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ABSTRACT

The forest-savanna transition is the most wide-
spread ecotone in the tropics, with important eco-
logical, climatic, and biogeochemical implications
at local to global scales. However, the factors and
mechanisms that control this transition vary
among continents and regions. Here, we analyzed
which factors best explain the transition in north-
ern South America (Llanos ecoregion and north-
western Amazon), where common thresholds on
typical environmental factors (for example, mean
annual precipitation (MAP), wet season precipita-
tion) fail to predict it. For instance, savannas in the
Llanos occur at MAP levels (> 1500 mm) which
are typical of forests in other tropical regions. We
examined the transition’s climate features, soils,
and disturbance (fire frequency) spaces using re-
motely sensed data. We used logistic generalized
linear models to assess the effect of seasonal (sea-
son length) and intra-seasonal (daily precipitation
frequency and intensity) precipitation metrics
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during the dry season, soil silt content, and fire
frequency, on the transition using canopy cover,
tree cover, and the maximum Plant Area Volume
Density as vegetation structure descriptor variables.
Fire frequency and precipitation frequency were
the most important variables explaining the tran-
sition. Although most fires occur in savannas, we
found that a significant percentage of savanna
pixels (46%) had no fires. This study indicates that
the transition should be characterized regionally in
response to biogeographic differences (for example,
climatic space) among regions and continents. Our
results highlight the importance of fire frequency
and intra-seasonal precipitation in determining the
transition in northern South America. Further-
more, future studies should consider regional dif-
ferences in the climatic space of forest and savanna
to improve projections of global change impacts on
these highly diverse ecosystems.

Key words: climatic space; fire frequency; forest;
savanna transition; humid tropical forest; llanos
ecoregion; intra-seasonal precipitation.
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HIGHLIGHTS

e Forest-savanna transition drivers vary globally,
but not yet explored in northern South America.

e In the Llanos, Savannas occur in forest expected
climate space.

e Fire and dry season precipitation frequency best
explains the transition.

INTRODUCTION

Tropical forests and savannas account for more
than 60% of the terrestrial productivity (Beer and
others 2010). Both ecosystems are globally strate-
gic, as their presence and dynamics have important
ecological, climatic, and biogeochemical implica-
tions (Oliveras and Malhi 2016). In the tropics, this
is the most widespread and, perhaps, the most dy-
namic ecotone. However, the processes and
mechanisms that control this transition vary
among regions and remain not fully understood
(Lehmann and others 2014; Archibald and others
2019). More specifically, this transition is influ-
enced by multiple interactions between vegetation
and environmental factors such as climate, soil
properties, fire, and herbivory, which operate at
different spatiotemporal scales (Oliveras and Malhi
2016).

In tropical regions, water availability—which
results from the interaction between vegetation,
climate, and soil properties—has been identified as
one of the major determinants of ecosystem struc-
ture and distribution (Oliveras and Malhi 2016;
Gosling and others 2022). For instance, both in situ
and remotely sensed observations show that trop-
ical forests occur more often in regions with higher
mean annual precipitation (MAP) and shorter dry
seasons than savannas (Lehmann and others 2011;
Archibald and others 2019; Jaramillo 2023). How-
ever, there is not a simple precipitation threshold
that defines the distribution or transition between
forests and savannas (Archibald and others 2019;
Ciemer and others 2019; Staal and others 2020).
For example, both savanna and forest occur in re-
gions with intermediate MAP values (between
1000 and 2500 mm globally; Staver and others
2011). In those regions, other factors such as the
interactions between climate, vegetation, soil, and
disturbance regimes (for example, fire and her-
bivory) appear to explain the transition between
these ecosystems (Oliveras and Malhi 2016). Sev-
eral studies highlight how, in addition to MAP,
seasonal (for example, length and magnitude of

wet and dry seasons) and intra-seasonal precipita-
tion (for example, frequency and intensity of daily
precipitation) metrics can improve the description
and prediction of tropical forest and savanna dis-
tribution (for example, Xu and others 2018; Hoyos
and others 2022) via its effects on water availabil-
ity. This highlights the importance of understand-
ing the effect of seasonal and intra-annual
precipitation metrics on ecosystem distribution,
particularly when climate models predict changes
in precipitation properties (such as precipitation
frequency and intensity) in many areas of the
world (IPCC 2021), possibly without significant
changes in MAP.

The effect of water availability on vegetation
depends not only on the amount and seasonality of
precipitation, but also on soil properties (Ro-
driguez-Iturbe and Porporato 2005). Sandier soils
allow deeper infiltration, promoting deeper root
distributions, which may be associated with higher
tree cover (Case and Staver 2018). Soil fertility has
also been recognized as an important determinant
of forest and savanna distribution at different spa-
tial scales, especially in regions with similar pre-
cipitation regimes (Lloyd and others 2015;
Pellegrini 2016). Savannas are often associated
with lower soil fertility than forests (for example,
low cation exchange capacity, organic matter, and
macro- and micronutrients; Lloyd and others
2009). However, it is still unclear whether these
differences in soil fertility are a cause or, rather, a
consequence of forest-savanna distribution (Pelle-
grini 2016; Archibald and others 2019) and their
effects vary depending on climate (Lehmann and
others 2011).

