Lawrence Berkeley National Laboratory
Climate & Ecosystems

Title

Sixteen hundred years of increasing tree cover prior to modern deforestation in Southern
Amazon and Central Brazilian savannas

Permalink

https://escholarship.org/uc/item/7dk9363X

Journal
Global Change Biology, 27(1)

ISSN
1354-1013

Authors

Wright, Jamie L
Bomfim, Barbara
Wong, Corrine |

Publication Date
2021

DOI
10.1111/gcb.15382

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/7dk9363x
https://escholarship.org/uc/item/7dk9363x#author
https://escholarship.org
http://www.cdlib.org/

Received: 15 July 2020

Accepted: 31 August 2020

DOI: 10.1111/gcbh.15382

PRIMARY RESEARCH ARTICLE

Sixteen hundred years of increasing tree cover prior to modern
deforestation in Southern Amazon and Central Brazilian

savannas

Jamie L. Wright! |

Barbara Bomfim®?

| Corrinel. Wong® | Ben H. Marimon-Janior*

Beatriz S. Marimon? | Lucas C. R. Silva®®

1Environmental Studies Program, Institute of
Ecology & Evolution, University of Oregon,
Eugene, OR, USA

2Climate and Ecosystem Sciences Division,
Lawrence Berkeley National Laboratory,
Berkeley, CA, USA

3Department of Geological Sciences,
University of Texas, Austin, TX, USA

“Laboratério de Ecologia Vegetal, State
University of Mato Grosso, Nova Xavantina,
Brazil

5Department of Geography, University of
Oregon, Eugene, OR, USA

Correspondence

Lucas C. R. Silva, Environmental Studies
Program, Department of Geography,
Institute of Ecology & Evolution, University
of Oregon, Eugene, OR, USA.

Email: IsilvaZ@uoregon.edu

Funding information

National Science Foundation, Grant/Award
Number: 1602958; CNPq, Grant/Award
Number: PPBio-457602/2012-0 and PELD-
441244/2016-5; University of Oregon

Abstract

Tropical ecosystems are under increasing pressure from land-use change and defor-
estation. Changes in tropical forest cover are expected to affect carbon and water
cycling with important implications for climatic stability at global scales. A major
roadblock for predicting how tropical deforestation affects climate is the lack of
baseline conditions (i.e., prior to human disturbance) of forest-savanna dynamics.
To address this limitation, we developed a long-term analysis of forest and savanna
distribution across the Amazon-Cerrado transition of central Brazil. We used soil
organic carbon isotope ratios as a proxy for changes in woody vegetation cover over
time in response to fluctuations in precipitation inferred from speleothem oxygen
and strontium stable isotope records. Based on stable isotope signatures and radio-
carbon activity of organic matter in soil profiles, we quantified the magnitude and
direction of changes in forest and savanna ecosystem cover. Using changes in tree
cover measured in 83 different locations for forests and savannas, we developed
interpolation maps to assess the coherence of regional changes in vegetation. Our
analysis reveals a broad pattern of woody vegetation expansion into savannas and
densification within forests and savannas for at least the past ~1,600 years. The rates
of vegetation change varied significantly among sampling locations possibly due to
variation in local environmental factors that constrain primary productivity. The few
instances in which tree cover declined (7.7% of all sampled profiles) were associated
with savannas under dry conditions. Our results suggest a regional increase in mois-
ture and expansion of woody vegetation prior to modern deforestation, which could
help inform conservation and management efforts for climate change mitigation. We
discuss the possible mechanisms driving forest expansion and densification of savan-
nas directly (i.e., increasing precipitation) and indirectly (e.g., decreasing disturbance)
and suggest future research directions that have the potential to improve climate and

ecosystem models.
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1 | INTRODUCTION

Over the previous decade more than 200 million hectares of for-
ested land was deforested in the tropics (Austin et al., 2017) with ap-
proximately 40% of that deforestation occurring in Brazil's Amazon
and Cerrado ecoregions (Levy et al., 2018). Earth system models
suggest that tropical forest cover loss of this magnitude, if contin-
ued, will alter water and carbon cycles and climatic patterns (Garcia
et al., 2016). For instance, atmospheric moisture increases signifi-
cantly with forest cover due to tree transpiration, a process that
favors continuous rainfall recycling (Spracklen et al., 2012), and buf-
fers drought impacts regionally (Staal et al., 2018). Although this for-
est-atmosphere feedback can be used to predict linkages between
changes in primary productivity and tree cover, and between tree
cover and precipitation (Sternberg, 2001), many uncertainties sur-
round the past and future of tropical ecosystems as a stabilizing cli-
matic force. These uncertainties are, at least in part, rooted in a lack
of empirical data to parameterize scenarios before and after defor-
estation became a dominant planetary force (Silva & Lambers, 2018).
In this study, we address some of these uncertainties by measuring
proxies to estimate long-term changes in forest-savanna distribu-
tions and carbon-water relations in a region of global significance,
the Amazon-Cerrado transition of central Brazil.

