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There is evidence that cattle grazing in forests limits big cat abundance. There is
concern, too, about competition with wild ungulate prey through bottom-up effects on
vegetation. Hence, there have been calls to remove or control forest livestock grazing
in aid of restoring endangered large carnivores and their prey. To help inform scientific
debate and decision making, we explored cattle-vegetation-prey dynamics in Northeast
Tiger and Leopard National Park, northeast China and present a reappraisal of livestock
grazing in the context of coexistence and an integrated approach to land use in China.
Inside long-term forest grazing enclosures, wild boar (Sus scrofa) density increased with
cattle density. Roe deer (Capreolus pygargus) density and occurrence probability of
wild boar and roe deer were not influenced by cattle density. Wild ungulate densities
were not related with the number of annual shoots, i.e., forage plant abundance. The
presence/absence and abundance of annual shoots was not related with cattle density.
Wild ungulate density had mixed associations with vegetation structure; arbor tree
diameter at breast height (DBH) and habitat “openness” increased with cattle density.
Finally, inside and outside enclosures had different vegetation characteristics and wild
boar densities, while roe deer densities were equal. We conclude that cattle density and
associated changes to vegetation have positive, negative, and neutral effects on two
wild ungulate prey species. Each of these factors warrant consideration in evidence-
based management decisions in regard to regulating ungulate community composition
to support different large predators as preferred prey in core areas and corridors
of habitats.

Keywords: livestock grazing, national park, roe deer, sustainable forest, wild boar

INTRODUCTION

Large herbivores have immense capacity to shape landscapes, and have nurtured and maintained
biologically rich and productive ecosystems for millennia (Goderie et al., 2013; Ripple et al., 2015).
Their size, abundance and behavior stimulate major ecological processes, often defining them as
keystone species and ecological engineers (Caro, 2010). As grazing and browsing specialists, they
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remove vegetation, and trampling creates open spaces within
which germination can occur with less competition and the
addition of feces as natural fertilizer, providing an important
facilitative role in seedling establishment (Hancock et al., 2010;
Faust et al., 2011). Seedlings may, however, be damaged by
trampling and grazing (Krzic et al., 2006; Wassie et al., 2009;
Thakur et al., 2011), yet a sufficiently high percentage may
survive to support productive forests under tolerable conditions
(Krzic et al., 2006). These interactions are spatially and seasonally
complex, shifting vegetation and nutrients through space and
time (Kohler et al., 2006; Bernes et al., 2018).

Plants are inherently resilient to herbivory (Bernes et al.,
2018), and an abundance of large herbivores promotes a dynamic
natural cycle of forested and open grassland landscapes; their
absence (or shortage), by contrast, locks in a constrained
cycle of closed canopy forest (Goderie et al., 2013). Grazing
pressures on saplings create forest gaps, leading to tree
regeneration, shrub/herb layer growth, and increases ungulate
habitat suitability as they utilize gaps more than closed forests
(Kramer et al., 2006; Kuijper et al., 2009; Bernes et al., 2018).
This habitat heterogeneity supports the dynamics of predator-
prey interactions whereby predators can find habitat to maximize
hunting performance and prey species can find habitat that
mitigates their predation risk by utilizing areas where predator
hunting efficiency is diminished (Miller et al., 2015).

Early domestication of wildlife and animal agriculture have
profoundly influenced human societies and landscapes (Food
and Agriculture Organization [FAO], 2006). Presently, the
livestock sector accounts for more land use than any other
human activity, around 30 percent of all terrestrial land (Food
and Agriculture Organization [FAO], 2018), and has been a
primary driver of habitat loss and reducing wild herbivores and
predators in number and distribution (Food and Agriculture
Organization [FAO], 2006; Goderie et al., 2013; WWF, 2020).
Farmed animals now represent 60% of global mammal biomass,
whilst wild mammals represent just 4% (Bar-On et al., 2018).
Furthermore, while natural grazing outdoors generally restricts
wild mammal presence and abundance through reductions in
habitat and resource availability, and habitat complexity, the
rapid transition over the recent decades from traditional outdoor
farming systems to industrial-scale landless systems is attributed
with high externalized costs of land use and environmental
pollution (Bai et al., 2018).