Forest—savanna transition is not only determined
by vegetation—climate—soil interactions but, also, by
feedbacks with other factors such as fire, mainly in
more mesic climates (Hoffmann and others 2012;
Bernardino and others 2022). Specifically, fire-
vegetation feedback in savannas allows frequent
burning that, in turn, maintains a savanna (open-
canopy) structure, where both climate and soil
properties would predict the occurrence of a forest
(closed canopy; Newberry and others 2020). Fire
decreases tree cover, which subsequently favors
light-dependent grass, promoting fuel for fire
spread, and maintaining an open-canopy state
(Bernardino and others 2022). However, the role of
fire (either of natural or anthropogenic origin) as a
determinant of forest-savanna transition is not
fully understood (Veenendaal and others 2018),
particularly for more mesic climates (Archibald and
others 2019).
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In South America, proxies of water availability
such as MAP, precipitation seasonality, or mean
precipitation in the dry season have a lower
explanatory potential for tropical forest and sa-
vanna distribution than they do in Africa or Aus-
tralia (Staver and others 2011; Lehmann and others
2014; Zeng and others 2014; Xu and others 2018).
Indeed, there are extensive areas of savanna in
tropical South America with MAP levels at which
forest would be expected in Africa or Australia
(Lehmann and others 2011, 2014). This suggests a
different climatic control on the distribution of
South American tropical forests and savannas. In
addition, South American savannas differ from
African or Australian savannas in other funda-
mental factors, such as soil properties and fire re-
gime (Staver and others 2011), highlighting
biogeographic differences among continents. These
biogeographic differences can also occur within
continents, as is the case of the two more extensive
savanna regions in South America: the Cerrado
(South of the Amazon region in Brazil) and the
Llanos (north of the Amazon region between
Colombia and Venezuela). Although both regions
have a forest-savanna transition, they exhibit
noticeable ecological differences, including vegeta-
tion structure and composition, and climatic and
edaphic properties (Borghetti and others 2019),
leading to different relationships between vegeta-
tion and the environmental factors that describe
the transition. For example, the climatic space—a
set of climate-related variables ranges—of the
Cerrado forest-savanna transition (MAP < 1500
mm, and the Maximum Climatological Water
Deficit, MCWD < — 300 mm; Malhi and others
2009) would predict forest for most of the Llanos
savannas (see first part in the discussion section).
This discrepancy indicates the importance of
refining our understanding of the factors, rela-
tionships, and mechanisms that control the forest—
savanna transition at the regional scale, to improve
projections of global change effects on ecosystem
distribution (Oliveras and Malhi 2016; Archibald
and others 2019).

This study examines the climate, soils, and dis-
turbance spaces of the forest—savanna transition
between the Llanos ecoregion and northwestern
Amazon forest in northern South America using
remotely sensed data. We use several vegetation
structure descriptors as indicators of forest—savanna
occurrence and transition. We use multiple sea-
sonal (length of dry season) and intra-seasonal
(frequency and intensity of daily precipitation for
the dry season) precipitation metrics, soil silt con-
tent, and fire frequency as explanatory variables for

the transition. We hypothesize that: (1) fire fre-
quency and intra-seasonal precipitation, particu-
larly precipitation frequency during the dry season,
have a more significant effect on the forest-sa-
vanna transition, whereas soil properties have a
marginal effect; and (2) savannas in the Llanos
occur in a climatic space (for example, MAP and
MCWD) typical of forests in other tropical forest—
savanna transition regions.

METHODS
Study Area

The study area is located in northern South
America, which corresponds to the Llanos ecore-
gion between Colombia and Venezuela, including
parts of the Amazon basin’s northwesternmost
portion (Figure 1). MAP ranges from 1000 to
1500 mm in the northern region near the Colom-
bia—Venezuela border to 2500-3500 mm in the
forest-savanna transition and forest areas in the
south and southwest (Borghetti and others 2019).
The climate in the region is seasonal, with a drier
season that extends from 4 to 7 months between
November and April-May. Although savannas are
typically water-limited ecosystems, large savanna
areas in the Llanos do not exhibit annual moisture
deficit under average climatic conditions (aridity
index greater than 1, Zomer and others 2008; Fig-
ure la).

The landscape of the Llanos includes several
types of savanna formations (for example, perma-
nently and seasonally flooded savannas and high
plain savannas), riparian or gallery forests, palm-
dominated forests, and wetland vegetation (Ro-
mero-Ruiz and others 2010). The major soil groups
are highly weathered and nutrient-poor oxisols in
the forest, and oxisols, ultisols, and inceptisols in
the savanna (Romero-Ruiz and others 2010).
Overall, the region has a shallow water
table (WT < 5 m), mainly over the permanently
and seasonally flooded savannas as well as riparian
forests (WT < 2 m; Fan and others 2013). The
occurrence of fires is high and relatively frequent
(0.5 to 2.0 years recurrence; Borghetti and others
2019) in the savannas, mainly during the dry sea-
son (Armenteras and others 2005). However, al-
though vegetation and climate largely relate to fire
occurrence (Barreto and Armenteras 2020), a large
portion of fires in the savanna is related to tradi-
tional management practices and cattle grazing
(Armenteras and others 2005; Romero-Ruiz and
others 2010).
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Figure 1. a Study area (highlighted pixels) in northern South America, showing Aridity index (AI) values, defined as the
ratio of MAP to mean annual potential evapotranspiration (PET; Zomer and others 2008) The white line indicates the
Llanos ecoregion boundary. Pixels outside the study area were excluded following the criteria described in Study Area
Delimitation and forest-savanna Discrimination Section. MAP and PET data were obtained from CHIRPS (Funk and others
2015) and TerraClimate (Abatzoglou and others 2018) datasets for 1981-2010, respectively; hillshade was derived from
SRTM (Jarvis and others 2008). b Percent tree cover for 2019 for an example area across the transition, derived from
MODIS imagery, at 0.01° resolution (DiMiceli and others 2015).