The Amazon-Cerrado transition spans a broad climatic and eco-
logical gradient, with tree cover increasing as moisture increases
from seasonally dry savanna-dominated landscapes towards the
Amazon monsoon core (Elias et al., 2019). At one end of the tran-
sition, Amazon rainforests dominate under the influence of the
South American summer monsoon (SASM). At the other end of
the transition, under more seasonal precipitation, different types
of ecosystems coexist including grasslands, savannas, and forests.
Throughout the region, vast areas of relatively undisturbed vege-
tation (i.e., mostly protected from direct human impact until very
recently; Freitas et al., 2018) allow for the study of connections be-
tween climate variability and ecosystem processes, such as water
use and carbon accumulation in biomass and soils. For example,
sharp forest-savanna ecotones (i.e., boundaries within a few me-
ters), which are commonly found in the region, have been shown to
shift with long-term changes in precipitation (Silva et al., 2008). At
local scales, such sharp ecotones are also maintained by fires, which
occur regularly in savannas but do not typically penetrate into dense
forests (Hoffmann et al., 2012). At regional scales, fire frequency and
intensity are influenced by precipitation. Thus, if sufficiently wide-
spread, changes in precipitation can cause biome scale rearrange-
ments as well as incremental expansion of tree cover outward from
local forest-savanna transitions.

Due to high primary production, the expansion of woody veg-
etation in savannas can significantly increase carbon stocks abo-
veground and belowground (Abreu et al., 2017; Duarte-guardia
etal., 2019; Silva, 2017). However, this is not always the case because
many savanna species tend to invest a significantly greater portion
of their net carbon gain toward belowground biomass (Miranda

et al.,, 2014; Veldman et al., 2015). Beyond carbon sequestration,

increasing tree cover in forests and savannas can increase precipi-
tation due to increased transpiration (Spracklen et al., 2012; Zemp
et al., 2017). Therefore, understanding long-term changes in tree
cover is critical for understanding the future of essential ecosystem
carbon and water cycling functions, as well as the role of those eco-
systems in supporting high levels of biodiversity and endemism that
characterize the region (Abreu et al., 2017; Brannstrom et al., 2008).

Previous studies have found a trend of forest expansion into sa-
vannas in Brazil since the mid-Holocene, which has been interpreted as
an indication of increased precipitation (Silva, 2014; Silva et al., 2008).
Those studies were performed using a few strategically selected sites
which indicated that tree cover increased near riparian forest margins
as well as in some upland savannas. However, it remains unclear if this
expansion of woody vegetation was a localized phenomenon or if it
represents a broader process caused by climate dynamics throughout
the region. To answer this question, we reconstructed forest and sa-
vanna tree cover across paleolandscapes using radiocarbon (**C) dat-
ing and stable carbon isotope signatures (5'3C) of soil organic matter
(SOM). This approach is based on two assumptions: (a) that the aver-
age age of SOM increases with depth through the soil profile, such
that each profile represents a chronological sequence of vegetation
inputs (Schmidt et al., 2011; Trumbore, 2000); and (b) that differences
in stable carbon isotope ratios between savanna and forest biomass
occur due to marked differences in the relative abundances of trees
and grasses and lead to unequivocal SOM isotope signatures from ei-
ther ecosystem (von Fischer et al., 2008; Victoria et al., 1995). Based
on these assumptions we moved beyond local reconstructions to gen-
erate current and paleo data from 83 different sites, which allowed
us to develop regional maps that relate SOM isotope signatures and

spatial changes in ecosystem cover through time.

2 | MATERIALS AND METHODS
2.1 | Studyregion

Our study region spans latitudinally from Para State to Goias State
(4°S-16°S) and longitudinally from eastern Tocantins State to cen-
tral Mato Grosso State (46°W-56°W) in Brazil (Figure 1). Annual
precipitation ranges from 1,250 to 2,500 mm, with precipitation
amounts and distribution varying significantly across the study
region (Figure 1a). Eastern and southern sites are characterized
by strong seasonality (i.e., wet summers and dry winters) whereas
more constant precipitation inputs persist near the monsoon core,
at the northern and western sites (Ward et al., 2019). A less im-
portant temperature gradient exists throughout the study region
with respect to the precipitation gradient, in which mean annual
temperature ranges from 22 to 26°C (Figure 1b). Across the region
we gathered vegetation and soil data from 46 forests, 26 savan-
nas, and 10 transitions (i.e., sites classified as forest-savanna eco-
tones) from a combination of published (Silva et al., 2008, 2010)
and new sampling locations (Table S1). Soil taxonomy was deter-

mined at order level using the Brazilian soil classification system
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FIGURE 1 Study sites, current ecosystems, and climate: (a) mean annual precipitation (mm) over the time period 1981-2010. Blue stars
indicate cave sites where paleoclimate records were derived from speleothems. (b) Mean annual temperature (°C) over the time period
1981-2010. (c) Study region displaying 83 sites sampled for this study within the Amazon-Cerrado region. The yellow line within the study
region delineates the ecoregions—Amazon to the Northwest and Cerrado to the Southeast. Shapes and colors correspond to forest, savanna,

or forest-savanna transitions. Climate map adapted from INMET (2019)

and converted to the nearest matches in the USDA system (Soil
Survey Staff, 2014). We controlled for recent changes in land use
and vegetation cover when choosing sampling sites. First, we ex-
cluded sites that displayed distinct signs of human disturbance
(e.g., deforestation, non-native species, or grazing). Second, we
relied on local expert collaborators to identify and exclude any
sites where the floristic composition and vegetation structure
could not be classified as typical of native forests and savannas.
Finally, all selected sampling locations correspond to legally pro-
tected public or private land where forests and savannas appeared
to be at steady conditions, with no major changes in vegetation
cover or land conversion, detectable in ~20 years of satellite im-
ages (AppEEARS Team, 2019; Didan, 2015).

