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ABSTRACT

The forest-steppe boundary that runs north-to-south along the eastern Andes is
particularly dynamic over millennial time scales. Yet the relative role of long-term climate
change and fire is poorly understood. In this study, I analyze the potential in using a
process-based model in predicting species distribution, and the role fire and climate played in
shaping the vegetation and treeline dynamics of Northern Patagonia (lat. 40 — 45 © S).
Paleoecological data, e.g., pollen, has been extensively used to study the relationship between
climate and vegetation but has a low spatial resolution to distinguished between climate-fire-
vegetation dynamics. Process-based model thus offers a transparent and robust method of
incorporating a varying degree of complexity to understand fire behavior and fire-vegetation
dynamics. Recently, LPJ-GUESS was parameterized to simulate major regional plant
functional type (PFTs) and tree species distributions in this region. The model is able to
predict regional species distribution across spatial scales by coupling establishment, growth,
and mortality processes. Predicting spatial and temporal scale species distribution cannot be
achieved without having the right climate and soil data, the climate data used was
downscaled from 50 km to 1 km resolution using Worldclim climate data ( ~ 1 km) as the
reference data. LPJ-GUESS model produced regional species distribution with fair to very
good agreement with observation. The optimization of bioclimatic parameters and drought
tolerance that is related to root depth, adaptability of plant to seasonal drought, and
movement of nutrients consistently improved the accuracy of regional prediction of the
species range. The model predicted that the vegetation distribution of present-day is mainly
determined by climate and CO» rather than fire., while forest productivity responds strongly
to elevated CO,. However, based on the employed statistical methods of Canonical
Correspondence Analysis (CCA) and Random Forest machine learning, combined with
simulation results using paleoclimate. Results show that an increase in winter temperature
drives the postglacial species distribution while changes in precipitation control radial growth
and seedling establishment in the upper and lower treeline. These findings emphasize the
importance of combining paleoecological methods with modeling to disentangle coarse-scale
climate drivers from local influences.



CHAPTER 1

INTRODUCTION TO DISSERTATION

The Earth system is warming at a very rapid rate, and a recent report from the IPCC
(2018), has shown that this trend is projected to accelerate future ecosystem change. The effect
of rising temperature, atmospheric CO; concentration, and other greenhouses gasses, as well
as nitrogen deposition, will likely cause land-use changes, modified disturbance regimes, and
introduce new species assemblages (Steffen et al. 2011), and these changes will affect the
terrestrial ecosystem services that they provide such as carbon storage, water supply and
quality, food production (Dale et al. 2001). The immediate causes of climate change have been
strictly suggested to be human-driven and are responsible for most of the warming since the
industrial revolution (IPCC 2013). The impact of potential future climate change (e.g., the
effect of rising temperature) on the biosphere has been evaluated by various climate models
(Flato et al. 2013), but they were based on projected climate changes. In order to understand
how the Earth system might respond to projected anthropogenic climate change, it is vital to
understand how it has responded to climate changes in the geological past. By investigating
postglacial vegetation and climate history, long-term records of past change can be compared
with present day and future projections of ecological change to determine the range of
ecosystems response that may be possible (Blois et al. 2013).

For this reason, a robust prediction of past and present effects of climate change
requires comparison and evaluation of simulated and reconstructed vegetation patterns to
estimate and infer how the biosphere will react to changes in the physical climate system

(Kaplan 2003).
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Objectives

This dissertation centers around the use of the Lund-Potsdam Jena Dynamic Global
Vegetation Model (LP]-GUESS DGVM) (Smith et al. 2001). Here, LPJ-GUESS is used first
to simulate the modern vegetation distribution of northern Patagonia, and the results are tested
by simulating postglacial vegetation. In view of this context, the objectives of this dissertation
are to (1) use a Dynamic Global Vegetation Model (DGVM) to evaluate the individual and
interactive effects of climate, CO», and fire on present-day northern Patagonia forest cover;
(2) investigate potential climate drivers on past changes in the forest cover and treeline
dynamics along the eastern Andes of northern Patagonia.

To address these objectives, I focused on parametrizing LPJ-GUESS DGVM with
seven Patagonian tree species, two types of Cs grasses based on elevation, and two plant
functional types. This attention to individual plant species rather than exclusively plant
functional types (PFTs) allows for a better assessment of variation in regional plant behavior
because individual plant species have particular traits that enhance their competitive ability in
a community. The local species parameterization was done in collaboration with experts from
Laboratotio FEcotono, INIBIOMA CONUCET-Universidad Nacional del Comahue,
Bariloche, Rio Negro, Argentina. An agriculture land masking system was implemented into
LPJ-GUESS to ensure that fire does not occur in the masked coordinates when a fire is
switched ‘on’ in the model. This approach acts as a fire suppression technique in our study
area. In order to simulate postglacial forest cover, I used the output from GENMOM (Genesis
Modular Ocean Model), a coupled atmosphere-ocean climate model (AGCM) (reference) and
applied it to modern climate research unit (CRU) climate data. The AGCM data was provided

by Dr. Steve Hostetler, College of Earth, Ocean, and Atmospheric Sciences, Oregon State
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University. The location of treeline position was based on the method I developed with Jed
Kaplan. I worked closely with paleoecologists collaborators (Cathy Whitlock, William
Nanavati, and Virginia Iglesias) to interpret postglacial vegetation history of Patagonia and
compare simulated output with pollen and charcoal reconstruction.

The northern Patagonia region (latitude, longitude) of southern South America
represents a new region to explore environmental drivers (e.g., climate, fire) because of the
influence of Southern Westerlies and ENSO related variability. The north-south alignments
of the Andes and the resulting moisture gradient makes this a particularly good system to

address the study questions.



Figure 1.1: Topography map of South America showing the location of the study area (red
square). Data source for South America map: Wikimedia



Overview of Dissertation

In my dissertation, I examine the effect of climate, fire, and CO, in controlling present-
day and past biogeography and biomass productivity of the northern Patagonia forest.
Whereas an empirical analysis alone cannot explain the interactions between climate, fire, and
CO; interaction on forest productivity. A process-based model can assist in explaining these
interactions because different drivers of forest productivity can be changed one variable at a
time. This work uses the Lund-Potsdam-Jena global Ecosystem Simulator (LPJ-GUESS)
DGVM to explore the effect of environmental drivers (e.g., climate) on a much broader and
larger scale.

In Chapter 2, I used LPJ-GUESS DGVM (Smith et al. 2001) to explore the ways in
which fire, CO; concentration and climate act separately and in combination to influence
forest cover. I tested a series of experimental setup simulations to evaluate the effects of
running combinations of pre-industrial and dynamic CO; with pre-industrial (1901- 1930) and
historical meteorology climate data (1901 — 2016) respectively in northern Patagonia (lat. 40°
— 45°S). The modeling provides insights on the variability in species composition across this
biomass-rich vegetation type and vegetation response to climate drivers under contemporary
conditions. This is a groundbreaking attempt to model the modern vegetation of the study
area using local tree species within a DGVM framework. The idea to parameterized LPJ-
GUESS DGVM with local tree species was conceived in the January 2016 at a workshop in
Bariloche, Argentina, where I, Benjamin Poulter, Jed Kaplan, and experts at the Laboratorio
Ecotono, INIBIOMA CONUCET-Universidad Nacional del Comahue worked together to
make it a reality. However, in a situation where there is no literature available to parameterize

the local tree species characteristics, such as minimum and maximum temperatures for
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photosynthesis, we used European values (for both local tree species and PFT's) because of
the close physical climate system (temperate region). Although not a perfect parameterization
of the landscape, it provided an excellent representation of the vegetation. One of the
challenges was modeling the sharp gradient between the forest and the steppe. Due to the
abrupt nature of the ecotone, I had to constrain the forest to grow more to the west. The
similarity between the simulated biomass and observed biomass of temperate forest west of
the Andes and mesic forest shows that the model can capture local vegetation dynamics,
paving the way to use the model in simulating past vegetation.

The potential climate drivers of postglacial forest cover and treeline along the eastern
Andes of northern Patagonia (lat. 40° — 45°S) are provided in Chapter 3. After successfully
modeling present-day vegetation using the new parameterization of the critical local tree
species, the model was used to further discriminate the significant drivers of past forest cover
and treeline dynamics. I applied monthly anomalies from GENMOM (Genesis Modular
Ocean Model) a coupled atmosphere-ocean model on monthly CRU (Climate Research Unit)
climate data, to derive the paleoclimate data for each time slice (15, 9, 6, 3 and 0 ka BP) used
in driving the postglacial simulations. The paleoclimate data did come with its challenges. First,
the coarse spatial resolution of the climate data, did not capture the local climate of the
Patagonian Andes very well. I was able to overcome this challenge by applying the GENMOM
anomalies to downscaled CRU climate data (1 km). Secondly, the radiation data that was used
with the GENMOM anomalies were derived from LPJ-GUESS modern-day simulation,
because the topographically derived solar radiation was underestimating the region’s monthly
solar radiation. The idea for Chapter 3 was conceived by Cathy Whitlock and Ben Poulter but

was implemented by me. The foresight about the implementation was developed at the
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PAGES workshop at the Harvard Forest in 2015 and the PALEON summer school at Land
O’Lakes Wisconsin in 2017.

The northern Patagonia forest-steppe ecotone represents a critical region for exploring
changes in forest vegetation cover and composition in response to past climate changes.
However, an abrupt change in limiting conditions (e.g., precipitation) at the end of a forest
gradient (e.g., semi-arid belt) will produce a significant response, such as a shift in the dominant
keystone species (Kitzberger 2012). I focused on time intervals from late-glacial to pre-
industrial (15, 9, 6, 3, and 0 ka BP) as opposed to the evolution of climate and vegetation over
time because the GENMOM dataset was available only as time intervals. I used Canonical
Correspondence Analysis (CCA) and machine learning (Random Forest) to better understand
the drivers of past ecological variability, under the premise that the CCA algorithm employed
a selection of linear combinations of measured explanatory variables to maximize the
dispersion of response variables (Green et al. 1990). Use of RF helps overcome the issue of a
large number of correlated explanatory variables because it uses a small amount of the
predictor variables at each stage of analysis.

Finally, in Chapter 4, I provided a summary of the significant results from each
chapter and discussed how they had enhanced our understanding of the biogeographical and
ecophysiological control of modern-day and past forest cover, and the advantages of assessing
model performance with pollen reconstruction. My findings emphasize the contribution of
climate and CO; to the changes in vegetation type and structure from the late-glacial to the

present-day.
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Abstract

Widespread changes in forest structure and distribution have been documented in
Patagonia over the past century. Reconstructions of forested area in Patagonia over the last 75
to 100 years show an expansion of forests at high and low elevation. At low elevation,
expansion has coincided with the implementation of fire suppression, potentially shifting the
vegetation from open woodlands to dense forest, especially along the forest/steppe margin.
In contrast, at high elevation, a combination of climate and fire suppression is thought to be
responsible for forest expansion. We employed LPJ-GUESS, a Dynamic Global Vegetation
Model (DGVM) to investigate the role of climate, atmospheric carbon dioxide (CO»), and fire
on simulated forest cover during the 20™ century. We established a series of experimental
simulations to evaluate the individual and interactive effects of climate, CO», and fire, running
combinations of fixed and dynamic CO, with historical climate data (1901-2016). We
simulated current potential vegetation composition and distribution for southern Chile and
southwestern Argentina (40°S-45°S). Simulating observed climate and observed CO, from
1930 to 2010 showed an increase in forest cover under changing climate and CO; 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 and revealed agreement in greening at the high and low elevations. The
simulations also captured the distribution of temperate rainforest west of the Andes and the
high-elevation forest but underestimated forest cover along the eastern forest-steppe
transition. At low CO,, biomass was low, thereby reducing available fuel for burning and
suggesting that high CO; is necessary to accurately simulate present-day productivity. The use

of pre-industrial climate (PI) and PI CO; caused a decrease in fire frequency and reduction of
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simulated biomass that does not match present-day distributions. Climate is the primary driver
and CO:; fertilization is the secondary driver of forest expansion. CO; also mitigates climate-

induced drought stress due to increases in water-use efficiency.

Introduction

Climate, fire, and atmospheric CO; induce vegetational changes at the landscape scale
(Bradshaw and Sykes, 2014). Their interactions are complicated because, fuel load, types, and
moisture (element of a fire regime) are controlled by climate (Martin Calvo et al. 2014), while
interannual variation in atmospheric CO; (Friedlingstein and Prentice 2010) constrains forest
productivity by limiting the rate of photosynthetic activities (Martin Calvo et al. 2014). Also,
CO; responds to climate anomalies (e.g., El Nifio Southern Oscillation [ENSO]) because
there are higher than average CO; concentrations during El Nifio years and trees are sensitive
to interannual climate variation (Friedlingstein and Prentice 2010). Biomass production
depends on atmospheric CO; concentration and therefore CO; determines fuel load in part
(Martin Calvo et al. 2014). In turn, fire releases stored litter carbon into the atmosphere
creating a complex feedback mechanism between vegetation, fire regime, and climate (van der
Werf et al. 2010). Ecosystems thus respond to changes in climate, CO,, and fire, either by
increasing biomass or decreasing biomass production. A process-based ecosystem model can
assist in examining these interactions because different drivers of forest productivity (e.g., CO»,
fire, and climate) can be changed one variable at a time (Martin Calvo and Prentice 2015).

The northern Patagonia region of southern South America (Fig. 2.1) represents a very
interesting area to explore the interaction of climate, CO», and fire because of the strong effect

of the Andes on climate on the vegetation, and the role of humans on ignition. The north-to-
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south orientation of the Andes influences the west-to-east moisture gradient, which in turn
affects forest distribution (Veblen et al. 1996). Moreover, the strong topographic gradients
drive intricate vegetation patterns, with the mean elevation of the Andes decreasing from
approximately 3000 m at 35°S to less than 1000 m at 56°S (Veblen et al. 1996). Because of the
decrease in mean annual temperature and growing season length along the latitudinal gradient
(north to south), species richness decreases with total above-and below-ground biomass.
Across the longitudinal trans-Andean gradient annual precipitation decreases from west to
east (Arroyo et al. 1996, Veblen et al. 1996). The history of climate and fire on the forest-
steppe ecotone has been extensively studied using fossil pollen and charcoal records (e.g.
Markgraf et al. 1996, Whitlock et al. 2007, Iglesias et al. 2014, Nanavati et al. 2019); however
no study that we are aware of has used a dynamic vegetation model to evaluate the individual
and combined effect of climate, CO,, and fire on the northern Patagonia trans-Andean
gradient.