By far the greatest increase in meat and milk consumption
worldwide during the recent decades has been in China, which
saw a 13-fold increase in demand for beef products per capita
1980–2010 (Ministry of Agriculture in China [MOA], 2014). In
2010 the equivalent of 510,000 km2 of arable land (equivalent
to 5% of China’s land area) was used for domestic livestock
feed production in China, plus an additional 2 million km2 of
grasslands (Bai et al., 2018). Modeled scenarios for 2050 suggest
that China would need a further 310,000 km2 to produce livestock
feed in order to meet projected increases in domestic demand,
including for beef and milk which is increasing much faster than
other livestock products (Bai et al., 2018). In light of systems-level
environmental disruption associated with modern food systems
(Gerten et al., 2020), it is perhaps worth considering the need,
and urgency, for ecologically balanced alternatives.

The Northeast Tiger and Leopard National Park (NTLNP)
is a pilot conservation project launched in 2017 in northeast
China. Despite a history of seasonal livestock grazing in the
forests of NTLNP, the practice is nationally prohibited in nature
reserves except as otherwise provided by laws and administrative
regulations [Regulations of the People’s Republic of China on
Nature Reserves 1994 (revised 2011 and 2017)]. Within NTLNP,
cattle are regarded a major disturbance and threat to vegetation,
wild ungulates and predators via bottom-up ecological effects
and population constraints, and there are calls for livestock
reductions or removals (see for example: Hebblewhite et al., 2012
for Amur tiger (Panthera tigris altaica) conservation landscape
planning; Soh et al., 2014; Gu et al., 2018; Dou et al., 2019
for livestock depredation and tiger prey selection; Wang et al.,
2016, 2017; Xiao et al., 2018 for cattle effects on tiger, leopard
(P. pardus orientalis) and prey abundance; Li Z. L. et al., 2017;
Wang et al., 2019 for cattle effects on vegetation; Feng J. W.
et al., 2021 for cattle effects on species richness; and Wang
et al., 2018; Li et al., 2019; Feng R. N. et al., 2021 for cattle
effects on tiger, leopard and prey spatiotemporal patterns).
However, the reduction targets are generally unspecified and
there remain important gaps in the evidence base, particularly
concerning relationships between vegetation factors and wildlife
abundance, and their corresponding relationships with long-
term cattle grazing. Similar requests have also been made by
reserve managers in southern China to limit cattle grazing
on the basis of habitat selection and speculated reduced
habitat suitability of the conservation-dependent giant panda
(Ailuropoda melanoleuca) (Wang et al., 2015, but see Li B. V.
et al., 2017 for subsequent analyses).

In regard to food habits and forest vegetation resource use
overlap of domestic cattle and wild ungulates, these species
exist on a grazer-browser continuum (Goderie et al., 2013).
Though cattle are commonly recognized as grazers, their diet is
highly variable (Calleja et al., 2019), and a one-year exclosure
experiment in the eastern part of NTLNP suggests that cattle
reduce twig and leaf biomass during seasonal grazing (Wang
et al., 2019), echoing direct foraging observations in another
temperate study area which found that around 20% of the cattle
diet is woody plants; approximately 80% is grass (Cromsigt et al.,
2018). In winter, when cattle are removed from the forest and fed
indoors, and wild ungulate abundance is at least partly regulated
by food availability, woody plants constitute a major part of the
roe deer (Capreolus pygargus) diet, roughly 80–90% (Chen et al.,
2014; Li et al., 2014; He et al., 2015; Feng, 2017), and for the wild
boar (Sus scrofa), a versatile omnivore and an intermediate feeder
(Hofmann, 1989), roughly 5–15% of the diet may be twigs, leaves,
bark and fruit, 50–60% herbaceous vegetation, and much of the
large remaining part of the diet may comprise roots, buds and
shoots (Zhang, 2018).

Despite the narrative of cattle-wildlife conflict and
management to reduce or remove cattle from natural systems, in
comparable ecosystems to NTLNP, cattle are used as a tool for
conservation (Pollock et al., 2005; Kohler et al., 2006; Kramer
et al., 2006; Hancock et al., 2010), highlighting the need to
review, in a Chinese context, our understanding of how cattle
grazing interacts with wild ungulates and vegetation in forests,
especially how summer grazing may influence winter food
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availability as this may be an important factor in regulating
population dynamics (Kramer et al., 2006; Svenning et al., 2016).
Conservation evidence and management implications of cattle
grazing and enclosure fencing in forests is limited, especially
in regards to the effects on native wild ungulates (Littlewood
et al., 2020). Such data, particularly about cattle density and
grazing duration, is of great practical value for management
decisions and designs (Pollock et al., 2005). In NTLNP there
is an emerging program of widespread removal of livestock
and fenced enclosures as part of the national park conservation
management plan (Song, 2020); hence, a narrow opportunity to
sample longstanding enclosures exists before fences are removed.

