Introduced goats reduce diversity and biomass of herbs in Caatinga dry forest
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Abstract
Herbivores are considered important drivers of vegetation shifts in rangelands worldwide. In
the Brazilian Caatinga, goats feeding mostly on natural vegetation account for 90% of the
country’s goat herds and play a vital role for rural livelihoods in this region. We used
exclosure experiments aiming to assess the impact of goats on herbaceous communities on
Caatinga rangelands. Diversity and above-ground biomass of herbaceous communities were
followed for two years in 16 paired exclosure vs. free-access plots. Exclosure of goats caused
a small but significant increase in the species diversity and above-ground biomass of herbs
that varied strongly with time. Taxonomic dissimilarity between exclosure and free-access
was small and due to the turnover of a few species but tended to increase with time.
Environmental co-variables such as rainfall, forest cover and grazing pressure were also
important and have varying effects on herbaceous communities, adding complexity to the
processes of species assembly of Caatinga rangelands. Management of grazed ecosystems
must take into account that goats can shift plant species composition and diversity with
potential cascading effects on ecosystem functions.
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Introduction
To date, more than 1 billion people depend on livestock for attending their basic needs and
the majority (ca. 70%) of rural poors worldwide rely on livestock, at least partially (WOCAT,
2009; World Bank, 2019). Globally, extensive pastoralism is practiced for decades to
centuries and constitutes the economic and cultural foundations of 200 million households
(Nori, 2007). Such livestock production is mostly based on grazing in rangelands which can
be exposed to soil and/or vegetation degradation due to overgrazing or inadequate
management practices (Nori, 2007). Impacts of exotic domesticated herbivores on natural
ecosystems are among the most important sources of human-induced disturbances and can
lead entire ecosystems to permanent degraded states, thus hampering the provision of crucial
ecosystem services, upon which humans rely (Huntly, 1991; Kempel et al., 2015). The
vegetation of such rangelands provides essential services to humans, from water and nutrient
cycling to natural resources such as timber, fuelwood, medicinal and edible plants. Thus,
understanding how exotic herbivores can impact plant communities of grazed drylands is
crucial for planning sustainable practices, that allow for effective management, balancing land
degradation with pastoralism (Hanke et al., 2014).
In seasonally dry tropical forests, water shortage is a severe environmental constraint
that can outmatch other assembly forces structuring plant communities, such as herbivory
(Milchunas & Lauenroth, 1993). Therefore, effect of herbivores on plant community structure
might occur on top of the pervasive influence of seasonal droughts that drive ecosystem
productivity and must be concentrated during wet season (Milchunas & Lauenroth, 1993).
However, rangelands are grazed year-round because of management practices such as food
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supplementation during the dry season that can maintain livestock populations at higher,
nearly constant, or low fluctuating densities (Hempson et al., 2015; Illius & O’Connor, 1999).
Therefore, it is reasonable to expect that exotic domestic herbivores feeding extensively and
year-round on natural ecosystems with pronounced seasonality should produce detectable
effects on the structure of plant communities by causing additional damage to trunks, barks,
young leaves and flower buttons (Díaz et al., 2007; Podwojewski et al., 2002). Also, their
effect on the herbaceous layers of these ecosystem can be even greater because of the short
life cycle of these plants that must respond rapidly to grazing pressures imposed by exotic
species (Kirk et al., 2019).
Responses of plant communities to exotic herbivores vary strongly according to the
introduced species and the ecological strategies of plants to tolerate and/or avoid herbivory
(Maron & Crone, 2006). Herbivores have dietary requirements, such as preference for specific
plant parts or species, thereby concentrating their impact on a preferred subset of species in
the community (França et al., 2015; Huntly, 1991; Zobel et al., 2019). Such differential
herbivory may affect the relative abundance of species in the community, modify competitive
balances among plant species, and ultimately cause shifts in the structure and composition of
impacted vegetation (Carmel & Kadmon, 1999; Chillo et al., 2017). When exotic herbivores
are introduced and kept at population sizes beyond the carrying capacity of natural
ecosystems, important changes are expected to occur on overgrazed plant communities that
