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Abstract

Globally, forest-savanna mosaic landscapes are of significant conservation importance but
have been widely impacted by human land-use. We studied how restoration, through cessa-
tion of long-term cattle grazing impacts (i) forest regeneration; (ii) forest understory structure
and composition; and (iii) populations and diversity of large mammals and nocturnal birds,
within naturally patchy gallery forests in the Beni Savannas of Bolivia. Comparing grazed
and restored sites, we assessed the abundance and composition of tree functional types at
different life stages (seedlings, saplings and adults), with focus on the region’s key palm
species Attalea princeps (motacu). Additionally, we surveyed habitat structure and composi-
tion in the shrub and ground-layer, and monitored occurrence and encounter rates of large
mammals and nocturnal birds along dusk and evening transects. We found evidence of
lower recruitment of motacu palms on the grazed site and lower potential for natural motacu
regeneration. Principal Components Analysis revealed forests on grazed sites had simpler,
more open shrub-layers and altered ground-layer structure and composition including
increased bare ground. Mammal species richness was greater on the restored site, and
there were more declining, globally threatened and site-unique species. Species richness
was similar for nocturnal birds within forests on both the grazed and restored site, but nearly
all species tended to be encountered more frequently on the restored site. Our results sug-
gest cattle negatively impact forest regeneration and alter the structure and composition of
the shrub and ground layer with potential consequences for the diversity and abundance of
wildlife. Our study represents one of only a handful completed in the Beni region of Bolivia to
date. The Beni is currently under pressure from widespread, largely unregulated cattle
ranching. Our results thus provide vital evidence to support development of restoration and
conservation policy, and its integration with rangeland management in this threatened and
critically understudied region.
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Introduction

Naturally occurring forest patches and gallery forests (hereafter: Natural Forest Patches;
NEPs), like those found in savanna-mosaic landscapes, can have considerable importance for
wildlife. NFPs provide habitat for various forest-dwelling species within open-matrix habitats
[1-3] while supporting species requiring open and closed habitat simultaneously [4, 5], helping
to maintain high landscape-level B-diversity [1-3, 6]. With more stable microclimates [7],
NEPs also provide cover and shelter from extreme weather conditions and refuge from
disturbance events like fires [8, 9]. Additionally, NFPs provision stepping-stone habitat [10],
enabling the landscape-scale movement and dispersal of wildlife [6, 10, 11].

Unfortunately, savanna-mosaic landscapes have been widely and disproportionately
affected by anthropogenic habitat degradation due to their importance for agriculture [12].
Today, these are considered some of the most rapidly disappearing and threatened habitats on
earth [13, 14]. Cattle ranching is one of the primary agricultural activities that has impacted
savanna-mosaics globally [12] and it continues to heavily influence the ecology of many
regions. Particularly, Neotropical savanna-mosaics like the Brazilian Cerrado [15], Pantanal
[16], Argentine Pampas [17] and Beni Savannas [18], where ranching on semi-natural range-
land remains central to local economies, but effects on wildlife and habitats are not well docu-
mented [19, 20]. Given the ecological importance of NFPs, it’s vital we better understand the
impacts of ranching on their ecology and wildlife, including documenting how they recover
following its alleviation. This will help inform much-needed conservation policy and strategies
for ecosystem restoration and rewilding within these understudied regions [19].

The Beni Savannas are a 160 000km? ecoregion in Northern Bolivia characterized by expan-
sive savanna-grasslands, interspersed with small palm-forest islands and larger gallery forests
that form more extensive, patchy networks along river corridors [21-23]. The Beni’s habitats
are shaped by a multitude of abiotic conditions and disturbance factors including wildfire and
seasonal flooding [21, 23, 24]. The region is home to a diverse mammal fauna, including many
species known to utilize NFPs [25, 26]. These include top predators like puma (Puna concolor)
and ocelot (leopardus pardalis); species of international conservation concern like giant ant-
eater (Myrmecophaga tridactyla; Vulnerable; [27]); and more common species like capybara
(Hydrochoerus hydrochaeris) and howler monkeys (Alouatta caraya) [25, 26]. Nocturnal forest
avifauna include the declining tropical screech owl (Glaucidium brasilianum), common paura-
que (Nyctidromus albicollis) and great potoo (Nyctibius grandis) [25].