2.2 | Ecosystem cover

To characterize ecosystem cover we measured leaf area index

(LAI) in forests and savannas throughout the region using a

combination of standard ground-based and satellite-based meas-
urements (Ladd et al., 2013). A negative relationship between cur-
rent LAl and 813CSOM is to be expected because trees and other
C; woody plants discriminate more against the heavier 13C carbon
isotope relative to 12¢C than do C, grasses (Smith & Smith, 2015),
which dominate in this region and give rise to unequivocally dis-
tinct 613CSOM signatures. Previous research has found a significant
linear relationship between topsoil 613CSOM values and LAI (Ladd
et al.,, 2014), which allows for reconstructing past tree canopy
cover using deep 613CSOM signatures. Although input and decom-
position rates vary significantly with ecosystem type, as well as
soil properties and microbial community composition, there is no
overlap between SOM carbon isotope signatures from tree- and
grass-dominated systems in our region (Ladd et al., 2014). Here,
we build on that finding by adding 83 new sites to improve the
quantitative inference of tree cover from 613CSOM values. Our data
confirm expectations and show a significant decline in 613CSOM
with increasing LAl measured using ground-based measurements
and Moderate Resolution Imaging Spectroradiometer (MODIS)
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15A2 and MCD15A3H (https://doi.org/10.5067/MODIS/MCD15
A3H.006; Appendix 1).

Ground-based LAl measurements were taken with a 180° hemi-
spherical lens to estimate total tree cover per area of ground cover
across all vegetation types captured from approximately 1 m above
the soil surface at forested sites, which typically lack grass cover,
and at approximately 1 m height and at the soil surface for savanna
sites to incorporate grass cover. Ground-based LAl calculations were
done using the open source Gap Light Analyzer software (Frazer
et al., 1999), where the blue color plane was used as a threshold to
better distinguish between sky and vegetation. The LAI estimates
obtained in this way represent total tree cover rather than green leaf
area per se, such that our values of LAl include stem area, as well
as leaf area. In forests, C, grasses are non-existent, but when tree
cover declines C, grasses dominate open ecosystems, therefore, the
resulting relationship between ground- and MODIS-derived LAl is
unambiguous (R? = .91; p < .0001) and tree cover can be inferred
from SOM carbon isotope ratios (Figure 2). Spatiotemporal changes
in tree cover can then be visualized using point data interpolation
from individual sites and profile depths (Kahle & Wickham, 2013)
assuming certain conditions for organic carbon inputs and perma-
nence, which are described as follows.

2.3 | Soil sampling

Soil samples were collected from forest (n = 46), savanna (n = 26),
and forest-savanna transition zone (n = 10) ecosystems. At each
site, up to five soil profiles were collected near the LAl measur-
ing location (when measured with ground-based technique). The
regions with fewer sample sites are within the Amazon ecoregion
where forests have persisted since at least the mid-Holocene (Smith

& Mayle, 2018). The exact location and number of profiles sampled
at each site are shown in Table S1. The majority of soil profiles ex-
tended to a depth of approximately 100 cm. At some sites, we were
capable of sampling down to 200 cm depth. At few locations, shal-
lower profiles were collected where the bedrock was reached before
a 100 cm depth. Soil samples were retrieved in 5-10 cm increments,
sieved, air-dried and homogenized by depth of collection within each
site. This effort resulted in 742 individual samples which were sub-
sequently prepared for analysis of total organic carbon content and
stable isotope ratios. A representative number of samples were se-

lected for determination of radiocarbon activity as follows.

2.4 | Soil carbon: Age-depth model and vegetation
reconstruction

To determine changes in ecosystem cover, we used stable carbon iso-
tope signatures (613CSOM given in permille [%o] units), which compare
the proportion of *3C to 2C in SOM of each sample relative to an
internationally accepted standard (Vienna PeeDee Belemnite). For
this analysis, bulk SOM samples of all 742 individual samples were
ground and homogenized after the removal of undecomposed plant
material, powdered using an automated ball mill and manually encap-
sulated in 5 x 8 mm tin capsules (sample size approximately 0.25-
0.70 mg). Isotopic ratios were determined by dry combustion gas
chromatography coupled with continuous-flow isotopic-ratio mass
spectrometry (GC-IRMS 20-20/ANCA-NT; Europa, at the University
of California, Davis Stable Isotope Facility), measured with expected
SD < 0.2%o. Carbon content per sample was calculated to optimize
aliquot amounts for radiocarbon dating. Soil samples were prepared
following standard procedures, air-dried and passed through a 2 mm
sieve in which aliquots were ground using a ball mill in preparation

Soil carbon isotopic signatures (§"°C,)

® Forest
Savanna
Grassland

@ Published data

C4 dominance

(3 dominance

LAI (m?*/m?)

FIGURE 2 Relationship between topsoil soil organic matter carbon isotope signatures (613CSOM) and ground-based or satellite-derived
leaf area index (LAI; Table S2). Less negative 613CSOM values correspond to C, grass dominance. More negative 613C50M values correspond
to C; woody vegetation dominance. Shapes and colors correspond to current ecosystem type. The black line displays a significant linear
regression between 5*3C, and LAI (R? = .23; p < .0001). The dashed black line displays non-linear regression between §**C,,, and

LAI (R? = .30). Previously published data (represented by black points) adapted from Ladd et al. (2014)
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for 5*3C analysis and *C dating. Approximately 800 mg of bulk soil
was sent to the University of California, Irvine Keck Carbon Cycle
Accelerator Mass Spectrometer Facility, where a precision of ~1% on
samples with 100 ug or more of carbon is routinely achieved.