Fire in this region is driven by both anthropogenic and natural ignitions (e.g.,
lightning). Consequently, in the more hyper-humid forest, fire events are rare, and the primary
disturbances regimes are the fine-scale tree fall dynamics and the coarse-scale disturbance from
volcanic activity.  In the Nothofagus dominated mesic forest, infrequent coarse-scale
disturbance (e.g., extreme drought events) causes tree mortality (Veblen et al. 1996). In dry
forest receiving moderate rainfall levels (forest-steppe) fire events occur because abundant
fuels desiccate frequently, while at the steppe, the lack of abundant fuel reduces fire activities
(Kitzberger 2012).

Considerable vegetation change during the 20th century has been described in

northern Patagonia based on information from dendroecology, remotely sensed data, repeat
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photography, and landscape models (Veblen and Lorenz 1988, Kitzberger and Veblen 1999,
Gowda et al. 2011, Paritsis et al. 2018). Repeat photography shows a significant increase in
the Auwstrocedrus chilensis woodland of the Patagonia steppe between 1913 and 1985 as a result
of changes in fire and grazing (Veblen and Lorenz 1988). Changes in patch composition and
landscape structure from the wet Nothofagus dombeyi forest to the semi-arid woodlands of
Austrocedrus chilensis at woodlands from 1940 and 1970 have been attributed to the reduction
in fire frequency. Gowda et al. (2011) used historical land cover maps from the 1940s 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 feature of the landscape (i.e., aspect and
slope).

In this paper, we used the Lund-Potsdam-Jena General Ecosystem Simulator (LPJ-
GUESS) DGVM, a dynamics process-based model that simulates forest stands accounting for
eco-physiological activities (i.e., competition, disturbance) between individual trees and
populations. 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 represent the present-day Patagonia vegetation gradients
in terms of forest cover and biomass?

2. Can the model reproduce observed trends in forest cover and biomass over the 20"
century?

3. What is the role of climate, atmospheric COs, and fire in forest expansion in the last

116 years?
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Fig. 2.1: 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.

To answer these questions, we combined (1) detrended gridded meteorological pre-
industrial climate (PI; 1901-1930 repeated to run the simulations for 1901-2016), (2) gridded
observed meteorological climate (1901-20106), (3) pre-industrial CO, (280 ppm), and (4)
observed CO; (1901-2016) into six specific simulations. We implemented a land masking
system to control for fire in some simulation. By using a set of pair-wise combination, we were

able to separate the non-linear relationships between climate, CO; and fire.
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Study Area

The dramatic environmental gradient in northern Patagonia (40 to 45°S) is shaped by
the shifting latitudinal position of the Southern Westerlies wind (SWW) during the year and
the interception of frontal storms by the north-south-trending Andes. Seasonal position and
strength of the SWW is determined by the intensity and location of subtropical atmospheric
high-pressure systems, which are accompanied by moisture-laden cyclones (Garreaud et al.
2009). On the leeward westernmost slope of the Andes in northern Patagonia, annual
precipitation ranges from >3000 mm/yr at the Andean crest to < 100 mm/yr in the steppe.
In the temperate rainforest west of the Andes, the average annual temperature is 11.1°C,
average austral winter temperature is 7.6°C (June, July, and August of 1901 - 2016) and the
average austral summer temperature 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 temperature is 7.4°C, and the average
austral winter temperature is 1.85°C; average austral summer temperature is 13.2°C. The
Andes act as an effective barrier in blocking the movement of the SWW from the west, causing
orographic precipitation at high elevations and dry conditions on the eastern Argentinian
flank of the Andes (Fig. 2.2; Paruelo et al. 1998).

The dominant tree species in the temperate rainforest are the shade-intolerant conifer
Fitzroya cupressoides and Nothofagus species accompanied by shade-tolerant trees including
Laureliopsis philipiana, and Saxegothaea conspicna (Kitzberger and Veblen 2003). Subalpine forest
at elevations >1000 m are dominated by Nothofagus pumilio. With the eastward decline in

precipitation, Nothofagus dombeyi forms a homogeneous forest composition with a 3- to 6-m
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tall, dense bamboo (Chusquea culeor) understory. At intermediate precipitation levels (1,500 —
1000 mm vyr), the conifer Austrocedrus chilensis co-dominates with Nothofagus dombeyi. With
increasing aridity (< 1,000 mm yr) to the east, pure open stands of .Austrocedrus chilensis become
dominant with xeric shrubs such as Aristotelia chilensis and Lomatia hirsuta. At the forest-steppe
ecotone, Austrocedrus chilensis form open woodlands with steppe grasses and small shrubs such
as Discaria articulate and Mulinum spinosum. Nothofagus antarctica dominates nutrient-limited
sites, xeric sites close to the steppe, along stream and bogs with high ground water, disturbed
sites, and places exposed to strong winds, and high insolation (north-facing slopes) (Kitzberger

and Veblen 2003).
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Figlre 2.2 Spatial distribution of downscaled (1981-2010) CRU climate data (1 km resolution)
(a) mean temperature (degrees Celsius). (b) annual precipitation (mm/month). (C) mean cloud
cover (%). The red line shows the border between Chile and Argentina.
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Methods

LPJ-GUESS was run with monthly climate data from the climate research unit (CRU;
1901 to 2016) to simulate the vegetation of northern Patagonia. The model was parameterized
with the major plant functional types (PFTs) and local tree species that dominate the study
area. For model evaluation, we compared the simulated above and below biomass from the
model (2000 — 2013) with remotely sensed derived above-ground biomass (AGB; 2000-2013),
as well as trends in vegetation greenness and remotely-sensed burned area. A paired t-test on
20000 randomly selected site was used to determine whether differences between COy, fire,

and climate were significant on 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 (Prentice 1983, Bugmann 2001). Model outputs from the model such as biomass,
nitrogen balance, vegetation structure and composition, have been compared with
observational data, such as ecosystem flux, field observation, and data inventory associated
with net primary productivity (e.g. Jung et al. 2007, Hickler et al. 2008, De Kauwe et al. 2014),
and remote-sensing data (e.g. Tang and Beckage 2010, Lindeskog et al. 2013, Blanke et al.
2016). Sensitivity analyses and model-data comparisons suggest that LPJ-GUESS performs
very well when compared with other terrestrial vegetation models (e.g. Piao et al. 2013, Sitch
et al. 2015). In LPJ-GUESS, each grid cell is represented by latitude and longitude, and

individual Plant Functional Types (PFTs) and tree species are simulated in multiple patches
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(1000 m?) within each grid cell. Establishment of each Plant Functional Types (PFTs) and tree
species occurs yearly as long as there is space 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 fixed thickness (0.5 upper and 1.0 m lower respectively) 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 vegetation. 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
PFT or tree-species specific fire resistance value. In our simulation, we assumed that the

smallest area burned in a grid cell is equal to 1000 m* (Thonicke et al. 2001b).

Plant Functional Types and species parameterization

We estimated the bioclimatic parameters associated with the establishment of the six-
tree species and two plant functional types (PFTs) groupings specific to the region, and two
grasses (high and low elevation; Table 2.1). The bioclimatic parameters are minimum coldest
month mean temperature for survival (Temin_su), (2) minimum coldest month mean
temperature for establishment (Tcmin_est), (3) maximum coldest month mean temperature for
establishment (Temax_est), (4) minimum warmest month mean temperature for establishment
(Twmin_esr) and (5) minimum growing degree days sum on a 5-degree Celsius base (GDD:s).
GDDs were estimated as a function of monthly mean temperature (Wang et al., 2006) using

the equation below:
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GDD5 = Y *(Tm—5)XNd Tm2> 5°C (1)

Where GDD:s is the annual sum of monthly temperature above 5°C, Ty, is the monthly
mean temperature (T > 5'C), and Nd is the number of days in a month. In the model, PFTs
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 2.1 (Venevsky et al. 2002).
Following a workshop in Bariloche, Patagonia in spring 2016, we estimated bioclimatic
parameters for each tree species and PFTs based on distribution map associated with the
classification of southern South America vegetation belts published by the World Wildlife
Fund (WWTF) (Olson et al. 2001) and Worldclim with a resolution of (~ 1 km) (Hijmans et al.
2005). The vegetation maps (WWF & Worldclim) classify each PFT and tree species into
bioclimatic zones that are strongly associated with the distribution of each PFT and tree
species. This climate database together with monthly means meteorological data from the
Climate Research Unit (CRU) datasets was used create a bioclimatic classification for northern
Patagonia which was used to construct the northern Patagonian bioclimatic natural vegetation
distribution maps. The bioclimatic zone for each PFT and tree species was subsequently
extracted from the vegetation map and overlay on the CRU climate data. We then choose
boundary values between 5% and 95% CI of these variables (Table 2.1) that correspond to

the observed limit of each of the PFT and tree species.
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Table 2.1: Species parameters and bioclimatic limits used in the simulation: GDDs; minimum
growing degree-day sum (5°C base), Temin_est (Temax_est): Minimum(maximum) coldest month mean
temperature. Tymin e Minimum warmest month mean temperature, Temin_swur; minimum coldest
month temperature, Dr; Drought tolerance. We use “ * to indicate that no limit is applied.

SpCCiCS DDs Tcmin_est Tcmax_est Twmin_est Tcmin_surv Dr
High elevation 300 to 1931 100 - 0 - - -

m] grasses (e.g.,

Asteraceac)

Low elevation [0 to 299 m] 1500 0.6 - 11.6 -1.3 -
grasses (e.g., Stipa

speciose, Euphorbia

collina)

Mixed evergreen shrubs 700  -0.33 5 10.8 -3.2 0.59

(e.g., Lomatia hirsuta,

Schinus Patagonicus)

Broadleaved  evergreen 1500 1.73 7.9 10.1 0.23 0.70
warm temperate tree (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

Chusque 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
400  -1.6 4.3 8.6 -3.7 0.62

Nothofagus pumilio

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 also focused on fitting parameters related to limiting factors for growth for
each tree species and PFT based on the literature (Veblen et al. 1996, Donoso 2006, Avaria
2013). For example, the variables related to growing season length (characterized by growing
degree days, (GDDs) and growing season drought; Sykes et al. 1996) were considered the most

limiting factors for Austrocedrus chilensis. The bioclimatic parameters are listed in Table 1.
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The parameters used for tree species were based on information about the composition 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 2.2)
to determine the role of climate, CO,, 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 vegetation in the grid cells), and the model was run on
100 replicate patches within each grid cell at 1 km* (0.008333") resolution. Each patch has a
stochastic element for establishment, mortality, and patch-replacing disturbance, thus allowing
the model to represent a quasi-stable landscape pattern and process. The first phase in the
simulation is a 1,000 years spin-up to achieve equilibrium in pre-industrial stable vegetation
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 CO,
content. The detrending of the climate data (1901 - 1930) was done to remove long-term

trends in order to emphasize short-term changes in the climate data, (i.e., variations related to

ENSO and SAM).
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Table 2.2. The simulations comprise six combinations of the input conditions.

Climate Fire CO; LAND MASK
HISTORICAL (S1) on Historical off
HISTORICAL (S2) on Historical on
HISTORICAL (S83) off Historical on
HISTORICAL (S4) on Pre-industrial off
PRE-INDUSTRIAL on Pre-industrial off

(55)

PRE-INDUSTRIAL on Historical off

(56)

The historical period was simulated following the spin up and was run from 1901 to
2016 with observed changes in atmospheric CO; and climate. The original meteorological data
consisted of monthly time series corresponding to mean air temperature, total precipitation
and cloud cover percentage at a spatial resolution of 0.5 for the model domain from climate
database CRU TS 4.01 provided by the Climate Research Unit (CRU), University of East
Anglia. The CRU climate data were spatially downscaled and biased-corrected to match the
spatial resolution (1 km?) and historical period of ovetlap (1960-1990) from the WorldClim-
Global Climate Database (http://www.wotldclim.org/) (see Zhang et al. 2017 for details of
the methods). We compared the performance of the downscaled CRU precipitation and
temperature climate data with the Northern Patagonia Climate Grid data (NPCG; Bianchi et
al. 2016). Our results showed good agreement with the NPCG climate data (Fig. S1). The soil
texture data used in the simulation were based on the WISE30sec database (0.00833° spatial
resolution; Batjes 2015), and were used to provide sand, silt and clay content for estimating

water-holding capacity and thermal diffusivity at 1 km resolution.
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Experimental design

The different scenarios consider the effects of different drivers on vegetation patterns
and trends over time (observed CO», observed climate, pre-industrial (PI) CO, and PI climate;
Table 2.2). For the pre-industrial climate, we cycled detrended CRU climate data for the period
(1901-1930), for 116 years (1901-2016); for the observed climate we used CRU historical
climate data from 1901-2016. 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 km?
spatial resolution (Bartholomé and Belward 2007). We classified urban and agricultural grid
cells as masked and scaled each 1 km’ pixel to range between 0 and 1 accordingly. The
simulated fire is 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
computed 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 NDV1I3g) at 8 km 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
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analysis on GIMMS NDVI 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 CO,, land masking on, with fire ‘on’) and S4 scenario (historical
climate, PI CO; (280 ppm), no land masking, with fire ‘on’) to evaluate the effect of CO, on
forest cover. The difference between the simulations isolates the impact of increasing CO, 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 CO., land masking on, with fire ‘on’) and S3 (historical climate,
historical CO,, land masking on, with fire ‘off’). While S1 and S6 (PI climate, historical COs,
land masking off, with fire ‘on’) and S4 (historical climate, PI CO», land masking off, with fire
‘on’) and S5 (PI climate, PI CO», land masking off, with fire ‘on’) were used to calculate the
effects of climate. Analysis of the interactions and the 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 experimental set-up (Table 1) allows the full evaluation of the individual
and combined effect of climate, CO», and fire incidence on above-and belowground biomass.