The Beni has been heavily modified by humans for thousands of years [28, 29]. Pre-Colum-
bian indigenous populations constructed extensive earthworks here, including raised fields
and fish weirs, that supported the persistence of complex societies [21, 28, 29]. Today, how-
ever, cattle ranching has replaced traditional agriculture and holds significant economic
importance to local communities as the region’s primary industry [18]. Currently, Bolivian
environmental policy places comparatively few constraints on Beni’s ranchers with regard to
environmental protection or sustainability. Correspondingly, there has been a lack of research
investment geared towards developing practical guidance and evidence to support ranching
communities in implementing alternate land management strategies (i.e. focusing on potential
benefits to the local economy, ranch productivity, market value of livestock and biodiversity),
but see [30]. Ranching and associated land management, including the overuse and insuffi-
cient control of managed fire, are now believed to be degrading Beni’s habitats and impacting
wildlife [19, 30-33]. However, the environmental effects of current stocking rates and ranching
practices remain largely unknown and untested.

Recent research has linked ranching to habitat degradation in Beni, through negative
impacts on the regeneration of, motact palms (Attalea princeps) [32]. Motact palms are a
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dominant component of Beni’s galley forests and forest islands, and play a key role in shaping
their structure, microclimate and ecology [21, 31, 34, 35]. Their nuts form a vital component
of the diet of many animals, including the critically endangered blue-throated macaw, Ara
glaucogularis [31, 34].

In this study, we aimed to investigate how restoration, through cessation of long-term cattle
grazing, influences the forest understory and wildlife in Beni’s gallery forests. Our specific
objectives were to quantify restoration effects on i) forest regeneration, ii) forest understory
structure and functional composition; and ii) populations and diversity of large mammals and
nocturnal birds. Given the motact’s ecological importance, we place particular emphasis on
regeneration of this species.

Methods
Study site

Our study took place in the galley forest islands of Barba Azul Nature Reserve, (hereafter:
BANR; Fig 1), located within Bolivia’s Beni Savanna Ecoregion (13°45’S, 66°07°'W). Beni’s gal-
lery forests are diverse in composition, and vary in their pattern of distribution across the land-
scape [36, 37]. Those at the study site represent large patchy islands occurring on raised river
levees, known locally as "alturas" [21]. They are typical in composition to the raised forests of
both the flooded herbaceous savannahs, and palm-woodland sub-ecoregions which together
cover approximately 40% of Beni’s land area [36, 37]. Mean annual temperatures in Beni range
from 26-27°C, annual precipitation from 1300-2000 mm, with most falling in a distinct wet
season running September-May [38]. Permits were not required for study, as data collection
took place on a privately-owned reserve and collections were not required. Permissions to
complete work on site were, however, obtained from the landowner, Asociacion Civil
Armonia.

Our study was implemented in two regions of BANR: Barba Azul North, a 3500 ha site on
the northern banks of Rio Omi where cattle grazing has been excluded since 2009 (hereafter
the restored site) and; Barba Azul South, a 1200 ha site on the southern banks of Rio Omi that
was grazed at the time of survey by approximately 200-250 head of cattle (hereafter the grazed
site). It is believed both sites have been grazed consistently for several decades, holding herds
of between 250-350 head of cattle for at least the last 20-30 years. Historic grazing intensity
prior to the last thirty years is assumed to have been relatively high with respect to the regional
context [39]. This is due to the site’s close proximity to a meat-plane airfield, established on a
neighbouring estancia soon after the onset of the cattle boom, which began in the 1950s.
Although the restored site is now ungrazed, small groups of cows (20-30) occasionally abscond
onto the site from nearby ranches for a few days at a time before being removed by reserve
staff. It is therefore possible that this site is still subject to a small, infrequent amount of grazing
pressure.

Sampling methods

Habitat assessments. Fieldwork was completed during the dry season between July and
August 2017. We carried out assessments at four locations (hereafter plots) within the gallery
forests of each site (n = 8; Fig 1). Each consisted of a 100 m transect running parallel to either
the north (grazed site) or south-facing (restored site) forest edge with a 20 X 20 m (400 m?)
subplot centered on each transect midpoint. Within this subplot, we measured the diameter at
breast height (dbh) of all adult trees (dbh > 10 cm at 1.3 m) and classified individuals as broad-
leaf’s, motacu’s, other palms or snags. The heights of adult motacu’s were measured using a
Haglof Vertex IV Sonar Hypsometer. Saplings (dbh < 10 cm at 1.3 m and height > 30cm)
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Fig 1. Map of the study area within Barba Azul Nature Reserve, showing the main sections of gallery forest within the restored and grazed sites (north and
south of the Rio Omi respectively), and the locations of habitat assessment plots and wildlife line transects.

