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Introduced ungulates can alter understory structure and composition posing a serious threat to forest
biodiversity. Yet how large-herbivore impacts in forested regions vary along major environmental gradi-
ents remains little explored. If ungulate effects shift with habitat conditions, then management could be
tailored to protect most vulnerable forests. We tested the hypothesis that the extent of livestock impact
on understory vegetation increases with habitat moisture across Nothofagus dombeyi forests in Nahuel
Huapi National Park, NW Patagonia, Argentina. Understory composition and species diversity were com-

g?fxﬁice pared for paired sites (N = 5), which were historically used by cattle or remained free of livestock for more
Domestic ungulates than 50 yr, and were located along a regional precipitation gradient (1500-2800 mm/yr). Long-term cat-
Herbivory tle presence reduced the cover of sub-canopy trees, shrubs and bamboo by 57-83%, and increased the

relative cover of ground-layer herbs, regardless of habitat moisture. Livestock effects on species compo-
sition increased towards the wettest forests, which contained more species exclusive to either browsed or
unbrowsed sites. Livestock presence increased species richness (o diversity) and within-site heterogene-
ity (B diversity) in some locations, but mostly reduced species evenness (30%) throughout the moisture
gradient. Species turnover at the gradient scale was lower across browsed sites than for livestock-free
sites. Our results indicate that the historical presence of domestic cattle induced region-wide changes
in understory communities, highlighting the vulnerable nature of the local flora to ungulate disturbance.
The greater impact of livestock browsing on the species composition of wetter forests was consistent
with the role of plant growth-defence trade-offs along resource gradients. We suggest that the erosion
of understory vegetation attributed to domestic herbivores in Patagonian beech forests can be mitigated
by adjusting current animal stocks, while moister forests should be given the highest conservation
priority.

Functional types
Species diversity

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The ecological impacts of exotic herbivores are a major conser-
vation concern in forests worldwide. The introduction of ungulate
herbivores may drastically alter understory structure and composi-
tion, affecting biodiversity from local to regional scales (Vazquez,
2002; Spear and Chown, 2009; Martin et al., 2010; Nuttle et al.,
2011; Hegland et al., 2013), with consequences on multiple ecosys-
tem functions (Pastor and Cohen, 1997; Wardle and Bardgett,
2004). Large herbivores interact with environmental conditions
in creating the spatial patterning of vegetation observed at various
scales (Senft et al., 1987; Adler et al., 2001; Frank, 2006). Yet, how
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grazing/browsing impacts in forest communities vary across rele-
vant ecological gradients remains little explored (Randall and
Walters, 2011). If ungulate effects depend on environmental con-
text as determined by habitat moisture or productivity, then man-
agement options could be tailored to prevent biodiversity loss from
the most vulnerable forest sites.

Herbivore effects are expected to change with environmental
conditions according to dominant plant species’ traits and suscep-
tibility to herbivory (Coley et al., 1985; Pastor and Cohen, 1997;
Diaz et al., 2006). Several models predict an increase in the magni-
tude of grazing effects on plant composition along productivity or
moisture gradients (Milchunas et al., 1988; Leibold et al., 1997;
Chase et al., 2000). Weaker effects in less productive or drier
systems may be explained by dominant species having traits that
provide tolerance to low resource supply as well as resistance to
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herbivory (Coley et al., 1985). Conversely, herbivore-driven com-
positional changes in productive or moister habitats would reflect
the prevalence of plant traits for aboveground competition, which
render dominant species more susceptible to herbivory (Milchunas
et al., 1988; Diaz et al., 2006). Thus, a dominance shift towards
well-defended, less palatable species may be apparent under
intense herbivory in productive sites (Leibold et al., 1997; OIff
and Ritchie, 1998). In addition, ungulate herbivory may either
increase or decrease plant diversity, depending on the balance
between local colonization and extinction processes, and herbivore
selectivity for competitive dominant vs. subordinate species
(Milchunas et al., 1988; OIff and Ritchie, 1998). Herbivore effects
on species richness and evenness are predicted to shift from nega-
tive to positive with increasing habitat productivity (Proulx and
Mazumder, 1998; Hillebrand et al., 2007).

While hypotheses for context-dependent herbivore effects have
gained support in grass-dominated systems (e.g. Milchunas and
Lauenroth, 1993; Anderson et al., 2007; Lezama et al., 2014), they
have barely been tested in forested landscapes (Randall and
Walters, 2011). Studies in temperate and boreal forests often focus
on ungulate density as a major driver of understory community
structure (Wardle and Bardgett, 2004; Royo et al., 2010; Didion
et al.,, 2011; Wright et al.,, 2012; Hegland et al., 2013). Few have
addressed the interactive effects of herbivory and environmental
gradients in shaping regional patterns of understory composition
and diversity (Randall and Walters, 2011; Suzuki et al., 2013). In
aspen forests of Michigan (USA), deer herbivory decreased forb
biomass and plant richness mostly in high-productivity sites, but
increased fern and sedge biomass in low-productivity ones
(Randall and Walters, 2011). In contrast, in warm-temperate for-
ests of Japan, deer herbivory was the main determinant of
ground-layer species composition, irrespective of canopy openness
and habitat moisture (Suzuki et al., 2013). In the latter study, plant
richness peaked at intermediate herbivore densities (Suzuki et al.,
2013), whereas in cool-temperate forests of Patagonia, the effect of
exotic ungulates on species richness may vary with canopy cover
(Vazquez, 2002). These examples suggest that general patterns
for herbivore impacts in forested systems may be more elusive
than expected from current grazing models.