Lastly, we used results from Glob-Firm to compare the similarity of the annual burned
area from MODIS and LPJ-GUESS DGVM outputs for the period of 2001 to 2014. The
Terra and Aqua combined MCDG64A1 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)
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Results

Overall, the model results show that between 1930 and 2010 there was an increase in
biomass based on the S2 (historical climate, historical CO», land masking on, with fire ‘on’)
simulation (Fig. 2.5b & Table 2.3). This increase in biomass is coincident with changes in CO»,
increasing temperature, and decreasing precipitation (Fig S5; Veblen et al. 2011). In contrast,
the PI CO, decrease forested area under these observed climate changes. However, PI climate
reduced forest distribution under PI COy, but the effect of PI climate alone on biomass was
minor compared to the effect of PI CO,. However, the absence of fire increased forest

biomass under changing climate, increasing CO2, land masking on and fire off.

Table 2.3: This table shows the quantile summary (kg C m-) for all the scenatios used in
these analyses.

Scenarios 0%  25%  50% 70% 100%
HISTORICAL (S1) 0.00 0.19 222 15.7 28.39
HISTORICAL (82) 0.00 0.19 0.65 9.88 29.13
HISTORICAL (83) 0.00 0.19 0.65 10.27  29.06
HISTORICAL (S4) 0.00 0.13  1.67 13.57  24.59

PRE-INDUSTRIAL (§5) 0.00 0.08 0.42 12.16  23.14
PRE-INDUSTRIAL (§6) 0.00 0.13  0.53 14.17  26.65
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Spatial distribution of biomass

The spatial distribution of forests simulated by S2 (historical climate, historical COs,
masking on, with fire ‘on’) and remotely sensed above-ground biomass (AGB) are shown in
Fig. 2.4. The model captured the general observed distribution of present-day vegetation 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 (Fig. 2.3). Simulated biomass ranged from 0 to 29.5 kg C m?,
whereas remotely sensed observed above-ground biomass ranged between 0 to 48 kg C m™.
There was a positive correlation between the two vatiables (R = 0.71; simulated mean = 5.68
kg C m?, observed mean = 7.72 kg C m™). 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. 2.4a & b).



30

40
%@{Q 30 IE
?eﬁ 20 @
S 10

0]

NDVI units/yr’

B2

Figure 2. 3; Spatlal dlstrlbutlon of (A) simulated above and below ground biomass based on
S2 (historical climate, historical CO,, masking on, fire ‘on’), and (B) Avitabile et al. (2010)
observed biomass (Kg C m?), (C) Trends in annual mean NDVI in northern Patagonia from
1982 to 2016. Trend significance is estimated using Forkel et al. (2013) Annual Aggregated
Time series (AAT). The simulated above ground biomass is based on S2 (historical climate,
historical CO,, masking on).
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The analysis of annual aggregated time series (AAT) GIMMS NDVI dataset from
1982-2016 shows a greening trend (mean = +0.17 NDVI units/y"', P < 0.05, standard
deviation (SD) = 0.38) for 9.12% of the spatial pixels. However, an observed browning trend
(mean = -0.51 NDVTI units/y", 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" (Fig. 2¢). The high
browning percentage was concentrated in steppe vegetation while the greening trend occurred
in the mesic forest (Fig. 2.4¢).

In S2 (historical climate, historical CO,, masking on, with 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 1901-2016. However, the burned-area fraction increased with
latitude along the steppe from north to south (Fig. 2.5b). 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 2.5b, ¢ & d Kitzberger and Veblen 1999). Under S2 scenario there was an
increase in biomass and decreased burned-area, the soil water content was low at the forest-
steppe ecotone but increased at the steppe, likely due to increased effective moisture from the

South Atlantic polar front (Kitzberger and Veblen 2003) (Fig. 2.5¢ & d).
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suggest decrease (A) average tree biomass (Kg C m™). (B) average burned-area fraction
(C) Upper soil moisture (fraction of available water holding capacity), see legend for (d),
and (D) Lower soil moisture (same unit as (C)).



33

Spatial differences in biomass patterns between all simulations

Opverall, the inclusion of masked area and fire ‘on’ in S2 (historical climate, increasing
CO,, masking on, with fire ‘on’) results in an average 25.8% increase in simulated biomass
between 1930 and 2010. However, the exclusion of masked area and fire ‘on’ (S1) increased
biomass by 22.6% while the S3 scenario, with masked area ‘on’ and fire ‘off’ increased
simulated biomass by 24.8%. Furthermore, S1, S2, and S3 all show the same spatial pattern of
biomass distribution with increased biomass at the temperate forest west of the Andes, mesic
forest (high elevation), but the highest biomass gain was at the forest-steppe ecotone (Fig. 2.6a
b & ¢).

On average, PI CO, under warming historical climate (§4) increase simulated tree
biomass by 10.4%. In the S4 simulation, there was an increase in biomass in the mesic forest
(high elevation), and at the forest-steppe ecotone, but the most substantial decline in biomass
occurred at the temperate forest west of the Andes. The use of S5 (PI climate and low COy)
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.
2.6e). However, the use of PI climate with changing CO, (S6) increased the simulated biomass
by 9.6%. While in S6, the most substantial gain in biomass occurred mainly at the temperate

forest west of the Andes (Fig. 2.6f & Table 2.3).
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Figure 2.5: Mean tree biomass: Chan
high biomass and negative values suggests low biomass A) S1 (historical climate, historical
COy), B) S2 (historical climate, historical CO2, masking on), C) S3 (historical climate,
historical CO,masking on, fire off), D) S4 (historical climate, PI COy), E) S5 (PI climate, PI
COy), and F) S6 (PI climate, historical COy).

b

Spatial differences in burned-area patterns between all simulations

Fig. 2.7 shows the results of simulated LPJ-GUESS burned area for S2 and the
observed burned area from MODIS. The model overestimates burned-area when compared
with the result from MODIS BA but the simulations showed the same temporal pattern as the
MODIS data. Fire plays a significant role in the reduction of biomass in S5 (PI climate and PI
COy, agriculture mask off, fire ‘on’), but the reduction in forested area is less than that caused
by the PI CO, under PI climate (Fig. 2.8¢). 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
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mainly related to water availability because high effective moisture increases soil water content
and makes the forest naturally fire resistant (Fig. 2.8a, b, d, e & f). Moving into the steppe, the

magnitude of fire increased because of seasonally dry summers that increased fuel desiccations

(Fig. 2.8).
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Figure 2.6: Mean annual burned area during 2001- 2014 in northern Patagonia. MODS V6
observations and LPJ-GUESS burned-area simulation: S2 (historical climate, historical CO»,
masked on, with fire ‘on’).
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Figure 2.8: Mean burned area fraction. Changes b
suggest region of high fire activity and negative values suggests regions of low fire activity.
A) Sl(historical climate, historical COy), B) S2 (historical climate, historical COZ2, masking
on), C) S3 (historical climate, historical CO,,masking on, fire ‘off’), D) S4 (historical climate,

PI COy), E) S5 (PI climate, PI CO,), and F) S6 (PI climate, historical COy).

X

Effect of atmospheric CO,_fire and climate on simulated biomass

To assess the effect of CO,on simulated biomass, two sets of combinations (S1 - S4
& S6 — S5) was analyzed. The difference between S1 (historical climate, increasing COs,
agriculture mask off, with fire ‘on’) and S4 (historical climate and PI CO., agriculture mask
off, with fire ‘on’) overall shows increased in forest productivity (Fig. 2.9a). The results of the
paired ~test between S1 and S4 indicated that the inclusion of changing CO; in S1 was
responsible for the increase in average biomass (M= 1.03 kg m?; #(19999) = 100.31, P <0.01)

due to CO; fertilization. Consequently, the effect of low CO, thus reduces more biomass at
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the forest-steppe compared to the temperate forest west of the Andes, and the mesic forest
(high elevation). Also, the difference between S6 (PI climate, changing CO;) and S5 (PI
climate, PI CO») shows increases (M= 0.93 kg m?; # (19999) = 94.65, P <0.01) in biomass
caused by CO:; fertilization which increase the biomass stock (Fig. 2.9b). The result shows that
the inclusion of changing CO, caused the observed increase in forest productivity. The spatial
difference between S2 (historical climate, increasing CO, agriculture mask on, with fire ‘on’)
and S3 (historical climate, increasing CO», agriculture mask on, with fire ‘off’) revealed biomass
loss throughout the study region (Fig. 2.9c). The inclusion of fire reduced forest cover
compared to the absence of fire (M = -0.21 kg m™; #(19999) = -29.93, P <0.01).

The effect of climate was analyzed based on two combinations (84 — S5 & S1 — S0).
The comparison between the mean of S4 (historical climate and PI CO,) and S5 (PI climate
and PI CO;) showed increase in biomass under changing climate (M = 0.82 kg m™; # (19999)
=76.47, P <0.01), Nonetheless, the contribution of climate to biomass reduction, as evidenced
in Fig. 2.9d, was a decrease in biomass in the temperate forest west of the Andes. However,
biomass increased at the mesic forest and the forest-steppe ecotone. The effect of climate
based on the difference between S1 (historical climate and historical CO») and S6 (PI climate
and changing CO,) revealed the same spatial pattern as S4 — S5 (Fig. 2.9d & ¢). The presence
of changing climate increased simulated average biomass (M= 0.918 kg m?; #(19999) = 76.74,

P <0.01)
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Figure 2.8: Effect of CO,, fire, and climate on forest cover. The figure show changes in
metric between 1930 and 2010. A & B; The effect of CO2: A (S1: historical climate, historical
CO») minus S4 (historical climate, low CO»); B (S6: PI climate, changing CO, minus S5: PI
climate, PI CO,). C) The effect of fire (S2: historical climate, historical CO,, masking on,
with fire ‘on’) minus S3 (historical climate, historical CO,, masking on, with fire ‘off’). D &
E: Effect of climate; D (S4: historical climate, low CO») minus (S5: PI climate, low CO») E
(S1: historical climate, historical CO) minus (S6: PI climate, historical CO,). Positive values
suggest region of increasing biomass and negative values suggests region of decreasing
biomass.

Discussion

Our study provides the first attempt to use a DGVM to simulate drivers of modeled
forest cover change in southern South America. As revealed by these new findings the
incorporation of 20" century atmospheric CO, concentrations, climate, and fire in LPJ-

GUESS assessed their relative influence on the simulated vegetation structure and dynamics
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of the Patagonia study area (Fig. 2.6a). However, the interactions at high and low elevation in
these transitions have seldom been considered before. The results suggest that climate, CO»,
and fire play a crucial role in determining the long-term vegetation dynamics. Our results
shows (Fig. 2.6a) that (1) changing climate accompanied by a steep increase in atmospheric
CO; concentration likely increase forest growth, because the high rate of photosynthesis
increased water use efficiency (WUE), and (2) fires are a relatively frequent disturbance at the
forest-steppe ecotone (Fig 2.8). Our result is broadly consistent with other forest models that
respond very positively to steep increases in CO; with an increase in forest productivity (Pan
et al. 1998, Ciais et al. 2008, Kirschbaum et al. 2012, Hickler et al. 2015). Also, results from
dendrochronology analysis in northern Patagonia shows variation in fire frequency responds

to regional climate variability (Kitzberger and Veblen 2003).

Changes in forest cover

The results from S4 (historical climate and low COy), S5 ( PI climate and low COy),
and S6 (PI climate and historical CO;; Fig. 2.6d, e & f) scenarios show low biomass and
support studies that examine the factors (e.g., CO;) that limit woody forest expansion into
grasslands (Bond 2008, Hirota et al. 2011). The significant greening and browning trends
(1982 — 2016) occur 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), while strong
browning trend was more pronounced at the semi-arid steppe (Fig. 2.4c).

The differences between 1930 and 2010 from S2 (historical climate and historical CO»)

revealed that biomass increased from the temperate rainforest west of the Andes to the forest-
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steppe ecotone. 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.
2.5b, ¢, & d). Our results suggest that CO; fertilization, and changing climate, combined with
reduction in fire frequency caused forests to expand. The observed increase in forest cover
and a decrease in fire frequency are consistent with previous research in northern Patagonia
that shows changes in land cover as result of intensive grazing and land management practices
(Veblen and Lorenz 1987, Veblen and Lorenz 1988, Kitzberger and Veblen 1999, Gowda et
al. 2011). However, in this study, climate and CO; drive the increase in forest cover while
empirical results from previous studies using dendrochronology analysis attributed forest
expansion to intentional fire suppression and more effective fire management at the forest-
steppe ecotone (Veblen and Lorenz 1988). Despite the observed decline in precipitation and
increase in temperature in northwestern Patagonia since the 1940’s based on CRU data analysis
Figure 58 (Veblen et al. 2011), forested area has increased in this region because of reduced
fire frequency (Kitzberger and Veblen 1999). The steep increase in CO, may have contributed
to the biomass increase observed in our simulation because our model lacks effective fire
management indicating woody biomass growth under elevated CO..

In LPJ-GUESS, photosynthesis is coupled with stomatal conductance, and increases
greatly with increasing CO; provided that other nutrients are not limiting (e.g., water; Sitch et
al. 2003). LPJ-GUESS has been shown to be less sensitive to elevated CO, (eCO,) compared
to other DGVMs. In the free air CO; enrichment (FACE) and chamber experiments to
determine the global response of biomass to eCO,, LPJ-GUESS under-estimated biomass
under eCO, (375 ppm to 625 ppm) compared with the empirical result from FACE and other

dynamic vegetation models (Terrer et al. 2019).
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In general, the model captured the closed canopy forests west of the Andes and the
mesic forest but did not create the sharp change in forest cover transition from forest to steppe
grasses at the forest-steppe ecotone. The poor result in the east 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 results from S5 (PI climate and low
COy) and S6 (PI climate and historical CO2) show a low burned-area and low biomass yield
(Fig. 2.8e & f). The low burned-area in S5 and S6 suggested that climate variability is significant
to promote fire. This observation agrees with the ecological studies in the region. For example,
the successful establishment of Austrocedrus at xeric sites near the steppe is probably linked to
interannual and decadal climate variability in the region (Villalba and Veblen 1998, Kitzberger

and Veblen 1999).