Data Sources

We collected information on vegetation, climate,
soil properties, fire, land cover, and topography
from multiple remotely sensed data sources (Ta-
ble 1). We obtained vegetation structure data from
NASA’s Global Ecosystem Dynamics Investigation
(GEDL Dubayah and others 2020) and the mod-
erate-resolution imaging spectroradiometer
(MODIS; DiMiceli and others 2015). Unlike

MODIS, GEDI provides not only vegetation cover
data, but also data on the vertical structure of
vegetation, which is key to characterizing vegeta-
tion structural complexity and associated ecosys-
tem processes (Stark and others 2020). From the
GEDI dataset (collected between April 19, 2019,
and September 02, 2020), we extracted canopy
cover and the maximum Plant Area Volume Den-
sity (PAVD,,.x). PAVD is a measure of the vertical
distribution of standing biomass (that is, the ratio
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between surface area and volume), including
leaves, branches and trunk throughout the vertical
profile of vegetation (Calders and others 2014;
Marselis and others 2019; Dubayah and others
2020; Supporting Information S1). In this case,
PAVD,,,.x is derived from the vertical profile of each
GEDI pixel as a proxy of total vegetation structure
(Meeussen and others 2020), with higher values
for forest than for savanna vegetation. Finally, we
obtained percent tree cover for 2019 from the
MODIS Collection 6 Vegetation Continuous Fields
product, at a 250 m resolution. All vegetation
descriptors were gridded to 0.01° (~ 1.1 km) pix-
els, as described in Supporting Information S1 and
Figure Sla.

For soils, we used a weighted average spanning
three depth horizons (0-5 cm, 5-15 cm, and 15-
30 cm) to obtain mean silt content for the top
30 cm of soil (Case and Staver 2018) from the
SoilGrids dataset (Hengl and others 2017). We did
not include other soil texture or fertility proxies
due to their low Pearson (r) and Spearman (ry)
correlations ( <10.25l) with vegetation descriptors
(Tables S1 and S2 in Supporting Information). We
extracted burned areas from FIRECC51, a global
monthly burned area product, over the 2001-2020
period (Chuvieco and others 2018). We excluded
pixels with more than 50% invalid observations
(that is, with a confidence level < 70%) and cal-
culated the number of times each pixel burned
across the available period as an estimate of typical
fire frequency (Lehmann and others 2014; Case
and Staver 2018).

We used daily precipitation data from the Climate
Hazards Group InfraRed Precipitation with Station
data (CHIRPS; Funk and others 2015) available at
0.05° (~ 5.5 km) to calculate multiple precipitation
statistics over 1981-2019. We selected CHIRPS due
toits high spatial resolution and performance for our
study region (Paredes-Trejo and others 2017;
Valencia and others 2023 and Figure S11 in Sup-
porting Information). For each CHIRPS pixel, we
calculated mean annual precipitation (MAP, in
mm), and the following seasonal and intra-seasonal
precipitation metrics—this metrics have been re-
ferred to as precipitation variability by other authors
(for example, Case and Staver 2018; Xu and others
2018; D’Onofrio and others 2019; Ritter and others
2020; Schwartz and others 2020)—for the dry sea-
son: mean total precipitation (MAPg, in mm), mean
daily precipitation intensity (o4, in mm), mean fre-
quency of wet days (44), and mean season length (Tg,
in days) with MAP4 = ay4; T4. To define the dry
season length, instead of setting an arbitrary pre-
cipitation threshold [for example,, months with

monthly precipitation less than 100 mm (Anderson
and others 2022) or months with potential evapo-
transpiration greater than precipitation (Yan and
others 2016)], we used the global gridded dataset
(Rainy and Dry Seasons, RADS, dataset) developed
by Bombardi and others (2019). In their work,
Bombardi and others (2019) defined the wet and dry
seasons length based on the dates of the minimum
and maximum first harmonic of the mean annual
cycle of precipitation at each CHIRPS pixel. We
estimated 4, as the total number of wet days (daily
precipitation > 0) in the dry season divided by the
total dry season length (7). We analyzed several
precipitation metrics for the dry season instead of for
the wet season (for example, Good and Caylor 2011;
Case and Staver 2018; Xu and others 2018; D’Ono-
frio and others 2019) because recent studies from
our group highlight that precipitation in the dry
season explains better the forest-savanna transition
in our study area (Hoyos and others 2022). Addi-
tionally, all vegetation structure descriptors showed
higher correlations with seasonal and intra-seasonal
precipitation metrics for the dry season than for the
wet season (Tables S2 and S3 in Supporting Infor-
mation and Supporting Information S3). Finally,
following Malhi and others (2009) and for compar-
ison with our study, we calculated the Maximum
Climatological Water Deficit (MCWD; Aragao and
others 2007) based on the mean annual cycle of
precipitation (1981-2019) with a fixed monthly
evapotranspiration of 100 mm.