may result in alternative stable states or, in extreme cases, degraded states and desertification
(Manzano & Návar, 2000). Evaluating how rangeland ecosystems can cope with extensive
pastoralism is key to distinguish between sustainable and non-sustainable land use activities.
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In the present research, we investigated the response of Brazilian dry forest vegetation
to goats – one of the key domestic livestock species worldwide. Goat (Capra hircus) is a
widespread domestic species usually raised in drylands around the world, where it feeds on
natural vegetation under diverse management practices (Johnson et al., 1986). The Caatinga
dry forest in the northeast of Brazil, the largest contiguous area of seasonally dry tropical
forest (SDTF) in South America (Silva et al., 2017) is the home of more than 9 million goats
introduced by Europeans for grazing predominantly on the native vegetation (IBGE, 2006).
The Caatinga ecosystem has been grazed mostly by goats and to a lesser extent by cattle for at
least 350 years and this impact is thought to be one of the main causes of degradation of this
ecosystem (Melo, 2017). Goats can be considered as the main large-bodied herbivore of the
Caatinga forest since hunting for subsistence and deforestation have virtually emptied many
regions of this ecosystem from medium to large bodied vertebrates (Alves et al., 2016).
Although some correlational studies have pointed to a negative influence of goat herbivory on
its woody vegetation (e.g. Schulz et al., 2016), virtually nothing is known about the impact of
goats on the Caatinga, athough the herbaceous layer represents the most diverse component of
the vegetation (Reis et al., 2006).
Because the Caatinga is characterized by a pronounced rainfall seasonality, the
resulting vegetation dynamics and plant phenological patterns (e.g. leaf shedding) likely
mediate the impact of herbivores on the vegetation (Câmara et al., 2019). It is reasonable to
think that the impacts of goats vary with season and across years, generating shifting patterns
on plant species composition, diversity and biomass. Here, we performed an exclosure
experiment on natural working landscapes (i.e. mixed use landscapes) to address temporal
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variations in herbaceous plant community structure and composition in response to herbivory
pressure by goats. We hypothesized that goat effects on herbaceous communities are
detectable but smaller than natural fluctuation of community structure due to seasonality and
rainfall. Precisely, our study is the first to address the effects of goat herbivory and its
interactions with seasonality on herbaceous communities of the Brazilian dry forest. We
expect that our results will offer baseline information for future management guidelines for
the sustainable use of the Caatinga rangelands.
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Materials and Methods
Study site
This study took place in areas of Caatinga dry forest in the northeast Brazil (Fig. 1).
Specifically, we conducted the study at Catimbau National Park (8°24’00″ and 8°36’35″ S;
37°00’30″ and 37°10’40″ W), a protected area of 607 km2 composed by a mosaic of
vegetation with different physiognomies (from open areas dominated by Cactaceae and
Bromeliaceae species, mixed forb-shrub areas to close areas dominated by low-statured tree
species) and conservation state (Rito et al., 2017). Climate of the Caatinga and specifically of
the Park is characterized as semiarid with a dry season lasting for around eight months and
wet season between March and June when most of the annual rainfall that often varies from
480-1100 mm y-1 is registered (Silva et al., 2017). This region experiences a severe dry
season with less than 50 mm rainfall during 6 – 9 months, with a great variation in water
availability both within and among years. Such a condition could be registered during our
study period, when annual rainfall varied from 406 to 1258 mm between the years of 2016
and 2017. Despite eventual high precipitation such as that recorded in 2017 (1258 mm), the
Caatinga region is truely belongs to the semiarid climate as evapotranspiration often exceeds
precipitation resulting in net water deficit and thus, aridity (Silva et al., 2017). Deep sandy
soils are predominant in the park (quartzite sands, 70% of area), but planosols and lithosols
are also present. Although the park was created in December 2002, the area has never been
fully implemented and there are up to 1000 people living in a few small scattered villages
within the protected area. These people have never been indemnified to leave the park and
continues to develop their traditional way of life within the protected areas. This includes
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extensive pastoralism of goats that is part of the economic activities of virtually every
household in the region for more than 100 years (Albuquerque & Melo, 2018; Albuquerque et
al., 2017).