https://doi.org/10.1371/journal.pone.0250183.9001
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were measured in the western half of the subplot (200 m” area). We recorded sapling height
for four groups; broadleaf’s, motacu, other palms and dead saplings, noting if saplings had
obvious visible grazing damage (e.g. torn leaves, snapped/damaged stems, shorn stalks with
ragged ends etc.). The latter was done qualitatively on a presence/absence basis, and we
acknowledge this approach would not allow us to fully discount grazing impacts from other
vertebrate or invertebrate herbivores. For broadleaf saplings, dbh was also recorded at 1.3 m.
Where impossible due to height or structure in adults or saplings, dbh was taken under the
first branch off the main stem. We did not record motacu sapling dbh as growth as juveniles is
acaulescent (stemless) [40]. The line intercept method [41] was used to describe the shrub
layer. We recorded cover of five plant functional groups (palms, broadleaf’s, woody shrubs,
vines and ferns) along the entire transect to a maximum height of 2m above it. Five 4 m* quad-
rats, regularly spaced along the transect were used to record the cover of bare ground, leaf lit-
ter, motacu nuts, deadwood, cow dung and three plant functional groups (forbs, ferns and
graminoids). We also counted the absolute number of seedlings present for motact (defined
as per [40]) and woody plants (< 30 cm in height) within each quadrat. Seedlings of other
palm species were not encountered.

Wildlife surveys—Mammals and nocturnal birds. We established two permeant line
transects on each site (n = 4; Fig 1), each passing through at least two habitat assessment plots.
Along each of these four transects, we carried out one dusk survey (for mammals) and one
night survey (for mammals and nocturnal birds). Start and end times varied, but dusk surveys
were generally completed between 17:30 and 18:45, night surveys, between 20:00 and 23:30.
Dusk surveys lasted around one hour and night survey around two hours. For mammals, our
total sampling effort was 8.11 km over 11 hrs. 53 mins. This equated to 4.25km walked over a
total of 5 hours 51 mins on the grazed site and 3.86km walked over 6 hrs. 2 mins on the
ungrazed site.

During dusk and night surveys, we walked slowly (~0.7 km per hour) and quietly, stopping
often to scan and listen for activity. For all transects, we recorded start and end times, and total
distance. After dark, we used a flashlight to scan for eye-shine and to identify animals. For
mammals and nocturnal birds that were encountered visually (mammals and birds) or heard
(birds), we recorded the time, distance from origin, species and number of individuals. To aid
identification we referred to [42, 43] and sounds from [44].

Data analysis

Forest regeneration. Plot level data was averaged across the four sampled plots for each
site and the standard deviation (SD) calculated. This was done for seedling, sapling and adult
tree counts as individuals per hectare (ha'), and for calculations of sapling and adult tree basal
area in m” per ha™'. Basal area was calculated separately for each individual sapling (broadleaf
only) and tree sampled using standard mathematical formulae (Area = n*radius®). Values were
summed for each plot and converted to meters squared per hectare. To examine sapling height
class distributions, sapling counts were plotted in 1m height-bands. To examine tree dbh class
distributions, sapling and adult tree data were combined and plotted in 10cm bands. In order
to facilitate this for motacu palms, acaulescent saplings were treated as the smallest “dbh” class.
Finally, adult motact’s were also split into 3m height bands. For all height bands and dbh clas-
ses, we report the with the mean count per ha™ and SD at each site.

Following the approach developed by Volpato [45] we estimated the Natural Regeneration
Index for motact and broadleaf trees on the grazed and restored site. Natural Regeneration
(NR) and Total Natural Regeneration (TNR) metrics (Egs 1 and 2) can help examine the
regeneration potential of species within forest ecosystems [45-50]. Similarly to other authors
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[46-50], we estimated NR in three height categories, (a) 1-2 m; (b) 2-3 m; and (c¢) >3 m. Con-
sidering only sapling height categories > 1 m ensures individuals included are in advanced
stages of regeneration, having survived beyond critical periods of early mortality, and hence
have increased probability of establishment [51]. In classification we considered only broadleaf
saplings with dbh < 5c¢m, but included all motact saplings counted.

_ RD, + RF,

R; = 5 (1)

Where NR;; = estimate of natural regeneration of the i-th species in the j-th height class in per-
cent. RDj; = relative density for the i"™ species in the j'™ height class of natural regeneration;
RF; = relative frequency of the i'"™ species, in percentage, in the jth class of natural regenera-
tion.

2. (NRy)

TNR, =
' 3

(2)
Where TNR = total natural regeneration of the i-th species.

Forest understory structure and composition. Patterns in ground and shrub cover were
assessed separately via two Principal Components Analyses (PCA; prcomp function, base R)
[52]. We standardized percent cover values to a mean zero and unit variance to equalize
weights in analyses and used the latent root criterion (eigenvalues > 1) to determine the num-
ber of interpretable axes [53]. Interpretation was achieved by examining factor loadings (FL)
of each original variable included in the analysis on each axis. Only variables with FLs > 0.5 or
< -0.5 were considered to have a pronounced effect on each axis. To allow graphical examina-
tion of the relationships between our study sites, and ground and shrub flora composition
respectively, the centroid value and standard deviation for each site (grazed and restored) was
plotted in multivariate space (ordiellispe function, base-R) [41].