Although regional climatic patterns are reason-
ably well represented in a resolution of 0.05°
(~ 5.5 km), vegetation structure in the forest-sa-
vanna transition may vary considerably over such
distance. Because aggregation techniques could
cause loss of vegetation structure variability (Hirota
and others 2011; Figure S3 in Supporting Infor-
mation), all data layers, except CHIRPS, were
resampled to match the resolution of the GEDI data
(0.01°) wusing bilinear interpolation in the pro-
jectRaster function of the raster R package (Hij-
mans 2020). We rescaled CHIRPS data to 0.01° by
dividing each pixel at 0.05° into 25 pixels without
varying the original values. All the datasets were
converted into mean temporal values because our
focus is on the average transition state. Maps of all
variables are shown in Supporting Information
Figure S4.

Study Area Delimitation and Forest—
Savanna Discrimination

We limited our study area to pixels with an ele-
vation lower than 800 m.a.s.l. and a minimum
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monthly temperature higher than 15 °C, to ex-
clude Andean ecosystems and to avoid slope and
aspect effects. To do this, we used elevation and
temperature data from the Shuttle Radar Topog-
raphy Mission (SRTM; Jarvis and others 2008) and
WorldClim (Fick and Hijmans 2017) datasets,
respectively. We also masked out pixels with more
than 30% of the area covered by croplands, urban
areas and water from ESA’s 2019 global land cover
map (ESA 2017; Table 1). Although riparian forests
in the Llanos have different soil properties and
water table depths (water availability) compared to
the grasslands, we did not exclude the former as
they represented less than 5% (N = 4740) of the
total pixels in the study area.

Savannas can be seen as having a mesic bound-
ary where they transition into forests and an arid
boundary where they transition into arid vegeta-
tion (Archibald and others 2019). Hence, the da-
tasets were split into arid and mesic transitions
using the Aridity Index (AI), which captures the
interactive effects of climate on plants’” water
availability (Pellegrini 2016). Given our interest in
the mesic transition, we masked out pixels with
Al < 1 to exclude savanna regions with an annual
moisture deficit under average climatic conditions
(Figure 1). To reduce sample size effects, we se-
lected an equivalent area within the forest ecore-
gion to obtain a similar number of pixels in both
ecosystems. In addition, to focus the analysis on
forest and savanna vegetation, we defined pixels as
forest or savanna based on canopy cover (sa-
vanna < 40% and forest > 40%), tree cover (sa-
vanna < 60% and forest > 60%), and PAVD .«
(savanna < 0.10 m?/m> and forest > 0.10 m?/m?>;
further details and supporting information for these
thresholds in Supplementary Information S1). Fi-
nally, all datasets were extracted at 0.01° resolution
for GEDI available pixels (N = 201,474; Figure S3
in Supporting Information).

Spatial Analysis of the Forest—Savanna
Transition

We looked for spatial patterns in vegetation struc-
ture descriptors and predictor variables across 1835
transects perpendicular to the forest-savanna
transition and separated by ~ 1.1 km. We sampled
transects in adjacent 0.01° available pixels (details
in Supplementary Information S2 and Figure S5a
in Supporting Information). Pixels in each transect
were numbered sequentially from 1 in the forest to
580 in the savanna (even as the total length of each
cover type varied among transects) to calculate the
median and the 10th, 25th, 75th, and 90th per-

centiles across transects (Figure S4b in Supporting
Information).

Statistical Analysis

We analyzed the relationship between vegetation
descriptors (that is, canopy cover, tree cover, and
PAVD,,.x) and the selected predictor variables
using generalized linear models (GLMs; McCullagh
and Nelder 1989). We standardized the predictor
variables by subtracting the mean and dividing by
the standard deviation. Hence, each variable’s
coefficient magnitude measures its importance in
the model. The goodness of fit was evaluated as the
fraction of deviance explained (pseudo-R? R?
henceforth for brevity), equivalent to the explained
variance in a linear least-squares regression model.
It was computed as R*> = 1 — D,,/D,, where D, is
the residual deviance, that is, the deviance that
remains unexplained by the fit, and D, is the de-
viance of the intercept-only model (D’Onofrio and
others 2019). To consider the potential effect of
differences in spatial variability between precipita-
tion metrics (0.05°) and other predictor and re-
sponse variables (0.01°, see data sources section),
we fitted 1000 GLMs using stratified random sam-
ples of 5% (N =10,074) of the available 0.01°
pixels to determine the direction, strength, and
significance of predictor variables on tree cover,
canopy cover, and PAVD,.,. See Supporting
Information S4 for further details. All statistical
analyses were performed in R (R Core Team 2022).

REsuLTS
Forest—Savanna Transition

Our results show, as expected, significant changes
in vegetation structure across the forest-savanna
transition (Figure 2a—c). Tree cover exhibits the
most abrupt change compared to canopy cover and
PAVD, while the large 10th-90th and 25th-75th
percentile ranges indicate variations in vegetation
structure in both forest- and savanna-dominated
regions as well as along the transition.