Influence of CO,, fire, and climate on Patagonia forest

In this study, the spatial analysis and paired t-tests show a difference in magnitude of
these factors (COs, fire and climate) on biomass, with climate and CO;being stronger influence
than fire (Fig. 2.9b & c). The effect of COs, fire and, climate on simulated forest cover supports
previous studies that compared the influence of glacial climate (low CO») and modern climates
on global biome distribution (Martin Calvo et al. 2014, Martin Calvo and Prentice 2015). The
effect of low CO, on forest cover has been well documented based on growth chamber and
modeling studies to have reduced tree biomass (Gerhart and Ward, 2010). The effect of PI

COz (S1 — S4) on modern climate is more visible at the forest-steppe ecotone, where biomass
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was low. The observed low biomass at the forest-steppe ecotone is consistent with a study of
a semi-arid ecosystem in northeastern Colorado, USA (LeCain et al. 2003), which suggested
that, at low CO. steppe grasses experienced water stress that reduced the rate of
photosynthesis and productivity. The comparison between S1 (changing climate, changing
CO;) & S4 (changing climate, PI CO»), and S6 (PI climate, changing CO,) & S5 (PI climate,
PI COy) shows the physiological effect of CO, fertilization on forest productivity. With the
physiological effects of CO» turned on, the model projected an increase in biomass for both
paired comparisons.

The physiological effect of CO; on vegetation productivity has mainly been observed
in modeling studies due to limited observation data (Hickler et al. 2015). The comparison of
the scenario (S1 & S4) and (S6 & S5) of keeping CO, fixed at a certain level (PI: 280 ppmv),
thereby switching off both the effects on photosynthesis and stomatal conductance, but
maintaining the climatic effect of CO,was used to capture the uncertainty associated with the
potential physiological effects of CO,, as shown in this study. Our study shows the effects of
CO;, fertilization as a driver of these observed increases in biomass and supports previous
results that have demonstrated the potential impact of eCO; on vegetation productivity. For
example, Ciais et al. (2008) used the ORCHIDEE model to simulate carbon accumulation in
the European forest between 1950 and 2000. They found substantial increases in NPP and
potential harvest, which was, in part, attributed to CO fertilization and regional climate trends.

Other studies on global vegetation have shown that at low CO, levels,
photorespiration increases with temperature (Martin Calvo and Prentice 2015). Average
biomass production by modern Cs; plant may vary between 40-70% when grown at low (180 -

220 ppm) vs moderate (350 - 380 ppm) CO; (Gerhart and Ward 2010). These results and our
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S5 simulation show that fire amplifies this interaction between climate and CO; leading to a
large reduction in biomass under a combination of PI climate and PI CO, (Fig. 2.9b). This
combination reduces the ability of the forest to expand due to the extreme reduction in forest
productivity.

Fire controls biomass dynamics in an ignition-limited ecosystem such as the Patagonia
mesic forest (Veblen and Lorenz 1988, Kitzberger and Veblen 1999, Veblen et al. 1999a,
Kitzberger et al. 2016). In northern Patagonia, high woody biomass in the forest-steppe
compared to the steppe provides more contiguous fuel biomass, and stand-replacing fire
would support Nothofagus forest (Veblen et al. 1992, Kitzberger and Veblen 1999). The
removal of fire caused biomass to increase in those areas occupied by forest under S3
(historical climate, changing CO,, masking on, with fire ‘off’). Also, the presence of fire
increased biomass in S2 (historical climate, changing CO,, masking on, with fire ‘on’). The
comparison between S2 & S3 shows that the presence of fire decrease biomass (Fig. 2.9 ¢).
Under S2, forested area increased (25.8%) compared to S3 (24.8%), because, in the absence
of fire, there is a longer rate of biomass turnover but an increase in average biomass.

This causes higher respiratory losses associated with reduced productivity because fire
tends to maintain productivity by the continuous turnover of vegetation in the landscape
(Martin Calvo et al. 2014). Veblen and Lorenz (1988) analyzed forest stands at the forest-
steppe ecotone and observed that Nothofagus dombeyi and Austrocedrus chilensis
regenerated vigorously after a stand-replacing fire at the mesic site and reduction in high-
severity fire frequency shifted the dominant vegetation from a short-lived resprouting shrub
(e.g., Nothofagus antarctica) to long-lived obligate seeders (e.g., Nothofagus dombeyi). Nonetheless,

our simulation using historical climate and changes in CO, show that fire amplified the
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biomass response to CO, under changes in climate variability (e.g., ENSO). This result is
consistent with Bond and Keeley (2005). Fire studies at the forest-steppe thus show the
importance of changes in fire regime in altering fire frequency (Kitzberger and Veblen 1999).
Fewer fires in scenario S1, S2, and S3 resulted in high biomass and forest expansion (Fig. 2.0a,
b & ¢).

When only including annual climate variation, the model predicted a reduction in
forest cover at the temperate rainforest west of the Andes, but the average biomass increased
in the pairwise comparison between S4 (changing climate, PI CO,) - S5 (PI climate, PI CO,)
and S1 (changing climate, changing CO,) — S6 (PI climate, changing CO; (Fig. 2.9 d & e). The
reduction of precipitation in dry years caused drought and reduction in biomass in the
temperate rainforest west of the Andes. Drought (Fig. S5 b) occurs during poleward
displacement of the southern Westerlies with their cyclonic storms during summer (Holz et
al. 2012) and through increased evapotranspiration when variability in near-surface

temperature places vegetation under increase water stress (Fig. S5 a; Bartholomeus et al. 2008).

Conclusion

This is the first study that uses a DGVM to access the influence of CO,, fire, and
climate on northern Patagonia forest. Research presented here suggests that LPJ-GUESS can
realistically simulate historical responses of northern Patagonia forest to changes in COs,
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:
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1. Under current climate condition and rising CO», the model predicts that forest cover
will increase, with an increase in forest biomass at high and low elevations.

2. Low CO:; decreased forested area under these observed changing climate. While PI
climate reduced forest distribution under increasing CO», but the effect of PI climate
alone on biomass was minor compared to the effect of low CO..

3. In our study, the largest percentage of fire occurred at the steppe followed by the
forest-steppe ecotone, this is due to high biomass desiccations at the steppe and the
frequency of fire depends on available fuel load as well a gradual change in temperature
under increasing drought.

4. In terms of magnitude, the influence of climate is the strongest and CO; fertilization
is the secondary driver of forest expansion. CO, also mitigates climate-induced

drought stress due to increases in water-use efficiency.

Further Considerations

In order to improve the accuracy of LPJ-GUESS at the patch level, it will be necessary
to improve the parameterization of the key taxa. This 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 Nothofagus pumilio that exhibited clear
difficulties in reestablishing in area lost 100 years ago through fire and land-use change.
Moreover, there are limited model simulations that study long-term forest cover trends and

how environmental factors such as climate and CO; affects regional vegetation through fire
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(Martin Calvo and Prentice 2015, Wu et al. 2017, Dionizio et al. 2018). In southern South
America, as far as we are aware that there is no DGVM simulation or previous research that
uses ecosystem model to simulate the response of the vegetation to past and future
environmental effects. This new parametrization of the important regional tree species can

thus be used to model the past and future vegetation in the study area.
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Abstract

The past influences of climate on the vegetation of northern Patagonian have been thoroughly
documented using dendrochronology and high-resolution pollen and charcoal based
reconstructions. Here, we investigate for the first time the influence of climate on past changes
in the forest cover and upper and lower treeline dynamics for five-time intervals (15, 9,6,3,
and 0 ka BP) using a dynamic global vegetation model (DGVM), LPJ-GUESS. Past climate
anomalies were derived from the GENesis Modular Ocean Model (GENMOM), a coupled
atmosphere-ocean model. Modeled above - and below-ground biomass from two plant
functional types and seven tree species were mapped for each time interval representing quasi-
steady state conditions. The results from the model were compared with the published
reconstructions of forest cover and treeline change in the region. The causes and controls of
forest cover and treeline dynamics changes were analyzed using ordination techniques
(Canonical Correspondence Analysis) and machine-learning algorithms (Random Forests). In
general, the LPJ-GUESS simulations of biomass agree with pollen-based vegetation
reconstruction. The model also shows a general increase in fire activity from 15 to 0 ka BP
that matches quantitative charcoal-based fire history reconstructions. However, the model and
published data differ concerning the climate factors responsible for the forest cover changes
over the Holocene. Vegetation reconstructions identify a decrease in annual and winter
insolation and strengthening of the Southern Westerlies at mid-latitudes at 6 ka BP to explain
an increase in forest cover. Whereas CCA, attributes the increase in forest cover to a
combination of increased winter temperature and longer growing seasons, constrained by
higher moisture availability. Increased air temperature and effective moisture in the model

increased tree establishment and seedling survival rate. Simulations of lower and upper treeline
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show west-to-east fluctuations through time. The west-to-east shifts as analyzed by Random
Forest (RF) identifies summer and winter precipitation as predictors of treeline dynamic. The
model results suggest that precipitation alone can account for the observed changes in treeline
dynamics which are in agreement with empirical studies from northern Patagonia that analyzed

factors controlling growth and establishment at treeline.

Introduction

Forest-steppe ecotones around the world are highly sensitive to climate, disturbance,
and land-use, and their dynamics have been studied extensively to understand how dry forest
cover might respond to future climate change (Kitzberger 2012, Iglesias and Whitlock 2014,
Matyas and Sun 2014, Stan and Sanchez-Azofeifa 2019). Erdés et al. (2018) defined the forest-
steppe ecotone as “a natural or near-natural vegetation complex of arboreal and herbaceous
components (typically distributed in a mosaic pattern), where co-existence of forest and
grassland is enabled primarily by the semi-humid to semi-arid climate, complemented by
complex interactions of biotic and abiotic factors operating at a multiple scales”. In terms of
composition, structure, and function, the forest-steppe ecotone represents a series of complex
ecosystems outside the tropics (Erdds et al. 2014). However, compared with non-tropical
systems, forest-steppe ecotones are also regions of high forest productivity and carbon
sequestrations (Schultz 2005). Despite the advances in research on the forest-steppe ecotones
(Leach and Givnish 1999, Kitzberger 2012, Erdés et al. 2014), there are still significant
knowledge gaps about the interactions of macroclimate and nonclimatic factors (e.g., soil,
topography, disturbance land-use) on these terrestrial ecosystems. For example, recent

research on the forest-steppe in Eurasia by Erdés et al. (2018) documents that at a certain
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threshold in climate change (e.g., rise in global temperature and reduction in precipitation), the
ecotone will shift in dominant species, change structure or shift its latitudinal or longitudinal
position, but few studies exist to test this hypothesis..

Fire is an inherent constituent of the natural ecosystem that varies in severity across
the forest-steppe ecotone transition and produces vegetational changes in landscape
composition and structure (Veblen et al. 1999b). In northern Patagonia, the geographic region
of southern South America between 40-45°S, the fire regime across the steppe transition has
been altered due to land management practices resulting in changes in ignition frequency
(Kitzberger 2012). The changes in ignition frequency (i.e., a decrease in fire return time) have
altered the vegetational composition from non-sprouting obligate seed reproducing tree
species to re-sprouting shrubs (i.e., Nothofagus antarctica, Discaris spp.) contributing to the
observed reduction in the dominant Nothofagus dombeyi forest (Mermoz et al. 2005).

The northern Patagonian forest-steppe ecotone represents a key region for exploring
long-term changes in vegetation cover and composition in response to past climate change
and disturbance. This is due to the effect of human activities (i.e. landscape fragmentation,
intensive grazing) and changing climate on the forest-steppe ecotone. The vegetation and fire
history of northern Patagonia has been reconstructed from pollen and charcoal records. Early
palynological research at the forest-steppe ecotone (e.g., Heusser 1966, 1974, Markgraf 1983)
described past changes in Argentina. More recent studies suggest that insolation-driven
changes in temperature and precipitation over the last 15 ka BP have been the primary drivers
of forest composition and distribution through time (Whitlock et al. 2006, Whitlock et al. 2007,
Iglesias et al. 2014, Nanavati et al. 2019). Pollen analysis suggests that during the late-glacial

to early Holocene transition, shrubs colonized the landscape at 11, ka BP. However, the
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climate became wetter/cooler, and steppe vegetation was replaced by an open forest
dominated by Nothofagus type. Duting the late-glacial/eatly Holocene, fire activity was at a
minimum but increased at 9 ka BP, when summers were dry enough to support fire and
winters was sufficiently wet to promote Nozhofagus type expansion. The late Holocene (3 ka BP)
exhibited an oscillation between Nozhofagus forest during humid periods while drier periods
promoted Awstrocedrus chilensis, associated with the onset and strengthening of the El Nino
Southern Oscillation (ENSO) (Whitlock et al. 20006, Iglesias et al. 2011, de Porras et al. 2012,
Iglesias et al. 2012, Iglesias et al. 2014, Nanavati et al. 2019).

Dynamic global vegetation modeling offers an opportunity to explore the influence of
different environmental parameters, plant taxa, and essential vegetation properties, such as net
primary productivity (NPP), leaf area index (LAI), and disturbance through time (Miller et al.
2008, Allen et al. 2010). In this study, we used a DGVM parameterized with regional native
plant species and Plant Functional Types (PFTs) to further understand the drivers of
postglacial forest cover change and treeline dynamics in northern Patagonia. We focused on
five-time intervals from late-glacial to pre-industrial (15, 9, 6, 3, and 0 ka BP). We used the
model-predicted biomass of each simulated plant taxa and the reconstructed climate data to
determine the climate drivers of species distribution using Canonical Correspondence Analysis
(CCA; Ter Braak 1986, 1987). We then used Random Forest (RF) machine learning (Breiman
2001), applying RF to the simulated biomass (above and below ground biomass) at each time
interval to understand the drivers of the ecotone position. The use of LPJ-GUESS allows for
modeling at a fairly high spatial (1 km) and temporal resolution (daily). This study provides
the first use of LPJ-GUESS to simulate postglacial vegetation of northern Patagonia. Within

this context, the main objectives of this study are (1) to determine significant predictors of
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forest distribution, and (2) to identify drivers of forest treeline (upper and lower) change during
the last 15 ka BP. We hypothesize that variations in seasonal insolation will be the primary

driver of forest cover and treeline dynamics, by modulating changes to temperature and

precipitation.
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Figure 3.1: Map of southern South America showing the location of the 16 selected sites
along the forest-steppe ecotone (40 — 45 °S). The LPJ-GUESS simulated values of these
sites were used to develop the Canonical Correspondence Analysis (CCA) model,

change in biomass, and fire. The inserted map is the topography of the study area
showing the Andes and Northern Patagonia.
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Data and Methods

Regional Background

Northern Patagonia (Fig. 3.1) is seasonally influenced by the Southern Westerlies
atmospheric circulation (Miller, 1976). The Andes exhibit a highly complex orography
resulting in wetter conditions on the westside and drier conditions on the east (Paruelo et al.
1998). Annual precipitation is highest on the western slopes of the Andes, which may receive
> 3500 mm yr'. Precipitation decreases to < 500 m in the east (Kitzberger 2012). The
latitudinal position of the Southern Westerlies is controlled by the strength of the southeastern
Pacific subtropical high-pressure system and a subpolar low-pressure trough centered along
the Antarctic Circle (Mayr et al., 2005). Annual and seasonal precipitation is a result of frontal
systems migrating eastward along the storm tracks from the Pacific tracking the jet stream

(Garreaud et al. 2009). Northern Patagonia has a Mediterranean type climate, with wet winters
and relatively dry summers. Mean July (coldest month) temperature varies from -1 to 8°C,

while the mean warmest month (January) varies from 7 to 22°C. Winters are cold and wet as
the southeastern Pacific subtropical high-pressure system shifts north and SWW storms
predominate. Austral summers are dry and warm as the southeastern Pacific subtropical high-
pressure system shifts the Southern Westerlies Winds (SWW) southward. Over two-thirds of
the annual precipitation falls during the austral winter (June, July, and August) when the
Southern Westerlies lay further towards the equator (Moreno, 2004).