Mechanisms affecting herbivore effects along productivity or
moisture gradients in forest ecosystems may differ from those
reported in grasslands due to differing dominant plant life forms.
In grassland communities, large herbivores often suppress domi-
nant grasses, making resources available to less competitive spe-
cies (Milchunas and Lauenroth, 1993; OIff and Ritchie, 1998). In
contrast, in closed-canopy forests, ungulates consume subordinate
understory species (shrubs, trees) and ground-layer herbs, while
canopy trees remain largely inaccessible. Further, understory spe-
cies are generally constrained by their tolerance to shading
(Grime, 2001; Coomes et al., 2009), and may be ill-equipped to
regrowth after browsing, although they may still possess effective
structural defenses (Bryant et al., 1983; Hanley et al., 2007). Brows-
ing could thus exert similar impacts in forest communities along
broad habitat gradients (Suzuki et al., 2013), unless higher light
availability in less productive or drier sites favors fast-growing
species with greater susceptibility to herbivory (Coley et al,
1985; Coomes et al., 2009). Ungulate browsers may also release
low-growing herbs from shrub (Hegland et al., 2013) or bamboo
competition (Darabant et al., 2007), and this indirect effect could
be stronger in wetter forests with greater light limitation
(Vazquez, 2002; Randall and Walters, 2011). At the regional scale,
whether ungulate herbivores exacerbate or reduce vegetation
patchiness will depend on the interplay between animal densities,
the steepness of underlying environmental gradients, and the size
and composition of plant species pools (Adler et al., 2001; Frank,
2006; Suzuki et al., 2013).

By changing the structure and composition of understory com-
munities, large ungulates may also alter the amount and diversity
of litter material transferred to the forest floor (Pastor and Cohen,
1997; Wardle and Bardgett, 2004). Herbivore-induced shifts in
leaf-litter biomass and composition may affect belowground com-
munities and ecosystem attributes such as soil carbon and nutrient
cycling (Tanentzap and Coomes, 2011; Lessard et al., 2012; Hatton
et al., 2014). Although interactions between above- and below-
ground processes have attracted much recent attention (Wardle
and Bardgett, 2004), there is still little evidence to ascertain
whether ungulate impacts at the level of the forest litter layer vary
predictably along environmental gradients (Persson et al., 2005).

In this study, we examine the long-term impact of introduced
livestock on understory vegetation of southern beech Nothofagus
forests distributed along a region-wide moisture gradient in north-
ern Patagonia, Argentina. Exotic ungulates were introduced into
the study region during the late 1800s, and have been found to
alter the structure and composition of understory communities
(Veblen et al., 1989, 1992; Vazquez, 2002; Raffaele et al., 2007,
2011; Relva et al., 2008, 2010). Yet, previous studies inferred ungu-
late impacts from browsing metrics and short-term exclosures in
single habitats, and were thus limited by the lack of historical ref-
erence sites in various environmental contexts (cf. Veblen et al.,
1992). Here we examine the hypothesis that the impact of domes-
tic herbivores on understory communities increases with habitat
moisture. Nothofagus dombeyi stands that were either historically
(>50 years) used by or remained free of livestock were compared
along a 1300 mm/yr precipitation gradient. It was assumed that
this moisture gradient encompassed a range of ecological condi-
tions and species composition that were relevant for vegetation
responses to livestock disturbance (Veblen et al., 1992; Speziale
et al., 2010). We expected differences in vegetation attributes
between (paired) browsed and unbrowsed sites to increase from
drier to wetter forests, while differences across forest habitats
would be mostly apparent for livestock-free sites. Specifically, we
examined livestock impacts on (a) cover of plant functional types,
(b) overall species composition, (c) species richness and evenness,
(d) spatial species turnover within and among sites, and (e) ground
litter composition and diversity.

2. Materials and methods
2.1. Study area

The study was conducted in Nahuel Huapi National Park, which
is located on the eastern foothills of the Andes (40°15'-41°30'S) in
north-western Patagonia, Argentina (Veblen et al., 1992). The land-
scape topography was carved by Quaternary glaciations, including
the last glacial retreat some 14-12 K yr BP. Soils are poorly devel-
oped Andisols derived from volcanic ash layers. The climate is cool
temperate, with average temperatures around 8.3 °C. Mean annual
precipitation decreases markedly from west to east, ranging from
~3500 mm/yr near the Andean divide to ~800 mm/yr at the wood-
land-steppe ecotone, some 60 km eastward (Barros et al., 1983;
Jobbagy et al., 1995; Veblen et al., 1996). Most precipitation falls
during autumn and winter (April-September), being usually sparse
from October through March. Study sites were spread over a 1500-
2800 mm precipitation gradient, and were representative of mid-
elevation (800-900 m), broadleaved evergreen forests dominated
by N. dombeyi (Table 1). This species forms monotypic, 20-30 m
height stands; the conifer Austrocedrus chilensis occurs as subordi-
nate canopy tree, increasing towards drier sites. Moister forests
near the Andean divide are enriched with elements from the Valdi-
vian rainforests of Chile, including Maytenus magellanica, Drimys
winteri, and Weinmannia trichosperma (Veblen et al., 1996;
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Table 1

Study site characteristics. All sites corresponded to mid-elevation, evergreen, mesic forests in the northern Patagonian Andes, Argentina. Sites were paired to represent

contrasting histories of livestock disturbance along a region-wide moisture gradient.

Site name (pair) Location/elevation

Ungulate herbivores

Climate Canopy structure

Lago Espejo - Isla Chacal Huapi (1) 40°32'52"S No livestock. Wild boar and deer trails MAP: 2800 mm/yr CC: 81% (4.8)
71°46'10"W MAT: 7.7 °C NDVI: 0.82
840 m.a.s.l. PET: 559 mm/yr PAR: 2%
RH: 86%
Lago Espejo - Peninsula (1) 40°38'43"S Long-term livestock presence. Wild boar trails MAP: 2300 mm/yr CC: 78% (4.9)
71°43'27"W NDVI: 0.81
850 m.a.s.l. PAR: 5%
Lago Espejo — Margen este (2) 40°37'14"S No livestock. Wild boar trails MAP: 2350 mm/yr CC: 83% (4.4)
71°43'51"W MAT: 7.9 °C NDVI: 0.81
866 m.a.s.l. PET: 563 mm/yr PAR: 2%
RH: 80%
Lago Espejo - Cruce Puyehue (2) 40°41'32"S Long-term livestock presence MAP: 2000 mm/yr CC: 77% (5.9)
71°42'02"W NDVI: 0.81
890 m.a.s.l. PAR: 20%
Lago N. Huapi, Quetrihue - Mirador (3) 40°47'10"S No livestock, for >50 yr. Wild boar trails MAP: 1900 mm/yr CC: 89% (3.3)
71°39'42"W MAT: 8.7 °C NDVI: 0.83
850 m.a.s.l. PET: 582 mm/yr PAR: 5%
RH: 76%
Lago N. Huapi, Quetrihue - Laguna Patagiia (3) 40°50'16"S Long-term livestock presence. Wild boar trails MAP: 1850 mm/yr CC: 83% (6.1)
71°36'43"W NDVI: 0.84
890 m.a.s.l. PAR: 19%
Lago Gutierrez - Playa Muiioz (4) 41°12'48"S No livestock, for >50 yr. Wild boar trails MAP: 1900 mm/yr CC: 81% (3.3)
71°26'07"W MAT: 8.7 °C NDVI: 0.74
920 m.a.s.l. PET: 583 mm/yr PAR: 6%
RH: 65%
Lago Mascardi — Arroyo Lloconto (4) 41°21'36"S Long-term livestock presence. Wild boar trails MAP: 1500 mm/yr CC: 83% (2.4)
71°34'05"W NDVI: 0.71
820 m.a.s.l. PAR: 10%
Lago Traful - Isla (5) 40°35'36"S No livestock. Wild boar trails MAP: 1600 mm/yr CC: 76% (4.5)
71°29'56"W MAT: 9.5 °C NDVI: 0.75
818 m.a.s.l. PET: 601 mm/yr PAR: 14%
RH: 67%
Lago Traful - Peninsula (5) 40°35'43"S Long-term livestock presence. Wild boar trails MAP: 1600 mm/yr CC: 76% (7.7)
71°29'53"W NDVI: 0.77
814 m.as.l. PAR: 22%