Goats in the Park
The Catimbau National Park has been widely defaunated despite the status of protected area, a
common situation in many parks of Brasil (Geise et al., 2010). Medium-sized native
herbivores such as brocket-deer (Mazama gazoubira) and wild pigs (Tayassu pecari) are
extremely rare in the park due to heavy hunting pressure and other sources of human-caused
disturbance (Carmignotto & Astúa, 2017). On the other hand, exotic goats are abundant
throughout the park as virtually all ca. 1000 families inhabiting the rural zone practice
pastoralism of goats as part of their subsistence activities (Specht et al., 2019). Based on
interviews with these people we estimate that each household within the park raise 8-70
animals (see Specht et al., 2019). These goats are typically a mixed breed known locally as
“pé-duro”, a Portuguese name that denotes their great resistance to the harsh conditions of the
Caatinga environment. They are raised typically in a free-range regime, feeding extensively
on the natural vegetation with small supplementary supply of both food and water. These
mixed-breed goats were introduced a long time ago (> 300 years) and are so well adapted to
the environmental conditions and ways of life of rural people that most traditional populations
do not even know they are introduced animals (Melo, 2017). They play an extremely
important role on rural people’s economy because they are main sources of animal protein
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and their meat can be easily sold in local markets, allowing farmers to have easy access to
cash when needed (Albuquerque & Melo, 2018).