The distribution of vegetation reflects the latitudinal changes in precipitation modified
by altitude, slope, and aspect. At elevations between 1100 and 1200 m (west of east of the

Andean crest), slopes are dominated by the Nothofagus  pumilio and Nothofagus
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antarctica shrubland. At elevations between 1000 and 1500 m, 40 to 50 m tall Nozhofagus
dombeyi dominates with 2 to 5 m tall Chusquea culeon (Bamboo) in the understory and other
arboreal taxa such as Saxegothaea conspicua and Laurelia philippiana occur together. Further to the
east with the decline in precipitation (1500 to 1000 mm yt ') Austrocedrus chilensis and Nothofagns
dombeyi coexist within a matrix of forest that includes shrubs such as Lowatia hirsuta, Schinus
patagonicus, Chusquea culeon etc. With a further decrease in precipitation (< 1000 mm yr™') farther
east under more xetic condition (< 500 mm yt'') Auwstrocedrus chilensis forms pure stands and
woodlands with shrubs and small trees (e.g., Berberis). At lower treeline (700 m elevation)
Nothofagus antarctica dominate with xerophytic shrubs (Maytenus sp), Rhamnaceae (e.g., Colletia
Discaria). With the decline in precipitation to < 300 mm yr' bunchgrasses (e.g., S#pa speciosa,
Festuca pallescens) and cushion shrub (Mulinum spinosum) dominate the sparse steppe (Veblen et

al. 1996).

Model experiments

To simulate the postglacial vegetation change in northern Patagonia, we generated a
paleoclimate scenario by applying climate anomalies, i.e., the differences in monthly mean
temperature or ratio for monthly mean precipitation and insolation from GENMOM (Genesis
Modular Ocean Model) (Fig. 3.2), a coupled atmosphere-ocean climate model (AGCM) (Alder
and Hostetler 2015). GENMOM couples the GENESIS atmospheric model (Pollard and
Thompson 1997) and Modular Ocean Model (MOM2; Pacanowski 1996). GENMOM
captures the significant structure of global and regional climate (Hostetler et al. 2006, Tabor

et al. 2014). The version of GENMOM dataset used in this study has a “spatial resolution

which corresponds to a grid of 96 longitudes (3.75°) by 48 Gaussian latitudes (~ 3.71°)”.
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GENMOM simulates the atmospheric condition using “18 vertical sigma levels with mid-
layers ranging from 0.993 at the surface to 0.005 at the tropopause” (Alder and Hostetler
2015). Boundary conditions specified in GENMOM during the paleoclimate simulation were
the orbital configuration, atmospheric composition (concentrations of CO,, CHs, and N>O),
terrestrial ice-sheet configuration, and global sea-level depression. Eight equilibrium time slices
at 3000-year intervals for the past 21,000 years forced by changes in Earth-Sun geometry,
atmospheric greenhouse gases (GHGs), continental ice sheets, and sea level were then run
until the simulation approached quasi-equilibrium to generate paleoclimate datasets. Further
details of the model configuration and paleo-simulation performed are given by Alder and
Hostetler (2015). Our study looks at five of the time intervals simulated by GENMOM, 15, 9,
6, 3 and 0 ka BP. The differences between the paleoclimate simulations and control (0 kyr ago;
1800s) and a “baseline” climate [CRU datasets| (Harris et al. 2014) representing 20th-century
climate variability were used to calculate climate anomalies into LPJ-GUESS for each period.
Atmospheric carbon dioxide concentrations for each five-time interval correspond to the
value used in GENMOM simulation (15 ka BP = 220 ppmv; 9 ka BP = 260 ppmv; 6 ka BP =

260 ppmv; 3 ka BP = 275 ppmv, and 0 ka BP = 280 ppmv).
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Fig. 3.2: The monthly time series show temperature, precipitation, and insolation anomalies
from GENMOM used to generate paleoclimate scenarios to drive LPJ-GUESS. Positive
values mean observed was greater than present-day, while negative indicates that observed
was less than present-day
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Dynamic vegetation model

The Lund-Potsdam Jena Dynamic Global Vegetation Model (LPJ-GUESS DGVM)
(Smith et al. 2001) was parameterized with two plant functional types (PFTs; Broadleaved
evergreen warm temperate tree, and Mixed Evergreen Shrubs), seven tree species (INozhofagus
dombeyt, Nothofagus pumilio, Nothofagus betuloides, Nothofagus antarctica, Chusquea  culeon, Fitzroya
cupressoides, Austrocedrus chilensis) and two types of Csgrasses based on elevation (Low [0 to 299
m] and High elevation [300 to 1931 m] grasses), For more information see Table 2.1. For each
defined species and PFT, environmental constraints were defined in the form of temperature
thresholds representing their respective bioclimatic tolerance. These thresholds determine the
grid area where the establishment of the species or PFT is possible. Cold tolerance is defined
by the minimum and maximum coldest month mean temperature (Temin_cseand Temax_est), chilling
requirements by the minimum coldest month temperature (Temin_sur), the minimum warmest
month mean temperature (Tymin c) and the minimum growing degree days sum on 5-degree
Celsius base (GDDJ5), which is a summation of temperatures over days with temperature
higher than 5°C.

The specific bioclimatic parameters for each of the PFT and tree species (Table 2.1)
were inferred from the vegetation distribution map associated with the classification of
southern South America vegetation belts published by the World Wildlife Fund (WWTF)
(Olson et al. 2001) and Worldclim with a resolution of (~ 1 km?) (Hijmans et al. 2005). The
vegetation maps (WWFE & Worldclim) classify each PFT and tree species into bioclimatic
zones that are strongly associated with the distribution of each PFT and tree species. This
climate database together with monthly means meteorological data from the Climate Research

Unit (CRU) datasets was used create a bioclimatic classification for northern Patagonia which
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was used to construct the northern Patagonian bioclimatic natural vegetation distribution
maps. The bioclimatic zone for each PFT and tree species was subsequently extracted from
the vegetation map and overlay on the CRU climate data. We choose boundary values of these
variables that correspond to the observed limits of the species or PFT (Table 2.1). The
majority of the parameters used were based on Chilean and Argentinian species literature
(Veblen et al. 1996, Donoso 2006). When there were no data to parameterize the tree species
and PFTs (e.g., maximum and minimum rate of transpiration per year, optimal Ci/Ca ratio),
we used global and European standard values in LPJ-GUESS for comparable taxa (Smith et
al. 2001, Sitch et al. 2003, Hickler et al. 2012). The values of the limits are listed in Table 2.1.

In LPJ-GUESS grid cells are composed of multiple patches, where several plants can
be present. The balance between establishment and mortality determines the fractional
projective cover (FPC). Mortality is calculated as a function of age plus disturbance-related
mortality (fire and windbreak). Fire regime (based on Thonicke et al. 2001b) is modeled
yearly as a stochastic process. Establishment is calculated as a function of bioclimatic
requirements, and net primary productivity (NPP) among all plant taxa and includes the
different moisture requirements of the plants. During establishment, preference is given to
woody plants over grasses, and the latter establishment depends on available space after the
former has established. The survivability of a PFT or tree species during a fire relates to a fire
resistance value assigned to each modeled PFT or tree species and the length of the fire season.
The higher the fire resistance value, the greater the probability of surviving severe fire. To

simulate species biomass for the study sites, we statistically downscaled CRU TS4.01 0.5 X
0.5° (1901-1930) resolution to 1 km*to match the spatial resolution of the input grid cells used

for simulation (see Zhang et al. 2017 for methods) and the anomalies from GENMOM were
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then imposed on each of the five equilibrium time slices (15, 9, 6, 3, and 0 ka BP). Modeled
biomass changes can be ascribed to bioclimatic shifts (i.e., temperature changes), changes in

plant productivity (related to precipitation) or changes in the frequency of disturbances

(Brovkin et al. 2009).

Modeled parameters and predictor variables

For each time slice, we investigated (1) the drivers of modeled biomass using CCA, (2)
the position of the treeline using two approaches (a simple empirical approach and the RF
model), and (3) the observed trend in simulated fire and biomass during the postglacial. To
accomplish this, we simulated LPJ-GUESS with CRU data derived using the anomalies from
the GENMOM AGCM. To determine the cut-off value for the hypothetical treeline (upper
and lower) during the late-glacial (i.e., 15 ka), we assessed the relationship between present-
day simulated biomass and a pan-tropical biomass map (Avitabile et al. 2016) derived from
various satellite observations of surface reflectance, and vegetation structure (R*> = 0.72; mean
=7.7kg m?) . The mean biomass was then taken as our modern value to create a north- south
position of the treeline. We used the Generic Mapping Tools [GMT] (Wessel et al. 2013)
mapping function to create contours at grid cells with 100 or more points with values greater
than the observed biomass to capture major regions.

The climate predictor parameters that we tested using Canonical Correspondence
Analysis (CCA) and RF were derived from the input climate used to drive LPJ-GUESS. We
used June, July, and August (JJA) for austral winter predictors, and for austral summer
predictors we used December, January, and February (DJF). The predictor variables are the

mean summer temperature (MST), mean winter temperature (MWT), mean summer
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precipitation (MSP), mean winter precipitation (MWP), mean summer insolation (MSI), mean
winter insolation (MWT), the ratio of actual/potential evapotranspiration (METEP), growing
degree days (GDDs), and the mean annual water content of the soil upper layer (SM). To
determine the effect of fire on a plant community, we used the LPJ-GUESS simulated fire
return interval (FRI). FRI is calculated using the fractional area of grid cells that burn during
the fire season. The affected grid cells are then converted into an average fire return interval.

For each predictor parameter considered, the closest value at the spatial resolution of
a 1° x 1° grid cell was chosen. To do this, we created a boundary region (30 m circular radius)
representing the spatial extent of each grid cell around the longitude and latitude point
locations (where values will be extracted). Maximum values for all pixels that falls within the
circular buffer were extracted and used to estimate the grid points values. The data for the grid
cells containing a fossil pollen site were thus taken as representative of the site’s climate and

fire conditions.

Statistical analysis and variable selection

In order to understand the climate drivers responsible for the observed changes in
forest assemblage from the late-glacial (15 ka BP) to the pre-industrial (0 ka BP), we used 16
paleoecological sites along the forest-steppe transition zone. The sites represent the locations
where modern pollen data were collected from sediments of lakes and wetlands in northern
Patagonia (latitude 40 — 45°S) (Iglesias et al. 2016). The postglacial vegetation and fire history
of those sites has been discussed by (Whitlock et al. 2006, Whitlock et al. 2007, Iglesias et al.
2011, Iglesias et al. 2012, Iglesias and Whitlock 2014, Iglesias et al. 2014, Iglesias et al. 2015,

Nanavati et al. 2019). The biomass from the two plant functional types, seven tree species and
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two kinds of grasses at the selected sites were used as response variables. We used an ancillary
function (step.cca) that makes use of a permutation approach to tests whether adding a
variable explains more inertia than expected at random. This function was used to determine
the best predictor variable rather than the standard R package step-wise fitting function in
“vegan” which uses a statistic that resembles ‘deviance’ and ‘AIC’ in constrained ordination.
The justification is that constrained ordination methods do not have a log-Likelihood, which
means that they cannot have AIC and deviance. The selected explanatory variables were
subsequently used to build the Canonical Correspondence Analysis (CCA) sequence [cca
(formula = response variables ~ predictor variables)| for the analysis. The CCA algorithm
employed a selection of linear combinations of measured explanatory variables to maximize
the dispersion of response variables (Green et al. 1990). For this analysis we used the R package
“vegan” version 2.5-6 (Oksanen et al. 2019).

We then used random forest (RF) as a predictive and inferential model to determine
the variable of importance in predicting drivers of what controls the position of the treeline
(upper and lower) from the postglacial to late-glacial to present. We used (» = 2000) randomly
sampled points with simulated above-and below-ground carbon in vegetation (cVeg) as the
response variable that identifies the ecotonal position. The use of RF helps overcome the issue
of a large number of correlated explanatory variables because it uses a small number of the
predictor variables at each stage of analysis. For this analysis, we used the R package Random

Forest (Liaw and Wiener 2002).
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Results

At 15 ka BP, our model predicted that the mean position of the upper and lower
treeline (Fig. 3a) was located at approximately -72.08° W, further west of the control simulation

[pre-industrial; Oka; longitude ~ -71.97° E] (Fig. 3.3¢). Pollen reconstruction however depicts
scattered refugia with trees, which would suggest the absent of zonal vegetation during this
cold period (Whitlock et al. 20006). The simulated patterns of low forest cover at 15 ka BP and
the subsequent increase in forest cover at 9 ka BP generally corresponded with vegetation
reconstructions based on pollen records (Whitlock et al. 20006, Iglesias et al. 2012, Iglesias et
al. 2014, Nanavati et al. 2019). During the 15 ka BP, late-glacial simulated mean biomass ranged
between 0 to 7 kg C m™ relative to early Holocene 0 to 12.2 kg C m™ (Fig. 3.4). At this time,
the dominant simulated tree species were Nothofagus pumilio, Chusquea culeon, Nothofagus
antarctica and, PTFs were High elevation grasses and Mixed evergreen shrubs (e.g., Lomatia
hirsuta; Fig. S1). Between 15 and 9 ka BP, simulated biomass increased from 7 kg C m™ at 15
ka BP to 12.2 kg C m™ at 9 ka BP (Fig. 3.4). At this time (15 ka BP) mean lower and upper
treeline positions were west of the present-day position (Fig. 3.3b). The dominant simulated
tree species at 9 ka BP were the Nothofagus dombeyi, Nothofagus pumilio, and Nothofagus antarctica

(Fig. S2).