To determine changes over time, we measured radiocarbon
G activity in 43 strategically selected depths from soil profiles
sampled in forests (n = 20), savannas (n = 11), and forest-savanna
transitions (n = 12) considered representative of each ecosystem
and soil type. This effort resulted in calibrated radiocarbon dates
for profiles sampled in about one third of all sampled sites (26 out of
83). Only a few sites were suspected of containing carbonates (three
out of 83) based on pH, a one-way ANOVA showed no significant
difference (p = .83) between acid treated and non-treated 613CSOM
aliquots of those samples. We found that three riparian sites (likely
seasonally flooded) had current SOM 4C signatures at deep layers
(280 cm). Those sites were removed from the analysis. No statisti-
cal differences were found on the basis of soil type (p > .05) using
an ANCOVA test. We used the same test for ecosystem types and
found that only forest-savanna transitions possessed statistically
different regression slopes from other ecosystems. Therefore, we
chose to use a single regression including forests and savannas
even though we found high site-specific variation around the age-
depth mean (as shown in the Figure 3). Consequently, the average
age of vegetation change reported here should be understood as a
regional approximation rather than a precise date for shifts within
sites, which require local analysis and interpretation as each site. A
linear age-depth regression explains most of the variance in SOM
age across sites (R?=.73; p < .0001; Figure 3). The vast majority of

soil profiles surveyed extended to at least 80 cm depth and yielded

0-
' wie o Y =-0.04X-16.2
° (X} R*= 73
50 1
£
&
=
2 100+
D
Q L]
1504
® Forest
Savanna
Grassland
LLN ]
0 1,000 2,000 3,000

Years before present

FIGURE 3 Age-depth model displaying relationship between
soil depth and calibrated radiocarbon years before present.
Ecosystem type (i.e. forest, savanna, transition) are distinguished
using different colors and shapes in which standard deviations
represent analytical uncertainty

S e

sufficient SOM for isotopic analysis (Figure 4). For this reason,
80 cm was used as the reference depth/age for comparison of past
vegetation cover across the region (Figure 5). At the selected depth,
the average age across sites is 1,595 years before present and the
SEM is 404 years (Figure 3), hereafter referred to as ~1,600 years
for simplicity.

The results reported here represent isotopic ratios and ra-
diocarbon activities of organic carbon pools. To ensure that in-
organic carbon was not included in the analysis, soil pH was
measured in samples suspected of possessing carbonates, which
are rare in Oxisols but common in some dolomite outcrops near
the north-easternmost sites (Silva et al., 2010). Potential presence
of carbonates (pH > 5) was identified for three sites (Site 79, 81,
82; Table S1). Samples from those sites were treated with hydro-
chloric acid (HCI) and resubmitted for analysis of radiocarbon and
stable isotope ratios. The samples were subsequently put into an
oven until the HCI solution evaporated. The samples were repeat-
edly washed with deionized water to bring the pH above 4.0. Some
samples were centrifuged to separate fine particles from solution
in order to minimize sample loss. The samples for carbon stable
isotope analysis were treated with 1 M HCI to remove carbonates.
Two milliliters of the 1 M HCl solution was added to each sample of
approximately 0.25-0.70 mg in a glass vile, in which samples were
placed in an oven until the HCI solution evaporated. To determine
if there was a significant difference between acid treated and non-
treated soil samples for stable isotope analysis (613CSOM values), a
one-way ANOVA was performed. Two standards were acid-washed
using the same procedure applied to soil samples. The standards
included a modern and a “dead” sample in which the modern sample
came from deciduous tree leaves and the dead was anthracite coal.
These standards were used to make background corrections when
analyzing soil samples' ages (Santos et al., 2019). The samples for
radiocarbon dating were treated with 0.1 M HCI.

2.5 | Spatial interpolation and regional analysis

To reconstruct paleolandscapes across the study region, interpola-
tion maps were generated using ordinary kriging, as in previous geo-
statistical studies of soil data (e.g., Elbasiouny,et al., 2014; von Fischer
et al., 2008). This approach allows predictions of unknown spatial data
to be determined with minimum variance and removed bias under the
following assumptions: variation in the data is random and stationary
(Oliver & Webster, 2014). The method fits a variogram model to the
data, in which a variogram is the semivariance as a function of the data's
direction and distance separation. The only input data was 613CSOM with
their corresponding coordinates. Since no other variable was interpo-
lated, ordinary kriging was used instead of alternative kriging methods.

Maps were first made for the current environment using topsoil
data (0-10 cm), intermediate layers (i.e., 30, 50, 70 cm) and down to a
depth of 80 cm. Then a change “heat map” for its difference relative to
current conditions was developed (i.e., topsoil minus 80 cm layer). We

used a depth of 80 cm for two reasons. First, on the basis of 613CSOM
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signatures it was apparent that significant changes in vegetation cover
happened across most sites at age corresponding to that depth (i.e.,
~1,600 years ago). Second, the majority of sites had profiles that would
go to that depth or beyond. The heat map of change was generated by
subtracting the intermediate layer at 80 cm from topsoil so that the
direction of change would correspond with forest or savanna 8**C.,,
signatures (i.e., negative values represent increasing tree cover and
positive values indicate decreasing tree cover). Averages were used
when sites had multiple samples from the same depth interval. One of
the study sites (Site 56, Table S1) located deep within the Amazon was
removed when generating the interpolation maps due to its distance
from other clustered sites, which decreased the robustness of the in-
terpolation maps. Notably, that site has been relatively “stable” mean-
ing that its 613CSOM profile signatures have been that of a dense forest
for the past several thousand years which does not affect our analysis
of change in tree cover at other locations since ~1,600 years ago.