Experimental design
We used a paired experiment design with 16 blocks composed by two 20 x 20m
(400m²) areas, one of free access, hereafter ‘free access plots’, to goats and another area
placed side by side that was fenced against goats, hereafter ‘exclosure plots’ (Fig. 1). Within
each block we monitored the diversity of herbaceous communities during two consecutive
years at three-month intervals using five fixed 1 m x 1 m subplots marked with stakes and
flags, in which we identified to the finest possible taxonomic level each herbaceous species
and took measures of number of species and their relative abundance. Different from other
herbaceous communities, such as grasslands, that form dense carpets of plants and where
individuals are virtually impossible to distinguish, the Caatinga vegetation has a scattered,
low-density and partly seasonal herbaceous community. These characteristics allowed us to
calculate abundances by counting independent sprouts in the field instead of calculating
percentage of coverage of each species. Densities were obtained by summing the abundances
of each species in all five 1m² subplots of each treatment per block. We calculated aboveground biomass (AGB), also at three-month intervals, through destructive methods, by
clipping all herbs at the soil level in five 1 m x 1 m plots (different from the fixed monitoring
plots cited above) randomly placed within each treatment of each block. All plants were dried
at 60ºC in paper bags for 48 hours and then weighted.
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Species diversity was measured and analyzed using Hill numbers (Hill, 1973). This is
known as ‘true diversity’ (D) and is composed by a family of mathematically unified diversity
indices (which differ only by an exponent “q”), which represents the weight given to
individual species abundance. Hill numbers treat species richness as 0D because in this case D
is powered by a ‘q’ factor equal to zero thus reproducing only presences and absences and can
be interpreted as the diversity of “rare species”. When q = 1 then the abundance of species is
considered as they appear in the samples, thus are more sensible to common species and is
equivalent to the exponential of Shannon index and also can be interpreted as diversity of
“common species”. When q = 2, all relative abundances are powered by two and dominant
species become more important and the measure is equivalent to the inverse of the GiniSimpson index, also interpreted as diversity of “dominant species” (Jost, 2006).
We assured that all blocks were placed in areas with same soil type (sandy soil), soil
nutrient conditions, and terrain slope. However, other factors varied freely across the Park and
we had to take them in account for the analyses. First, intensity of grazing is a function of
goat density in each farmland and because chosen sites within the Park were all working
farmlands, we calculated, via interviews with landowners, the density of goats in each farm.
Estimates ranged from 0.2 goats/ha in the least grazed area to 2.21 goats/ha in the most
intensively one. These values were further used in the analyses despite the certain fluctuations
of the goat populations due to both natural mortality and commercial slaughtering cycles.
Nevertheless, we are confident that these densities are correlated with the investment of each
landowner on goat production and therefore provide an adequate measure of the “grazing
intensity” of each site. Second, we expected that the conservation status of the vegetation
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surrounding the blocks may influence the herbaceous communities directly as seed sources
and indirectly by modifying the microclimatic conditions at the focal plot sites. We then used
supervised photo-interpretation of RapidEye satellite images of the Catimbau National Park to
differentiate between two categories of land uses: a) forest and b) other land uses of various
types. This allowed us to quantify the percentage of forest cover within a buffer of 2 km
radius around each block (including the block itself). Forest cover varied strongly (1 - 40%)
among the sixteen blocks and was therefore included as a co-variable in all further analyses.
Finally, as the Caatinga is a seasonal dry forest with a highly variable rainfall regime within
and across years, we evaluated the monthly rainfall for our study sites using averaged data
collected from three governmental meteorological stations located in the surrounding
municipalities of the Park. For the analyses we used the accumulated rainfall for the last three
months before each sampling of the herbaceous communities.