(A) 15 ka

15 to 0 ka. The position of the treeline was determined using a cutoff mean of 7.7 kg C m™
based on the Pearson Coefficient difference in mean between LPJ-GUESS simulated
modern-day biomass and remote sensing biomass data. The total biomass was an
aggregation of simulated trees and shrubs.
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The transition from 9 to 6 ka BP witnessed a slight decrease in mean simulated biomass
at 6 ka BP (10.5 kg C m”) compared to 9 ka BP (12.2 kg C m™) (Fig. 3.4) but no change in the
mean upper and lower treeline position was observed (Fig. 3.3b & c). During this period (6 ka
BP), the dominant simulated tree species were _Austrocedrus chilensis, Nothofagus
dombeyt, Nothofagus pumilio, and Nothofagus antarctica (Fig. S3). The simulated biomass increased
from 10.5 kg C m™ at 6 ka BP to 12.3 kg C m™ at 3 ka BP with no change in the mean upper
and lower treeline position (Fig. 3.3d). The biomass at 3 ka BP thus shows an upward trend in
biomass compared to 6 ka BP (Fig. 3.4) and simulated Austrocedrus chilensis was much higher
compared than other time intervals (Fig. S4). The increase in Awstrocedrus chilensis was also
accompanied by an increase in simulated Nozhofagus dombeyi, Nothofagus pumilio, and Nothofagus
antarctica. At 0 ka BP (Fig. 3.3e) the mean simulated biomass decrease slightly from 12.3 kg C
m~at 3 ka BP to 11 kg C m™ at 0 ka BP. There was no change in the treeline position relative

to 9 ka BP position at 0 ka BP. During this period the dominant species were _Austrocedrus

chilensis, Nothofagus dombeyt, Nothofagus pumilio, Nothofagus antarctica (Fig. S5).
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(a) Simulated Biomass (Trees + Shrubs)
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Fig. 3.4: Simulated biomass (trees + shrubs) and fire return interval (FRI) using LPJ-GUESS
from the locations of published 16 pollen and charcoal sites from north-south along the
forest-steppe ecotone. The boxplots shows the median (i.e., band inside the box), first and
third quartiles (lower and upper values defining the box) and lowest and highest (i.c.,
whiskers) for each period.



77

The postglacial trend in Northern Patagonia fire activity

Figure 3.4 and the simulated fire maps document changing spatial and temporal
patterns in biomass burning over the last 15, 000 years (Fig. 3.4 & 3.5). The modeled fire return
interval (FRI) for the study region at 15 ka BP shows low fire activity compared to other time
intervals (Fig. 3.52). Conversely, at 15 ka BP simulated median FRI was ~580 years which
matches with charcoal records that show little or no fire. The late-glacial to early-Holocene
transition witnessed an increase in fire activities that was associated with an increased forest
biomass and warmer summer temperatures (Fig. 3.4 & Fig. 3.5). During this period charcoal
records show high fire activity. At 9 ka BP the model simulated FRI shows an increase in fire
activity (511 years) compared to 15 ka BP ~580 years.

During the middle Holocene (6 ka BP), the model simulated an increase in fire activity
(506 years) compared to 9 ka BP (511 years; Fig. 3.4). During this period fire activity was
relatively low due to high Nozhofagus abundance as inferred from charcoal records. During the
late Holocene (3 ka BP) simulated fire activity steeply increased (~503 years) compared to 6
ka BP (500 years) (Fig. 3.4 & 3.5). Charcoal records documents the highest fire activity during
this period. This shortening in FRI from 9 to 0 ka BP implies that biomass burning was steadily
increasing throughout the Holocene. However, the high simulated FRI value does not match
the relatively low FRI that are derived from charcoal records (Whitlock et al. 2006). This is
because FRI in the model is calculated as a function of grid cells that burned during a single
fire season. The number of grid cells that burn is a function of climate variability, which control

vegetation productivity i.e. fuel load (Thonicke et al. 2001a).
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(A) 15 ka BP

R S

Fig. 3.5: Spatial map of the simulated fire return interval (FRI) from LPJ-GUESS for the
entire study area (a) 15, (b) 9, (c) 6, 3 and (d) 0 ka BP. FRI is calculated using the fractional
area of grid cells that burn during the fire season. The affected grid cells are then converted
into an average fire return interval.

s
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Control of observed biomass change and treeline dynamic

The results of the Canonical Correspondence Analysis (CCA) on plant functional types
(PFTs), tree species and two types of grasses provided the tool for understanding the hierarchy
of explanatory variables responsible for changes in species community assemblage during the
late-glacial and postglacial periods.

During late-glacial to early Holocene transition (15 - 9 ka), the CCA model explained
52% of the total inertia (i.e., variance) using mean winter temperature, soil moisture and mean
summer precipitation. The inertia explained by first two axes was 46.2% and 5.3% of the
observed variance (Fig. 3.6a). We found that mean winter temperature highly constrained
species distribution, for both 15 and 9 ka BP, and the greatest influence of soil moisture was
at 9 ka BP because of the increase in precipitation.

At the transition from early Holocene to middle-Holocene (9 — 6 ka), the total inertia
explained by our model was 53% using mean winter temperature, soil moisture, and ratio of
actual/potential evapotranspiration. However, the first two axes together explained 40.6% and
12.2% of the variation (Fig. 3.6b). The changes in forest cover were driven by increased in
winter temperature but soil moisture availability also played in role. Evapotranspiration

increased with increasing temperature.
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Fig. 3.6: Canonical Correspondence Analysis (CCA) triplot depicting the relationship
between selected climate and fire variables and the variation of coverage among two Plant
Functional Types, seven tree species, and two type of grasses. (a) late-glacial to early
Holocene (15— 9 ka BP); (b) Early Holocene to middle Holocene (9 — 6 ka BP); (c) Middle
Holocene to late Holocene (6 — 3 ka BP); (d) Late Holocene to pre-industrial (3 — 0 ka BP).
MWT (mean winter temperature), SM (Soil moisture), METEP (ratio of actual/potential
evapotranspiration), FRI (fire return interval). Species are shown as red crosses and sites as
black circles
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During the middle-Holocene to late-Holocene transition (6 - 3 ka), the total inertia
explained was 49% using mean winter temperature, soil moisture and ratio of actual/potential
evapotranspiration), and the first two axes taken together explained 38% and 11.1% of
variation (Fig. 3.6c). The result was the same as 9 — 6 ka BP transition.

Lastly, during the late-Holocene to pre-industrial transition (3 - 0 ka) the overall total
inertia explained was 46% using mean winter temperature, fire return interval, and soil
moisture. The first two axes combined together displayed 34.4% and 11.0% of the variation
(Fig. 3.6d). The influence of mean winter temperature decreased because of increased
temperature. Tree and shrub distribution was strongly limited by the increase in fire which
decreased their distribution at 0 ka BP.

The Random Forest treeline driver analysis was used to determine the explanatory
variables that predicts the position of the ecotone. At 15 ka BP mean summer precipitation,
mean winter temperature followed by the mean winter precipitation emerged as the best
predictor of biomass dynamics (R>= 97.5%). At 9 ka BP mean summer precipitation was
selected as the best predictor of treeline tree establishment, followed by soil moisture and
mean winter precipitation (R® = 97.7%). Mean summer precipitation mean winter
precipitation, and mean winter temperature together explained the observed changes in
biomass at the upper and lower treeline (R> = 98.1%) at 6 ka BP. During the 3 ka, it can be
seen that mean summer precipitation, mean winter precipitation, and mean winter temperature
were the strongest dtivers of biomass (R* = 98.7%). Among all the potential predictors, mean
summer and winter precipitation were the primary modulator of the upper and lower treeline

during the late-glacial and postglacial (Fig. 3.7).
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Fig. 3.7: Predictors of both upper and lower treeline establishment based on the Random
Forest model during the postglacial periods. The explanatory variable with the highest purity
is the best predictor of the treeline establishment.
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Discussion

The simulated total tree and shrub abundance during the late-glacial and Holocene
reflects shifts in the west -to-east position of the forest-steppe borderline (Fig. 3.3). The model
results and changes over time are generally consistent with vegetation reconstructions based
on pollen records from the region (Iglesias et al. 2011). Pollen records indicate that prior to 9
ka BP, the forest-steppe ecotone was located west of its present position, and in all likelihood,
trees were relegated to discontinuous isolated refugia and no ecotone existed. The simulated
forest-steppe ecotone at 15 ka BP was dominated by High Elevation grasses at a time when
pollen records show high levels of Poaceae, Chenopodiaceae, Asteraceae, and Apiaceae. The general
north-to-south trend across northern Patagonia (40° — 45°S) suggests that fire activity
increased during the postglacial, with variability at early Holocene (9 ka BP) and middle
Holocene (6 ka BP) followed by more fire in the late Holocene (Fig. 3.4). Most pollen records,
however, show the most significant forest cover at 6 and 3 ka BP with a continued rise over
the last millennia because of the cooler and wetter conditions and increased interannual climate
variability, along with decreasing winter and increasing summer insolation (Whitlock et al.
20006, Nanavati et al. 2019). Our quantitative analyses of the drivers of vegetation distribution
suggested that increases in winter temperature drove the observed change in spatial vegetation
composition through the late-glacial to postglacial (Fig. 5). Our results also supports de Porras
et al. (2012) who observed that the change from cold tolerant grass and shrub to present-day
forest-steppe ecotone vegetation at central Chilean Patagonia was the result of the increase in
temperature at the start of the Holocene. Our result agrees with empirical studies of drivers

of treeline dynamics in northern Patagonia which show that climate variability (e.g.,
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precipitation) controls the upward and downward shifts of upper and lower treeline (Villalba

and Veblen 1997, Daniels and Veblen 2004, Lara et al. 2005).

Vegetation and fire trend during the late-glacial and postglacial periods

The simulated biomass and fire during the postglacial periods are in good agreement
with pollen and charcoal records from the region(Whitlock et al. 2006, Markgraf et al. 2007,
Whitlock et al. 2007, Iglesias et al. 2011, Markgraf et al. 2013, Iglesias and Whitlock 2014,
Nanavati et al. 2019). During the late-glacial period, low biomass was accompanied by little
fire (Fig. 3.5a), as a result of cold dry conditions (Fig. 3.2) (Whitlock et al. 2006, de Porras et
al. 2012, Markgraf et al. 2013, Iglesias et al. 2014, Nanavati et al. 2019) and also to low
atmospheric CO, concentration (220 ppmv) (Kaplan et al. 2002, Prentice and Harrison 2009).
The general reduction in simulated biomass at 15 ka BP is consistent with modeled reduction
in global annual net primary production (aNNP) simulated by Kaplan et al. (2002) for the last
21 ka BP. During the 15 ka BP, simulated fire was low as a result of limited tree establishment.
Although charcoal data at 15 ka BP indicate negligible fire (Iglesias and Whitlock 2014),
simulated fire distribution for that period shows small areas of fire in the steppe (Fig. 3.52). In
general, however, the simulated biomass and fire results show a good agreement with pollen
and charcoal results at 15 ka.

The late-glacial to early-Holocene transition was characterized by an increase in
biomass and fire activities as a result of increased soil moisture and temperature (Fig. 3.2).
During this period, effective moisture increased, which was attributed to a shift from polar air
masses to humid Pacific air masses as the SWW shifted south from their glacial position

(Vilanova et al. 2019). Nanavati et al. (2019) suggest that the increased in fire and tree cover
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during the transition was a result of rising temperature induced by increased winter and annual
insolation (i.e., their figure 5). During this transition, the pollen data show an increase in woody
vegetation (e.g., Nothofagus-type) (Whitlock et al. 2007, Iglesias et al. 2011, Iglesias and Whitlock
2014). The highest biomass simulated during the late-glacial to postglacial period was during
the early Holocene, which we attribute to wetter conditions, increased in temperature and a
increased in atmospheric CO, concentration (from 220 to 260 ppmv), increased biomass
productivity (Harrison and Prentice 2003). With the temperature increased the forest
established in a north-south time transgressive pattern (Iglesias et al. 2018). During the early
Holocene, fire increased as a result of increased winter temperatures and precipitation, and
fuel desiccation during dry summers. Charcoal peak analysis by Whitlock et al. (2006) suggests
that the fire episodes were lower at 9 ka BP (c. 70 years) compared to the late-glacial and
attributed more fire principally to a poleward shift or weakening of the Southern Westetlies,
superimposed with higher winter insolation compared to present levels.

The middle Holocene was characterized by wetter conditions than early Holocene
(Fig. 3.2). Between 9 and 6 ka BP, a steady decrease in winter insolation and increase in
summer insolation (Alder and Hostetler 2015) led to a strengthening of the Southern
Westerlies at mid-latitude and reduced seasonality of precipitation (Whitlock et al. 2000).
Simulated biomass was lower slightly at 6 ka BP compared to 9 ka BP (10 vs. 12.2 kg C m?).
Whereas pollen reconstructions suggest that this period had high forest cover (Whitlock et al.
2000, Iglesias et al. 2012, Markgraf et al. 2013, Iglesias et al. 2014), the slight reduction in
simulated biomass at 6 ka BP is attributed to colder conditions (decreased winter
temperature), which reduced growing season length thereby constraining photosynthetic

activity and reducing simulated biomass (Fig. 3.2). The influence of climate on biomass at 6
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ka BP was more pronounced than the role of atmospheric CO; because both periods use the
same COz concentration for simulations (260 ppmv vs. 260 ppmv). During the middle
Holocene, pollen records document an increase in tree (e.g., Nothofagus-type, Austrocedrus
chilensis) suggesting higher forest cover compared to 9 ka BP, coupled with reduced fire
(Whitlock et al. 2000, Iglesias et al. 2011, Iglesias and Whitlock 2014, Nanavati et al. 2019).
During this period, the mean simulated mean fire return interval was slightly lower compared
to 9 ka BP showing a good agreement with charcoal reconstructions of fewer fires at 6 ka BP.

