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Abstract

Woody encroachment in savannas represents an ecological process of current global interest given its negative impact on
ecosystem functioning, particularly on forage production. Traditional savanna models propose competition and niche differenti-
ation as the main mechanisms allowing tree-grass coexistence. Demographic models, instead, propose abiotic and biotic factors
as bottlenecks controlling vital rates and transitions from seeds to adult trees. The role played by domestic grazing on woody
encroachment is yet controversial. Here, using a multistage tree life approach, we combine both models and evaluate the role
of grazing and herbaceous vegetation on woody recruitment in a Neotropical savanna dominated by Vachellia caven, a success-
ful and widely spread encroacher tree species. We performed three experiments to evaluate seed predation, seedling emergence
and survival of V. caven by manipulating cattle grazing (grazed and ungrazed areas) and herbaceous vegetation presence (vege-
tated and unvegetated). Finally, we combined the results of the three experiments to estimate the probability of plant recruit-
ment across these experimental factors. Grazing decreased seed predation by half, did not modify seedling emergence and
decreased seedling survival. Herbaceous vegetation did not affect seed predation nor seedling emergence rate, but increased
seedling survival. Overall, the net effect of grazing on V. caven recruitment was neutral since the increase in seed availability
due to the reduction in seed predation rate was compensated by the negative effect of grazing on seedling survival. Our analysis
revealed that cattle grazing and herbaceous vegetation had contrasting effects on the seed and seedling life stages. We propose
that in order to restrain the early stages of encroachment, cattle grazing pressure could be managed following the seasonality of
demographic tree transitions. Through rotational grazing amongst paddocks, stocking rates could be relaxed during the primary
dispersal stage to maximize granivory, and then increased to enhance the chance of seedling consumption and trampling.
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Introduction

Woody encroachment in savannas is a widespread phe-
nomenon of current global interest due to its impact on eco-
system functioning (Archer et al., 2017; O’Connor et al.,
2014; Stevens et al., 2017). It has ecological and economic
negative consequences on savanna ecosystems. Particularly,
it has been reported that increases in tree cover and density
can decrease plant species diversity, herbaceous biomass,
forage and livestock production and economic yield (Bur-
kinshaw & Bork, 2009; Eldridge et al., 2011; Ferraina et al.,
2021; Kraaij & Ward, 2006; Ratajczak et al., 2012;
Van Auken, 2009; Wigley et al., 2009). Drivers of tree cover
in savannas include water and nutrient availability as well as
disturbance regimes (House et al., 2003; Jeltsch et al. 2000;
Sankaran et al., 2004, 2005; Scholes & Archer, 1997).
Woody encroachment processes can be studied through tree
demographic transitions, which determine the chance of a
seed to pass through different life stages and become an
adult tree. Biotic and abiotic drivers modify the vital rates
along the tree’s life cycle and therefore affect the probability
of woody encroachment occurrence (Bond, 2008;
Higgins et al., 2000; Jeltsch et al., 2000; Scholes &
Archer, 1997). Since vulnerability to different stresses and
small-scale disturbances changes along with tree ontogeny,
the effect of each driver might vary with plant development
(Schupp, 1995). Early tree life stages are critical, due to their
sensitivity to environmental stressors (Donohue et al., 2010;
Harper, 1977). Therefore, they represent a key stage to man-
age woody encroachment processes in savannas.

Traditionally tree�grass coexistence in savannas has been
studied through two different theoretical frameworks: com-
petition-based models and demographic models. Competi-
tion-based models propose competition and niche
differentiation between herbaceous and woody plants as the
main process allowing equilibrium and tree-grass coexis-
tence (Walker & Noy-Meir, 1982; Walter, 1971). Demo-
graphic models, alternatively, propose abiotic factors and
disturbances (e.g., herbivory, fire, climatic variability) as the
main drivers controlling vital rates and transitions from
seeds to adult trees (Higgins et al., 2000; Jeltsch et al.,
2000). Currently, it is assumed that integrating both models
is a necessary step to understand tree-grass coexistence in
savannas (Sankaran et al., 2004). A way to integrate both
models could be to evaluate the role played by tree-grass
competition and disturbances on different vital rates of
woody plants, and assess the final overall effect on woody
recruitment process.