In this paper we seek to advance our understanding of
seasonal cattle grazing in forests in China. We are aware that
livestock grazing within protected areas is a highly contested
area, both globally and within China, and within our team
there are differences of opinion over this issue. Our aim is to
contribute to building an objective evidence base to support
data driven decision making. We do this by experimentally
investigating the ecological effects of cattle grazing on vegetation
and wild ungulates in longstanding enclosures (>10 years old)
located within a temperate forest. We hypothesize that: (1) cattle
grazing affects the distribution and abundance of wild ungulates
via bottom-up effects on vegetation structure; (2) effects of
cattle grazing on vegetation structure and wild ungulates vary
according to cattle grazing intensity, and (3) fenced cattle grazing
enclosures limit wild ungulate population density. We then
discuss our results in light of current and future conservation
planning with regards to cattle-wildlife coexistence.

MATERIALS AND METHODS

Study Area
Hunchun National Nature Reserve (HNR, 1,092 km2), Jilin,
China is the core area of NTLNP (14,600 km2), bordered by
the Russian Far East and Democratic People’s Republic of Korea
(Figure 1). The highest elevation is 1,477 m asl, the climate is
mid-temperate maritime monsoonal, and average temperature,
annual precipitation and frost-free period is 5.7◦C, 618 mm,
and 140–160 days, respectively. The main forest types are mixed
broadleaved and secondary Mongolian oak (Quercus mongolica).
Three of the main large mammal species occurring in HNR are
roe deer, wild boar and sika deer (Cervus nippon), as well as
Amur tiger, and Amur leopard. Hunchun is an important area
for cattle farming, more so than other parts of NTLNP, and
production is characterized by seasonal fenced and free-roaming
forest grazing annually between May and October, with indoor
stall feeding over winter.

Forest Grazing Enclosures
Unlike Wang et al. (2016, 2019), and Li Z. L. et al. (2017)
who studied the associations between wildlife, plants and free-
roaming forest cattle, our objective was to systematically assess
the effects of cattle density on vegetation and wild ungulates by
controlled experimentation in longstanding fixed enclosures in
the forest. We identified 9 enclosures with access permissions

which were spatially independent (Figure 1), represented cattle
densities from 10.3 to 54.1 cattle per km2 (average enclosure:
2.7 km2; Supplementary Table 1) and seasonally grazed by cattle
from May to October for over 10 years. Based on the survey of
Li Z. L. et al. (2017) which confirmed 63 pastures in or around
HNR with an average density of 11 cattle per km2, we assumed
representative sampling intensity and cattle densities. Cattle were
Simmental cattle and enclosures were fenced with barbed wire
(1 m height, four strain), though fences were typically in poor
condition and as such “semi-permeable”; there was anecdotal
evidence from farmers that wildlife could get in and out easily,
but cattle were unable to get out.

Vegetation and Ungulate Surveys
Work has already been done on ungulate populations and
vegetation structure in summer in regards to free-ranging cattle
(Wang et al., 2019), yet these factors remain unclear in the critical
winter period of seasonal scarcity after cattle have been removed
from the forest and are feeding indoors. In this research, in order
to begin to understand how summer cattle grazing may influence
winter forage availability, we walked 12 temporary 5 km transect
lines which intersected cattle grazing enclosures (i.e., were part
inside and part outside enclosures) between 27 and 31 January
2018 (sampling intensity greater than 10 km per 100 km2).
Transects were spaced no less than 500 m apart and were entirely
inside the forest. We recorded evidence of fresh (<24 h) ungulate
footprints and feces in the snow, and recorded GPS coordinates
of these events. Every 200 m we defined a vegetation plot of 10
m × 10 m (n = 312), identifying and counting trees larger than
2 m in height, and recording respective diameter at breast height
(DBH) (Jiang et al., 2010). We placed 5 smaller quadrats of 2 m
× 2 m at the corners and center inside each plot, identifying and
counting the number of annual shoots of shrub species less than
1.5 m height. We subsequently calculated total tree abundance,
basal area, and food abundance (shoot number) in each plot of
each transect line.

