking.

The spatial distribution of forests simulated by S2

(historical climate, historical CO2, masking on, fire

‘on’) and remotely sensed above-ground biomass

(AGB) are shown in Figure 3. The model captured the

general observed distribution of present-day vegeta-

tion from the temperate rainforest west of the Andes to

the mesic forests on the east. The model results

underestimate the sharp lower treeline boundary on

the eastern side of the Andes and instead showed low

simulated biomass in the steppe (Fig. 3a). Simulated

biomass ranged from 0 to 29 kg C m-2, whereas

remotely sensed observed above-ground biomass

ranged between 0 and 48 kg C m-2. There was a

positive correlation between the two variables (R2 =

0.71; simulated mean = 5.68 kg Cm-2, observed mean

= 7.72 kg C m-2). Overall, there was a strong positive

correlation between simulated and observed biomass

especially in the temperate forest west of the Andes

and the mesic forest at high elevations on both sides of

the Andes (Fig. 3a, b).

In S2 (historical climate, historical CO2, masking

on, fire ‘on’), high biomass at the mesic forest (high

elevation) and forest-steppe ecotone was accompanied

by a decrease in the burned-area fraction from 1901 to

2016. However, burned area fraction increased with

latitude along the steppe from north to south of the

study region (Fig. 4b). In the steppe, mixed patches of

high and low burned area are consistent with previous

studies that show fuel discontinuity at the steppe (see

Fig. 4b).

Analysis of the annual aggregated time series

(AAT) GIMMS NDVI dataset from 1982 to 2016

shows a greening trend (mean = ?0.17 NDVI units

yr-1, P\ 0.05, standard deviation (SD) = 0.38) for

9.12% of the spatial pixels. However, an observed

browning trend (mean = - 0.51 NDVI units yr-1, P\
0.05, SD = 0.500) was detected for 46% of the spatial

pixels. The mean trend for the entire region was -

0.001027 NDVI yr-1. The high browning percentage

was concentrated in steppe vegetation while the

greening trend occurred in the mesic forest (Fig. 3c).

Fig. 3 Spatial distribution ofA simulated above and below-using

S2 (historical climate, historical CO, masking on, fire ‘on’); and

B Avitabile et al. (2016) observed biomass (Kg C m-2); and

C trends in annualmeanNDVI in northernPatagonia from1982 to

2016. Trend significance was estimated using Forkel et al. (2013).

The simulated above-ground biomass is based on S2 (historical

climate, historical CO2, masking on)
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Spatial differences in biomass patterns

between S1, S4, S5, and S6 simulations

Biomass increased by 22.6% in S1 scenario (historical

climate, increasing CO2, masking off, with fire ‘on’),

increasing mostly along the forest-steppe ecotone, but

also in temperate forest west of the Andes and high-

elevation mesic forest. On average, PI CO2 under

warming historical climate (S4) increased simulated

tree biomass by 10.4%. In the S4, biomass increased in

high-elevation mesic forest and at the forest-steppe

ecotone, but a substantial decline in biomass occurred

in the temperate forest west of the Andes. The use of

S5 (PI climate and low CO2) produced a realistic

reduction in simulated biomass by 1.6% from the

temperate forest west of the Andes, to the Patagonia

steppe, and also from north to south in the study area

(Fig. 5e). However, the use of PI climate with

changing CO2 (S6) increased the simulated biomass

by 9.6%. In S6, the most substantial gain in biomass

occurred mainly at the temperate forest west of the

Andes (Fig. 5f and Table 3).

Influence of fire on vegetation

Figure 6 shows the results of simulated LPJ-GUESS

burned area for S2 and the observed burned area from

MODIS. Although the model overestimatesburned

area, the simulations showed similar trends to the

MODIS data. Fire plays a significant role in the

reduction of biomass. The small area burned or

absence of fire in all the simulations in temperate

forest west of the Andes and the mesic forest at high

elevations is mainly related to water availability

because high effective moisture increases soil water

content and makes the forest naturally fire resistant.

Moving into the transition zone between the forest and

grassland, the magnitude of fire increased because of a

decrease in soil moisture (Fig. 7).