The role played by the herbaceous layer and the herbivore
community on woody plant recruitment is determined by
multiple mechanisms that operate in complex and different
ways (Archer, 1995; Cipriotti & Aguiar, 2012; Scholes &
Archer, 1997). Thus, woody encroachment results from the
integration of direct and indirect effects both positive and
negative across the tree’s life stages. For example, cattle
grazing could negatively affect seed availability through
trampling, but it could also have a positive effect as a dis-
persal agent (Fuentes et al., 1989; Traveset & Verd�u, 2002).
Also, since grazing changes vegetation structure and reduces
grass biomass it could lead to a reduction in granivore abun-
dance and diversity (e.g., rodents) and therefore indirectly
enhance woody seed availability (Jones, 2000, 2003;
Milchunas et al., 1988; Read & Cunningham, 2010). Simi-
larly, the direct and indirect effects of grazing on seedling
emergence and survival have contrasting outcomes. Grazing
could directly reduce seedling emergence and survival via
trampling and/or consumption (Augustine & Mcnaugh-
ton, 2004; Brown & Archer, 1989; Macias et al., 2014;
Morrison et al., 2019). But also, grazing may indirectly
enhance woody seedling emergence and survival mediated
via the relaxation of tree-grass competition through con-
sumption of the herbaceous layer (Brown & Archer, 1989).
However, there is also evidence that grass competition does
not always affect tree recruitment (Brown & Archer, 1999).
Also, since grazing consumes the herbaceous layer and
reduces fuel load, it could have an indirect effect on tree/
grass ratios through changes in the fire regime (Bond, 2008;
Roques et al., 2001; Van Auken, 2000; Van Langevelde
et al., 2003, February et al., 2013). As a result of this com-
plexity the net effect of grazing on tree recruitment depends
on the balance between negative and positive effects.

Woody encroachment co-occurred with changes in land
use in the region. Grazing pressure per unit area increased,
but also cattle ranging was displaced from grasslands by
agriculture and pushed into savanna ecosystems (Grau et al.,
2005, 2015; Klink & Moreira, 2002). Similarly to what has
been described in African and Australian savannas, tree
encroachment in the Neotropics has been historically associ-
ated with highly grazed savanna environments (Aron-
son, 1992; Holmgren, 2002; Van de Wouw et al., 2011).
However, there is no consensus yet about the mechanisms
by which grazing might affect encroacher tree demography,
perhaps because many studies have mainly been focused on
the effect of grazing on one particular stage of the tree life
cycle (Fuentes et al., 1989; Goheen et al., 2004; Holmg-
ren, 2002; Riginos & Young, 2007). We propose that a mul-
tistage approach (i.e., to study different life stages of the
encroacher tree simultaneously) would allow us to quantify
the net effect of grazing through the early stages of
encroachment (Grellier et al., 2012; Morrison et al., 2019;
Rey & Alc�antara, 2000).

We evaluated to what extent both the effects of herba-
ceous resident vegetation (competition models sensu
Sankaran et al., 2004) and grazing (demographic models
sensu Sankaran et al., 2004) may act as bottlenecks shaping
the woody encroachment process in a Neotropical savanna
dominated by Vachellia caven (Molina) Seigler and Ebinger
(formerly Acacia caven). Vachellia, a widely spread tree
genus, is a successful tree encroacher and it constitutes one
of the main encroachers in African, Australian, and Neotrop-
ical savannas (Fuentes et al., 1989; Gibson et al., 2011;
Midgley & Bond, 2001; Van de Wouw et al., 2011). We