Ungulate Density
To be consistent with long-established survey methods in the
Sino-Russia area (Stephens et al., 2006a), we estimated ungulate
density based on the number of footprints inside each enclosure
and for each transect segment outside enclosures (i.e., from
fence intersection to end of transect line), considering no
more than 1 set of tracks per 100 m intersecting the transect
line to reduce pseudo-replication. Values of 2.19 and 3.63 km
were used as average daily activity distances for roe deer
and wild boar in density estimate calculations, respectively
(Stephens et al., 2006b).

Data Analysis
We imported all GPS points of each plot on line transects into
ArcGIS and determined distances to human activities from data
provided by the local Forestry Bureau. We placed a 200 m × 200
m grid over the data, pooling ungulate observations as binary
presence-absence data per grid cell and averaged vegetation data
and spatial data where more than one point occurred within a
cell, removing non-integers. After averaging/pooling, 242 data
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FIGURE 1 | Forestry Bureaus (FBs) and Nature Reserves in Northeast Tiger and Leopard National Park (NTLNP), Jilin/Heilongjiang Province, China sampled by
ungulate and vegetation transect surveys. Transect lines intersect grazing enclosures (see section “Materials and Methods”). Base map is a digital elevation model.
Cattle fence removals are shown for Tianqiaoling (n = 55; length = 237.0 km) and Wangqing (n = 109; length = 494.8 km) FBs only and do not infer individual fence
length, shape, spatial extent or completeness of data (data provided by respective FBs in December 2018 for context only). The names and boundaries shown and
the designations used on this map do not imply the expression of opinion whatsoever on the part of the authors concerning the legal status of any country, territory,
city or area or of its authorities, or concerning the definitions of its frontiers or boundaries.

points remained. Prior to analyses, we tested response variables
for spatial autocorrelation by Moran’s I statistic, spatially
rarefying occurrence data at 200 m increments, finalizing at 400
m for roe deer (Moran’s Index = −0.197, z-score = −2.071,
p = 0.038) and 600 m for wild boar (Moran’s Index = −0.305,
z-score = −1.665, p = 0.096) (Diniz et al., 2003; Boria et al., 2014;
Brown, 2014).

We used Mann-Whitney U-test to compare ecological
factors inside and outside enclosures. We calculated occurrence
probabilities as generalized linear models with data from inside
enclosures only, assuming some degree of physical barrier from
fencing and that all enclosures were equally permeable. We used
Spearman’s Rank (threshold: 0.7; R package “fuzzysim”) to first
test for and remove correlated variables, and performed AUC
model checking with package “Deducer.” We used a series of
linear models, segmented piece regression (package “segmented”)
and generalized additive models (package “mgcv”) to test for
relationships between variables. We checked model performance
by hat values, Cook’s distance, and visual inspection of predicted
vs. observed values, and also referred to AIC values in final model

selection. We computed a zero-inflated negative binomial (ZINB)
model (package “pscl”) for food abundance, checked model
dispersion and residuals, and additionally checked the ZINB
model performance with package “DHARMa” and rootogram
(package “countreg”).

Unless otherwise stated, “cattle density” throughout this
manuscript refers to data inside enclosures only, i.e., does not
include outside as “0.” We assume some level of free-roaming
cattle grazing in our study area outside enclosures; this was not
quantified here.

RESULTS

Effects of Vegetation on Wild Ungulates
As annual shoot abundance increased, there was no effect on wild
boar [R2

Adjusted = 0.04, t(65) = 1.7, p = 0.099; Figure 2A] or roe
deer [R2

Adjusted = 0.15, t(65) = 1.7, p = 0.092; Figure 2D] density.
As Q. mongolica DBH increased (up to 15.9 ± 2.2 cm), roe
deer density increased [R2

Adjusted = 0.45, t(39) = 4.7, p < 0.001;
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FIGURE 2 | Wild boar (A–C) and roe deer (D–G) density inside forest cattle grazing enclosures in response to food abundance (A,D), Quercus mongolica DBH
(B,E), Juglans spp. DBH (C,F) and total arbor tree basal area (G). Wild boar density modeled against total arbor tree basal area is not shown here because all
candidate models did not fit the data well. p-values in bold indicate statistical significance (p < 0.05). The segmented models (A–F) show the p-value of the first
slope (left) and the difference between the first and second slope (right). Note the scales of y axes.