To assess the effect of CO2 on simulated biomass,

two sets of combinations (S1–S4 and S6–S5) were

analyzed. The difference between S1 (historical

climate, increasing CO2, land mask off, with fire

‘on’) and S4 (historical climate and PI CO2, land mask

off, with fire ‘on’) overall shows increased forest

productivity (Fig. 8a). The results of the paired t-test

between S1 and S4 indicated that the inclusion of

changing CO2 in S1 was responsible for the increase in

average biomass (M = 1.03 kg m-2; t (19999) =

100.31, P \ 0.01) due to CO2 fertilization. Conse-

quently, the effect of low CO2 thus reduces more

biomass at the forest-steppe compared to the temper-

ate forest west of the Andes, and the mesic forest (high

elevation). Also, the difference between S6 (PI

climate, changing CO2) and S5 (PI climate, PI CO2)

shows increases (M = 0.93 kg m-2; t (19999) = 94.65,

Fig. 4 Changes in metric between 1930 and 2010 from S2

scenario (historical climate, historical CO2, fire ‘on’). Positive

values suggest increases and negatives values suggest decreases

in A average tree biomass (Kg C m-2); B average burned-area

fraction; C upper soil moisture (fraction of available water

holding capacity), see legend (D), and D lower soil moisture

(same unit as (C)).
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P \ 0.01) in biomass caused by CO2 fertilization

which increase the biomass stock (Fig. 8b). These

results show that the inclusion of changing CO2

partially explains recent increases in forest

productivity.

The effect of climate was analyzed based on two

combinations (S4–S5 and S1–S6). The comparison

between the mean of S4 (historical climate and PI

CO2) and S5 (PI climate and PI CO2) shows an

increase in biomass under changing climate (M = 0.82

kg m-2; t (19999) = 76.47, P \ 0.01). Simulated

biomass increased the most in mesic forest and along

the forest-steppe ecotone with warming climate. The

effect of climate based on the difference between S1

(historical climate and historical CO2) and S6 (PI

climate and changing CO2) reveal the same spatial

pattern as S4–S5 (Fig. 2d, e). The presence of warming

climate increased simulated average biomass (M=

0.918 kg m-2; t (19999) = 76.74, P\0.01)

Fig. 5 The mean biomass change between 1930 and 2010

(difference between the time periods). Positive values suggest

high biomass and negative values suggests low biomass. A S1

(historical climate, historical CO2); B S2 (historical climate,

historical CO2, masking on); C S3 (historical climate, historical

CO2, masking on, fire off); D S4 (historical climate, PI CO2);

E S5 (PI climate, PI CO2); and) S6 (PI climate, historical CO2)

Fig. 6 Mean annual burned area from 2001 to 2014 in northern

Patagonia showing output from MOIDS V6 and LPJ-GUESS

model. The output from LPJ-GUESS was from the S2

simulation (historical climate, historical CO2, masked on, fire

‘on’)
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The spatial difference between S2 (historical

climate, increasing CO2 masking on, with fire ‘on’)

and S3 (historical climate, increasing CO2, land

masking on, with fire ‘off’) reveal biomass loss

throughout the study region (Fig. 8c). The inclusion

of fire reduced forest cover compared to the absence of

fire (M = - 0.21 kg m-2; t (19999) = - 29.93, P\
0.01).

Discussion

Our study provides the first attempt to use a DGVM to

simulate drivers of forest cover change in southern

South America. The incorporation of 20th century

atmospheric CO2 concentrations, climate, and fire in

LPJ- GUESS allows for the assessment of their

relative influence on the simulated vegetation struc-

ture and dynamics of the northern Patagonia (Fig. 5a).

However, the interactions at high and low elevations,

including at the forest- steppe ecotone, have seldom

been considered before. The results suggest that

climate, CO2, and fire play a crucial role in determin-

ing the long-term vegetation dynamics. Our results

show (Fig. 5a) that (1) increased temperature and

atmospheric CO2 concentration likely increased forest

growth, as CO2 induced reduction in stomatal con-

ductance, increased water use efficiency (WUE); and

(2) fire is an important disturbance process along the

ecotone where Andean forest meets Patagonia steppe

(Fig 7). Our results are broadly consistent with other

forest models that demonstrate a positive relationship

Fig. 7 Maps of mean burned area fraction between 1930 and

2010 (difference between the periods). Positive values suggest

region of high fire activity and negative values suggests regions

of low fire activity. A S1 (historical climate, historical CO2);

B S2 (historical climate, historical CO2, masking on); C S3

(historical climate, historical CO2, masking on, fire ‘off’); D S4

(historical climate, PI CO2); E S5 (PI climate, PI CO2); and F S6

(PI climate, historical CO2)
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between increased CO2 and forest productivity (Hick-

ler et al. 2015), and with observations that fire activity

in the region has changed with warming and drying

climate (Kitzberger and Veblen 2003).