In some regions of our interpolation map, fewer data points
exist and the spatial variance increases in those regions, but tree
cover increased in the vast majority of sites regardless of variance
within and across ecosystem. To evaluate the robustness of the
underlying variogram we used goodness-of-fit analysis for each
kriging map applying different common variograms (i.e., exponen-
tial, spherical, Gaussian). To quantify goodness-of-fit, each mod-
els' root mean square error (RMSE) values were quantified after
performing cross-validation on each model type. The variogram
model that fit the data the best was the exponential model based
on cross-validation and RMSE values (2.8, 3.4, 3.6 for topsoil, inter-
mediate, and change layer). For simplicity, we only present the best
models selected through this approach. A one-way ANOVA was run
between the observed and fitted groups generated from kriging,
displaying that the observed and fitted values were not statistically
different (p = .90, .39, .43), consequently indicating that the ordi-
nary kriging model fits our data.

To investigate whether climate (regional and local) matched tree
cover we used previously reported oxygen (Ward et al., 2019) and
strontium (Wortham et al., 2017) data from speleothems. Oxygen
data were collected throughout Brazil, as observed in figure 1
of Ward et al. (2019) and strontium data locations are shown in
Figure 1, denoted by blue stars. Oxygen isotope ratios (5'0) reflect
regional SASM intensity and strontium isotope ratios (87Sr/3¢sr)
reflect soil moisture and rock dissolution (Ward et al., 2019;
Wortam et al., 2017). Speleothem isotope ratios were normalized
(z = (x = mean)/SD) within each site to allow for trends to be com-
pared across sites. To better interpret the average regional change
in vegetation cover over space and time, we used a mixing model
(Parnell, 2020) to quantify C,- versus C,-derived contributions to
the bulk 613CSOM signatures between topsoil (10 cm) and an interme-
diate depth (80 cm) of known age (Figure S1). Source values for C,
and C, vegetation were based on typical grassland and forest signa-
tures measured across the region (-27%o. and -12.5%.; respectively).
A Tukey honestly significant difference (HSD) test was performed to
determine at what depth differences in 613C50M signatures became

significant within each ecosystem relative to the topsoil (0-10 cm).

2.6 | Soil carbon: Stocks and relationship to changes
in vegetation

To better understand whether and how changes in forest and sa-
vanna cover influence soil carbon stocks, we quantified soil carbon
concentrations at each study site profile and soil depth. To better
estimate the timing of vegetation change and its resulting effects
on soil carbon stocks, bulk density (g/cm3) from a subset of typical
forest, savanna, and transition ecosystems were supplemented by
radiocarbon and stable isotope datasets from previously published
studies conducted in central Brazil (Silva et al., 2008, 2010, 2013). To
match the analysis of ecosystem cover (described above) we report
carbon stocks down to 80 cm at all sites. The relative contribution of
C; and C, plants to SOM across sites is shown in Figure S1. A mixed-
effects model was applied to test the significance of fixed effects
(ecosystem type, soil order, and paleovegetation) as well as random
effects (sampling site nested within ecosystem type) on soil carbon
stocks (Figure S2). The geographic location and basic description
of ecosystem and soil types at all sites are shown in Table S1. The
data used to produce all figures are available at https:/scholarsbank.

uoregon.edu/.

3 | RESULTS
3.1 | Current ecosystem cover and 613CSOM

In Figure 2 we show a linear regression describing the relationship be-
tween LAI and topsoil 613CSOM to be significant (R? = 0.23; p < .0001;
error = 2.15) which is consistent with previous studies of this kind
(Ladd et al., 2014). However, when we applied a non-parametric func-
tion (locally weighted regression) to our data, the relationship im-
proved and possessed a lower model error (R? = .30; error = 2.06).
In either scenario, carbon isotopic signatures become more negative
(i.e., representative of increasing tree cover or woody vegetation
dominance) as LAl values increase. Conversely, increasingly positive
carbon isotopic signatures are found with declining LAl and domi-
nance of herbaceous plants, which in this region means increasing

dominance of C, grasses.

3.2 | Soil carbon: Age-depth model and vegetation
reconstruction

In Figure 4 we show all 613CSOM data by profile and site. The vast
majority of sites show trends within profiles that indicate a gradual
change in carbon isotopic signatures due to woody vegetation ex-
pansion or densification. Least square regressions are used to de-
scribe significant changes in 813CSOM within each sampled profile
(gray lines) in forests, savannas, and transition zones. The propor-
tion of our sites that can be linked to changes in vegetation cover
(Figure 5) is based on a four permille threshold for ecosystem sta-

bility, which excludes enrichment or depletion from diagenetic
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fractionation. Based on those criteria we quantified a major shift
in paleovegetation cover in which 7.7% (five) of the sites' §"*Cgqy
values became more positive (i.e., moving towards grass-dominated
signatures), 24.6% (16) remained stable (less than plus or minus two
permille), and 67.7% (44) became more negative (i.e., moving towards
tree-dominated signatures) moving up the soil profile.