Figure 2E]. Where average Q. mongolica DBH was greater than
this there was no further effect on roe deer density (p = 0.520;
Figure 2E). Q. mongolica DBH had no relationship with wild boar
density (R2

Adjusted = 0.18, t(39) = −0.1, p = 0.934; Figure 2B). Roe
deer density also increased with walnut (Juglans spp.) DBH up to
17.0 ± 3.1 cm (R2

Adjusted = 0.27, t(21) = 2.6, p = 0.016; Figure 2F);
beyond this DBH (or 17.7 ± 7.2 cm for wild boar), there was an
observed decreasing density of wild boar (p < 0.001; Figure 2C)
but no further effect on roe deer (p = 0.079; Figure 2F). Roe
deer occurrence probability also increased with Juglans spp. DBH
(z = 2.22, p = 0.027; Supplementary Figure 1). Roe deer density
was related with total arbor tree basal area (p < 0.001; Figure 2G).
A threshold was found at approximately 4,000 cm2 per 100 m2,
approximately equivalent to a density of one tree of 17 cm DBH
per 20 m2. Total tree abundance had no effect on wild boar
(dropped from final best fitting model; Supplementary Table 2)
or roe deer (z = −0.69, p = 0.488; Supplementary Table 3)
occurrence probability.

Effects of Cattle Density and Other
Human Activities on Vegetation
Inside enclosures, 49.3% of plots had zero annual shoots (outside:
26.9%). The ZINB model indicated that the chance of zero annual
shoots was not related with cattle density (p = 0.056). Where these
food plants were present, results indicated that their abundance
was not related with cattle density (p = 0.087) but increased with
distance to village highway (p = 0.008; Table 1).

Concerning arbor tree density and any relationship with cattle
density, candidate models performed poorly, yet data points

inside enclosures appeared clustered beneath a “hump-shaped
curve” with lowest tree densities found at both the lowest and
highest cattle densities. However, increasing cattle density was

TABLE 1 | Zero-inflated negative binomial model output of food abundance
(annual shoot number) inside forest cattle grazing enclosures in response to cattle
density and other anthropogenic factors.

Count component Zero component

Parameter Estimate* Std. Error p-value Estimate* Std. Error p-value

(Intercept) 4.83 0.15 <0.001 −0.24 0.21 0.235

Cattle density 0.48 0.28 0.087 0.48 0.25 0.056

Distance to
ginseng land

0.45 0.28 0.102 0.60 0.35 0.087

Distance to
crop farmland

−0.26 0.31 0.400 −0.08 0.35 0.816

Distance to
human
settlement

0.10 0.25 0.693 0.15 0.41 0.707

Distance to
village highway

0.97 0.37 0.008 0.09 0.32 0.777

Distance to dirt
road

−0.43 0.30 0.156 −0.15 0.33 0.646

Log (theta) −0.20 0.19 0.310

Log-likelihood −427.7

AIC 885.37

*Bold text indicates statistical significance (p < 0.05).
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FIGURE 3 | Wild boar (A,B) and roe deer (C,D) occurrence probability (A,C) and density (B,D), and Quercus mongolica DBH (E), Juglans spp. DBH (F), and total
arbor tree basal area (H) inside forest cattle grazing enclosures in response to cattle density. Total tree basal area outside (left plot) and inside (right plot) forest cattle
grazing enclosures is also shown (G). Note that we assume some level of free-roaming cattle grazing outside enclosures (see section “Materials and Methods”).
p-values in bold indicate statistical significance (p < 0.05). The segmented model (H) shows the p-value of the first slope (left) and the difference between the first
and second slope (right). Note the scales of x and y axes.

related with increased Q. mongolica DBH [R2
Adjusted = 0.37,

F(1, 40) = 25.39, p < 0.001; Figure 3E], Juglans spp. DBH
[R2

Adjusted = 0.41, F(1, 23) = 17.72, p < 0.001; Figure 3F], and
total tree basal area [R2

Adjusted = 0.43, t(134) = 5.4, p < 0.001;
Figure 3H].

Effects of Cattle Density on Wild
Ungulates
Wild boar density increased with cattle density [R2

Adjusted = 0.51,
F(1, 7) = 9.38, p = 0.0183; Figure 3B]. However, cattle density had
no significant effect on wild boar (z = 0.53, p = 0.597; Figure 3A)
or roe deer (z = 0.96, p = 0.336; Figure 3C) occurrence probability
or roe deer density [R2

Adjusted = 0.19, F(2, 6) = 0.22, p = 0.226;
Figure 3D].