Transect patterns show that although MAP, and
Aq are highly correlated with vegetation descriptors
(rs and r > 0.54; Supporting Information Tables S1
and S2), both variables exhibit a more gradual
(Figure 2d, e) transition than canopy cover, tree
cover, or PAVD, .« (Figure 2a—c). Overall, MAPy
and 4, are higher in the forest than in the savanna,
with median values of MAPg = 953 mm and
44=0.38 in the forest, and of MAPy = 360 mm and
44=0.19 in the savanna. The spatial variability (that
is, 10th-90th and 25th-75th percentile ranges) of
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Figure 2. Changes in vegetation structure (a—c), climate (d-g), soil (h), and fire (i) variables across the forest-savanna
transition. a Canopy cover, b tree cover, ¢ maximum Plant Area Volume Density (PAVDy,.x), d mean total dry season
precipitation (MAPy), e frequency of wet days (precipitation > 0) within the dry season (4,), f intensity of wet days
within the dry season (o), g length of the dry season (Ty), h soil silt content, and i fire frequency. The boundary between
forest and savanna (vertical dashed line) along the transect is located where the mean of canopy cover, tree cover, or
PAVD,.x (solid black line) crosses the forest-savanna threshold. In all panels, the lightest shaded band represents the
10th—90th percentile, the darker shaded band is the 25th-75th percentile, and the black line represents the median (50th
percentile) for all transects (n = 1835). Supporting Information Figure S8 shows results for predictor variables that were

not considered for further analysis.

MAP4 and /; is highest near the transition and
decreases toward the initial (forest) and final (sa-
vanna) transect sections, particularly in the latter
(Figure 2d, e and Supporting Information Fig-
ure S4d, e). Although o, and T4 also decrease over
the transition (Figure 2f, g), they do not show
evident differences in median or percentile ranges
between forest (0;=13.05 mm/day; T4 = 199 days),
nor savanna (o;=10.35 mm/day; T4 = 178 days).
This indicates that precipitation frequency (instead
of dry season length or precipitation intensity) ex-
plains the difference in MAP4 between forest and
savanna (Figure 2d).

Similar to o; and Ty, soil silt content also exhibits
small changes in the median or percentile range
over the transition (Figure 2h), consistent with low
correlation values (r and ry <Il— 0.28l; Tables S1
and S2 in Supporting Information). Fire frequency
is highly correlated with vegetation descriptors (r
and rg >1— 0.51l) and is the only predictor variable
that shows a sharp transition (Figure 2i), similar to
the vegetation descriptor variables. Fire frequency
reaches its highest values in the savanna while it is
close to zero in the forest. However, there is a large

spatial variability (that is, 10th—-90th and 25th-75th
percentile ranges) in fire frequency in the savanna
(Supporting Information Figure S3i). These results
coincide with several studies that report that sa-
vanna occurs more commonly where fires are
present (Lehmann and others 2011; Staver and
others 2011; Bernardino and others 2022).

Forest—Savanna Transition Climatic
Space

We plotted MAP versus the selected predictor
variables to analyze the ranges in which forest and
savanna occur in the Llanos region (Figs. 3 and S9
in Supporting Information). We used canopy cover
(solid line), tree cover (dotted line), and PAVD,, .«
(dashed line) to define the forest and savanna cli-
matic spaces. We selected MAP as the independent
variable because it has been widely used to analyze
the global (or regional) distribution of forest and
savanna in the tropics (for example, Staver and
others 2011; Xu and others 2018). The results show
that instead of a single threshold in seasonal and
intra-seasonal precipitation metrics during the dry
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pixels defined by canopy cover.

season and in the soil silt content (Figure 3a-e),
there is a broad range of values in each variable in
which both savanna and forest can occur. Notably,
fires occur almost exclusively in the savanna (Fig-
ure 3f), with scattered fire pixels occurring in the
forest. However, 46% of savanna pixels
(N = 53,271) did not have any fires in the period of
2001-2019. Further, these ranges are similar
regardless of the variable used to define savanna
and forest (that is, canopy cover, tree cover, and
PAVD,,.x; Figure 3). This indicates that fire occur-
rence is not an intrinsic property of savannas in this
region.

Forest occurs in pixels with MAP > 2360 mm,
while savanna occurs in MAP levels between 1665
and 3070 mm, indicating that both are present
between 2360 and 3070 mm (Figure 3a). However,
pixels with similar MAP exhibit different canopy
cover values depending on precipitation frequency
and/or intensity. For example, in the MAP overlap
range, savanna occurs if MAPy and 4, are lower
than 556 mm and 0.23, respectively (Figure 3a, b).
However, MAPy and 4, also exhibit a broad range
of values in which both forest and savanna can
occur (556 mm < MAP4 < 981 mm and 0.23 <A;<
0.41). «; and T4 show lower variability and a larger

overlap between forest (10.4 mm/day <au<
16.2 mm/day; 167 days < Tyq < 221 days) and sa-
vanna (8.5 mm/day <oy< 15.5 mm/day; 157 days
< Tq < 213 days) in their 10th-90th percentile
ranges than for MAP4 and 1, (Figure 3¢, d), con-
sistent with results shown in Figure 2f, g. Indeed,
both forest and savanna can occur when o, and Ty
vary between 10.4 mm/day <oy< 15.5 mm/day
and 167 days < T4 < 213 days, respectively.