Fig. 1. Transition model between the demographic stages of woody populations in savanna ecosystems with livestock use (from seed to adult
tree). Arrows with valves indicate transitions between different demographic stages of tree plants. Solid arrows indicate direct effects amongst
grazing, herbaceous vegetation and granivores such as predation, cattle trampling, consumption, or tree-herbaceous competition. Dashed
arrows indicate indirect effects of grazing, mediated by its impact on herbaceous vegetation or granivores (see hypothesis in Introduction sec-
tion). Adapted from Sankaran et al. (2004).
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carried out three experiments where we manipulated the
presence of cattle grazing and herbaceous vegetation to test
their effect on: (1) seed predation rates, (2) seedling emer-
gence rates and (3) seedling survival rates of V. caven.
Finally, we integrated these results (1�3) to estimate the
overall probability of V. caven recruitment. We tested
hypotheses for each of these life stages and transitions
(Fig. 1): 1- Grazing indirectly increases woody seed avail-
ability by decreasing herbaceous biomass which serves as a
refuge for seed predators (Jones, 2000; Jones et al., 2003;
Read & Cunningham 2010; Teman et al., 2021). 2- Grazing
directly reduces seedling emergence through trampling,
while herbaceous vegetation has no effect on seed germina-
tion and seedling emergence since light availability does not
seem to limit V. caven seed germination (Funes & Ven-
ier, 2006). 3- Grazing reduces seedling survival via tram-
pling and consumption and indirectly enhances it by
relaxing tree-grass competition through grass consumption
(Macias et al., 2014; Morrison et al., 2019; Riginos &
Young, 2007). Herbaceous vegetation also reduces seedling
survival through competition for light (Scholes &
Archer, 1997). Overall, from the balance of all acting mech-
anisms together we hypothesise that grazing would decrease
V. caven recruitment rate and herbaceous vegetation would
have a neutral effect on it.
Materials and methods

Study site

Our experiments were carried out in a temperate savanna
dominated by V. caven located on a smooth rippled plain in
a 4000-ha Multipurpose Nature Reserve “Estancia Centella”
in the east centre of Entre Rios Province, Argentina (S32°
450, W58°280). Mean monthly temperature is 17 °C and
mean annual precipitation in the region is 1139 mm. During
the first year of the experiment total precipitation was above
the historical record (1835 mm) while the following year it
was within the normal range (1135 mm). Dominant soils are
vertisols, moderately well-drained and deep. Fires in the
study site have been suppressed for decades. Community
structure is characterized by trees and shrubs scattered
throughout a homogeneous and diverse matrix of small tus-
socks and prostrate grasses. Common grass genera are Schi-
zachyrium, Briza, Bromus, Piptochaetium, Melica,
Panicum, Piptochaetium and Nassella. Dominant shrub gen-
era are Baccharis and Austroeupatorium, and the most con-
spicuous tree species are Vachellia caven (Molina) Seigler
& Ebinger and Prosopis affinis Spreng (Cabrera, 1976).
Vachellia caven is a native species, and one of the main
encroachers in the region. Its increase in density and abun-
dance occurs to the detriment of other tree and grass species,
and affects savanna dynamics and ecosystem services.
Moreover, negative economic yield and difficulties in live-
stock management have been documented as a result of
woody encroachment in this ecosystem (Coria et al., 2021;
Macias et al., 2014). Since the 19th century disturbance
regime is mainly controlled by domestic grazing. Stocking
rate is » 0.4 LU/ha, which is considered a moderate level of
grazing for the region, and a rotational regime is managed
with electric fences amongst »250 ha paddocks. The native
herbivore community is dominated by rodents such as Cavia
aperea, Hydrochoerus hydrochaeris and Myocastor coypus;
and dasypodids. Since anthropic activity has been strongly
developed in the area for decades, native fauna abundance is
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low and therefore the herbaceous stratum is consumed
almost exclusively by livestock. The only ungulate species
in the study area is the exotic Axis axis. During our experi-
ments we did not find evidence of activity or presence of
any medium/large herbivores or ungulates other than cattle
grazing in the study area. V. caven seeds weigh » 60 mg
(Torres et al., 2002) and the granivorous guild that poten-
tially consumes them on the soil is mainly represented by
rodents such as Oligoryzomys flavescens, O. nigripes,
Calomys laucha, C. musculinus, and the bird species Rhea
americana (Aronson, 1992; Udrizar Udrizar Sauthier et al.,
2008). Sigmodontine rodent species in the area are known
as seed consumers specially during autumn and winter when
arthropods activity is low (Ellis et al., 1998; Bilenca et al.,
1992). Even if there is anecdotal evidence of ants being able
to carry individual seeds (Ferreras et al., 2018) unfortunately
there’s no information on the potential effect of granivory
by arthropods on V. caven.
Experimental design