Effects of Enclosures on Wild Ungulates
and Vegetation
Wild boar density was higher outside enclosures than inside
(W = 1, p = 0.026, Figure 4A), while roe deer density was no
different inside vs. outside (W = 11, p = 0.712, Figure 4B).

Compared with outside enclosures, inside there were fewer
annual shoots (W = 4662.5, p < 0.001) and arbor trees
(W = 5,831, p = 0.015) and lower basal area (W = 4,939,
p < 0.001; Figure 3G); average tree DBH was higher inside
(W = 11,616, p < 0.001). Densities of dominant species
Q. mongolica (p = 0.320), Juglans spp. (p = 0.460), Siberian elm
(Ulmus pumila, p = 0.382), poplar (Populus spp., p = 0.915), and
lime (Tilia spp., p = 0.085) were approximately equal inside and
outside enclosures. Manchurian ash (Fraxinus mandschurica)
density was higher inside enclosures (p = 0.040).
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FIGURE 4 | Wild boar (A) and roe deer (B) density inside (shaded) and outside
(non-shaded) forest cattle grazing enclosures. Mean and standard errors are
shown. p values in bold and different lower case letters above columns
indicate statistically significant differences (p < 0.05) within each figure.

DISCUSSION

Increasing Wild Animal Abundance
“Bottom-Up”
Wild ungulate populations in northeast China are considered to
be at very low densities (Jiang and Ma, 2015). This is a significant
limiting factor in the recovery of two large carnivores, Amur tiger
(IUCN Red List endangered) and Amur leopard (IUCN Red List
critically endangered; Karanth et al., 2004; Zhang C. Z. et al.,
2013). In this paper we have identified factors associated with
increasing densities of two (of three) staple ungulate prey species
[roe deer, preferred by Amur leopard (Sugimoto et al., 2016), and
wild boar, preferred by Amur tiger (Gu et al., 2018; Dou et al.,
2019)] and evidenced that these vegetation factors are positively
influenced by cattle grazing at certain densities.

First, cattle grazing probably explained lower annual shoot
number, (adult) tree density and basal area inside the enclosures.
We assume that these long-term ecological effects can be
reasonably expected to be detectable as the enclosures have

typically been active since 1970 (i.e., the beginning of the
new China). Recognizing that cattle seasonally graze on woody
vegetation (Cromsigt et al., 2018) and reduce Quercus spp.
sapling abundance (Bernes et al., 2018), and that adult trees
may have higher growth rates in forest gaps (Kramer et al.,
2006), this may at least partly explain why the larger trees
were found where cattle densities were higher. Acknowledging
missing data on the abundance of immature trees and that
bigger trees are less likely to be influenced by cattle grazing,
we suggest more comprehensive research is needed to better
understand forest composition/structure (including different tree
age classes) and the effects of cattle grazing on forest dynamics.
We add that while it may be true that cattle abundance is
higher closer to human settlements (Feng R. N. et al., 2021),
and by extension we might expect corresponding changes to
vegetation structure and wild ungulate distribution, we found no
such effects of distance to human settlement on the number of
annual shoots, and though we found indications that roe deer
occurrence probability increased closer to human settlements,
wild ungulate abundance and occupancy results in relation to
distance to human settlements are mixed, either positive (Feng
R. N. et al., 2021) or statistically insignificant (Xiao et al., 2018;
Feng J. W. et al., 2021).

Second, there are probably relationships between wild
ungulate abundance and average (adult) tree DBH. Correlation
analysis revealed that our total arbor tree basal area
measurements more closely represented average tree DBH
(0.75) than tree abundance (0.38), hence we suspect that a
landscape of fewer, larger trees may have higher ungulate
densities than a landscape of many smaller trees; the apparent
ungulate preference for “open” habitats (Kuijper et al., 2009)
supports this, including a wider landscape-scale study in eastern
NTLNP finding that roe deer and wild boar occupancy increased
with basal area and undergrowth transparency, respectively
(Feng J. W. et al., 2021). Reasons for the preference for open
habitats may include, for example, higher food availability
(e.g., grass and forbs) and reduced predation risk from ambush
predators such as tigers (Miller et al., 2015). But, as our data
and ecological theory also suggests (Qi et al., 2020), thresholds
in habitat suitability and grazing pressure probably exist and
a certain level of regeneration (and not just mature trees) is
essential for healthy ecosystem function. Understanding how
these thresholds function, perhaps by integrating vegetation
composition/structure data (described above) and analyzing at
fine spatial scales and ecosystem levels, is a potentially important
area for further study, including exploring the dynamics of
predator-prey relationships in the context of habitat composition
and structure.