The rate of vegetation change was significantly different (p <.001)
among ecosystem types, but the coefficient of variation for changes in
vegetation within forest, savanna, and transition sites was high (74.0%,
55.0%, and 281%, respectively). Despite large variability among sites,
a consistent increase is woody vegetation cover was observed for the
vast majority of forest and savanna ecosystems. Figure 4a-c shows
the rate of vegetation change for each soil profile down to a depth
of 200 cm, in which depth averages (the black points), individual soil
profile linear regressions (gray lines—if significant with a p < .05, are
included within each plot). Depth averages per ecosystem type are
included in Table S3. The proportions of C; and C, plants' contribution
to SOM was calculated using a stable isotope mixing model for topsoil
(current) and deep soil (70-80 cm; old) for all forest and savanna eco-
systems (Figure S1). A Tukey HSD test showed that §'C,, isotopic
signatures became statistically different from current values at depths
ranging from 30 to 50 cm at most forests and savannas. At transition
zones, current 613CSOM isotopic signatures did not differ significantly
from other depths. A mixed-effects model (Figure S2) including the
random effect, sampling site nested within ecosystem, performed
better than other models that included no random effects. The fixed
effects of depth, ecosystem type and their interactions had significant
effects (p < .05) on the response variable (613CSOM). Soil order did ap-
pear to have a significant effect (p > .05) on 613CSOM, however, soil
order improved the overall model when included. Model quality com-
parisons were derived from the Akaike information criteria in which

smaller values indicate better model fit.

3.3 | Spatial interpolation and regional analysis

The 813C$0M kriging maps for topsoil (0-10 cm), intermediate layers,
and deep soil (70-80 cm), and their difference heat map between
80 cm and topsoil (Figure 5) showed that the vast majority of sites
(67.7% of all sampled profiles) followed a trend of woody vegetation
expansion and densification over time. The few instances in which
tree cover declined (7.7% of all sampled profiles) were associated
with dry conditions in savannas on rock outcrops at the easternmost
sampling sites, which as shown in Figure 1, are characterized by
warm and dry climate. The topsoil map (Figure 5a) represents cur-
rent ecosystem cover as a function of C; versus C, abundance, with
613CSOM ratios consistent with typical forest and savanna isotopic
signatures (ranging from -29%o. to -18%o.). The deep soil layer at
80 cm selected for mapping (Figure 5a), representing past ecosystem
cover ~1,600 years ago, shows a landscape dominated by more posi-
tive 613CSOM ratios (i.e., less negative values that are characteristic
of savannas and grasslands) ranging from -26%. to -13%.. The inter-

mediate depths, which have been converted to years before present,
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suggest that the trend of woody vegetation expansion and densifica-
tion has been a gradual shift over time rather than an abrupt transi-
tion, which is often characteristic of anthropic interventions. Using
the linear model presented in Figure 2 the observed changes in
813CSOM ratios can be converted to units of LAl (Table S4). We only
used our linear regression to convert 613CSOM ratios to LA, since it is
consistent with previous studies (Ladd et al., 2014).

Topsoil soil 613CSOM is known to reflect differences in vegetation
cover across biomes, especially in tropical regions where the isotopic
difference between tree- and grass-dominated system reaches its
maximum value (Ladd et al., 2014). As expected, we found a signifi-
cant negative relationship between LAl and current §'*C,,, ratios,
which serve as a baseline from which past ecosystem dynamics can
be retraced. The heat map of change (Figure 5b) shows the marked
shiftsin 613CSOM raw data in which different colors indicate the mag-
nitude and direction of vegetation change over time. Blue regions
represent -13%. to —3%o shifts, which are indicative of changes to-
wards woodier vegetative signatures. Whereas warmer colors (i.e.,
orange-red, red) represent 3%o0-6%o shifts, which indicate areas
where forests have receded or been replaced with mixed grass-
shrub vegetation or grasslands. The raw isotopic ratios of SOM also
incorporate changes in the isotopic composition of atmospheric CO,
due to the emission of fossil fuels over the past century (known as
the Suess effect). However, changes in 5'3C ratios of CO, have been
small for most of the Holocene (<1.5%o over the past 10,000 years;
Hare et al., 2018) and those changes would have affected both tree
and grass biomass §'3C signatures in similar ways. We can therefore
rule out this predepositional process as an explanation for long-term
changes in 613CSOM, which happened before anthropogenic CO,
emissions became a significant planetary force. Although it is diffi-
cult to distinguish between processes that occur after SOM deposi-
tion, postdepositional changes occur primarily in the topsoil as litter
decomposes, typically leading to a <2%. fractionation (Krull et al.,
2002). To be conservative, we only present interpolated 613CSOM
maps in which shifts greater than +2%. occurring at depths from
30 to 50 cm or deeper in the soil profile. As a result, the yellow to
yellow-green colors in the interpolation maps indicate regions of
relatively “stable” ecosystem states; that is, those in which §"3C¢gy
varied between -2%. and 2%. within any given profile.

Variation in the reconstructed changes in tree cover and woody
vegetation expansion are consistent with local to subregional hydro-
climate variability, inferred from speleothem strontium ratios which
indicate increasing soil moisture and rock dissolution near most, but
not all, soil sampling sites (i.e., a general shift to more negative Z-
scores characteristic of wetter conditions; Figure 5c). The steepest
and most consistent increase in moisture conditions, inferred from
strontium isotopes, was observed for the Tamboril site in central
Brazil. No clear trend in hydroclimate was observed for the Paraiso
cave, suggesting stable moisture regime at our northernmost site in
the Amazon region. All other cave sites showed some degree of in-
creasing moisture with significant subregional variability, oscillating
between the trends displayed in the Tamboril and Paraiso records.

The regional record of monsoon intensity, inferred from speleothem
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oxygen isotope ratios, showed a less consistent signal of increasing
precipitation, with larger variability than the local trends in hydro-
climate throughout the region for most of the Holocene (Figure S3).