Notes: Mean annual precipitation (MAP) was interpolated from isohyet maps (Barros et al., 1983). Potential evapotranspiration (PET) was calculated using Thornthwaite’s
method. Mean annual temperature (MAT) and relative air humidity (RH) were recorded using data loggers deployed in livestock-free stands. Canopy cover (CC) was estimated
from digital photographs (N = 9); data show mean and coefficient of variation (%, in brackets) for each site. The Normalized Difference Vegetation Index (NDVI), a proxy for net
primary productivity, was derived from MODIS/Terra images (250 m x 250 m pixels, N = 2-3) obtained during 2000-2010 (ORNL DAAC, 2008). Light transmittance through
the understory layer (PAR) was recorded four times in 2011-2013 using a quantum sensor placed one meter above ground level (N = 3 transects x 10 records), and was

expressed as percentage of PAR measured in nearby open areas.

Ezcurra and Brion, 2005). Understory communities are often dom-
inated by the tall bamboo Chusquea culeou, but also comprise sev-
eral small tree and shrub species, and a sparse ground layer of
forbs, grasses and ferns.

Native ungulate densities have been extremely low throughout
the region since the arrival of European settlers in the XIX century
(Veblen et al., 1996; Vazquez, 2002). The small cervid Pudu pudu
was probably the most abundant browser in pre-colonial forests;
larger herbivores such as the camelids Hippocamelus bisulcus and
Lama guanicoe typically use more open habitats (Vazquez, 2002).
Domestic cattle, sheep and horses were introduced to the Nahuel
Huapi area during the 1800s (Veblen et al., 1992, 1996). Other exo-
tic ungulates such as red deer (Cervus elaphus) and wild boar (Sus
scrofa) were later introduced for game and expanded rapidly. Dur-
ing the mid-1900s, livestock farming became a major activity for
landowners, small farmers and settlers. When the National Park
was created in 1934, farming permits were granted that allowed
for regulated animal stocks (Veblen et al,, 1992). Lack of federal
control and poor management of cattle populations, which were
left to roam freely (unfenced) within native forests, imply that
any assessment of current stocking rates is only tentative. Animal
densities for the watersheds in which the study sites were located
would be under 0.1 cows/ha (Lauria Sorge and Romero, 1999). It is
now estimated that domestic and feral livestock occupy over 50%
of the total Park area, and although efforts have been made to

reduce, if not eradicate all unmanaged cattle, at present this seems
unfeasible for socio-economic, cultural, and logistic reasons.

2.2. Site selection and environmental conditions

In late summer 2010, we selected 10 mature forest stands
(N. dombeyi >150-200 years old) scattered along a 90 km, NW-SE
transect (Table 1). Sites were chosen to represent two contrasting
land-use conditions in terms of long-term presence/absence of
domestic cattle (Table 1). In this area, the very existence of old-
growth forests undisturbed by domestic herbivores is extremely
rare (Veblen et al, 1989, 1992; Raffaele et al., 2007). Therefore,
our design was constrained by the availability and geographic loca-
tion of livestock-free sites. Firstly, we selected five forest sites
where access to livestock was impeded by natural barriers (water-
sheds surrounded by steep ridges and lake islands) or restricted by
Park managers. The ‘unbrowsed’ stands remained free of livestock
disturbance for at least 50 years, and three of them were never
used for cattle ranching (Table 1). These sites were located at vary-
ing distances from the continental divide (72°W), and were there-
fore expected to receive different amounts of precipitation (Barros
et al., 1983; Jobbagy et al., 1995). Secondly, for each livestock-free
site, we selected the nearest forest site that could be confidently
determined as being regularly used by livestock for the last
50 years or more. Further, paired sites should be as similar as
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possible with regard to mean annual precipitation, as determined
from regional isohyet maps (Table 1; Barros et al., 1983). However,
because such maps are drawn at a much coarser spatial resolution
than the average distance between paired sites (9 km), differences
in annual precipitation between browsed and unbrowsed sites (see
Table 1) should only be taken as approximate. The site history of
cattle utilization was checked with local farmers and park rangers,
and was further confirmed by the presence of animal trails, fecal
pats and browsing signs. We also ensured that paired sites were
similar with regard to overstory cover, stand age, elevation, distur-
bance history, and presence of wild ungulates (red deer, boar). The
study sites did not burn for at least 80-100 years.

To better represent environmental differences along the precip-
itation gradient, we calculated a Moisture index (M) combining
mean annual precipitation (MAP, mm/yr) and potential evapotran-
spiration (PET, mm/yr) data, where M =MAP/PET (Knapp and
Smith, 2001; Table 1). Paired sites were attributed a single M score
using their average MAP. We calculated PET from temperature data
using Thornthwaite’s formula. Mean daily temperature and rela-
tive air humidity (%) were recorded using HOBO data loggers
(Onset Computer Corp., Mass.) deployed in each of the livestock-
free stands between January 2011 and December 2012. Mean tem-
peratures increased by 1.8 °C from the wettest to the driest forests,
while air humidity decreased from 86% to 67% (Table 1). Tempera-
ture data were used to obtain a single PET value for each pair of
sites, assuming that latitudinal differences between paired sites
could have produced <7% change in MAT. Overall, the M index ran-
ged 2.7-4.6 along the study gradient.