The ecological relationships observed in this research are
interpreted as cause-and-effect (i.e., the effects of cattle density
and enclosures on vegetation and wild ungulates) rather than
association (i.e., habitat selection by cattle) as the spatial extent
of the enclosures (and herd sizes) were selected by people rather
than by cattle. Though we assume some level of farmer selection
bias, we assume farmer decisions were independent of adult
tree DBH/basal area, wild ungulate densities and the respective
statistical relationships observed. However, we recognize that
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this study lacks a control group for direct comparison. Prior
to this research, there was understandably limited reason to
fence an area to be left intentionally unused. That said, a single-
year exclosure experiment in grazed areas in the eastern part
of NTLNP in 2016–2017 found higher understory biomass in
plots where cattle were excluded (Wang et al., 2019), effectively
similar to our results. Moving forward, though exclosure-type
experiments may be useful in some contexts (though see Carver
and Convery, 2021 regarding fences, and Bernes et al., 2018; Li
and Jiang, 2021 for meta-analyses of herbivore impacts), and
there is value in determining precise thresholds, we would argue
that it is important to recognize that information is always likely
to be imperfect, and sometimes it is important to act based on the
best available science. Perhaps the key intervention is a long-term
adaptive management plan (IUCN, 2020a) that is able to respond
to monitoring and emerging best practice.

The wild ungulate densities presented here should be
considered as a population index rather than absolute densities.
Whilst this level of certainty is sufficient for this study and enables
us to achieve our primary goal of determining relationships, more
definitive data may be required for further research. We recognize
that mis-identification of wild animal tracks sometimes occurs,
leading to erroneous abundance estimates and conclusions. To
mitigate these risks as much as possible, our field personnel
were trained and experienced in distinguishing species based
on track morphometry (Pikunov et al., 2004), we analyzed only
fresh tracks, and surveying in winter favored track detection
and identification in snow as well as greater identification
accuracy of pellets (for our occurrence models only) than can
be expected in summer (Spitzer et al., 2019); remaining human
error is assumed to be even across our dataset. Whether our
results are overestimates, underestimates or near true could
be a matter for debate, but evidence suggests that Formozov-
Malyshev-Pereleshin (FMP) analysis (i.e., our chosen method)
may provide higher abundance estimates than those derived from
non-invasive genetic capture-mark-recapture analyses (Liu et al.,
2015). FMP has however, already been used to estimate ungulate
abundance across much of the Amur tiger range (Stephens
et al., 2006a; Qi et al., 2021), offering us some reference for
comparison. Our roe deer and wild boar densities are lower and
higher, respectively, than those in the wider landscape (Qi et al.,
2021), perhaps reflecting the spatial variability of density derived
from camera trap data (Wang et al., 2016). As an alternative
to FMP, camera traps may resolve species identification issues
(Roberts, 2011). But, for wild ungulates which lack distinctive
unique markings, camera traps could still be limited to providing
an index of relative abundance rather than absolute abundance
(Gilbert et al., 2020), much as we have reported here. However,
new camera trap methods are emerging which may effectively
estimate abundance of unmarked animals, including time-to-
event and space-to-event models (Moeller et al., 2018; Loonam
et al., 2020), the random encounter and staying time model
(Nakashima et al., 2018, 2020), and distance sampling with
camera trap images (Howe et al., 2017; Harris et al., 2020); these
and other new methods could be explored and trialed in future.