Statistical analyses
We first calculated true diversity of herb communities for each of the 16 paired plots
at each time using the ‘entropart’ package and applying the ‘chao-shen’ correction for the raw
data on species abundance (Marcon & Herault, 2013). Overall rarefaction and extrapolation of
species diversity was estimated using “iNEXT” package (Chao et al., 2014; Hsieh et al.,
2019). We then calculated the evenness factor (EF) as suggested by Jost and Jost (2010)
dividing ²D/0D, a measure that can be interpreted as the proportional contribution of dominant
species in the community. We then tested how goat exclosure affected diversity (all metrics),
abundance and above-ground biomass using linear mixed models. Because our experimental
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design included both blocks and repeated measures we used ‘treatment’ and ‘time’ as main
effects and ‘grazing intensity’, ‘rainfall’ and ‘forest cover’ as co-variables in the model.
Blocks were set as random effects and restricted maximum likelihood (REML) was used to
estimate variance components of the model. Function ‘lmer’ from R package “lme4” was
used for testing models. We also used grazing intensity, rainfall and forest cover as covariables to describe how herbaceous communities varies with such environmental
conditions. We calculate the estimated number of shared species using function ‘ChaoShared’
from ‘SpadeR’ package and detected significant indicator species using ‘multipatt’ function
of ‘indicspecies’ package. We analyzed similarity structure of herb communities over time,
separated by treatment using two techniques. First, we used non-metric multidimensional
scaling (NMDS) with Bray-Curtis dissimilarity to visually explore dissimilarity across time
and treatments. Second, we used package ‘distantia’ that allowed us to assess the contribution
of each species to dissimilarity between treatments. Then, we used distance-based redundancy
analysis (‘capscale’ function in R) to test the effect of time and treatment on species
composition. All analyses were performed with R environment version 3.5.1 (R Development
Core Team, 2016).

Results
We recorded 70 herbaceous species belonging to 27 botanical families, from which 64
species were found in the exclosure treatment and 59 in free-access plots (Table 1). The
herbaceous communities in exclosure plots consisted of 31 perennial and 33 annual species,
while the free-access plots revealed 33 and 26 species, respectively (Table 1). After two years,
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we were able to capture virtually the totality of the diversity of common (1D) and dominant
(2D) species for both exclosure and free-access treatments (Fig. 2). The diversity of rare
species (0D), seems to be higher in free-access than in exclosure plots (Fig. 2). In fact,
singletons (i.e. species registered by only one individual) were more frequent in free-access
plots (N = 12 species) than in exclosures (N = 5 species). The observed number of shared
species between treatments was N = 52 (74%) species but estimates accounting for “unseen
species” suggested that these treatments may share up to 58.5 ± 5.1 (mean ± standard error)
species in total. At the end of the experiment, all exclusive species of any treatment were rare
taxa whose abundance ranged between 1-11 individuals (Table 1). This was not enough to
generate a consistent taxonomic distinctiveness between treatments at the end of the
experiment (Capscale F1,1 = 1.8, p = 0.12, Fig. 3). However, we detected a tendency to
increasing dissimilarity with time of exclosure (Capscale F1,7 = 9.98; p = 0.001, Fig. 3),
suggesting a slow but cumulative effect of stopping goat herbivory on taxonomic composition
over time. However, only two out of the 70 species found were detected as indicator species
of exclosure plots: Tacinga palmadora (Cactaceae) and Commelina obliqua
(Commelinaceae). No species were considered as indicator for free-access plots. Finally, only
a few species contributed to either similarity or dissimilarity between treatments and the
majority of species were irrelevant for changes in species composition between exclosure and
free-access plots (Fig. 4).
The structure of herbaceous communities varied strongly with time and exclosure
treatment and had a positive effect on almost all levels of diversity and biomass (Table 2, Fig.
5). More specifically, exclosure increased the biomass of herbaceous communities (Fig. 5e)
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and had a small but positive effect on all levels of diversity (Fig. 5a-c). However, the effect of
exclosure on the evenness factor and biomass of herbs was mediated by time suggesting that
differences between grazed and non-grazed plots increased at specific periods of the
experiment. The effect of environmental co-variables (regardless of exclosure) on each
parameter of the herbaceous communities was diverse. Grazing intensity, had a positive effect
on the diversity of rare species (0D) suggesting that farms with more goats per hectare harbor
more uncommon species. On the other hand, forest cover had a positive effect on the diversity
of both common (1D ) and dominant species (²D) and a negative effect on and density of herbs
(Table 2). Thus, more conserved areas tend to be dominated by scattered herbaceous
communities formed by more frequent species. Finally, rainfall had a negative influence on
the diversity of both common and dominant species (1D and 2D, respectively), suggesting that
increasing precipitation must favor the proliferation of only a few abundant species.