Changes in forest cover

The results from S4 (historical climate and low CO2),

S5 (PI climate and low CO2), and S6 (PI climate and

historical CO2; Fig. 5d–f) show lower biomass than

S2, which supports studies that suggest that CO2 limits

forest expansion into grasslands (Hirota et al. 2011).

The significant greening and browning trends

(1982–2016) occurred in 9.12 and 46% of the natural

vegetation of northern Patagonia, with 44% of the

remaining pixels showing no significant change. The

strong greening trend occurred in the mesic forest

(high elevation) and forest-steppe (low elevation)

biomes, while the strong browning trend was more

pronounced at the semi-arid steppe (Fig. 3c).

The differences between 1930 and 2010, as simu-

lated in S2 (historical climate and historical CO2),

revealed that biomass increased throughout northern

Patagonia. The increase in biomass at the forest-steppe

ecotone coincided with a decrease in the fraction of

burned area and decrease in soil moisture at the forest-

steppe (Fig. 4b–d). Our results suggest that increased

CO2 fertilization, and warmer climate, and decreased

fire frequency caused forests to expand throughout

northern Patagonia. This differs from previous

research that attributes forest expansion to intentional

fire suppression at the forest-steppe ecotone (Veblen

and Lorenz 1987; Veblen and Lorenz 1988; Kitzber-

ger and Veblen 2003; Gowda et al. 2011). Despite the

observed decline in precipitation and increase in

temperature in northwestern Patagonia since the

1940s based on CRU data analysis supplementary

Figure 5S (Veblen et al. 2011).

In general, our model accurately simulated the

closed canopy forests west of the Andes and the mesic

forest at high elevation, but it did not produce the sharp

Fig. 8 Effect of CO2, fire,

and climate on forest cover.

The figure show changes in

metric between 1930 and

2010 (difference between

the time periods). A,
B shows the effect of CO2:

(A) (S1: historical climate,

historical CO2) minus S4

(historical climate, low

CO2); B (S6: PI climate,

changing CO2 minus S5: PI

climate, PI CO2). C shows

the effect of fire (S2:

historical climate, historical

CO2, masking on, with fire

‘on’) minus S3 (historical

climate, historical CO2,

masking on, with fire ‘off’).

D, E shows the effect of

climate (D) (S4: historical
climate, low CO2) minus

(S5: PI climate, low CO2);

E (S1: historical climate,

historical CO2) minus (S6:

PI climate, historical CO2).

Positive values suggest

regions of increasing

biomass and negative values

suggests region of

decreasing biomass
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change between forest and steppe biomes along the

forest-steppe ecotone. The poor result along the

ecotone might be attributed to the two-layer soil

hydrology architecture of the model, which lacked

ground water storage for a semi-arid ecosystem

(Wramneby et al. 2008). A lack of ground water

storage might reduce the capacity of steppe vegetation

to extract the water required for photosynthesis during

the dry season from October to March (Hickler et al.

2004). The simulated low fire activity in S5 and S6

suggested that the lack of interannual climate vari-

ability was significant to decrease fire.

Influence of CO2, fire, and climate on Patagonia

forest

Spatial analysis and paired t-tests show that climate

and CO2 had greater influences on biomass than fire

(Fig. 8b, c). The effect of CO2, fire and, climate

simulated by our model supports previous studies that

compared the influence of low CO2 and warmer

climates on global biome distribution (Calvo and

Prentice 2015). The effect of PI CO2 (S1–S4) on

modern climate was more visible at the forest-steppe

ecotone, where biomass was low. The comparison

between S1 (changing climate, changing CO2) & S4

(changing climate, PI CO2), and S6 (PI climate,

changing CO2) & S5 (PI climate, PI CO2) shows the

physiological effect of CO2 fertilization on forest

productivity. With the physiological effects of CO2

turned on, the model projected an increase in biomass

for both paired comparisons. The physiological effect

of CO2 on vegetation productivity has mainly been

observed in modeling studies due to limited observa-

tional data (Hickler et al. 2015). The comparison of S1

(changing climate and CO2) with S4 (changing

climate and PI CO2), and S6 (PI climate and changing

CO2) with S5 (PI climate and CO2) shows the

physiological effects of CO2 fertilization on forest

productivity. With the physiological effects of CO2

turned on, the model projected an increase in biomass

for both paired comparisons. Our S5 simulation shows

that fire amplifies the interaction between climate and

CO2 leading to a large reduction in biomass under a

combination of PI climate and PI CO2 (Fig. 8b). This

combination reduced the ability of forest to expand

due to fire disturbance.