In the study area, we selected four study sites (hereafter
blocks) »500 m apart from each other. In each block, we
established an exclosure of 30 m £ 30 m and carried out a
two-factor split plot design. Each exclosure and a similar
surface area (900 m2) on grazing conditions constituted the
main plots of two contrasting cattle grazing treatments
(grazed vs. ungrazed). Under the grazed condition livestock
was not confined but grazed freely in a »250 ha paddock.
Within this large paddock, we delimited an area analogous
to that of the exclosure (900 m2) to install the subplots and
experimental units (petri dishes, nursery pots and seedlings;
Fig. 2). Within these main plots we randomly established
subplots with or without herbaceous vegetation (vegetated
Fig. 2. Experimental split plot design. Four blocks were selected and an ex
on grazing conditions (»900 m2) constituted the two main plots of cattle gr
stock was not confined but grazed freely on a larger area (»250 ha). The v
circles respectively. The number of subplots used differed across experime
seed predation experiment; 10 pairs for seed germination; and 25 for seedlin
and unvegetated, respectively) for a total of four treatments
(the number of subplots differed amongst experiments, see
below). Unvegetated treatments were done for the first time
in December 2016 and maintained during every visit to the
study site (the time of each visit depended on the experi-
ment, see below: experiment 1�3). Vegetation removal was
done manually in 30 cm diameter circular subplots where
grasses and forbs were cleared using a hoe and shears, mini-
mizing soil disturbance. Throughout the experiment, we
measured aboveground herbaceous biomass in grazed and
ungrazed plots three times (at the first spring (October
2017), at the first summer (January 2018), and at the second
spring (November 2018)). Aboveground herbaceous bio-
mass was harvested from 10 quadrants (20 cm x 50 cm)
placed within each block (5 in grazed and 5 in ungrazed con-
dition), then it was dried at 60 �C and weighed. On average,
aboveground herbaceous biomass in grazed conditions was
lower than in ungrazed (grazed: 124 g/m2, SE: 33.2 g/m2;
mean ungrazed: 503 g/m2, SE: 33.2 g/m2; P < 0.001). For
all experiments, subplots were placed avoiding the areas
directly beneath the canopy of trees. Seeds used for all the
experiments were collected in the study site during the fall
of 2016 and 2017, from 50 adult trees inside and around the
experimental plots. We collected a total of »7500 seeds that
were employed for seed experiments and to grow seedlings
in a greenhouse for later transplant.
Seed predation (experiment 1)

To evaluate the effects of grazing and herbaceous vegeta-
tion on seed predation we conducted a seed removal experi-
ment during the autumn of 2018, when fruits ripened, and
seeds were visible on the ground. In each main plot (grazed
and ungrazed), we randomly selected four subplots with and
closure established in each one. Each exclosure and an adjacent area
azing treatments (grazed vs. ungrazed). On the grazed treatment live-
egetated and unvegetated subplots are represented by grey and white
nts. Four pairs of subplots (vegetated/unvegetated) were used for the
g survival (see Materials and methods for details).
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without herbaceous vegetation (vegetated and unvegetated),
within which we placed one petri dish with 15 seeds (four
petri dishes x four treatments x four blocks). Petri dishes
were left in place for four days. We then calculated seed pre-
dation rate for each treatment as the proportion of lost seeds
to total seeds offered. Furthermore, we evaluated the indirect
effect of grazing on seed predation through changes in her-
baceous biomass in each plot. To this purpose, we calculated
relative seed predation for each grazing treatment (grazed or
ungrazed) as the ratio between average seed loss per plot/
average seed loss per block. Average seed loss per plot was
calculated pooling all subplots together (vegetated and unve-
getated treatments together). We then analysed the associa-
tion between relative seed predation and mean aboveground
herbaceous biomass harvested from each plot (see above).
Seed germination and seedling emergence
(experiment 2)

We randomly selected ten subplots with and ten without
herbaceous vegetation (vegetated and unvegetated) in each
plot (grazed/ungrazed) and in the centre of each one we
sowed five scarified seeds in a 90cm3 nursery pot. Pots were
filled with soil from each subplot and buried into the ground,
so they were not visible to grazers. Seeds were scarified by
manual abrasion and shallowly sown in a total of 160 pots
(10 pots x four treatments x four blocks). We collected all
pots 28 days after sowing and counted the number of
emerged seedlings, remaining seeds without signs of germi-
nation and lost seeds. At this time emerged seedlings had
the cotyledons and one or two leaves. We repeated this
experiment for 2 consecutive years, at the beginning of the
growing season (early spring, October 2017 and 2018). The
first year we only collected data from two of the four blocks
since the other two were lost to flooding after a big storm.
We assessed seedling emergence rate as the proportion of
emerged seedlings to the number of remnant seeds (i.e.,
sown seeds minus lost seeds).
Seedling survival (experiment 3)