3.4 | Soil carbon: Stocks and relationship to
vegetation cover

Carbon stocks decreased significantly with depth (p < .001) as
observed in Figure 6a. There was also a significant difference
in carbon stocks (to a depth of 80 cm) among ecosystem types
(Figure 6b). The mixed-effects model applied to carbon stocks per
depth indicated that the fixed effects of paleovegetation (i.e., from
~1,600 years ago) had significant effects (p < .05) on carbon stocks
per depth only within past savannas, where increasing tree cover
had a positive effect on carbon storage. Soil type was not a signifi-
cant predictor of SOM carbon isotope ratios (Figure S2), but it was a
strong predictor of carbon stocks (Figure 6c), even though we found

a significant random effect (sites nested within present ecosystem

type) indicating that variation in carbon stocks depended on sam-

pling location.

4 | DISCUSSION

There have been many studies about the effects of deforestation
at the Amazon-Cerrado transition, but little is known about long-
term variation in tree cover and climate before modern deforesta-
tion. Here, we report evidence of a widespread process of increasing
tree cover prior to modern deforestation. Our findings are supported
by isotopic data which display a general trend of woody vegeta-
tion expansion and densification over at least the past 1,600 years
in forest- and savanna-dominated landscapes. Overall, the spatial
pattern observed amounts to a regional process of woody vegeta-
tion expansion that happened either through forest encroachment
into savannas or through densification of tree cover in previously
grass-dominated systems. Our data indicate an increase in precipita-

tion during the mid- to late-Holocene transition, which is consistent
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with independent climate reconstructions from lake sediment pol-
len and charcoal (Behling, 1998; Bird et al., 2011; Sande et al., 2019;
Sternberg, 2001) and from speleothem carbonate oxygen and stron-
tium records (Cruz et al., 2005; Vuille et al., 2012; Ward et al., 2019;
Wortham et al., 2017). Specifically, our analysis of SOM across 83
study sites supports the hypothesis of increasing tree cover due to
increasing moisture inferred from speleothem-based reconstruc-
tions that reflect spatial and temporal variation in climate across the
region.

Regarding the timing of forest or woody savanna expansion, our
SOM C data represent the most recent changes in vegetation out
of a range of possible ages. Soil develops from two directions, with
mineral weathering occurring primarily in deep layers near the par-
ent material and new organic inputs occurring primarily near the soil
surface. However, current inputs can also occur within and beyond
the rhizosphere (e.g., via root exudates and rhizodeposition). Given
that recent addition of carbon into the deeper soil matrix can occur,
calibrated '*C dates of bulk organic matter represent an average
age of vegetation input for any given depth. This interpretation is
consistent with several previous studies, which showed a general
trend of savanna systems (having a C, signature) being replaced
with forests (having a C, signature) as inferred from SOM (Berhe
et al., 2012; Sanaiotti et al., 2002; Trumbore, 2009). Large variance
is to be expected within and across ecosystems because, although
differences in molecular composition of tree- and grass-derived
litter and their relative contributions to SOM are not expected to
affect soil carbon stability, other environmental and biological fac-
tors can affect carbon turnover (Schmidt et al., 2011). Therefore,
the estimated ~1,600 years of woody vegetation expansion should
be understood as the mean minimum age of SOM associated with
ecosystem change, which probably began earlier as suggested as
suggested in previous case studies (e.g., Silva, 2014), triggered by
mid-to-late Holocene changes in the regional monsoon intensity
(Ward et al., 2019; Wortham et al., 2017).

Forests in the Amazon region have expanded further in some areas
over the past few decades due to fire suppression and/or agricultural
land-abandonment (Rosan et al., 2019). Our data indicate that a natural
trend of forest expansion and densification of savannas has occurred
over a much longer time period, as predicted from feedbacks between
increasing precipitation, decreasing fire disturbance, and increasing
tree cover (Sternberg, 2001). Notably, woody vegetation expansion
occurred despite increasing pre-Columbian human populations and
associated disturbances (Souza et al., 2018) during the late Holocene.
The genome-based population reconstructions in this regions show
continuity of ancient peoples and practices beginning ~5,800 years
before present with “a striking pattern of continuity with present-day
people” beginning ~2,000 years ago (Posth et al., 2018)—i.e., the same
period when speleothem isotope records suggest a shift towards
wetter conditions due to increased monsoon intensity, although with
major variability for local hydroclimates among surveyed sites (Ward
et al., 2019).

From our map of vegetation change it is clear the dominant trend

has been tree cover expansion and densification in both savanna and
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forest ecosystems since the late Holocene, however, a few areas
exist where vegetation remained relatively stable. Interestingly, tran-
sition zones did not show a consistent shift over time. This suggests
that the woody vegetation expansion at forest-savanna boundaries
might have been more strongly affected by disturbances (recent and
old) at those sites. Humans are currently affecting vegetative cover
in this region through land-use change and fire suppression, in some
cases, and increasing the frequency of fire disturbance for rangeland
expansion, in other cases (Andreoni & Londoiio, 2019). Therefore,
the long- and short-term drivers of woody vegetation expansion and
current deforestation make the results from transition zones dif-
ficult to ascribe to a single process. For example, although woody
vegetation expansion and densification appear to be the dominant
response to climate variability over the past 1,600 years, a trend of
decreasing tree coverage towards our easternmost sites also exists.
Woody vegetation cover may have declined in this subregion due
to the prevalence of dry deciduous or semideciduous tree species.
Unlike evergreen tropical forests, deciduous or semideciduous dry
forests in this subregion are adapted to low moisture of nutrient
rich rock outcrops (Dexter et al., 2018). Under such conditions, in-
creasing regional precipitation can decrease tree dominance and in-
crease grass productivity, favoring the expansion of savannas (Silva
et al., 2010).