Soil silt content shows little difference between
savanna and forest (Figure 3e). Overall, the sa-
vanna dominates in pixels with higher soil silt
content (21.8-42.2%) than the forest (19.6—
33.7%), with an overlap range between ~ 22
and ~ 34%.

Determinants of the Forest—Savanna
Transition

Our GLM results show that all selected predictor
variables, except for soil silt content, have a statisti-
cally significant effect on canopy cover (Figure 4). In
particular, models explain between 52.2 and 55.4%
of the data deviance (Table S3 in Supporting Infor-
mation). Fire frequency followed by 4, are the most
important predictor variables for canopy cover, as
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Figure 4. Effect of each predictor variable on canopy
cover. Predictor variables were standardized such that
their GLM coefficient magnitude is a measure of their
importance in the model. The median estimate (values in
parentheses) and 95% confidence interval (error bars)
are based on 1000 GLMs (see statistical analysis section
and Supporting information S4). Terms are not
significant (open symbol) when the confidence interval
includes zero (dashed vertical line). Predictor variables
are: fire frequency (fire), mean daily precipitation
frequency in dry season (/;), mean daily precipitation
intensity in dry season (o), mean length of dry season
(Ty), soil silt content (silt). See Supporting Information
Figure S10 for equivalent analyses with tree cover and
PAVD,.x, and Supporting Information Table S3 for
details of GLMs results.

indicated by the magnitude of standardized esti-
mates for both variables, with fire frequency having
anegative effect on canopy cover, while /; having a
positive effect (— 0.79 and 0.40, respectively). Given
the direct association between the seasonal and in-
tra-seasonal precipitation (MAPq = A,04T4), when oy
and T4 are held constant, the increase of A; corre-
sponds with an increase in MAP4 that results in in-
creased canopy cover. Consequently, canopy cover
and Z, are higher in areas with higher MAP (Figs. 2
and 3; Supporting Information Figure S4). Although
oz and T4 are also statistically significant, they have
lower explanatory power. Finally, soil silt content

has the lowest and non-statistically significant effect
on canopy cover. Models of tree cover or PAVD . as
dependent variables show similar magnitude and
significance of standardized estimates (Table S3 and
Figure S10 in Supporting Information), although 4,
(0.48) shows a slightly higher explanatory power
than fire frequency (— 0.42) for the tree cover
model. These results highlight the importance of
using multiple descriptors when assessing struc-
turally diverse ecotones such as the forest—savanna
transition.

DiscussioN

Beyond a MAP Threshold
for Characterizing the Forest—Savanna
Transition in the Llanos

Multiple thresholds, mainly based on MAP, have
been suggested to define tropical forest and savanna
distribution at regional (Malhi and others 2009;
Ciemer and others 2019), continental (Good and
Caylor 2011; Lehmann and others 2011; Staal and
others 2020), and global scales (Staver and others
2011; Archibald and others 2019). Our results show
that there is a broad MAP range where both forest
and savanna occur in northern South America
(2360-3070 mm, Figure 4a), which is higher than
previously proposed for this region (1200-
2100 mm; Ciemer and others 2019; Staal and others
2020) as well as globally (1000-2500 mm; Staver
and others 2011). This indicates that savannas in the
Llanos occur at MAP ranges typical of forestsin other
South American regions (for example, the Cerrado,
Figure 5) and elsewhere. Indeed, the climatic space
for savannas in the Llanos region does not corre-
spond to the predicted climate space (MAP and
MCWD) for savannas in the Cerrado region pro-
posed by Malhi and others (2009); yellow portion of
Figure 5, MAP < 1500 mm and MCWD < —
300 mm. A comparison between the forest—savanna
transition in the Llanos and that in the Cerrado re-
gions show that in the former, the savanna occurs
under MAP and MCWD regimes that would be
associated with forest in the latter (Figure 5b). In the
Llanos region, for instance, forest occurs in pixels
with MAP > 2360 mm and MCWD > — 230 mm,
but there is a large overlap region with savannas
which also occur at high MAP (up to 3070 mm) and
low dry season severity (up to 33 mm) (Figure 5a;
that is, more negative MCWD values indicate a lar-
ger water deficit). In consequence, our results sug-
gest that the commonly used MAP threshold of
1500 mm/y for the forest-savanna-like ecosystem
transition (for example, Li and others 2022) could
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underestimate regional forests” climate-tipping
point.

Forest and savanna occur in a wide range of dry
season precipitation metrics (Figure 3a—d). Our re-
sults suggest that there are MAP levels in which
forest (> 3070 mm) and savanna (< 2360 mm)
dominate regardless of the values of other variables
(A4, a4, Tg, or MAPy; Figure 3 and Figure S9 in
Supporting Information). However, regions with
similar MAP but different dry season seasonal or
intra-seasonal precipitation exhibit different canopy
cover values (Figure 3). Indeed, various combina-
tions of mean dry season lengths, precipitation fre-
quency, and intensity can result in a similar MAP or
MAP,. For example, at intermediate MAP (2360-
3070 mm), our results show that savanna (forest)
occurs if 1; and oy are lower (higher) than 0.23 and
8.5 mm/day (0.41 and 15.5 mm/day), respectively.
These results highlight that the current and future
definition of forest and savanna distributions re-
quires additional considerations of a climatic space
with multiple precipitation characteristics, as sug-
gested by Schwartz and others (2020).