In late winter of 2016, we grew V. caven seedlings in a
greenhouse that were transported for transplantation to the
field during December 2016 and January 2017. At that time,
mean height and basal diameter of seedlings were 12.34 cm
(SD: 5.86 cm) and 1.27 mm (SD: 0.47 mm) respectively.
We randomly selected 25 vegetated and 25 unvegetated sub-
plots in each plot (grazed/ungrazed), and in the centre of
each one we planted one seedling. We carried out this exper-
iment for a total of 400 seedlings (25 seedlings x four treat-
ments x four blocks). During the first 10 weeks, we replaced
all seedlings that succumbed to transplantation shock which
was mainly attributed to hydric stress. This way, we
obtained a complete cohort at the end of the first growing
season (April 2017 � Day 0). We then evaluated seedling
survival on five key dates for 570 days: 1- at the end of the
first winter (day 120 since transplant, August 2017), 2- at
the beginning of the first spring (day 180, October 2017), 3-
at middle of the first summer (day 270, January 2018), 4- at
the end of the second autumn (day 420, June 2018) and 5- at
late spring (day 570, November 2018).
Data analysis

We analysed the three experiments using generalized lin-
ear mixed-effect models (GLMM) assuming a binomial
error distribution to estimate seed predation, seedling emer-
gence and survival in each treatment (Zuur et al., 2009).
Grazing and herbaceous vegetation - and their interactions-
were modelled as fixed effects and subplots nested within
plots within blocks as random effects. For experiment 1
(seed predation), we also performed a regression analysis
between the relative number of predated seeds in each plot
and herbaceous biomass (see experimental design). For
experiment 2 (seedling emergence), we also analysed the
proportion between lost and sown seeds using generalized
linear mixed-effect models (GLMM) assuming a binomial
error distribution with grazing as a fixed factor and the same
structure of nested random effects explained above. For
experiment 3 (seedling survival) we used a generalized lin-
ear mixed-effect model which, in addition to grazing and
herbaceous vegetation - and interactions-, included date as a
fixed factor. That way we were able to determine survival
rates in each season. We nested date within plots since we
visited each plot 5 times. Finally, we combined the results
from all 3 experiments to predict the overall probability of a
single seed to be established as a sapling across our two
main factors: grazing and herbaceous vegetation. We used a
bootstrapping approach to estimate recruitment rates and
95% confidence intervals from each combination of experi-
mental treatments. Following the Morrison et al. (2019), we
resampled our data 1000 times for each model and finally
estimated the probability of recruitment as a product of three
factors: 1-the probability of a seed to escape predation, 2-the
probability of a seed to emerge as a seedling and 3-the prob-
ability of a seedling to survive 570 days. We used R (vs.
3.5.0) software for all statistical analyses (R Core
Team, 2019; stats, lme4, car and emmeans packages; lm,
lmer, glmer, lsmeans and Anova functions; Bates et al.,
2015; Fox & Weisberg 2011; Lenth, 2019).
Results

Seed predation (experiment 1)

The seed predation rate within the grazed treatment was
half that of the ungrazed treatment (mean grazed: 0.08; SE:



Fig. 3. Seed predation for all treatments: on the left: grazed, on the
right: ungrazed, vegetated (grey bars), unvegetated (white bars).
Seeds were arranged in four petri dishes per treatment regularly dis-
tributed in each block. Bars show seed removal rate as the propor-
tion of lost seeds after four days to total seeds offered. Asterisks
indicate significant differences between grazed and ungrazed at the
0.05 significance level (G<UG, in this case), and error bars indi-
cate 0.95 confidence intervals.

Table 1. Results of ANOVA for the effect of grazing and herba-
ceous vegetation on seed predation, seedling emergence, and sur-
vival rates.