Total carbon stocks did not vary consistently among ecosystem
types, even though we found statistically significant differences be-
tween some forest and savannas due to a significant effect of soil
order on carbon storage and outlier riparian zone profiles. The pres-
ence of gallery and riparian forests in our study region is contingent on
soil moisture as well as soil nutrient inputs. During the mid-Holocene
climatic conditions in South America shifted to becoming wetter
(Marchant & Hooghiemstra, 2004) and shifts in the SASM intensity
might have caused sediment and nutrient flows that favored forest
expansion. In other regions, forest-savannas landscape mosaics can
persist for millennia regardless of fluctuations in precipitation due
to feedbacks that involve fire disturbance, nutrient limitation, and
herbivore population density (Pausas & Bond, 2020). However, cli-
mate-driven increases in tree cover could still be recorded until the
mid-1980s in open landscapes of central Brazil, even in sandy soils
with low water retention capacity at the southeastern edge of the
Amazon region (Marimon et al., 2006). In addition to hydrological
feedbacks that favor increasing tree cover (Malhi et al., 2008), posi-
tive feedbacks between forest expansion and soil fertility would also
be necessary to allow forest expansion because nutrient stoichiome-
tries are fundamentally different between forests and savannas (Flores
et al., 2019). Therefore, multiple factors must be considered to explain
past and predict future woody vegetation expansion including climatic
change, disturbances (e.g., floods and fires), and nutrient deposition
from exogenous sources (e.g., atmospheric deposition and landscape
translocation).

Most of the reconstructed increases in tree cover, evidenced
here coincides with increasing density of pre-Columbian populations
in southern Amazonia (estimated to vary between 500,000 and one
million inhabitants from 1,250 to 1,500 ap (Souza et al., 2018). This
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is important because it reveals that increasing pre-Columbian pop-
ulation densities apparently did not cause forest loss at the regional
scales. Our findings are consistent with case studies of paleovegeta-
tion in other areas of the Amazon region (e.g., Lombardo et al., 2019;
Silva, 2014; Smith & Mayle, 2018), but contradict a common assump-
tion of human-driven expansion of open ecosystems in the region
since the mid-Holocene. Recent anthropological findings could rec-
oncile this apparent contradiction. Plant domestication dates back
to >10,000 years ago in western Amazonia (Lombardo et al., 2020),
however, the emergence of complex societies that relied on inten-
sive land use in central Amazonia is much more recent (Capriles
et al., 2019). Across the central and eastern Amazon basin human ac-
tivity can be divided into three main phases: a precultivation period
(>6,000 years ago); an early-cultivation period (6,000-2,500 years
ago); and an intensive cultivation period (2,500-500 years ago;
Maezumi et al., 2018). Our observation of increasing tree cover coin-
cides with the chronology of intensification in sedentary settlements
during the late Holocene, which probably resulted in an overall de-
cline in deforestation and fire use across the region prior to European
contact. On the other hand, current deforestation is interrupting a
historical increase in tree cover in forests and savannas, which would
have been further accelerated by the recent stimulation of tree
growth due to increases in atmospheric CO, (Silva & Lambers, 2020).
Moreover, current deforestation is also likely to change the regional
climate by decreasing rainfall. Indeed, a recent increase in legal and
illegal deforestation has followed the Brazilian Forest Act revision,
with as of yet unquantified consequences for ecological and climatic
stability (Freitas et al., 2018). Positive feedbacks between deforesta-
tion rates, warming climates, and declining precipitation could lead
to a “deforestation-generated degradation of the hydrological cycle”
(at 20%-25% deforestation threshold) beyond which large sections
of the Amazon forest would be replaced with savannas unless major
reforestation and conservation efforts can be implemented (Nobre &
Lovejoy, 2018).

5 | CONCLUSION

Our data show a widespread process of woody vegetation expansion
throughout the Amazon-Cerrado region since at least ~1,600 years
prior to modern deforestation. We found evidence of increasing tree
cover near forest-savanna ecotones as well as a significant densifica-
tion of tree cover within most sampled forests and savannas with grass
cover expanding only in a few locations characterized by dry climates
and poorly developed soils. Several biophysical and biogeochemical
mechanisms may have contributed to forest expansion and densifica-
tion of woody vegetation in savannas, including positive feedbacks be-
tween tree cover and precipitation which can dampen fire disturbance
and promote nutrient accumulation, which favor the persistence of
closed canopies (Bomfim et al., 2019, 2020; Silva & Lambers, 2020).
The observed expansion of forests into savannas could have sig-
nificantly impacted carbon-water relations throughout the region,

potentially affecting the balance between carbon sequestration,

evapotranspiration, and precipitation (Garcia et al., 2016). However,
we did not observe a clear effect of changes in vegetation on soil car-
bon stocks. Future studies should focus on the mechanisms driving
the permanence of carbon derived from woody vegetation expansion,
informed by soil and climate records to improve predictions of rapidly
changing ecosystem carbon-water balance. The next phase of under-
standing will come from the integration of plant, soil, and atmospheric
data to understand the influence of human activity on ecosystem-cli-
mate feedbacks as a path towards improving carbon sequestration and

water conservation.
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