Dry Seasonal Precipitation
as a Determinant of Forest—Savanna
Transition

Our statistical analysis reveals that seasonal and
intra-seasonal precipitation for the dry season,

particularly precipitation frequency (4,), are sig-
nificant predictors of vegetation in the forest—sa-
vanna transition (Figure 4 and Supporting
Information Table S3). More specifically, although
we did not assess the effects of precipitation vari-
ability on canopy cover for different MAP windows,
our results suggest that intra-seasonal precipitation
can be more important at intermediate MAP levels
(that is, 2360-3070 mm) in which both forest and
savanna can occur (Figure 4a—-d), as indicated by
Xu and others (2018) for MAP between 500 and
1500 mm in the global tropics. Our results are
consistent with previous studies showing that sea-
sonal and intra-seasonal precipitation is a key
determinant of forest and savanna dynamics and
their distribution at local and global scales (for
example, Good and Caylor 2011; Case and Staver
2018; Xu and others 2018). However, in contrast to
those studies, our analysis indicates that seasonal
and intra-seasonal precipitation during the dry
season dry season are more important than for the
wet season in explaining the transition (Supple-
mentary Tables S1 and S2), consistent with Zeng
and others (2014) and Hoyos and others (2022) for
tropical South America and north-west South
America, respectively.

Overall, our results show that canopy cover in-
creases when daily precipitation is more frequent
and intense (Figure 3b—c). Hoyos and others (2022)
show how shorter dry spells during the dry season
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increase the probability of forest occurrence in
Northwest South America. In addition, Good and
Caylor (2011) and Xu and others (2018) show that
tree cover is also higher in areas where precipita-
tion is more frequent but less intense, evidencing
that the tropical vegetation response to precipita-
tion frequency and intensity is heterogeneous and
varies regionally according to differences in sea-
sonality and water-use strategies between grasses
(savanna) and trees (forest) (Case and Staver
2018).

Although sandier soils can help to explain in-
creases in canopy cover with precipitation intensity
in African savannas (for example, Case and Staver
2018), we did not observe differences in soil texture
(indicated by silt content) between forest and sa-
vanna (Figure 3e and Supporting Information Fig-
ure S4). Additionally, silt content does not
significantly affect canopy cover, tree cover, nor
PAVD,.x (Figure 5 and Figure S10 in Supporting
Information). Our analysis suggests that soil prop-
erties (both texture and fertility, which was not
significant to be included in our analysis) do not
provide an alternative mechanism to explain the
forest-savanna transition compared to intra-sea-
sonal precipitation in the Llanos (Tables S1 and S2
in Supporting Information). This is consistent with
the results of Hoyos and others (2022), who high-
light the low explanatory power of soil units on the
probability of forest occurrence in the Llanos,
which may be related to similar long-term climate,
parent material, and relief across the transition.
However, global soil databases may be insuffi-
ciently accurate or fine-scaled to represent differ-
ences in soil properties between forest and savanna
and among savanna types (that is, permanently
and seasonally flooded savannas and high plain
savannas) in the Llanos region, which require
further analysis.

Savannas occur more commonly than forests in
regions with longer dry seasons (Ty) (Archibald and
others 2019; Jaramillo 2023). However, our results
show that despite the low explanatory power of Ty
(Table S3 in Supporting Information), it has a
positive effect on canopy cover (Figure 5 and Fig-
ure S10 in Supporting Information). This suggests
that a long dry season is not necessary for the
occurrence of savanna, consistent with Staver and
others (2011) for South America, highlighting how
the precipitation distribution within the dry season
may be more important than its duration.

The Role of Fire Frequency on Transition

Our results coincide with several studies reporting
that fire is one of the most important factors
explaining current (Staver and others 2011; Xu and
others 2018; Newberry and others 2020) and past
(Sato and others 2021) distribution of forest and
savanna. Fire-vegetation feedbacks in savannas
allow frequent burning that maintains an open-
canopy where both climate and soil could other-
wise support forest, consistent with the idea of a
fire-suppression threshold (Hoffmann and others
2012; Bernardino and others 2022; Holdo and
Nippert 2023). This can help to explain the co-oc-
currence of savanna and forest pixels in the same
climatic space or soil silt content (Figure 4a—e).
Indeed, savanna occurs more commonly where
fires are present (for example, Lehmann and others
2011; Staver and others 2011; Bernardino and
others 2022; Figs. 2i and 3f), perhaps as a conse-
quence of its biomass being more flammable,
which explain the importance of fire frequency
predicting the transition in our analysis (Figure 4).
However, our results also indicate that 46% of the
savanna pixels (N = 53,271) did not have fires in
our study period between 2001 and 2019 (Figure 3f
and Figure S4i in Supporting Information). More
interestingly, between 30 and 42% of savanna
pixels that share the same climatic space of forest
pixels do not have fires for this period (Supporting
Information Figure S12). Thus, our results suggest
that fire frequency alone does not explain the
present-day occurrence of savanna pixels in the
same climatic or edaphic space of forest in the
Llanos region. This shows that, despite the key role
of fire occurrence to determining forest-savanna
transition in mesic regions (for example, our results
and Lehmann and others 2011, 2014; Staver and
others 2011; Xu and others 2018; Holdo and Nip-
pert 2023), it is required to advance in the rela-
tionship between vegetation and fire to separate
cause from effect (Jaramillo 2023). Further
understanding of not only fire occurrence but also
functional characteristics that may increase (or
decreased) fire proneness is required. These char-
acteristics include, flammability, dry matter con-
tent, presence of flammable resins, and more
generally functional traits associated with fire (Ar-
menteras and others 2021; Meza and others 2023).