Source df Chi-sq P

Seed predation
Grazing 1 5.17 0.023
Herbaceous
vegetation

1 2.28 0.131

G*H 1 0.09 0.760
Seedling emergence

Grazing 1 2.63 0.105
Herbaceous
vegetation

1 2.90 0.089

G*H 1 0.46 0.497
Seedling survival

Grazing 1 5.28 0.022
Herbaceous
vegetation

1 28.46 < 0.001

Days 4 234.41 < 0.001
G*H 1 0.29 0.591
G*D 4 2.92 0.572
H*D 4 2.42 0.659
G*H*D 4 0.75 0.945

18 L.S. Mochi et al. / Basic and Applied Ecology 60 (2022) 13�24
0.05; mean ungrazed: 0.18, SE: 0.09; P = 0.023) and we
found no evidence of a herbaceous vegetation effect nor
interaction between factors (Fig. 3; Table 1). Relative seed
predation was positively related to aboveground herbaceous
biomass, which was higher in ungrazed than in grazed plots
(P = 0.021; Fig. 4).
Seed germination and seedling emergence
(experiment 2)

In accordance with experiment 1, we recorded that seed
loss from nursery pots was lower in grazed plots (mean
grazed: 0.42, SE: 0.14; mean ungrazed: 0.73, SE: 0.11; P <
Fig. 4. Relative seed predation (average seed loss per plot/average
seed loss per block) as a function of mean aboveground herbaceous
biomass in each plot (g/m2). Triangles identify grazed plots and
squares identify ungrazed plots. The regression line is based on the
pooled dataset and its slope was significantly different from zero
(P = 0.021).
0.001). Seedling emergence rate (emerged seedlings/rem-
nant seeds) did not show evidence of a grazing effect, herba-
ceous vegetation effect, or interaction between factors
(Fig. 5; Table 1).
Seedling survival (experiment 3)

Seedling survival was lower in grazed than in ungrazed
conditions (mean grazed: 0.12, SE: 0.08; mean ungrazed:
0.37, SE: 0.17; P = 0.022) and without than with herbaceous
vegetation(mean vegetated: 0.28, SE: 0.14; mean unvege-
tated: 0.17, SE: 0.1; P < 0.001, Fig. 6, Table 1). We found
no evidence of an interaction between the factors. After
nearly 270 days, seedling mortality rates stabilized, and at
the end of the experiment (570 days), survival under grazing
and without herbaceous vegetation was nearly fivefold
smaller than survival in the exclosures with herbaceous veg-
etation (0.048 vs. 0.246).
Recruitment rates for all treatments

We estimated recruitment rates as the probability of a seed
to escape predation, germinate and survive to the sapling
stage under our four experimental conditions: grazed vege-
tated, grazed unvegetated, ungrazed vegetated, ungrazed
unvegetated. Predicted recruitment rates in all treatments
ranged from 0.06 to 0.21, and they showed no significant
differences amongst treatments since all confidence intervals
overlapped with treatment means (Fig. 7).



Fig. 5. Seedling emergence rate for all treatments: on the left:
grazed, on the right: ungrazed, vegetated (grey bars), unvegetated
(white bars). Emergence rate shows the proportion of emerged
seedlings to the number of remnant seeds (i.e., sown seeds minus
lost seeds). Error bars indicate 0.95 confidence intervals.

Fig. 6. Seedling survival dynamics during 570 days for all treat-
ments: grazed vegetated (grey triangles), grazed unvegetated (white
triangles), ungrazed vegetated (grey squares), ungrazed unvege-
tated (white squares). Triangles and squares show the proportion of
survived plants (mean) each date. Asterisks indicate significant dif-
ferences in seedling survival between grazed and ungrazed between
vegetated and unvegetated treatments at the 0.05 significance level
(G<UG and V>UV, in this case).