In addition, for each study site, we obtained the Normalized Dif-
ference Vegetation Index (NDVI) from MODIS/Terra satellite ima-
gery (ORNL DAAC, 2008), where NDVI is a measure of canopy
photosynthetic activity that is commonly used as a proxy for net
primary productivity (Pettorelli et al., 2005). We combined pixel
grids (250 m x 250 m) with Google Earth images and for each site
we selected 2-3 pixels located at similar elevations and with the
lowest possible cover of features other than mature forest (water,
roads, burned areas, etc.). Annual NDVI data were collected for the
period 2000-2010. As expected, NDVI was nearly 15% higher in
wetter than in drier forests, while paired browsed and unbrowsed
sites had similar NDVI values (Table 1). We also measured the
canopy cover for each site using digital photographs (N =9) pro-
cessed with CobCal software (Ferrari et al., 2008). Overstory cover
averaged 81 + 4% and did not differ between stands with contrast-
ing grazing histories (linear mixed-effect model, F;g=0.87,
P=0.39) or differing habitat moisture (F; g = 0.08, P = 0.79; Table 1).
We also found no significant difference across sites in terms of
within-stand canopy structure (spatial CV% of canopy cover,
P>0.10). However, light levels beneath the understory layer
decreased from dry to wet forest sites (Ime, F; g = 5.47, P=0.058),
and were significantly higher in cattle-browsed than in cattle-
free stands (15.1+3.3% vs. 5.7 +2.3%; F;6=6.75, P=0.041; see
Table 1). Lastly, total soil carbon and nitrogen contents, and soil
C:N ratios did not vary significantly among forest sites, whereas
soil gravimetric water increased along the study gradient
(P=0.02) but did not differ between paired sites (see Appendix
Table A1).

2.3. Vegetation sampling

Sampling was performed during early April 2010 by placing
three, equally oriented 50 m-long transects per site. Transects
were located near the center of a 5-ha homogeneous stand, allow-
ing for wide buffer zones from the forest edges. In each stand, the
first transect was started at a random point, while the other two
followed the same direction and were placed at 50-200 m
from each other, depending on the shape and size of the site

(c. 10-15ha). We measured the projected ground cover of
understory plants up to ~3 m height using five, 2 m x 2 m quadrats,
regularly spaced at 10 m along each transect (15 quadrats per
stand). This plot size was adequate for the modal size of common
sub-canopy woody species, with a projected crown area typically
smaller than 4 m?. As a result, the average sample plot across all
sites included 5-12 species (see Appendix Fig. A2). Percentage
species cover, including ferns and mosses, was visually estimated
to the nearest 5% and agreed between two observers. Total cover
could exceed 100% due to the multi-layered structure of the
understory. All vascular plants were identified to species following
Ezcurra and Brion (2005).

We sampled the ground litter layer by placing a sub-quadrat
(0.25m?) at the center of each cover quadrat. All fallen leaves
within the sub-quadrat were collected in plastic bags, air dried
and stored until processing. In the laboratory, litter was sorted into
N. dombeyi (dominant tree) and ‘other species’ leaves, which
included litter from subordinate woody species and herbs; other
plant parts (e.g. twigs) were discarded. We recorded the number
of species present in the litter layer and their percentage dry mass,
after pooling over samples within stands. Litter samples were oven
dried (60 °C) and weighed (0.01 g) to determine leaf litter mass
(g/m?) per stand.

2.4. Data analyses

Plant species were classified by functional type into trees,
shrubs and herbs (i.e. forbs, grasses and ferns); bamboo (C. culeou)
was considered separately (Ezcurra and Brion, 2005). Woody spe-
cies (shrubs and trees) were further sub-divided into species with
hard or spiny leaves vs. species with soft leaves and no spines
(Bryant et al., 1983; Diaz et al., 2006). This grouping was validated
by measuring several other leaf traits as part of a larger project
(M.V. Piazza, unpublished data). Patterns in total and functional
type cover were examined through linear mixed-effect models
using the ‘Ime’ function of the ‘nlme’ package in R version 2.13.0
(Pinheiro et al., 2011; R Development Core Team, 2011). The effects
of livestock herbivory (two levels: present vs. absent) and habitat
moisture (five levels or site pairs) were tested through a random
intercept model, where herbivory (H) and moisture index (M) were
coded as discrete and continuous fixed predictors, respectively. A
nested random effects model structure was defined to account
for the pairing of sites along the M gradient and for transects
nested in sites (Pinheiro and Bates, 2000). Sample quadrats were
averaged within transects before analysis. Model significance was
tested by sequential fitting of main effects and their interaction
using the function ‘anova’ in the ‘nlme’ pakage (Pinheiro et al.,
2011). Where variance heterogeneity affected the estimation of
herbivore effects, models were ran with a constant variance struc-
ture using the function ‘varldent’ (Pinheiro and Bates, 2000).

We conducted non-metric multidimensional scaling (NMDS) to
examine patterns in understory species composition using the spe-
cies’ relative cover (total = 61 spp). Ordination analysis was per-
formed at the transect scale to account for compositional
variation within sites, relative to differences among sites
(total =30 transects). A three-dimensional solution was defined
after selecting the lower-stress dissimilarity function of the ‘vegan’
package in R (Oksanen et al., 2011). The relationship between sam-
ple scores and the underlying moisture gradient was depicted by
fitting the M index vector through ordination space using the ‘en-
vfit’ function (Oksanen et al., 2011). Pairwise floristic differences
between stands with and without livestock were computed using
Bray-Curtis distances. To evaluate the observed differences in
species composition, we used linear mixed-effects models (nlme
package in R) to determine whether sample scores on the first
two NMDS dimensions varied significantly according to livestock
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presence, habitat moisture (M) or both. These models considered
the hierarchical structure of the design with transects nested in
sites, as described before (Pinheiro and Bates, 2000). We expected
an interaction between livestock and habitat moisture, so that
floristic differences between paired stands would increase along
the moisture gradient (see Chase et al., 2000; Lezama et al., 2014).