Our results also show that fires in the savannas of
the Llanos occur in pixels with MAP levels
(> 2000 mm, Figure 3f), where fires are unlikely
for other savanna regions (Lehmann and others
2011), evidencing the biogeographic differences
between the Llanos and other savannas (Romero-
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Ruiz and others 2010). Most fires in the Llanos
occur during the dry season (November to April—
May) and are mostly associated with human
activities, such as traditional agricultural practices
and cattle grazing (Armenteras and others 2005,
2020; Romero-Ruiz and others 2010). More
specifically, Barreto and Armenteras (2020) show
that vegetation (indicated by NDWI) followed by
mean monthly temperature and human alteration
are the most important variables predicting fire
occurrence in the Llanos ecoregion. This key role of
human activities in present-day fire regimes has
also been documented in the Cerrado and African
savannas via fire ignition or suppression. Burned
area products are among the best data sources to
estimate fire frequency at regional and global scales
(Lizundia-Loiola and others 2020). However, they
have a limited time coverage, which precludes the
identification of fires with long return intervals
(> 20 years) and potentially relates to the absence
of fires in some savanna pixels.

Alternative Determinants of Forest—
Savanna Transition

Some regions with high water and nutrient avail-
ability can result in open-canopy conditions (for
example, savanna) independent of the fire regime
(Archibald and others 2019). This may also explain
the presence of savanna pixels without fires in the
same climatic or edaphic space of forest in our
study area (Figs. 4 and S12 in Supporting Infor-
mation). For example, seasonal flooding during the
wet season is common in some savanna regions of
the Llanos (Borghetti and others 2019). Indeed,
seasonal flooding decreases tree cover in mesic re-
gions such as the Llanos as waterlogging can create
anoxic conditions and limit forest seedling estab-
lishment in the savanna (Oliveras and Malhi 2016;
Daskin and others 2019). However, although a
preliminary analysis confirms that some savanna
pixels show high water occurrence (Figure S13a in
Supporting Information), only ~ 2% (N = 560) of
savanna pixels in the same climatic or edaphic
space of forest also exhibit water occurrence in the
period 1984-2020 (Supporting Information Fig-
ure S13b). Additionally, forest and savanna regions
that share the same climatic space have a similar
water table depth (Figs. S14 and S15 in Supporting
Information). Therefore, alternative factors that
may contribute to explaining forest—savanna tran-
sition in the Llanos and require further exploration
include: (i) plant rooting depth (Langan and others
2017); (ii) tree—grass competition (Xu and others
2018); (iii) human activities via agriculture (Berrio

and others 2012); (iv) herbivory (Dantas and Pau-
sas 2022); and (v) atmospheric CO, concentration
(Sato and others 2021).

CoNcLUDING REMARKS

The forest—savanna transition can be particularly
sensitive to environmental change (Oliveras and
Malhi 2016). To predict the response of these
ecosystems to local (for example, fire regime) and
global (for example, climate change) changes, it is
essential to understand the factors and relation-
ships explaining the distribution of forest and sa-
vanna at multiple spatial scales. Our results show
that savannas in the Llanos ecoregion occur at MAP
values (> 1500 mm) that would be associated with
forest in other savanna regions (for example, the
Cerrado). In addition, the MAP range where both
ecosystems can occur (2360-3070 mm) is higher
than the ones reported for other forest-savanna
transition regions. This highlights the biogeo-
graphic differences among savannas regions
around the world. Additionally, these results sug-
gest that typical MAP thresholds (for example,
Malhi and others 2009) can overestimate the
tropical forest distribution. Notably, our results
highlight how the response of the forest-savanna
transition to environmental change (for example,
climate-tipping points) can be different between
the northern (that is, Llanos) and southern (that is,
the Cerrado) Amazon region. In addition, our
analysis points to the importance of fire frequency
and daily precipitation frequency for the dry season
on the forest-savanna transition. Accordingly, fu-
ture projections of forest and savanna dynamics
and distribution should consider not only MAP
changes (for example, Ciemer and others 2019;
Staal and others 2020) but also changes in seasonal
and intra-seasonal precipitation variability and fire-
vegetation feedback. This is particularly important
for Northern South America, where climate pro-
jections show, with high confidence, an increase in
dry days (that is, lower precipitation frequency)
and drought frequency (IPCC 2021). Finally, our
results contribute to further understanding the
factors, relationships, and mechanisms behind the
forest-savanna transition at regional scales, which
are needed to assess the environmental change
effects on this ecologically, biogeochemically, and
climatically important ecotone.
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