During the late Holocene (3 ka BP), simulated biomass increased from its 6 ka BP
level and fire increased (Fig. 3.4). This period was characterized by an increase in summer and
decrease in winter insolation to present levels (Alder and Hostetler 2015). Climate anomalies,
such as ENSO and probably SAM, strengthening during this period, thereby influencing
seasonal precipitation and temperature (Kitzberger et al. 1997, Holz and Veblen 2012, Holz
et al. 2017, Mundo et al. 2017). According to results from pollen records the late Holocene
was characterized by an increase in Awustrocedrus chilensis and decrease in Nothofagus abundance
at some sites (Whitlock et al. 2006, Whitlock et al. 2007, Iglesias et al. 2011, Nanavati et al.
2019). The abundance of these two species fluctuates with climate with No#hofagns dominating
during humid periods, and Awustrocedrus chilensis becoming abundant during dry periods. At
intermediate moisture levels, both species are present, with fire playing an important role in
their relative abundance (Iglesias et al. 2014). The highest peak in fire activity was observed
during the late Holocene in most charcoal records from northern Patagonia (Whitlock et al.
2007). The increase in fires has been attributed to climate variability related to ENSO and a

reduction in effective moisture during the growing season (Villalba et al. 2003).
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Climate influence on late-glacial and postglacial species distribution and treeline

Temperature together with growing degree days significantly impact the physiological
activities of plants, including photosynthesis, respiration, and phenology which in turn affects
biome composition. During the late-glacial period, trees were likely growing in isolated refugia,
and following ice recession, and as temperature and effective moisture increased, populations
started to expand (Whitlock et al. 2006, Markgraf et al. 2013, Iglesias et al. 2014). The late-
glacial climate was not suitable for a closed forest (Markgraf et al. 2013). Low winter
temperatures (Fig. 3.2) would have limited the growing season, thereby favoring development
of grass over tree establishment. The colder and drier climate would have also increased frost
events resulting in less favorable bioclimatic conditions. With increasing winter temperature
at 9ka, biomass levels increased throughout Patagonia (Markgraf et al. 2007), and winters
became warmer and wetter (Fig. 3.6b). Given higher biomass simulated, tree establishment
increased and successively replaced grasses further east establishing the lower treeline. Due to
the decrease in seasonality caused by higher winter and lower summer insolation during the
early Holocene compared to present day, fire activities increased (Whitlock et al. 20006). At
the transition from 9 — 6 ka BP the climate became wetter and cooler than before (Fig. 3.2),
the contribution of soil moisture to species distribution increased as a result of increased
effective moisture (Fig. 3.6b). During this period, the SWW weakened and was displaced
southward. Paleoclimate model simulations (Alder and Hostetler 2015) note a higher winter
insolation and lower summer insolation compared to present-day at this time. The increase in
effective moisture support the distribution of species and increase in biomass.

At the transition from middle Holocene to late-Holocene (6 — 3 ka BP), species

distribution increased (e.g., Austrocedrus chilensis, Nothofagus tjpe), due to the increase in winter
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temperature (Fig. 3.6c), which lengthened the growing season. The results of simulated
biomass and the climate drivers of species distribution for 9 - 6 ka BP and 6 — 3 ka BP shows
little difference. This is unsurprising given the relatively small climate changes (e.g.,
temperature and precipitation) between 9 - 6 and 6 - 3 ka BP. The model did not simulate any
significant difference between the two transition periods. However, the most notable and
consistent change between 9 - 6 and 6 - 3 ka were the high abundance of forest cover in
northern Patagonia at 6 ka BP. Pollen records show a transition from early Holocene forest
dominated by Nozhofagus dombeyi to one co-dominated by _Awstrocedrus chilensis in the late
Holocene (Whitlock et al. 20006, Iglesias and Whitlock 2014, Nanavati et al. 2019). Paleoclimate
model simulations (Alder and Hostetler 2015) incorporate lower winter insolation and higher
summer insolation compared to previous at this time, and we think this was the main driver
for increasing forest cover at 3 ka BP. During this period (6 -3 ka BP) SWW strengthened and
shifted to the present-day position increasing effective moisture. Simulated fire increased (3
ka BP), and charcoal records shows high frequency in fire activity throughout northern
Patagonia (Whitlock et al. 2007). The transition from the late Holocene to the pre-industrial
period (3 to 0 ka) highlighted the role of fire in reducing forest expansion into the steppe (Fig.
3.6d; Gowda et al. 2011).

The simulated range of treeline variation is based on precipitation changes from the
late-glacial to late Holocene (Fig. 3.7). The role of climate in controlling species distribution
and hence upper and lower treeline position is less understood because the influence of
microclimatic conditions and nonclimatic conditions (e.g., soil, topography) may mask the
effect of other environmental drivers (e.g., cold-induced photoinhibition, disturbance, plant-

plant interaction) (Cullen et al. 2001, Bekker 2005, Danby and Hik 2007). Our results show
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that treeline dynamics (lower and upper) are sensitive to changes in limiting factors, and even
a slight increase or decrease in precipitation will alter tree growth at treeline. These findings
support previous studies indicating the role of precipitation in controlling the position of
upper and lower treeline (Villalba and Veblen 1997, Daniels and Veblen 2004, Lara et al. 2005).
Lara et al. (2005) analyzed tree radial growth and seedling establishment of N. pumilio at both
mesic and xeric sites in northern Patagonia. They found that at the mesic treeline,
establishment were promoted by higher growing season precipitation while at xeric treeline,
establishment were promoted by a cooler-wetter growing season. Also, Daniels and Veblen
(2004) found periods when both the upper and lower treelines respond to the same climate
variation. For example, 1957 to 1976 was considered a cooler-wetter period, and during this
period, both the upper and lower treeline were controlled by a warmer growing season.
Whereas, 1977 — 1996 was regarded as a warmer-drier period, and during this interval, both
upper and lower treeline establishment were controlled by wetter summer.

In northern Patagonia, changes in precipitation appear to play the most critical role in
treeline dynamics. An increase in summer precipitation is seen from the late-glacial to the
Holocene using the RF model, which shows that summer precipitation is crucial for driving
treeline forest growth. In terms of parameters that control the upper and lower treelines more
directly, summer and winter precipitation translate into an increase in soil availability and
lengthening of the growing season. However, in the model simulations, change in precipitation
appears to account for all of the climatically induced changes in upper and lower treeline

dynamics, whereas temperature has little effect.
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Conclusion

This study is the first study that used a DGVM to model the postglacial vegetation

cover for northern Patagonia. Over the last 15 ka BP, the climate of northern Patagonia has

changed markedly with increased in temperatures and effective moisture which have ultimately

changed the vegetation (Whitlock et al. 20006, Iglesias et al. 2012, Markgraf et al. 2013, Iglesias

and Whitlock 2014, Iglesias et al. 2014, Nanavati et al. 2019). The natural changes in climate

altered species abundance and the position of the forest-steppe border.

Significant findings from this study are:

1.

Our result shows that a Dynamic Global Vegetation Model can simulate late-glacial
and postglacial vegetation forest cover and treeline (upper and lower) position. These
simulations can be used to explore changes in treeline and vegetation through time as
a point of comparison with paleoecological data.

The trends in biomass and fire from the model matches well with published
quantitative pollen and charcoal reconstructions. CCA analysis reveals that low winter
temperatures were the primary climatic factor that controlled forest cover during the
late-glacial period. Increased temperature and effective moisture increased growing
season moisture conducive for the expansion of forest during the early Holocene
(Whitlock et al. 2007, Iglesias et al. 2011, Nanavati et al. 2019).

The simulated model treeline dynamics (upper and lower) shows a response to
changes in summer and winter precipitation, which indicated that precipitation alone
could account for the changes in upper and lower treeline from the late-glacial to the

late Holocene. Pollen data, however, suggests that the reduction in annual and winter
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insolation combined with the strengthening of the Southern Westerlies brought
increased precipitation over northern Patagonia.

4. Changes in upper and lower treeline dynamics are driven by increased moisture
availability but increased in temperature at the start of the Holocene played a role in
forest cover distribution.

5. The results of our study shows that the combined use of paleoecological data and
dynamic vegetation modeling can shed new insights on long-term vegetation history

including factors that govern fire activity and treeline dynamics.
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CHAPTER 4

CONCLUSIONS

In my dissertation, I examine the past and present-day climate-fire-vegetation dynamic
of southern South America forest using the LPJ-GUESS DGVM. Northern Patagonia is well
suited for this research due to the diversity of climate and environment on the biomass-rich
vegetation, the longitudinal change in vegetation from the wet rainforest in the west to the
xeric steppe in the east (Veblen et al. 1992, Kitzberger 2012).

In particular, the research undertaken in this dissertation aims to: (1) consider CO, and
climate effects and their interaction on present-day vegetation and biomass in northern
Patagonia, and the role of fire in modulating these effects by modeling scenarios without fire.
By using an experimental set-up design, I was able to employ the paired #test to illustrate
substantial non-linearities by which, for example, climate modifies the effect of CO,
concentration, and fire further modifies this effect; (2) to explore potential climate drivers of
forest cover and treeline dynamics along the eastern Andes of northern Patagonia by relating
simulated biomass to biotic parameters. So as to contribute to the discussion about the

position of the upper and lower treeline from the late-glacial to postglacial periods.

Drivers of present-day forest cover change in southern South America

The simulated changes in northern Patagonia vegetation cover between 1930 and 2010
under historical climate (1901-2016) projected a significant increase in biomass with a
moderate COx fertilization effect. The highest carbon loss, approximately 23%, was under pre-

industrial climate and low CO, (280 ppmv) with unlimited ignition. While the model
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reproduced the observed increase in biomass under the current CO, concentration condition
(400 ppmv), there are factors that constraint the potential expected level of biomass increase
under elevated CO; (eCOy,). Plants nutrients such as phosphorus and nitrogen have been
projected to mitigate the effect of rising CO, based on a global free-air CO; enrichment
(FACE) and chamber experiments (Terrer et al. 2019). However, in northern Patagonia, there
has been a steady shift from a pyrophytic to pyrophobic vegetation state, which has resulted
in positive vegetation-fire feedback (Veblen and Lorenz 1988, Kitzberger et al. 2016). Due to
the limited ignition ecosystem of northern Patagonia, the most significant sources of ignition
are caused by anthropogenic activities and sometimes lightning strikes. The role of lightning
in igniting massive fire has not been adequately accounted for due to the lack of multi-decadal
records to quantify burned areas based on lightning strikes (Kitzberger et al. 2016). The results
from the experimental setup suggested that CO; fertilization, climate variability, combined
with a reduction in fire frequency, causes forest cover to increase.

The observed increased in forest cover, and a decrease in fire frequency is consistent
with previous research in northern Patagonia that study changes in land cover (Veblen and
Lorenz 1987, Veblen and Lorenz 1988, Kitzberger and Veblen 1999, Gowda et al. 2011).
However, in this study using a DGVM we proposed that climate and CO; drives the increase
in forest cover while empirical results from previous studies based on the analysis of century-
old historical maps and remote sensing dataset attributed forest expansion to higher moisture,
intentional fire suppression and more effective fire management, at the forest-steppe ecotone
(Veblen and Lorenz 1988, Gowda et al. 2011). The increase in effective moisture at the forest-
steppe ecotone increases the rate of seedling survival and establishment and, accompanied by

a reduction in fire severity, creates a very suitable microenvironments for tree survival



100
(Kitzberger et al. 2005, Gowda et al. 2011). The role of year to year effective moisture largely
controls the establishment at both ends of the moisture gradient (wet and dry), because regions
with less direct solar radiation and higher precipitation favors tree growth and establishment,
thereby facilitating forest growth (Gowda et al. 2011). For example, the cool-wet periods
between 1963 and 1979 witnessed a massive regeneration of Austrocedrus at the xeric limit of
its distribution, while the increase in warming (warm and dry) between 1980 and 1990 causes
the near absent of regeneration (Villalba and Veblen 1997). Along the west to east precipitation
gradient in northern Patagonia there is a differential effect of CO,concentration with the xeric
(semi-arid) vegetation gradient benefiting more from the increase in CO, through reduced
water stress by increasing water use efficiency (WUE) compared to the wet rainforest where
the effect of eCO; is minimal. Based on the present condition with an increasing rise in global
temperature and CO, concentration, the model predicts an increase in forest cover compared
to the pre-industrial. Whereas the rapid rise in global temperature is suggested to result in the
poleward and upward shift of potential vegetation and species distribution (Settele et al. 2014).
However, the rapid rise in global atmospheric CO. concentration is suggested to cause wood

thickening a process where trees replace grasslands in savannah region (Bragg et al. 2013).

Postelacial vegetation cover

The late-glacial (15 ka BP) vegetation reconstruction from pollen records reveal a
landscape different from present-day, with the forest-steppe ecotone located west of its mean
early-Holocene position and the vegetation were dominated by open Nothofagus forest with

woodland taxa (e.g., Nothofagus antarctica; Iglesias et al. 2011, Markgraf et al. 2013). LPJ-GUESS

correctly reproduce the broad features of the postglacial vegetation driven by output from
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GENMOM under different CO, concentration (Alder and Hostetler 2015). The agreement of
the simulation result and pollen records especially at late-glacial, indicates that the model is
capable of reconstructing long-term vegetation dynamics. Two conditions can be used to
explain these changes in comparison to present-day vegetation: a colder and drier climate
accompanied by a lower level of atmospheric CO; (220 ppmv). The modeling result supports
the view that the physiological effect of a steep increase in late-glacial to postglacial CO; with
an increase in temperature is the critical factor to explain postglacial vegetation changes
(Harrison and Prentice 2003). The low level of atmospheric CO; has been suggested to affect
plant-climate interactions due to its effect on the photosynthetic rate, stomatal conductance,
and water-use efficiency (Prentice and Harrison 2009). Under the late-glacial CO,
concentration level, the rate of stomatal conductance increases concomitantly with the number
of stomata in order to increase the efficient use of the low CO,. This process increases
evapotranspiration and rate of water loss limiting the physiological range of distribution
(Cowling and Sykes,1999). However, the sensitivity of simulated vegetation to low CO;
depends on the background climate and vegetation type, with needleleaf trees being much
more sensitive than broadleaf trees (Woillez et al. 2011).