Plant species diversity was evaluated at the stand scale
(a-diversity) using: (i) species richness (S), the mean number of
species per transect; (ii) Shannon’s effective diversity (N; =e!,
where H' is the Shannon-Weiner diversity index), which
represented the number of common species per transect; and
(iii) species evenness (E=e'’/S), the ratio between effective
diversity and maximum diversity (Hill, 1973; Magurran, 1988).
These indices were calculated by taking the mean relative cover
of all species encountered over the five quadrats placed along a
transect, and thus reflected species numbers and abundances over
a 20-m? sample area (Crist and Veech, 2006). Domestic herbivores
were predicted to increase plant diversity, especially in moister,
more productive forests (Proulx and Mazumder, 1998; Hillebrand
et al., 2007). To evaluate the scale-dependency of a-diversity
results, we generated species accumulation curves for each site
by computing the randomized mean cumulative species richness
for sample sizes ranging 1-15 quadrats (99 permutations;
Oksanen et al, 2011). Litter richness, effective diversity and
evenness were similarly computed, except that the litter samples
were pooled over each forest stand.

We expected livestock presence to reduce spatial heterogeneity
in species composition within stands (S-diversity, local scale), due
to increased dominance by herbivore-resistant species (OIff and
Ritchie, 1998; Adler et al., 2001). Conversely, low herbivore densi-
ties typical of the study forests may lead to increased heterogene-
ity in understory composition (Adler et al., 2001). Furthermore,
domestic herbivores might increase community turnover at a
regional scale, by favoring different species in drier and moister
habitats (Coomes et al., 2009). To test these predictions, we com-
puted p-diversity at two scales using the additive model, =7 - «
(Magurran, 1988; Anderson et al., 2011). For ‘local’ g diversity, )
was the total species number per 50-m transect, and o was the
mean richness per quadrat within each transect. For ‘regional’
diversity, y was the total number of species found in the presence
(52 spp) or absence (39 spp) of domestic herbivores over the entire
moisture gradient, and « was the mean species number per tran-
sect in a given a stand. Statistical differences in species richness,
Shannon’s diversity, evenness (o-diversity), and species turnover
(B-diversity) at local and regional scales were examined through
linear mixed-effect models, with livestock presence, habitat mois-
ture and their interaction as fixed effects, as described before
(Pinheiro et al., 2011; R Development Core Team, 2011). Linear
models for litter diversity only tested the effect of livestock
(N =5 pairs of sites), since we lacked replicates for litter richness
and composition within stands.

3. Results
3.1. Understory cover and functional type abundances

Long-term use by cattle significantly altered understory struc-
ture in N. dombeyi forests (see Appendix, Table A2). On average,
domestic herbivores reduced understory cover to less than half
(48 +17%, mean+SD) the cover in livestock-free sites
(112 £ 20%), a pattern observed throughout the moisture gradient
(Fig. 1). In addition, the vegetation of browsed stands exhibited
greater spatial heterogenity in total cover than that of unbrowsed
stands (H: F;6=7.37, P=0.035). The average CV for understory
cover was 54.9% (#5.4) and 35.7% (#4.7), in browsed and
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Fig. 1. Total understory cover in Nothofagus dombeyi forests with long-term
presence (+H, solid symbols) or absence (—H, empty symbols) of domestic
herbivores along a regional moisture gradient. Moisture index (M) = mean annual
precipitation (MAP)/potential evapotranspiration (PET). Symbols show means * SE
(N = 3 transects). Asterisks denote significant effects from herbivory (H) and habitat
moisture (M): P <0.01, P> 0.10.

unbrowsed stands, respectively. This effect was consistent
throughout the moisture gradient (H x M: F; g = 0.05, P=0.84; M:
Fi6=3.33,P=0.12).

These effects accompanied a 70% decrease in woody species
cover (trees + shrubs, P=0.0017, Table A2) in cattle browsed, rela-
tive to unbrowsed sites. Long-term livestock presence led to
marked reductions in tree (65%), shrub (25%) and bamboo (55%)
cover, irrespective of habitat moisture (Fig. 2a—c). In addition, live-
stock presence had a significantly negative effect on the cover of
soft-leaved woody species, which decreased by 74% in cattle
browsed, relative to unbrowsed sites (Fig. 2e). There was no differ-
ence in hard-leaved woody cover associated with either livestock
presence or habitat moisture (Fig. 2f). Although the absolute cover
of ground herbs did not change with livestock presence (Fig. 2d,
Table A2), their relative cover increased from 15% in unbrowsed
sites to 41% in browsed sites (H: F;¢=6.35, P=0.045; H x M:
F16=1.38, P=0.29). In general, functional group abundances did
not reflect a significant herbivory x M interaction (Fig. 2, Table A2).

3.2. Understory species composition

We found substantial floristic differences between paired sites
(Bray-Curtis distances = 67-100%). Non-metric ordination showed
that compositional differences between cattle browsed and
unbrowsed sites, which are reflected on the first NMDS axis (sam-
ple scores lme, F;5=17.32, P=0.006), tended to increase with
habitat moisture (Fig. 3). This pattern was shown by a significant
H x M interaction (F;¢=7.99, P=0.03) for sample scores on the
first ordination axis. Further, while species composition varied
along the moisture gradient (Ime, NMDS-1: F;¢=9.63, P=0.021;
NMDS-2: F;6=5.56, P=0.056), region-wide floristic differences
were greater across livestock-free, unbrowsed forests (Fig. 3). Live-
stock exerted a smaller impact on the species composition of drier
forests, in part because within-site heterogeneity at the transect
scale (mean Bray-Curtis distance = 25-80%) decreased toward
moister forests (F;g=18.93, P=0.005; see Fig. 3).