Discussion
Our results suggest that preventing herbivory by exotic goats has positive effects on some
attributes of the herbaceous communities in working landscapes in the Caatinga although the
effects are conditioned by time of exclosure and the fact that seasonality represents an
important driver of species assembly and community organization. Moreover, the influence of
goats on the taxonomic composition of herbaceous communities is restricted to a few species
that were responsible for the small but significant taxonomic distinctiveness detected after
exclosure. This taxonomic divergence is cumulative as dissimilarity of grazed vs. non-grazed
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communities (exclosure vs. free access) tend to increase with time. Other environmental
variables such as forest cover, rainfall and grazing intensity also affect different aspects of the
herbaceous communities. Briefly, areas with higher Caatinga cover are expected to support
less dense herbaceous communities with more dominant species of herbs of lower biomass,
while rainfall reduced diversity of both common and dominant species. Grazing intensity
(here measured as density of goats) enhances diversity of rare species (0D), regardless of
exclosure, suggesting that more uncommon species of herbs can coexist in grazed Caatinga.
In synthesis, the nature of herb communities of the Caatinga dry forest is affected by a myriad
of forces including both physical conditions and the herbivory pressure posed by an
exotic/domestic herbivore.
Effects of grazing on plants communities can be due to changes in the abundance of a
few species, either consumed by herbivores or ecologically released by population control of
dominant ones (Liu et al., 2015). In our studied system, the changes in taxonomic
composition were concentrated on rare species that were responsible for all turnover observed
between grazed and non-grazed plots (see also Benthien et al., 2018). This result suggests that
impacts of goats can be concentrated on a few species whose drops in abundance may favor
other few ones causing only a small effect on the overall species composition. However, these
patterns may represent an intermediate result, since changes proved to be cumulative. When
critical disturbance levels are surpassed, rangelands can undergo a shift between alternative
states, either transitory or stable that affect their potential for maintaining both economic
activities and conserve biodiversity (Backstrom et al., 2018; Hobbs et al., 2014; Johnson et
al., 1986). Therefore, it remains to be elucidated, whether long-term grazing pressure will
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lead Caatinga ecosystems to alternative stable states if grazing pressure is not controlled
through adequate management (Reuter & Moffet, 2016). For this, we must understand: 1)
Whether there is a tipping point for Caatinga rangelands to turn into a degraded landscape,
and 2) What is the contribution of goats to “push” the Caatinga system towards such a
degraded state.
Our findings reinforce the notion that seasonality is far more important in driving
changes in plant communities of seasonal ecosystems, - at least in the short term -, than
grazing by introduced herbivores such as goats (Liang & Gornish, 2019). It must be
emphasized that our exclosure experiment, targeting herbaceous plants, lasted for two years
after decades, perhaps hundreds of years of heavy goat pressure on the Caatinga dry forest
vegetation. It is therefore plausible that total goat impact tend to be more perceivable with
longer experimental periods for long-living plants such as shrubs and trees (Bullock et al.,
2001; Reuter & Moffet, 2016). However, two years were enough to detect a clear effect on the
herbaceous communities, which support a substantial portion of the species in the diverse
Caatinga flora (Reis et al., 2006). Fewer species and less biomass are expected in the
Caatinga under goat browsing pressure. These results are in accordance with others reporting
negative effects of overgrazing on the plant diversity and biomass of the Caatinga vegetation
(Schulz et al., 2016). On the other hand, others studies conducted in different dry lands argued
that certain levels of grazing can promote plant diversity by controlling the populations of
dominant species (Kohyani et al., 2011). Such contrasting results from different ecosystems
may reflect different evolutionary histories of their vegetation and herbivores (Huntly, 1991).
As a tentative working hypothesis for the Caatinga, we suggest that the herbaceous plant
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community of the Caatinga may have evolved to cope with herbivory by large-bodied
vertebrates as the detected changes were small, albeit significant.
The determinants of plant diversity in seasonally dry tropical forests such as the
Caatinga are complex and many factors such as competition among plants and herbivory can
promote diversity (Jacobs & Naiman, 2008). Interactions between herbaceous communities
and taller woody strata in the Caatinga can go from negative (competitive) to positive
(facilitative) relationships (Carrión et al., 2017). Our study denotes that forest cover promoted
diversity of locally abundant species (²D) that occur at lower densities, thus accumulating less
biomass. On the other hand, rare species (0D) of the Caatinga are more associated with grazed
areas that are expected to accumulate more species in total, probably because differential
herbivory pressure by goats may disproportionally reduce dominant species through
herbivores (Koerner et al., 2018). Yet, the rainiest periods of our study harbored the lowest
diversity of both common and dominant species (¹D and ²D, respectively), what can be
explained by the increased relative frequency of negative inter-specific interactions among
plants during wet periods (Ploughe et al., 2019). In resume, the structure of the herbaceous
communities of the Caatinga rangelands are driven by environmental factors on top of which
we must sum up the presence of goats whose effects are also complex but predictable.
Overgrazing, usually leads ecosystems to alternative stable states of low value for
people due to ecological collapse such as low productive deserts (Manzano & Návar, 2000).
In the long-term, goats reduced both functional and phylogenetic diversity of plant
communities in a Chilean semi-desert landscape (Salgado-Luarte et al., 2019). The Caatinga
already presents zones of desertification that are mostly related to overgrazing by cattle and
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intensive agriculture (de Souza & Oyama, 2011). The herbaceous layer is expected to
anticipate the desertification process because of its short life cycle and sensitiveness to
overgrazing (Hein & Ridder, 2006). Fewer herbaceous species and lower biomass in our
grazed plots adds evidence that degradation of Caatinga rangelands is expected in the long run
if this ecosystem in not properly managed, i.e. overgrazed. Our study confirms the interplay
of drivers of vegetation structure of rangelands and the complex role of herbivores on it (Díaz
et al., 2007). Management practices must be carefully planned to both monitor and adapt
traditional grazing practices as to maintain the ecosystem health of the Caatinga.
Despite the impacts, goats can be considered a biodiversity-friendly alternative for the
use of Caatinga as rangelands, especially when compared with cattle, which has been shown
to be poorly adapted to dry shrubby Caatinga vegetation and is often associated to
deforestation (Albuquerque et al., 2017; Melo, 2017; Ribeiro-Neto et al., 2016). Our study
adds important evidence for science-based policies that must guide the management of the
Caatinga rangelands in order to conciliate biodiversity conservation and important economic
activities for local rural people such as raising free-ranging goats. In fact, millions of exotic
goats feeding across Caatinga rangelands are an integral part of the culture and economic
basis of its rural people (Albuquerque et al., 2017) and adequate management is urgent if we
want to prevent further degradation and loss of natural forest cover for intensive agricultural
practices (Alkemade et al., 2013). It is therefore of paramount importance to foster the
sustainable use of the Caatinga ecosystem as rangeland as a competitive alternative to more
intensive land uses.
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Tables
Table 1. List of herb species with respective botanical families life strategies and their
abundances in both free access and exclosure plots (agains goats) in the Catimbau National
Park, Brazil.
Family