Fire controls biomass dynamics in an ignition-

limited ecosystem such as the Patagonia mesic forest

(Kitzberger et al. 2016). The large difference in the

amount of hectares burned between the simulated and

the observed is due to the assumption of unlimited

ignition in Glob-FIRM, where as long as the fuel load

is above 200 g/m2 fire will occur. The assumption

however is not true in an ignition-limited ecosystems

such as northern Patagonia, where natural ignitions are

infrequent. The simulated cessation of fire caused

biomass to increase under S3 (historical climate,

changing CO2, masking on, with fire ‘off’). The

comparison between S2 and S3 shows that the

presence of fire decreased biomass and that in the

absence of fire there was a longer rate of biomass

turnover (Fig. 5b, c). Nonetheless, our simulation

using historical climate and changes in CO2 show that

fire amplified the biomass response to CO2 under

changes in climate variability (e.g., ENSO) due to

rapid fuel increase in fuel. This result is consistent

with Bond and Keeley (2005). Fire studies at the

forest-steppe ecotone thus show the importance of

changes in fire frequency and severity on the rate of

biomass turnover (Veblen et al. 1999). Fewer fires in

scenario S1, S2, and S3 resulted in high biomass and

forest expansion (Fig. 2a–c). Simulations including

interannual climate variability show an impressive

reduction in temperate rainforest biomass during

periods of prolonged drought (Fig. 8d, e). The results

from this study, which documents the sensitivity of

temperate rainforest to warming trends provide addi-

tional insight into the drivers of terrestrial ecosystem

dynamics.

Conclusion

Research presented here suggests that LPJ-GUESS

can realistically simulate recent responses of northern

Patagonia forests to changes in CO2, climate, and fires.

The similarity between the simulated biomass and

observed biomass of temperate rainforest west of the

Andes and mesic forests east of the Andes shows that

the model can capture local vegetation and dynamics.

Significant findings from this study are:

1. Under current climate condition and rising CO2,

the model predicts increased in forest cover with a

concomitant increase in fire activities.

2. By contrast the simulation that used pre-inustrial

CO2 and pre- industrial climate resulted in
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decreased forested area throughout northern

Patagonia.

3. A simulated increase in fire activity was a result of

increasing fuel load, warmer temperature, and

drier conditions.

4. Simulations show that climate was the strongest

simulated driver of forest expansion and CO2

fertilization was the second most important

driver.

In order to improve the accuracy of LPJ-GUESS at

the patch level, it is necessary to improve the

parameterization of the key taxa. This effort will

include more sensitivity analyses on some critical

parameters, such as distance to seed source as well as

the establishment conditions that differ widely in

closed forests as compared to forest expansion. These

factors may not be important in long-term studies but

have a strong effect in the time frame of this study (100

years), particularly for species such as N. pumilio, that

exhibited clear difficulty reestablishing following

disturbance. Moreover, there are limited model sim-

ulations that examine long-term forest cover trends

and how environmental factors, such as climate and

CO2 affect regional vegetation change through fire

(Dionizio et al. 2018). Thus, this new parameterization

of the important regional tree species will be useful for

understanding past and future vegetation changes in

the study area.
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Y, Peng S, Peñuelas J, Poulter B, Pugh TAM, Stocker BD,

Viovy N, Wang X, Wang Y, Xiao Z, Yang H, Zaehle S,

Zeng N (2016) Greening of the earth and its drivers. Nat

Clim Chang 6:791–795

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

123

3606 Landscape Ecol (2021) 36:3591–3606

https://doi.org/10.1073/pnas.1618765114
https://doi.org/10.1073/pnas.1618765114

	Drivers of recent forest cover change in southern South America are linked to climate and CO2
	Abstract
	Abstract and background
	Results
	Conclusion

	Introduction
	Study area

	Methods
	Ecosystem model description
	Plant functional types and species parameterization
	Environmental data and simulation protocol

	Experimental design
	Results
	Spatial differences in biomass patterns between S1, S4, S5, and S6 simulations
	Influence of fire on vegetation

	Discussion
	Changes in forest cover
	Influence of CO2, fire, and climate on Patagonia forest

	Conclusion
	Author contributions
	Funding
	References