The greater floristic distances between browsed and unbrowsed
sites found in moister forests reflected both a decrease in the num-
ber of shared species and the increased presence of exclusive spe-
cies along the moisture gradient, especially in cattle browsed sites
(Appendix, Fig. A1). From a total of 61 species recorded in this
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Fig. 2. Understory cover by plant functional type in N. dombeyi forests along a regional moisture gradient: (a) trees, (b) shrubs, (¢) bamboo, (d) herbs, (e) soft-leaved woody
species, and (f) hard/spiny leaved woody species. Sites were subjected to long-term presence (+H, solid symbols) or absence (—H, empty symbols) of domestic herbivores.
Symbols show means * SE (N = 3). Asterisks denote effects from herbivory (H) and habitat moisture (M): P < 0.01, P < 0.05, /P < 0.10.

study, nearly 50% (30 spp) were shared between browsed and
unbrowsed sites, 22 species were exclusive to browsed stands
(42%, mostly herbs), while only 9 species were exclusive to
unbrowsed stands (23%, mostly woody). Species typical of cattle
browsed stands included forbs (e.g. Adenocaulon chilense, Osmor-
hiza chilensis, Prunella vulgaris), spiny shrubs (Berberis spp.) and a
small fern (Blechnum penna-marina). Livestock-free stands were
characterized by several woody species, including Desfontainea

spinosa, Myrceugenia chrysocarpa, Maytenus magellanica Buddleja
globosa and Dasyphyllum diacantoides (see Appendix, Table A3).

There was a clear tendency for cattle disturbance to increase the
number of exotic species per site (F;=5.1, P=0.065), regardless
habitat moisture (H x M: F;5=0.21, P=0.55). One third of the
herbs found in cattle browsed sites were exotic, yet they were gen-
erally rare in terms of richness (1.8 + 0.96 spp/site) and ground
cover (0.6 £ 0.45%).
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3.3. Species a-diversity

Livestock herbivory did not consistently affect species richness
along the moisture gradient (Fig. 4a; see Appendix, Table A4). We
only detected significant differences for two pairs of sites, where
richness increased at ~5 spp/transect in browsed, relative to
unbrowsed stands (Student’s t=2.9 and 4.1, df = 4, both P <0.05).
The other paired sites did not differ with regard to plant richness
(t=0.89-2.01, df=4, P>0.1). These patterns did not depend on
the sampling intensity, as shown by species accumulation curves
drawn within sites (Appendix, Fig. A2). The average ‘effective’
diversity was also not affected by livestock presence (Fig. 4b,
Table A4). However, forest understories subjected to livestock
browsing showed a highly significant decrease (30%) in species
evenness, relative to their livestock-free counterparts (Fig. 4c).
There were no clear trends in understory richness, diversity or
evenness along the moisture gradient (Fig. 4, Table A4).

3.4. Spatial species turnover (-diversity)

On average, livestock presence did not consistently affect
within-site community heterogeneity but interacted with habitat
moisture to increase p-diversity in the moister forest stands
(Fig. 5a, Table A4). At the regional scale, however, browsed forests
exhibited lower species turnover across sites than livestock-free
unbrowsed forests, a pattern that was consistent throughout the
moisture gradient (Fig. 5b). Thus, long-term use by cattle increased
the proportional representation of the regional species pool within
individual forest stands.

3.5. Litter composition and diversity

Total leaf litter mass tended to decrease with increasing habitat
moisture, but did not differ between cattle browsed and
unbrowsed stands (Fig. 6a). Likewise, litter accumulation by the
dominant canopy tree N. dombeyi was not affected by livestock
presence or habitat moisture (see Appendix, Table A5).

Importantly, however, long-term use by cattle decreased by 56%
the average proportional contribution of subordinate species to
the leaf-litter layer (Fig. 6b, Table A5).

Although litter species richness did not change with livestock
presence (litter S, +H=12.6+0.6 vs. —H =15.0 £ 1.26; see Appen-
dix, Table A6), the litter effective diversity was 42% lower in
browsed than in unbrowsed stands (litter e, +H=2.32+0.13 vs.
—H=4.12 £ 0.44; P=0.005). This pattern resulted from a signifi-
cant decrease (32%) in litter species evenness under livestock her-
bivory, compared to that in livestock-free sites (litter E,
+H=0.19+0.02 vs. —-H=0.27 £0.02, P=0.01; Table A6). The fact
that such differences in litter diversity disappeared (P > 0.10) after
excluding N. dombeyi leaves (see Table A6) indicated that livestock
presence led to greater dominance of the litter layer by N. dombeyi
leaves.

4. Discussion

Our results show that domestic cattle strongly affected under-
story structure and composition in N. dombeyi forests of the north-
ern Patagonian Andes. Based on five paired sites distributed over a
broad moisture gradient, we found that livestock impacts on native
forest understories involved changes in ground cover, functional
composition and species evenness, which were largely indepen-
dent of habitat moisture. We observed, however, a greater effect
from long-term cattle browsing on the species composition of wet-
ter forests, a pattern predicted by grazing models that emphasize
the role of plant growth-defense tradeoffs along resource gradi-
ents (Coley et al., 1985; Leibold et al., 1997). Moreover, changes
in standing vegetation associated with livestock presence also
affected the litter layer composition, with potential consequences
for soil ecosystem functions (Pastor and Cohen, 1997; Wardle
and Bardgett, 2004). Overall, beech forest understories in Nahuel
Huapi National Park appear to have switched to a degraded state
maintained by traditional ranching activities. Thus, novel
approaches to cattle management would be required for effective
forest recovery and conservation.
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4.1. Livestock effects on understory community structure

Habitat use by cattle altered forest community structure by
inducing a generalized decrease in understory cover through the
moisture gradient (Figs. 1 and 2). These results highlight the vul-
nerable nature of the regional flora when confronted with chronic
herbivory from introduced ungulates (Veblen et al., 1989, 1992;
Vazquez, 2002). Several sub-canopy trees and soft-leaved shrubs
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Fig. 5. Spatial species turnover (f diversity) for understory communities in
Nothofagus dombeyi forests with long-term presence (+H, solid symbols) or absence
(—H, empty symbols) of domestic cattle along a regional moisture gradient. Beta
diversity (8 =y - o) was estimated at two scales: (a) local stand, where y and o were
total and mean species number per transect and quadrat, respectively; and (b)
regional, where y was the cumulative richness in —H (=39) or +H (=52) sites, and o
was the total species number per transect within sites. Symbols show means + SE
(N=3). Asterisks denote effects of herbivory (H) and habitat moisture (M):
"'P<0.001, P <0.05.