Species

Life strategy Free access Exclosure

Acanthaceae

Ruellia sp.

annual

0

2

Amaranthaceae

Amaranthus sp.

annual

22

39

Amaranthaceae

Amaranthus viridis

annual

1

0

Amaranthaceae

Gomphrena vaga

perennial

16

32

Amaryllidaceae

Habranthus sylvaticus

perennial

5

6

Asteraceae

Ageratum conyzoides

annual

263

102

Asteraceae

Emilia sonchifolia

annual

0

3

Asteraceae

Lepidaploa chalybaea

perennial

9

12

Asteraceae

Sonchus sp.

annual

47

21

Asteraceae

Tridax procumbens

annual

78

192

Boraginaceae

Heliotropium sp.

annual

25

19

Boraginaceae

Heliotropium angiospermum annual

0

4

Bromeliaceae

Dyckia sp.

perennial

1

0

Cactaceae

Tacinga inamoena

perennial

134

163

Cactaceae

Tacinga palmadora

perennial

19

87

Cleomaceae

Tarenaya sp.

perennial

12

6

Commelinaceae

Callisia sp.

annual

0

3
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Commelinaceae

Commelina obliqua

perennial

60

244

Commelinaceae

Commelina sp.

annual

1

5

Convolvulaceae

Evolvulus sp.

annual

1

4

Cyepareceae

Bulbostylis capillaris

annual

166

188

Cyperaceae

Cyperus sp.

perennial

21

21

Euphorbiaceae

Cnidoscolus urens

perennial

3

10

Euphorbiaceae

Tragia sp.

annual

0

5

Fabaceae

Aeschinomne martii

perennial

1

0

Fabaceae

Aeschinomne viscidula

perennial

19

25

Fabaceae

Chamaecrista rotundifolia

perennial

26

95

Fabaceae

Crotalaria sp.

annual

0

2

Fabaceae

Indigofera suffruticosa

perennial

4

0

Fabaceae

Macroptilium

annual

5

9

Fabaceae

Stilosanthes viscosa

perennial

5

3

Fabaceae

Zornia afranioi

annual

58

171

Malvaceae

Herissantia crispa

perennial

950

1039

Malvaceae

Herissantia tiubae

perennial

6

45

Malvaceae

Pavonia blanchetiana

perennial

1

1

Malvaceae

Pavonia cancellata

perennial

1

0

Malvaceae

Pavonia varians

perennial

29

18

Malvaceae

Sida cordifolia

perennial

7

0

Malvaceae

Sida galheirensis

perennial

426

535
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Malvaceae

Waltheria rotundifolia

perennial

1

0

Molluginaceae

Mollugo verticillata

annual

963

2192

Nyctaginaceae

Boerhavia coccinea

perennial

0

3

Ochidaceae

Acianthera aff. ochreata

perennial

0

7

Oxiladaceae

Oxalis sp.

annual

1

2

Phyllanthaceae

Phyllanthus

annual

0

1

Phytolaccaceae

Microtea paniculata

perennial

63

102

Plumbaginaceae

Plumbago scandens

perennial

1

1

Poaceae

Aristida

perennial

5

19

Poaceae

Cenchrus ciliaris

annual

25

45

Poaceae

Chloris sp.

annual

66

163

Poaceae

Ichnanthes

annual

217

118

Poaceae

Poaceae morphotype 1

annual

24

76

Poaceae

Setaria sp.

annual

7

8

Poaceae

Tragus berteronianus

annual

0

1

Poaceae

Urochloa mollis

annual

751

727

Portulacaeae

Portulaca elatior

perennial

262

192

Portulacaeae

Portulaca oleracea

perennial

195

356

Portulacaeae

Portulaca sp.

perennial

0

11

Portulacaeae

Talinum paniculatum

perennial

95

104

Rubiaceae

Ayenia erecta

annual

11

16

Rubiaceae

Borreria sp.

annual

132

310
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Rubiaceae

Diodella teres

annual

118

199

Rubiaceae

Mitracarpus sp.