Fig. 7. Predicted recruitment rates (seed escaping predation plus
seed germination plus seedling survival from 0 to 570 days) for all
treatments: on the left: grazed, on the right: ungrazed, vegetated
(grey bars), unvegetated (white bars). They were estimated through
a bootstrapping approach from combined results of seed predation
(experiment 1), seedling emergence (experiment 2) and seedling
survival (experiment 3) rates, at the end of the experiments (see
other figures for more details). Error bars indicate 0.95 confidence
intervals.
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Discussion

In this study, we examined the effect of grazing and her-
baceous vegetation on different demographic transitions that
may act as bottlenecks (Sankaran et al., 2004) during the
early stages of the woody encroachment process. Grazing
indirectly decreased seed predation, possibly through its
effect on vegetation structure (Milchunas et al., 1988). Also,
our regression analysis showed that relative seed predation
(plot average/block average) was greater in the plots with
higher biomass (ungrazed, black squares in Fig. 4) than in
the other plots (grazed, black triangles in Fig. 4). Grazing
could have decreased refuge availability for granivores,
through reduction of aerial biomass, and therefore increased
predation risk for different consumers, with the consequen-
tial decrease in seed consumption (Schmidt et al., 2005;
Teman et al., 2021). Contrastingly, herbaceous vegetation
treatments did not change seed predation, possibly because
herbaceous vegetation removal treatments were done in
30 cm diameter areas and these small patches were insignifi-
cant in terms of refuge opportunities for granivores and pre-
dation risk. Other studies have shown that seed predation
represents an important direct filter to tree establishment in
savannas around the world (Weltzin et al., 1997;
Vaz Ferreira et al., 2010), and also that livestock reduces
granivore abundance and diversity (e.g., rodents)
(Jones, 2000; Jones et al., 2003). Here we found that grazing
exclosure represented the first demographic bottleneck for
woody seedling establishment.

In contrast with our second hypothesis, we found no
direct effects of grazing through trampling on emergence
rates. Previous studies show that V. caven seedling emer-
gence decreased under grazing probably due to mechanical
damage of seeds (Macias et al., 2014) but grazing pressure
in that study nearly doubled the stocking rates in our experi-
mental plots. Although, in our study, light levels of grazing
could have buried seeds by trampling, grazing did not cause
seed damage and did not limit the seeds’ ability to germinate
and to emerge as seedlings. Furthermore, as it was shown
for Vachellia and Prosopis species (Brown & Archer, 1989;
1999; Kulkarni et al., 2007; O’Connor, 1995), V. caven seed
germination and seedling emergence does not seem to be
affected under different light conditions (Funes & Ven-
ier, 2006). The fact that herbaceous vegetation did not mod-
ify emergence rates, reinforces the idea that at least during
germination and the early life stages, V. caven does not
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seem to be limited by competition. Overall, these results
highlight that seed germination and seedling emergence
were mainly limited by seed availability (Orrock et al.,
2006; Turnbull et al., 2000), since we did not record any
other filter precluding seedling emergence (e.g., putrescence,
fungus attack).

As we hypothesised, we found a negative direct effect of
grazing on seedling survival, which agrees with previous
studies in African savannas (Morrison et al., 2019; Riginos
& Young, 2007). V. caven seedlings were actively con-
sumed by cattle, since seedlings were not avoided when her-
baceous vegetation was removed, as it might be expected in
the case of incidental consumption. Contrastingly, we found
a positive effect of herbaceous vegetation on seedling sur-
vival independent of grazing. Such finding is somewhat
counterintuitive, considering the importance that the litera-
ture has historically attributed to tree-grass competition as
the mechanism that maintains savanna structure
(Grellier et al., 2012; Scholes & Archer, 1997; Walker &
Noy-Meir, 1982). However, some studies have shown that
young woody seedlings are susceptible to extreme tempera-
tures and that protection from these stresses can increase
seedling survival (Good et al., 2014; Niinemets, 2010).
These results suggest that the canopy of the herbaceous veg-
etation may facilitate tree seedling survival, possibly provid-
ing protection from hydric stress associated to high
temperatures and radiation. This positive effect was found
when precipitation was above or similar to the historical
record, but the effect of herbaceous resident vegetation
might shift from facilitation to competition during dry years.
Considering the great root biomass of tussocks and prostrate
grasses (Knoop & Walker, 1985), it is possible that in aver-
age or dry years grasses would outcompete tree seedlings, as
it was recorded in other sub-humid and humid savanna eco-
systems (Grellier et al., 2012; Macias et al., 2014;
Morrison et al., 2019).