Mammals and nocturnal birds. For each site, we divided the total observation period
into twenty-four individual fifteen minute segments (up to a total of 6 hours) and constructed
species accumulation curves using the “exact” method in function specaccum (Vegan package)
[54]. For both mammals and nocturnal birds, we also calculated encounter rates per km®.

Results
Forest regeneration

Total basal area of adult trees was similar between sites (Table 1a). Motaci made up the major-
ity of total basal area on both sites, but motacu basal area was greater overall on the restored
site. However, adult broadleaf tree density was greater than motacu on the grazed site
(Table 1b). Despite differences in canopy composition, seedling density and composition was
similar between sites (Table 1b), but over four times more saplings per ha™' were recorded on
the restored site (Table 1b). Broadleaf sapling counts were similar between sites, but motacu
saplings were around two and a half times more abundant on the restored site (Table 1b). The
basal area of broadleaf saplings was higher on the grazed site (Table 1a). The grazed site had
more saplings in larger height classes (>5 m) and less in smaller height classes (1-2 m) com-
pared to the restored site (Fig 2b). Likewise, there were fewer motacu in small height categories
(1-4 m) on the grazed site compared to the restored site (Fig 2a). Dead and damaged saplings
were only found on the grazed site, 1% of standing saplings were dead and 5% of live saplings
had grazing damage.

For motact, 12 400 individuals per ha™' were recorded on the grazed site (88% seedlings,
10% saplings, 2% adults), 14 362 individuals per ha™' on the restored site (75% seedlings, 22%
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Table 1. (a) Average basal area in m” per hectare (Avg BA m>/ha); and (b) average number of individuals (bottom) per hectare (Avg Ind./ha) split by functional

group for different tree life stages in grazed and restored areas of the reserve. Relative composition is reported where available.

Life Stage ‘ Functional Group Grazed Restored
(a) Basal Area: Avg BA SD % of total Avg BA SD % of total
m*/ha m*/ha
Saplings Broadleaf 3.3 2.3 - 0.8 0.8 -
Motact* - - - - - -
Broadleaf Snag 0.06 0.1 - 0 0 -
Total NA NA
Adult Trees Broadleaf 17.5 11.6 38% 1.88 1.3 4%
Motacu 28.4 18.7 61% 46.8 5.7 94%
Other Palm 0 0 0% 0.74 1.5 1%
Broadleaf Snag 0.24 0.3 0.5% 0 0 0%
Motacu Snag 0.35 0.7 0.8% 0.13 0.3 0.3%
Total 46.49 49.55
(b) Number of Individuals: Avg SD % of total Avg SD % of total
Ind./ha Ind./ha
Seedlings Broadleaf 27 875 11 665 72% 22125 15418 67%
Motacu 10 875 3250 28% 10 750 13763 33%
Total 38750 32875
Saplings Broadleaf 2938 1551 69% 2838 1672 47%
Motacu 1300 1363 30% 3200 2618 53%
Broadleaf Snag 50 100 1% 0 0 0%
Total 4288 6038
Adult Tree Broadleaf 388 171 60% 31 315 7%
Motacu 225 95.7 40% 412 32.3 91%
Other Palm 0 0 12.5 1%
Broadleaf Snag 25 28.9 <1% 0 0%
Motacu Snag 6 12.5 <1% 12.5 1%
Total 644 455

* Motacu saplings are acaulescent so basal area and hence relative composition could not be assessed.

https://doi.org/10.1371/journal.pone.0250183.t001

saplings and 3% adults; Table 1). On both sites, motacu dbh size class distributions (Fig 1c)
showed many acaulescent saplings (treated as the smallest dbh band in the figure) and a bell-
shaped adult population centered ~40 cm (grazed site X = 36.4 cm, SD = 7.67 cm; restored
site X = 37.4 cm, SD = 0.9 cm for adults only) with few large and few small individuals. Adult
motacu height-class distributions were also bell-shaped (Fig 1e) with average adult motacu
height tending to be greater on the restored site (x = 14.3; SD = 1) compared the grazed site
(x = 11.9; SD = 3.52). On the restored site, broadleaf dbh classes (Fig 1d) show an inverse J
distribution with large numbers of saplings, moderate numbers of small adults and few large
adults. On the grazed site, dbh class distributions did not show an inverse J pattern. Here, we
see many saplings, very few moderate sized adults and no adults in size classes >40 cm.
TNR for motact was higher on the restored site compared to the grazed site (Table 2). The
proportion of NR for motact in the two smallest height categories was also higher on the
restored site, but values for the largest size class were similar at both sites. In contrast, broadleaf
TNR was higher on the grazed site. The proportion of broadleaf NR was higher in the two
smallest height categories on the grazed site compared to the restored site, but values for the
largest size class were similar at both sites.
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Fig 2. Average number of individuals per hectare in the grazed and restored sections of the reserve for (a) motacu
saplings separated into 1m height classes; (b) broadleaf saplings separated into 1m height classes; (c) motacu saplings
and adults separated into 10 cm dbh classes; (d) broadleaf saplings and adults separated into 10 cm dbh classes; and
(e) motacu adult palms separated into 3m height classes. Note that in (c) acaulescent saplings are represented in the
smallest dbh band and the band endpoint has thus been labelled NA on the plot axis. See methods for detail.