annual

951

794

Rubiaceae

Richardia grandiflora

perennial

586

496

Solanaceae

Schwenckia americana

annual

1

2

Solanaceae

Solanum americanum

perennial

0

2

Solanaceae

Solanum rhytidoandrum

annual

1

2

Turneraceae

Pirichaeta sp.

perennial

49

80

Turneraceae

Turnera diffusa

perennial

3

2

Turneraceae

Turnera subulata

perennial

4

8

Urticaceae

Pilea hyalina

annual

1

15
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Table 2. Results of Linear Mixed Models (only fixed effects) fitted to parameters of
community structure (0D – Species Richness; 1D – Shannon Entropy; 2D – Simpson Diversity;
²D/⁰D – Evenness Factor; Above Ground Biomass and Density of Herbs). Significant results
are in bold and sign in parentheses denotes the direction of the effect, positive (+) or negative
(-).
Response

Parameters

F value

P value

Diversity ⁰D

Grazing intensity (+)

6.02

0.028

Rainfall

2.07

0.151

Forest cover

0.36

0.851

Exclosure (+)

5.37

0.021

17.94

<0.0001

Time*Exclosure

0.43

0.878

Grazing intensity

2.56

0.133

Rainfall (-)

4.75

0.031

Forest cover

3.43

0.084

Exclosure (+)

7.34

0.007

22.93

<0,0001

Time*Exclosure

1.37

0.217

Grazing intensity

2.88

0.112

Time

Diversity ¹D

Time

Diversity ²D
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Rainfall (-)

5.24

0.022

Forest cover (+)

6.71

0.021

Exclosure (+)

6.22

0.013

18.39

<0.0001

Time*Exclosure

1.25

0.274

Grazing intensity

2.25

0.157

Rainfall

0.19

0.658

Forest cover

4.45

0.054

Exclosure

1.26

0.261

Time

4.54

<0.0001

Time*Exclosure

3.16

0.003

Grazing intensity

0.46

0.505

Rainfall

0.42

0.515

Forest cover (-)

9.05

0.009

Exclosure

1.07

0.301

Time

7.03

<0.0001

Time*Exclosure

0.62

0.734

Grazing intensity

1.40

0.256

Time

Evenness Facor (²D/⁰D)

Density of herbs

Abovegroung Biomass
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Rainfall

1.73

0.189

Forest cover (-)

17.59

0.0008

Exclosure (+)

24.75

<0.0001

Time

6.10

<0.0001

Time*Exclosure

3.01

0.005
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Figure 1. Study landscape and experimental design. Maps indicate the location of the study region in the
Brazilian Caatinga (A), the Catimbau National Park (small black filled polygon) of 62,3 km² embedded in the
Caatinga domains (B), and all sixteen experimental blocks within the Catimbau National Park (C). The
schematic drawing (D) illustrates the detailed experimental design with an example of an experimental block
showing the side-by-side arrangement of free-access plots (non-fenced) and exclosure plots (fenced), in
both of which five random 1m² sub-plots were used to sample the herbaceous communities.
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Figure 2. Rarefaction (solid lines) and extrapolation (dashed lines) curves for herbaceous species diversity of
orders q = 1, 2 and 3 (upper facet) of Hill numbers. Grey triangles refer to exclosure and black circles to
free-access plots. Grey shadows are the 95% confidence interval after 999 simulations.
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Figure 3. Non-metric muldimensional scaling showing how species composition of herbaceous communities
excluded from goat pressure (triangles) and paired sites with free access to goats (circles) changed with
days since exclusion (numbers above symbols with grey color scale). There was a tendency to increased
dissimilarity among communities with time since exclusion (length of the line connecting symbols with the
same number).
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Figure 4. Contribution of each plant species to overall dissimilarity (Psi) calculated as the percentage of
increase in similarity (negative values) or increase in dissimilarity (positive values) if simulations where each
species is dropped from the samples.
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Figure 5. Effects of goat exclosures in the Brazilian Caatinga dry forest. Graphs show (a-c) Diversity of herbs
of orders 0; 1 and 2; and (d) Evenness factor; (e) Above ground biomass (AGB), and; (f) Abundance of
herbs. Triangles with dotted lines refer to exclosure plots and filled circle with solid lines refers to free access
plots. Symbols are means ± SE.
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