When we combined the results of all the experiments, we
found that the net effect of grazing on V. caven recruitment
was neutral since the increase in seed availability due to the
reduction in seed predation rate was compensated by the
negative effect of grazing on seedling survival. The presence
of the herbaceous vegetation showed a neutral effect on tree
recruitment as well. Apparently, the positive effect of the
herbaceous vegetation on seedling survival found had no
overall effect on tree recruitment rate. Even though the dif-
ferences we found on overall recruitment between treat-
ments were not significant it could be argued that this lack
of significance results from the high variability in recruit-
ment rates, and could be addressed by increasing the number
of replicates in future experiments.

During the last decades, the landscape of the Neotropical
savannas has been transformed by an increase of tree abun-
dance and cover along with the expansion and intensification
of livestock production (Cabral et al., 2003; Gonz�alez-
Roglich et al., 2015; Grau et al., 2005; Klink & Mor-
eira, 2002). Each adult V. caven tree can produce hundreds
of inflorescences per year, each resulting in 1�5 mature
pods which can bear between 12 and 35 seeds (Aron-
son, 1992; Rojas-Rousse et al., 2009; Torres et al., 2002).
Our analyses reveal that grazing may have a positive effect
on seed availability through changes in seed predation rate,
and that it could be compensated by a negative effect on
seedling survival. However, at the landscape scale these two
processes are intertwined with propagule pressure and the
effect of grazers alone could not be large enough to limit
encroachment. Also, tree fruit consumption by grazers
increases seed dispersal and may improve seed viability due
to scarification in the animal gut (Fuentes et al., 1989; Raza-
namandranto et al., 2004; Venier et al., 2012). Our study
was designed to identify critical stages to tackle tree
encroachment as a first step to guide management opportuni-
ties, but further studies are necessary at the population level
to assess the link between recruitment rates and population
growth. Moreover, our results showed that grazing only lim-
ited seedling survival during the first year after germination
(Fig. 6). After that, woody saplings overcome the vulnerable
stage and could hardly be eliminated by grazing, since larger
plants have a greater capacity to resist and/or tolerate con-
sumption and trampling (Boege & Marquis, 2005). There-
fore, from our results we suggest that there is a clearly
identifiable window of time in which grazing could be effec-
tively managed to control the process of woody encroach-
ment.

Our experimental approach allows us to identify some
management tools to control the ongoing woody encroach-
ment process. We highlight the importance of maintaining
areas of high herbaceous biomass to act as shelters for grani-
vores to increase seed consumption. This could be achieved
by reducing cattle stocking rates during the primary dis-
persal stage. Additionally, to ensure woody seedling mortal-
ity through trampling and consumption, it would be
necessary to increase stocking rates during the early stages
of emergence, before sapling lignification (Macias et al.,
2014). Since encroachment has been associated with grazing
and especially overgrazing (Archer, 1995; LaMalfa et al.,
2021; O’Connor et al., 2014) it is believed that reducing
grazing pressure should control tree expansion rates. Our
results suggest, instead, that coupling rotational grazing
amongst paddocks with the seasonality of tree demographic
transitions could be a better approach.
Conclusion

In conclusion, cattle grazing and herbaceous vegetation
showed different effects on V. caven during the seed and
seedling tree life stages. Our study revealed the importance
of considering woody encroachment as a whole process
whose result depends on the final balance amongst the dif-
ferent events throughout the life cycle of woody plants. In
accordance with our first hypothesis, grazing indirectly
decreased seed predation, possibly through its effect on
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vegetation structure which decreased refuge availability for
granivores. In contrast with our second hypothesis, we found
no direct effects of grazing through trampling on emergence
rates. Grazing could have buried seeds by trampling but did
not cause seed damage and did not limit seed emergence
and establishment. Herbaceous vegetation layer, as we
hypothesized, did not have any effect on germination or
emergence rates since light availability does not seem to
limit V. caven seed germination, but facilitated seedling sur-
vival. Finally, as we hypothesised (hypothesis 3), grazing
decreased seedling survival similarly to what has been
reported in other savanna systems. From our results, we pro-
pose that grazing pressure constitutes a powerful manage-
ment tool for early stages of woody encroachment if
stocking rates can be adjusted and synchronized with tree
phenology. In particular, grazing stocks should be managed
to maintain high herbaceous biomass areas that act as shel-
ters for granivores to increase seed consumption. Also, cattle
stocking rates should be relaxed during the primary dispersal
stage of trees and increased immediately after seedling emer-
gence.
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