https://doi.org/10.1371/journal.pone.0250183.g002

Forest understory structure and composition

The first three axes of the ground and shrub layer PCA respectively explained 83% and 91%
of the variation in each dataset. Factor loadings for individual variables on main axes are

Table 2. Proportion of Natural Regeneration (NR) in our three height classes of motacu and broadleaf saplings
(NR1: 1-2 m, NR2: 2-3 m; and NR3: >3 m) and Total Natural Regeneration (TNR) on the a) grazed site and b)

restored site.

NR1% | NR2% |NR3% 'TNR

a) Grazed
Motacu 15.00 12.83 10.57 38.41
Broadleaf 18.33 20.50 22.76 61.59

b) Restored
Motacu 17.98 20.24 9.39 47.62
Broadleaf 15.35 13.09 23.94 52.38
https://doi.org/10.1371/journal.pone.0250183.t1002
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provided as supplementary information (S1 Table) For shrub cover PCA (Fig 3a), PC1 can be
thought of as a gradient of shrub-layer density. Plots with higher axis scores on PC1 have
denser understories dominated by motacu saplings. Those scoring low on PC1, sparser under-
stories with few motact saplings. PC2 can be thought of as a compositional gradient. Plots
with higher axis scores on PC2 have understories dominated by shrubs and vines. Those scor-
ing low on PC2, understories dominated by broadleaf saplings. Our analyses show spatial dis-
tinction of the sites. Restored plots tend towards higher scores on PC1 and exhibit greater
variance in functional composition (indicated by the larger spread of the data and wider
ellipse). Grazed plots tend towards the lower left quadrant of the PCA and exhibit narrower
variance in composition (indicated by the smaller spread of data and narrower ellipse). For the
ground cover PCA (Fig 3b), PC1 can be thought of as grazing impact gradient. Plots scoring
high on PC1 having more cow dung, bare ground and leaf litter. Plots scoring low, more
grasses, higher total plant cover and more fallen motact nuts. PC2 relates to the cover of dead-
wood, forbs and ferns. Plots scoring high on PC2 can be thought of as having more deadwood.
Plots scoring low on PC2, more forbs and ferns. The sites appear spatially segregated. Grazed
plots sit higher on PC1 and exhibit more variance on PC2 compared to restored plots (larger
ellipse and hence greater standard deviation from the mean) which tend to sit low on PC1 and
high on PC2.

Wildlife

We recorded 14 mammal species in total (Table 3). The restored site had higher mammalian
species richness and more unique species. No IUCN red listed mammal species were recorded
on the grazed site, but two declining species were. Of the shared mammal species, three were
encountered more frequently on the restored site (brown agouti, black howler monkey and
southern tamandua), and three more frequently on the grazed site (capybara, South-American
coati and nine-banded armadillo). Our species accumulation analysis (Fig 4) shows steeper
accumulation on the restored site with no evidence of approaching an asymptote. Accumula-
tion on the grazed site was shallower and leveled out over the course of our study. We recorded
seven nocturnal avian species in total (Table 3). Six species were recorded on the restored site,
six on the grazed site. Each site had one unique species. Encounter rates for all species except
tropical screech owl were generally 2-3 times higher on the restored site.

Discussion

Our results suggest motacu and broadleaf regeneration did not differ greatly between the
grazed and restored site at the seedling stage. However, the recruitment of motacu saplings
and advanced motacu regeneration (i.e. TNR) appeared much lower on the grazed site. There
were also few adult motact’s in the smaller and larger adult height classes. Compared to the
restored site, the grazed site had a simpler, more open and much less variable shrub-layer. The
grazed site also had altered ground-layer structure and composition, including increased bare
ground. Mammal species richness was greater on the restored site, and there were more
declining, globally threatened and site-unique species. In contrast, species richness was similar
for nocturnal birds between sites, most species tended to be encountered less frequently on the
grazed site.