that dominated livestock-free sites markedly decreased under cat-
tle browsing (Fig. 2, Table A3). Still, neither the hard-leaved/spiny
shrubs nor a diverse group of low-growing herbs increased their
absolute cover in cattle browsed stands (Fig. 2d and e). This finding
appears to be consistent with the broad diet consumed by cattle in
these forests, which includes different functional types depending
on the season (Vila and Borrelli, 2011). In contrast, studies in other
temperate forests invoked competitive release from selective her-
bivory as a major driver of community changes induced by wild
ungulates (Randall and Walters, 2011; Hegland et al., 2013;
Suzuki et al., 2013). The lack of community-level compensation
to cattle disturbance suggests that local environmental conditions
may have constrained the initial abundance and subsequent
response of herbivore-resistant species (Augustine and
McNaughton, 1998; Mason et al., 2010). Light availability can be
strongly limiting for plant growth and recruitment in Patagonian
beech forests (Veblen et al., 1996), while spiny shrubs and
ground-layer herbs and ferns typically become dominant in treefall
gaps and after large-scale disturbances (Veblen et al., 1989;
Raffaele et al., 2011). Hence, it is possible that reduced light levels
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Fig. 6. Leaf litter biomass in Nothofagus dombeyi forests with long-term presence
(+H, solid symbols) or absence (—H, empty symbols) of domestic herbivores along a
regional moisture gradient. (a) total leaf litter mass (g m~2), and (b) percentage of
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(M): ‘P<0.05, PP<0.10.

under closed N. dombeyi canopies (Table 1) precluded the compen-
satory response of browsing-resistant plant types.

The structural simplification of understory communities attrib-
uted to cattle disturbance was noteworthy. Livestock drastically
altered the forest physiognomy by shifting the pattern of func-
tional group dominance along the moisture gradient (see Appen-
dix, Fig. A3). Livestock-free understories varied from dense layers
of soft-leaved shrubs with a patchy herbaceous carpet in the drier
forests, to nearly continuous, complex woody thickets with
increasing bamboo dominance in the wetter forests. On the other
hand, heavily browsed stands had a sparse woody layer in the drier
forests, which gave way to a uniform herbaceous ground layer with
few hard-leaved shrubs and small bamboo patches toward wetter
sites (Figs. 2 and A3). These changes in functional type composition
would reflect not only differential susceptibility to cattle herbivory,
but also the influence of local environmental conditions on plant
performance (Krueger et al., 2009; Randall and Walters, 2011).
We observed that structural changes associated with cattle were
most pronounced in the wetter forests, where dominance by the
palatable bamboo C. culeou and several woody species was sup-
pressed by heavy browsing (Veblen et al., 1992; Raffaele et al,,
2007). Many such species possess re-sprouting underground
organs or spiniscent shoots (Ezcurra and Brion, 2005), which can
provide resistance to native ungulates (Vazquez, 2002), but may
be inadequate to cope with repeated damage from domestic herbi-
vores in light-limited environments (Haukioja and Koricheva,
2000; Hanley et al., 2007; Mason et al., 2010).

We found that understory species composition diverged
between cattle browsed and unbrowsed stands toward the moister
end of the study gradient. In contrast, in drier forest sites,
livestock-induced changes in vegetation structure were paralleled
by more diffuse compositional differences between paired sites
(Figs. 3 and A1). These results are consistent with the hypothesis
that the magnitude of grazing/browsing effects on plant commu-
nity composition should increase along habitat moisture or pro-
ductivity gradients (Milchunas et al.,, 1988; Chase et al., 2000).
The idea that ‘top-down’ consumer control over vegetation attri-
butes increases along resource gradients had been tested primarily
in grasslands and aquatic systems (Milchunas and Lauenroth,
1993; Proulx and Mazumder, 1998; Hillebrand et al., 2007;
Lezama et al., 2014), but remained rarely addressed in forested
landscapes (Randall and Walters, 2011; see Kuijper et al., 2015,
for an updated review).

Two mechanisms might have contributed to the observed inter-
action of livestock disturbance with habitat moisture in shaping
understory species composition. First, in the absence of cattle, wet-
ter forests were dominated by highly palatable, bamboo and
woody species, which thrive in the more shaded environment of
Nothofagus rainforests (Veblen et al., 1989, 1992; Speziale et al.,
2010). The observed decrease in bamboo dominance was probably
a major driver of understory dynamics in browsed humid forests
(Raffaele et al., 2007), as reported in Asian temperate forests
(Darabant et al., 2007). In contrast, drier forests comprised a larger
proportion of low-growing herbs, which are less affected by graz-
ing and perform better within open canopies (Veblen et al.,
1996; Raffaele et al.,, 2011). This pattern of species dominance
points to plant growth-defense tradeoffs (Coley et al., 1985) as a
significant factor underlying the impact of domestic cattle along
the moisture gradient (Milchunas et al., 1988; Proulx and
Mazumder, 1998). A second, related mechanism was the increased
addition of exclusive, rare species in cattle-disturbed communities
of wetter forests. Browsed and unbrowsed stands in wetter sites
also shared fewer species than their drier forest counterparts
(Fig. A1). Our results suggest that ecological conditions differed
more markedly between browsed and unbrowsed sites in the more
productive, wetter habitats, a pattern already shown for grasslands
(Milchunas and Lauenroth, 1993; Lezama et al., 2014). Yet, we can-
not rule out the possibility that wetter forests comprised a larger
species pool (Speziale et al., 2010), which would have increased
the chances that new species colonized livestock disturbed stands
(Leibold et al., 1997).

4.2. Livestock impact on plant species diversity

Based on existing models for grazing effects on local (o) diver-
sity (Milchunas et al., 1988; Leibold et al., 1997), we expected a
negative impact from livestock on understory species richness
and evenness in drier forests, but a positive effect in wetter forests
(Proulx and Mazumder, 1998; Hillebrand et al., 2007). We found,
however, an overall decline in community evenness associated
with long-term cattle presence (Fig. 4). In browsed understories,
a larger amount of plant cover was concentrated in a few resistant
species, mainly Adenocaulon chilense and Osmorhiza chilensis
(forbs), Blechnum penna-marina (fern) and Berberis darwinii (spiny
shrub) (see Table A3). Contrary to theoretical predictions, the effect
of domestic cattle on species evenness did not vary with environ-
mental moisture (Milchunas et al.,, 1988), and indeed was the
opposite to the average effect reported for grass-dominated sys-
tems (Hillebrand et al., 2007). These findings support the notion
that few species from the regional pool may be able to thrive under
sustained livestock pressure in these Patagonian forests.