During the early Holocene (9 ka BP), forest cover increased, which can be explained
by the combination of increase in CO, concentration (from 220 to 260 ppmv), and an increase
in the length of the growing season, controlled by an increase in winter temperature based on
canonical correspondence analysis (CCA). The increase in simulated biomass from 15 to 9 ka
BP obtained in this study generally corresponded to pollen records (Whitlock et al. 2007,
Iglesias et al. 2011, de Porras et al. 2012, Iglesias et al. 2014, Jara and Moreno 2014, Nanavati

et al. 2019). At this time Nothofagus abundance increased along with shrubs taxa into the
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steppe (e.g., Colletia, Berberis and Discaria), conditions became more humid as infer from
paleoenvironmental records, which was attributed to changes in atmospheric circulations
patterns due to higher than present annual and winter insolation and weakening of the
Southern Westerlies (Whitlock et al. 20006, Iglesias and Whitlock 2014, Iglesias et al. 2014,
Nanavati et al. 2019). At 9 ka BP the position of the upper and lower treeline shifted eastward
as conditions favor tree radial growth and seedling establishment.

The middle Holocene (6 ka BP) is characterized by a cooler and effectively wetter
condition than the present-day. While pollen spectra documents the highest increase in pollen
abundance, the most notably changes in forest cover was the sharp increase in Austrocedrus
population size (Whitlock et al. 2007, Iglesias et al. 2011, de Porras et al. 2012, Markgraf et al.
2013, Iglesias et al. 2014, Jara and Moreno 2014, Nanavati et al. 2019). At 6ka BP the model
simulated a slight reduction in forest cover compared to 9 ka BP which is not supported by
pollen records. This discrepancy might be attributed to the sensitivity of our model to input
climate drivers. The climate at 6 ka BP shows a colder condition than present. This is because
in LPJ-GUESS modeled biomass changes can be ascribed to bioclimatic shift (i.e., temperature
changes), while changes in plant productivity are related to precipitation (Brovkin et al. 2009).

The late Holocene (3 ka BP) witnessed an increase in effective moisture. The changes
in growing season temperature accompanied by an increase in CO;concertation increase forest
cover. The 3 ka BP period marks the development of ENSO related climate variability and
also the equatorward displacement and strengthening of the Southern Westerlies (Vilanova et
al. 2019). During this period, the treeline is located further east of its early Holocene position
as a result of a change in the environmental conditions such as an increase in water availability.

At 3 ka BP Auwstrocedrus population expanded significantly compared to 6 ka BP according to
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pollen spectra, which was also supported by the model and marked the beginning of the

modern-day vegetation.

Postelacial fire history

Fire controls biomass, especially at the forest-steppe ecotone, and it has been
suggested to reduce average aboveground biomass by approximately 50 %, which if combined
with climate change and landscape fragmentation (e.g., deforestation) will have a stronger
impact on the vegetation dynamic (Dionizio et al. 2018). During the late-glacial low biomass
contributed to the low fire activity, which was reproduced by the model with high simulated
fire return interval. Charcoal records documents little forest fire as a consequence of sparse
vegetation dominated by drought-tolerant shrubs (Whitlock et al. 2007, Iglesias et al. 2011,
Iglesias et al. 2014, Jara and Moreno 2014). The influence of climate in controlling biomass
burning was very evident because of the cold and dry conditions resulting in low fuel
production. At early-Holocene, biomass burning increased, as evidenced by the lower
simulated fire return interval. Charcoal records document the substantial increase in woody
vegetation at the forest-steppe ecotone. Conditions were conducive to fuel accumulation and
desiccation. Fire activity increased as evident from the high charcoal accumulation rate
(Whitlock et al. 2007).

During the middle Holocene changes in vegetation, composition characterized this
period and the climate becomes wetter and colder. Fire events increased as the conditions
became more humid, which favors forest development. The general pattern found across
northern Patagonia suggest the critical role of vegetation and climate in explaining fire

dynamics during the postglacial. The highest increase in fire activity was observed at late
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Holocene and is mainly related to forest expansion and the onset of ENSO climate variability,
while the modern-day decline in biomass burning seems to be due to active fire suppression
policies and increase landscape fragmentation (e.g., increase in agricultural activities, intensive

land-use) at the forest-steppe ecotone (Kitzberger and Veblen 1999, Gowda et al. 2011)

Climate control of treeline dynamics

Globally, treelines are very sensitive to temperature changes, especially at high altitudes
and latitudes, where low-temperature limits tree seedling establishment (Harsch et al. 2009).
The thermal regime (e.g., changes in temperature) has been traditionally considered as the
primary driver of global treeline dynamics (Jobbagy and Jackson 2000). For this reason, the
treeline represents a region to study how the rise in global temperature will affect the
spatiotemporal pattern of global vegetation (Holtmeier and Broll 2007). Apart from the
constraints of thermal limits on the global altitudinal treeline, other factors influence treeline
elevation and structure. For example, in mountainous forests, the influence of regional to
local-scale factors (e.g., topography) overrides climate effect (e.g., temperature; Luckman and
Kavanagh 1998). On aspects that receive significantly higher radiation or higher elevation with
dry conditions, the influence of low soil moisture leads to more xeric conditions which masked
the effect of temperature. Thereby complicating the role of temperature and local climate as
drivers of vegetation growth at the treeline. In southern South America, the drivers of treeline
dynamics varies depending on the prevailing climate in the area. In the Mediterranean-type
climate of northern Patagonia, precipitation is the limiting factor due to its seasonal variability.
Whereas, in Southern Patagonia where there is little seasonality in precipitation, temperature

is the limiting factor controlling growth at treeline (Lara et al. 2005).
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Future Work

Model-data comparison

The use of vegetation modeling and paleoecological methods can assist with a better
understanding of how climate and the human effect on the landscape influence long-term
vegetation changes. While the use of a DGVM might not be able to answer all the
paleoecological questions related to past vegetation changes, it can, however, be used as a
validation tool for observational data and therefore be of crucial importance to evaluate future
vegetation dynamics in a changing earth system (Heiri et al. 2006). The accuracy between
pollen reconstruction and vegetation modeling is paramount for it to be used as a reality check
for models (Henne et al. 2012). The evaluation of the ability of Dynamic Global Vegetation
Models (DGVMs) to simulate and reproduce biomass changes using paleoclimate data is a
critical challenge in assessing model performance. While it is possible to evaluate present-day
vegetation by comparing modeled results with observational data or remote sensing data, there
is no direct way to evaluate paleovegetation simulations against pollen records. In order to
evaluate model performance, we can compare with pollen reconstruction. These methods have
been used, for example, Allen et al. (2010) to investigate the potential role of vegetation
changes in megafaunal extinctions during the last glacial. Dallmeyer et al. (2011) used model-
data comparison to investigate Holocene vegetation and biomass changes on the Tibetan
Plateau using a transient numerical model DGVM. With this in mind, DGVM can, therefore,
be forced with paleoclimate data generated from a coupled atmosphere-ocean climate model

(AGCM) to further understand vegetation change and composition.
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The northern Patagonia region represents a very interesting region to explore model
and data comparison because of (1) the relative high number of pollen records (Markgraf 1983,
1984, Whitlock et al. 2006, Whitlock et al. 2007, de Porras et al. 2012, Markgraf et al. 2013,
Iglesias and Whitlock 2014, Iglesias et al. 2014, Nanavati et al. 2019) (2) significant changes in
past vegetation distribution are primarily controlled by changes in the seasonal cycle of
insolation, which governs temperature and Pacific storm track position (Whitlock et al. 2000,
Whitlock et al. 2007, Iglesias et al. 2011, Iglesias et al. 2012, Jara and Moreno 2014, Nanavati
et al. 2019) (3) the limited human influence on the natural vegetation from the late-glacial to
the postglacial (Markgraf 1983, Markgraf and Anderson 1994, Whitlock et al. 20006, Iglesias
and Whitlock 2014, Nanavati et al. 2019).

The model-data comparison of Patagonia’s vegetation builds off work by Iglesias et al.
(2016). The study used modern pollen spectra from latitude 40.°5 - 44° S and analyzed the
spatial patterns using pollen indicator, classification tree and modern analog techniques. The

different methods were used to predict the postglacial vegetation at Laguna el Trebo (41.07°

S; 71.5° W). Out of the three methods employed, the mean analog technique (MAT)
performed the best. Pollen-inferred biomass trend based on mean analog technique (MAT;
Bartlein and Whitlock 1993) in northern Patagonia since the late-glacial to postglacial periods
were compared to simulated biomass conducted using the LPJ-GUESS DGVM forced with
anomalies from GENMOM (Alder and Hostetler 2015). Although the spatial resolution of
pollen and biomass differs, the model results agree with the MAT vegetation trend in northern
Patagonia, permitting the discrimination of the different Nothofagus-type and Cupressaceae and
improve on our current understanding of changes in postglacial vegetation (see supplementary

results; S7a & b).
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Final Remarks

This research further supports the hypothesis on the role of climate, CO,, and fire in
altering vegetation dynamics (Rogers et al. 2011, Loehman et al. 2014, Sheehan et al. 2019)
and its influence on the northern Patagonia forest-steppe ecotone. The modeling results
support previous works based on pollen and charcoal spectra reconstruction on the role of
natural climate change is impacting the vegetation, such as the changes in insolation drives the
observed temperature changes (Whitlock et al. 20006). The drivers of treeline are complicated,
and questions relating to drivers of treeline dynamic cannot be answered from single studies.
Global emphasis has been placed on coarse-scale climate drivers such as temperature while
ignoring microenvironmental factors that differentiate different treeline regions. We conclude
that it is important to use process-based models in the analysis of the effect of past, present

and future role of different environmental drivers which are likely to change in complex ways.
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Climate data Resolution Time Period  Variables Region

CRU 0.5° 1901-2014 Precipitation  Latitude (35° to
&Temperature 44°S)

WORLDCLIM  1.0° 1950-2000 Precipitation  Latitude (39° to

(WC) &Temperature 46°S)

NPCG 2.0° 1997-2010 Precipitation ~ Latitude (34° to
&Temperature 45°S)

CRU-WC 1.0° 1901-2016 Precipitation  Latitude (35° to
&Temperature 44°S)

The table above described the climate data used for this analysis. The NPCG data
(Northern Patagonia Climate Group data) was given to us by Bianchi et al. (2016).
The new CRU-WC climate data was downscaled to 1 km using the WC climatology

climate data as the reference data based on the method described by Zhang et al.
(2017)
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Figure S1: Time series plot comparing downscaled CRU 1 km spatial resolution (Climate
Research Unit) and Northern Patagonia Climate Grid 20 km spatial resolution (NPCG). The
data for the grid cells containing the study site were thus taken as representative for the site’s
temperature and precipitation.



132

¢ |

(d))]

AN

o

5_

1.0 1.5 20 , , 25 3.0
kg C m°yr

Fig S2: Boxplot of average biomass sample at the forest-steppe (-71.07, -
40.45) from 1981-2010.
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Table S1: Statistical output from AAT NDVI Analysis
--- Trend
Calculate trends and trend changes on time series

Time series start: 1981 1
Time series end: 2016 1
Time series length: 36
Trend method: AAT

Test for structural change
OLS-based MOSUM test for structural change
statistic: 0.407839

p-value: 0.6725938
Breakpoints: Breakpoints were not detected.

Trends in segments of the time series
segment  slope % p-value MK tau MK p-value
1 -0.00257 -0.584 0.121 -0.175  0.138

Trend on mean annual NDVI

0.6
I

NEVI

04

03

1980 1985 1990 1995 2000 2005 2010 2015

Fig S3: Mean annual GIMMS NDVI from 1981 to2016. The linear regression line shows a

decreasing trend in mean annual NDVL
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Austocedrus chilensis Fitzroya cupressoides
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.:Fig. S4: Si:>;1tia1 fnap of LP]-GﬁESS simulated biomass for the two PFTs and
seven local tree species using S2 (historical climate, historical CO2, masking on).
The red line shows the border between Chile and Argentina.
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(A) Mean Annual Temperature Anomaly (B) Mean Annual Precipitation Anomaly
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(C) Mean Annual Cloud Cover Anomaly

Fig. S5: Spatial map showing the mean annual anomaly between 1901/10 and 2001/2010
for (a) Temperature, (b) Precipitation, (c) Cloud cover. Positive value indicates a warmer
temperatute for present-period (2001/2010) relative to historical (1901/1910), while
negative value indicates a colder present-period relative to historical period. Fig. S5b: same
as Fig. S5a but for precipitation. Fig. S5¢: same as Fig. S5a but for cloud cover.
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Fig. St: Spatia rh\ap of LPJ-GUESS simulated biomass for the two PFTs and seven local
tree species at 15 ka BP. The red line shows the border between Chile and Argentina.
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Fig. S2: Spatial map of LPJ-GUESS simulated biomass for the two PFTs and seven local
tree species at 6 ka BP. The red line shows the border between Chile and Argentina.
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Fig. S3: Spatial rﬁap of LPJ-GUESS simulated biomass for the two PFTs and seven local
tree species at 6 ka BP. The red line shows the border between Chile and Argentina.
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Fig. S4: Spatial map of LPJ-GUESS simulated biomass for the two PFTs and seven local
tree species at 6 ka BP. The red line shows the border between Chile and Argentina.
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Fig. S5: Spatial map of LPJ-GUESS simulated biomass for the two PFTs and seven local
tree species at 3 ka BP. The red line shows the border between Chile and Argentina.
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Fig. S6: Spatial map of the change in simulated fire return interval (FRI) using LPJ-GUESS
(a) 15, (b) 9, (c) 6, and (d) 3 ka BP. The change in fire is the difference between each time

slice and the control (0 ka BP).
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(a) 15 ka BP (b) 9 ka BP
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Fig. S7a: Spatial Map showing LLPJ-GUESS simulated biomass for 15 & 9 ka BP, the points
on the maps correspond to biomass value based on mean analog technique (MAT) for three
selected sites. The biomass value used for the MAT was sampled from the mean aggregated
trees and shrubs from control simulation (Oka BP). The MAT predicts the amount of
biomass that is likely to be present at the sites during the time periods.
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(c) 6 ka BP (d) 3 ka BP
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Fig. S7b: Spatial Map showing LPJ-GUESS simulated biomass for 6 & 3 ka BP, the points
on the maps correspond to biomass value based on mean analog technique (MAT). The
biomass value used for the MAT was sampled from the mean aggregated trees and shrubs
from control simulation (Oka BP). The MAT predicts the amount of biomass that is likely
to be present at the sites during the time periods.




	©COPYRIGHT
	DEDICATION
	TABLE OF CONTENTS
	LIST OF FIGURES
	ABSTRACT
	Methods

	REFERENCES CITED
	APPENDIX A
	APPENDIX B