Forest regeneration

We expected to see fewer broadleaf and motact seedlings on the grazed site due to cattle
impacts and, in the latter case, canopy differences between the sites, but this was not the case.
Motacu and broadleaf seedling composition was relatively comparable between the sites and
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Fig 3. Principal Components Analysis (PCA), showing the first two principal components (PC1 and PC2) for a)
shrub cover data and b) ground cover data in grazed and restored areas of the reserve. The variance explained by
each axis is indicated on the axis label. Ellipses show standard deviation from the centroid value for each site (grazed
and restored). Arrows represent the directional relationship of variables on axes. Arrow length is proportional to the

relative strength of the relationship of each variable.
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Table 3. Mammal and nocturnal bird species list and encounter rates per km (ER/km) on the grazed (GR) and restored (R) site.

Species Scientific Name IUCN Trend? n GR nR ER/km GR ER/km R Diff. ER/km (R-GR)

Mammals:
Brown Agouti Dasyprocta variegata DD 11 0.94 2.85 1.91
Capybara Hydrochoerus hydrochaeris — 4 1.88 1.04 -0.84
Collared Peccary Pecari tajacu — - - 0.78 0.78
South American Coati Nasua nasua | 17 1 4.00 0.26 -3.74
Black Howler Monkey Alouatta caraya 1 15 18 3.53 4.66 1.13
Yellow Armadillo Euphractus sexcinctus — - 1 - 0.26 0.26
Nine-banded Armadillo Dasypus novemcinctus — 4 2 0.94 0.52 -0.42
Gray Brocket Deer Mazama gouazoubira | - 1 - 0.26 0.26
Pampas Deer’ Ozotoceros bezoarticus | - 1 - 0.26 0.26
Marsh Deer? Blastocerus dichotomus | - 1 - 0.26 0.26
Crab-eating Fox Cerdocyon thous — 1 - 0.24 - -0.24
Southern Tamandua Tamandua tetradactyla DD 1 1 0.24 0.26 0.20
Brazilian Porcupine Coendou prehensilis — - 1 - 0.26 0.26
Gray Four Eyed Opossum Philander opossum — - 1 - 0.26 0.26

Nocturnal Birds:
Great Potoo Nyctibius grandis ! 1 3 0.48 1.36 0.88
Common Potoo Nyctibius griseus | 2 - 0.95 - -0.95
Ferruginous Pygmy Owl Glaucidium brasilianum ! 3 7 1.43 3.18 1.75
Tropical Screech Owl Megascops choliba — 9 9 4.29 4.09 -0.20
Barn Owl Tyto alba — - 1 - 0.45 0.45
Common Pauraque Nyctidromus albicollis | 7 17 3.33 7.73 4.40
Scissor-tailed Nightjar Hydropsalis torquata — 1 4 0.48 1.81 1.33

'TUCN Status = Near Threatened.

*TUCN Status = Vulnerable.

*DD = Data Deficient, < Stable, | = Declining.

Includes current IUCN population trend [55], no of individuals recorded at each site (n) and the relative difference in encounter rates between sites (Diff. ER/km). A

positive value indicates greater abundance on the restored site, a negative greater abundance on the restored site.

https://doi.org/10.1371/journal.pone.0250183.t003

total seedling abundance was marginally higher on the grazed site. Cattle are often assumed to
have negative impacts on tree seedling regeneration [e.g. 44]. However, in some tree taxa, cat-
tle can facilitate regeneration by various direct and indirect processes. These include the
removal of competitive plants, impacts on seed predators, exposure of microsites for germina-
tion, and enhanced seed dispersal [56-59]. In the case of motacu, it is feasible that cattle could
play a role in facilitating seedling regeneration.

Cattle readily consume and disperse the fruits of Attalea palm species, depositing them in
regurgitated heaps or dung piles [34, 60, 61]. The dung provides a mechanical barrier to bru-
chid beetle oviposition [62, 63] leading to reduced rates of infestation [34, 62] that may other-
wise limit seedling growth in areas where fruits are densely deposited, e.g. carpets under
parent trees [32, 64]. Cattle could thus facilitate motact germination by reducing seed mortal-
ity and assisting with dispersal away from parent trees [65]. Motacu seeds are also dispersed by
many native animals [34, 64, 66, 67]. Removal of the nutritious mesocarp by wildlife improves
germination rates of Attalea species [67]. Our encounter rates for mammalian motacu dispers-
ers, including coati, agouti and armadillo, are high compared to similar studies [e.g 68], even
on the grazed site. BANRs forests are also known to be utilized by abundant foraging blue and
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Fig 4. Mammalian species accumulation curves for dusk and night surveys carried out within the reserves’ grazed and restored gallery forest islands. Lines
represent the mean species richness per cumulative 15m time band. Error bars represent the standard deviation from that mean.

https://doi.org/10.1371/journal.pone.0250183.g004

yellow macaws, Ara araruana and other parrot species [69] that are key motacu dispersers
[34]. As such, native seed dispersal may be relatively healthy on both of the sites we sampled.