We did not detect an overall significant impact from livestock
presence on local richness or effective diversity (Fig. 4a and b).
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Previous work in temperate forests claimed that herbivore effects
on understory species richness depended on canopy cover
(Vazquez, 2002) or habitat productivity (Randall and Walters,
2011). Here, richness differences between paired sites were
idiosyncratic, and unlike predictions from grazing models
(Milchunas et al., 1988; OIff and Ritchie, 1998), cattle presence
either increased or had no effect at all on species richness in both
drier and wetter habitats (see Fig. A2). Although cattle had a
disruptive effect on vegetation cover throughout the study
gradient, colonization of browsed stands by ruderal herbs was
highly variable among sites and was presumably counteracted by
local species losses (Spear and Chown, 2009). It is also possible that
a net species loss from browsed stands was prevented by
microhabitat shelters created by fallen logs, coarse woody debris or
spiny shrubs (Relva et al., 2008; Kuijper et al., 2015). Our sampling
design was not adequate to reveal such detailed patterns, for which
it would be necessary to perform a stratified, multi-scale sampling
scheme, with nested plots of various sizes (Stohlgren, 2007).

Furthermore, it is also possible that sampling was not exhaus-
tive enough to perceive between-site differences in plant richness
generated by rare plant species. This might be due, in part, to the
small size (4 m?) of the sample plots, and the use of regularly
spaced, noncontiguous plots, which may underestimate local spe-
cies richness in complex habitat settings (Stohlgren, 2007). Indeed,
species accumulation curves suggested that in three out of five
grazed stands our sampling did not capture the entire community
richness, whereas for the remaining stands the cumulative rich-
ness leveled-off at small sample sizes (Fig. A2). Hence, our results
may be conservative in regard to the impact of domestic cattle
on understory plant richness in the study system.

Livestock altered the spatial heterogeneity of understory com-
munities, although the direction of this effect depended on the
scale of analysis (Senft et al., 1987). At the stand scale, the greater
impact of domestic cattle on the species composition of moister
forests was accompanied by increases in both o and g diversity
(Figs. 4a and 5a). Species colonizing cattle browsed stands were
mostly opportunistic, low-growing forbs, including exotics with
low cover values that were sparsely distributed within stands
(see Table A3). These species were presumably displaced from
livestock-free stands through competition with sub-canopy woody
species and bamboo, a process that contributed to homogenize the
community composition (cf. Darabant et al., 2007). Intriguingly, at
the regional scale, the cumulative richness of browsed stands
exceeded that of unbrowsed stands by 33%, and this led to a gen-
eralized decrease in B diversity along the moisture gradient
(Fig. 5b). This pattern likely reflected a dynamic dispersal process
whereby a common ensemble of plant species became established
in livestock disturbed stands located in different habitat patches
(OIff and Ritchie, 1988; Anderson et al., 2011).

4.3. Leaf litter composition and diversity

Introduced ungulates may often drive changes in plant commu-
nities that will influence soil ecosystem functioning (Wardle and
Bardgett, 2004; Spear and Chown, 2009; Tanentzap and Coomes,
2011). Here we did not find an effect of livestock on the amount
of leaf litter accumulated on the forest floor, although litter mass
tended to decline along the moisture gradient, suggesting faster lit-
ter breakdown in wetter sites (see Fig. 6a). Similarly, Relva et al.
(2014) reported no significant impact from removing introduced
deer on N. dombeyi forest litter quantity and chemical quality,
which could reflect the use of short-term (<10 yr-old) exclosures
as surrogates for unbrowsed forest sites. More importantly, and
contrary to short-term exclosure studies, we found that historical
cattle disturbance altered litter composition and diversity by
reducing the contribution of understory species to the litter layer

(Fig. 6b, Tables A5 and AG), irrespective of habitat context (cf.
Mason et al., 2010). This result was consistent with the negative
impact that livestock presence had on understory cover. Further-
more, litter species diversity decreased in browsed stands, as the
bulk of leaf-litter production was dominated by N. dombeyi canopy
trees. The homogenization of litter composition may have impor-
tant consequences on soil communities and nutrient cycling pro-
cesses (Lessard et al., 2012; Hatton et al., 2014). Whether mass
litter production by dominant canopy tree species can eventually
buffer herbivore-induced shifts in litter species diversity, as sug-
gested for Nothofagus forests in New Zealand (Mason et al.,
2010), remains an open question.

4.4. Perspectives for conservation

The temperate forests of Patagonia represent important reser-
voirs of biological diversity that warrant active protection
(Mittermeier et al., 2003; Ezcurra and Brion, 2005). We have
shown that the impact of introduced livestock on native forest
understories stretches over a region-wide moisture gradient.
While current stocking rates may be deceptively low, it must be
realized that forest stands have been repeatedly used by livestock
every year for many decades. Thus, the patterns reported here
should reflect long-term, cumulative effects of domestic herbivores
on understory vegetation. Nonetheless, given the observational
nature of the paired-sites design, it must be recognized that other
factors may have influenced the differences we found between
livestock-free and disturbed forest stands.

In this light, our results suggest that a widespread shift
towards a degraded vegetation state would have taken place
under historical levels of cattle browsing. Further, the structural
simplification of understory communities might accelerate the
degradation process by facilitating the expansion of exotic spe-
cies, which nowadays occur in low densities (Spear and Chown,
2009). We nevertheless posit that the recovery of certain vegeta-
tion attributes may still be possible given the large proportion of
plant species shared between browsed and unbrowsed stands,
and the rapid response of palatable species to ungulate removals
(Veblen et al., 1992; Vazquez, 2002). There is, therefore, a press-
ing need for National Park authorities to introduce tighter con-
trols on animal stocks, which might include culling of feral
cattle as well as spatially-explicit management schemes
(Wright et al., 2012), aimed at mitigating the ongoing loss of N.
dombeyi understories. Our findings also indicate that moister for-
est habitats must be prioritized for conservation efforts, given
their seemingly greater compositional susceptibility to livestock
disturbance.
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