Motact sapling recruitment did not follow the same pattern as seedlings. Compared to the
grazed site, motacu saplings were over twice as abundant on the restored site and constituted
over twice the proportion of the sampled population. Advanced regeneration was also higher
on the restored site (higher TNR), indicating motacu have greater regeneration potential on
this site. Brazilian studies found similar [70] and slightly higher [40] proportions of saplings in
motacu populations within forests where cattle were excluded over comparable periods [71,
72], suggesting cattle may negatively impact sapling recruitment. Over time, inhibited recruit-
ment can lead to demographic bottlenecks in tree populations, threatening the long-term
dynamics of forest composition, structure and function [73]. The lack of adult motact in small
size classes on our sites could reflect a population bottleneck caused by long-term grazing
impacts on sapling recruitment. Comparable studies investigating cattle impacts on palm
regeneration and population structure are rare [74]. Although Rivas (2005) [75], showed cattle
had similar negative impacts on Butia capitata palm sapling regeneration, leading to an
absence of young adult palms. However, tropical palms do often have u-shaped distributions
[e.g. 74, 76 and 77], as saplings can persist for long periods in the understory and undergo
rapid stem growth only when optimal light conditions prevail [74]. Consequentially, it may be
difficult to detect anthropogenically-driven population bottlenecks from structural measures
alone.
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Forest understory structure and composition

The shrub-layer was more open and less heterogeneous on the grazed site. The structure and
composition of the forest floor also differed. Grazed plots had more bare ground, especially
where recent evidence of cattle was present, and more leaf litter. Restored plots were domi-
nated by grasses, fallen motact nuts and deadwood. Our results suggest cattle may simplify
(shrub-layer) and alter (ground cover) understory structure and composition within BANRs
gallery forests. This is consistent with previous research in Beni’s palm forests, showing that
cattle can damage and reduce understory cover [32], trample and compact forest soils to the
detriment of plant growth [34] and affect palm health and fruiting productivity [32]. Our
results also align with wider studies reporting structural and compositional simplification of
the shrub layer associated with cattle trampling and browsing in other forest eco-types [78-81]
and increases in bare soil in open and forested rangeland habitats [32, 82].

It is notable that there was one outlier in our shrub layer assessment (plot U2; Fig 3a).
Although natural variability is to be expected within ecological systems, U2 appears to have
surprisingly low shrub cover and abundance compared to other restored plots. Possible expla-
nations include differences in soils within the forest [32], or legacy effects from past fire events
[79]. Savanna fires typically extinguish on the forest edge as a consequence of differences in
microclimate and fuels [7, 83], and generally only cause peripheral damage to Beni’s forest
islands [22]. We avoided the forest edge in placement of our plots for that reason. However,
plot U2 is located at a relatively narrow section of the gallery forest (Fig 1), immediately adja-
cent to the northern savanna vegetation. It is feasible the area may have been affected more
than others by edge effects from historic grassland fire events.

The fate of the ground and shrub layers may be intertwined. Shrub-layer structure and
composition can influence abiotic conditions in the understory (e.g. light penetration, micro-
climate), affecting plant growth and rates of decay on the forest floor [7, 84]. Microclimate,
understory structure and the relative abundance of deadwood, leaf litter and detritus can be
important factors determining the availability of insects and foraging habitat for insectivorous
animals including nocturnal birds [85-89]. Likewise, palm fruit availability may influence the
abundance of animals relaying on these food resources [90]. Grazing removal could thus facili-
tate shrub and ground-layer regeneration over relatively short time-scales with potential con-
sequences for wildlife.

Wildlife

For mammals, we recorded lower species richness and less unique, declining and globally
threatened species on the grazed site. The restored site showed steeper species accumulation
with no evidence of reaching an asymptote, while species accumulation was shallower on the
grazed site and flattened over the course of our study. This suggests mammal diversity is higher
on the restored site and that increased sampling effort would continue to yield new species rec-
ords here, whereas on the grazed site it would not [91]. Not all species were encountered more
frequently on the restored site. Capybara, coati and nine banded armadillo were encountered
more frequently on the grazed site, and crab-eating fox were unique to it. With exception to
coati, however, global populations of these species are stable [55], and thus may be less sensi-
tive to pressures across their range.

The two globally threatened mammals observed on the restored site, marsh and pampas
deer, are not forest species, but marshland and grassland specialists respectively [92, 93] and
thus, are likely using the forest more opportunistically (i.e. for transit or cover). However, their
presence is notable since, in combination with habitat loss, disease and parasite transmission
from livestock, competition with cattle and hunting are major factors contributing to declines
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[92, 93]. As wide-ranging species [92, 93], marsh and pampas deer using the reserve still likely
come into contact with cattle and other stressors in adjacent ranches. However, it’s feasible the
reserves protection could be alleviating some pressure on the local population. Other species
including peccary, agouti and brocket deer are also locally hunted as bush meat, but this is
unlikely causing differences in occurrence between sites, as both areas have been protected
from hunting for similar periods (2011 and 2009 on the grazed and restored site respectively).
Grazed forests also had a less abundant nocturnal avifauna. With the exception of tropical
screech owl, which are widely distributed and common in both undisturbed and human-dis-
turbed habitats across their range [94], all species shared between the sites were encountered
2-3 times more frequently on the restored site. These include three of the four declining spe-
cies encountered, great potoo, ferruginous pygmy owl and common pauraque. The grazed site
did have one unique declining species, common potoo, while barn owl were unique to the
restored site. Interestingly both site-unique species are associated more with other habitat
types. Common potoo prefer wooded cerrado’s but utilize galley forest edges [95]. Barn owl
may roost in forested areas, but specialize in foraging in open habitats [96]. As such, presence
of these species might be influenced to a greater degree by composition of the surrounding
matrix and proximity of our transects to such habitats.

Habitat structure, heterogeneity and composition can influence the variety, abundance and
spatial distribution of wildlife, with species diversity and abundance tending to increase with
structural and compositional complexity [97-100]. This aligns with our observation of greater
mammalian richness and higher encounter rates for nocturnal birds on the restored site where
the shrub layer was denser, more intact and relatively diverse in functional composition. How-
ever, the impact of specific forest structures may be species dependent. Some neotropical rap-
tors, owls and nightjars are known to be more abundant in disturbed forests with open
understories, possibly due to the increased prey detectability this affords, while others are asso-
ciated with denser shrub-layers [78, 88]. Habitat degradation caused by cattle grazing could
therefore have variable impact on the abundance and occurrence of different species on our
sites. For example, tropical screech owls forage from low perches capturing prey on the ground
or wing, which may make them more adaptable to open understory structures resulting from
forest degradation [94]. Conversely, many ground-dwelling mammals like gray brocket deer
tend to favor areas with dense understory cover [42] making them potentially less adaptable to
cattle impacts in degraded forest understories.

An important limitation of our study is that, due to logistics, time and budget restrictions,
wildlife sampling was restricted to a small number of line transects conducted during the dry
season. Transect sampling may not be sufficient to capture all mammal or bird species present.
Elusive creatures like big cats, smaller mammals like rodents and less vocal avian species can
be missed by this approach [101-103]. Future survey efforts may consider including a variety
of methods (e.g. Sherman traps, camera traps, track traps and avian mist netting) to expand
the scope of results. Wildlife activity and cattle impacts may also vary seasonally due to the sig-
nificant flooding that takes place across the region for several months of the year. For example,
during the wet season, terrestrial wildlife and cattle may make more use of the forest islands to
rest and shelter [30, 36]. Likewise, terrestrial animal movement may increase in the dry season
with transient or dispersing species arriving from other forested regions across Beni [36]. Fur-
ther sampling of grazing effects across these seasonal cycles is warranted.

Despite the apparent negative consequences for wildlife, it is also important to acknowledge
that NFPs provide invaluable services to livestock producers in Beni [30]. For example, as shel-
ter-beds for stock that can prevent death or exhaustion during extremes of hot or cold; as
secluded areas for cows to calf; or, as places for herds to bed down in at night, or rest and dry
their hooves during the wet season [20, 30, 32]. Identifying sustainable management regimes
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that allow maintenance of this economically-vital agricultural activity, while also protecting
and restoring habitats for wildlife conservation, remains a critical research need.

Conclusions

Our results suggest that cattle impart negative impacts on regeneration within BANRs gallery
forests. Specifically, livestock hinder recruitment of motacu palms. Livestock removal may
improve motacu regeneration potential by increasing the number of palm saplings in advance
stages of development. Cattle also appear to simplify and alter the structure and composition
of the shrub-layer and forest floor. This may have adverse consequences for wildlife, including
effects on the abundance and diversity of mammals and nocturnal birds. On the restored site,
motacu regeneration is more advanced and the shrub-layer is denser and more diverse. At the
same time, nocturnal birds appear more abundant and mammal communities more diverse at
least during the dry season when we were able to sample. Presumably, this is due to recent live-
stock removal. As such, the restored site may be moving towards a more desirable state in
which natural motact canopy regeneration can be supported by adequate recruitment in the
understory, and where understory habitat structure and composition supports diverse, abun-
dant faunal assemblages. Restoration, through grazing removal may thus facilitate regenera-
tion and rewilding of the Beni’s gallery forests over relatively short time-scales.
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