For clear interpretation, we remind that all data were collected
during a short period in the winter when cattle have been

removed from the forest and are feeding indoors and that
seasonality was not explicitly included as a variable in this
research. However, we can reasonably expect that wild ungulates
occur at lower abundances in winter overall (despite localized
supplementary feeding; Xiao et al., 2018; Yang et al., 2018a,b;
Li et al., 2019), do not exhibit considerable seasonal movement
patterns relevant at the scale of this study (Hojnowski et al., 2012;
Feng R. N. et al., 2021), and though we have not found any data
published in either the English or Chinese language academic
literature explicitly collected inside cattle grazing enclosures,
summer data in eastern NTLNP suggest that wild boar and roe
deer space use is independent of cattle space use (Feng R. N.
et al., 2021) and that cattle presence/absence is not a significant
determinant of the densities of these wild ungulates (Wang et al.,
2019; Feng R. N. et al., 2021); full-year analyses however, found
roe deer (but not wild boar) were more abundant where cattle
were absent (Wang et al., 2017).

Though we consider our work to be one additional step in
understanding cattle-wildlife interactions, our inability to include
a control group limits our ability to respond to the question of
whether wild ungulate abundance in winter is related with cattle
grazing intensity in summer. However, perhaps more to the point
and of greater practical significance, is to continue systematically
measuring cattle abundance (and not just presence/absence), as
it is seemingly evident that relationships with wild ungulate
species, as well as community-level mammal species richness,
are density dependent (see for example: Wang et al., 2016; Xiao
et al., 2018; Feng J. W. et al., 2021; Feng R. N. et al., 2021).
Going one step further, we suspect that constrained patterns
will emerge between wild animal and cattle abundance that
can be used to approximate thresholds, enabling evidence-based
target setting and performance evaluation in a spatially explicit
adaptive management process. Recognizing also that there will
likely be seasonal and inter-annual differences in wild animal
abundance and forage plant availability (Groot Bruinderink,
1994; Kramer et al., 2006), such analyses should be at appropriate
spatiotemporal scales to capture the dynamic nature of ecosystem
structure, animal abundance, and species-habitat interactions,
including in response to changes to cattle abundance and
cascading effects on vegetation structure (including composition
and large-scale habitat shifts between open/closed forests), prey
biomass, predator abundance and distribution, and inter-specific
competition (Jiang et al., 2015; Qi et al., 2015; Li B. V. et al., 2017;
Li Z. L. et al., 2017; Vijayan et al., 2017; Yang et al., 2019).

Unfortunately, our data were too few to offer new insights
about sika deer, i.e., the third staple prey ungulate species. There
is clearly a positive relationship between sika deer abundance
and that of tigers (Wang et al., 2016). Though they may not
be the preferred prey species (Kerley et al., 2015; Gu et al.,
2018), a diverse prey base with availability of all three ungulate
species is important for the coexistence of the two big cat species
(Sugimoto et al., 2016). Others report that where cattle are
abundant, sika deer are few (Wang et al., 2016; Xiao et al., 2018).
To add context for the reader, and offer cautionary advice in
the interpretation of literature regarding sika deer abundance
in China, we note that sika deer distribution in China is highly
concentrated, largely abutting the China-Russia border, clearly
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limited by the road that runs parallel to the border (see for
example Wang et al., 2016 Figure 2D). Evidently too, we note that
sika deer presence/absence has been found to be more adversely
affected by roads than by cattle [e.g., < 10, < 20, and < 80% of
occurrence probability variance explained by livestock, primary
roads and secondary roads, respectively (Li Z. L. et al., 2017)].
Thus, accepting the commonly cited recommendation to remove
or reduce cattle may solve only part of the prey recovery problem.

This discussion reports objectively on the current situation,
but there are alternative futures which could be more/less
biodiverse depending on interventions.

Historical Reference and Alternative
Futures
The ecological responses of plants and wild ungulates to cattle
documented in the paper are perhaps not surprising when
we consider the environments in which these species and
interactions evolved. Archeological evidence reveals widespread
occurrence of domestic cattle’s wild ancestor, the aurochs (Bos
primigenius) in northeast China and across Eurasia including
alongside today’s remnant sympatric ungulates and big cats
(Norton and Gao, 2008; Zhang H. C. et al., 2013; Cai et al.,
2018). Long evolutionary histories of coexistence and an
understanding of differential feeding biology, niche separation
and facilitation strongly supports our emerging theory that
modern forest ecosystems in NTLNP (and wider landscapes) are
potentially missing key ecological functions of the extinct wild
cattle, especially if domestic cattle (as potential surrogates) are
removed. Further, we note that the large-bodied aurochs was
an abundant species in thriving ecosystems (Hofman-Kaminska
et al., 2019), likely explaining the relationships observed here at
higher cattle densities. However, as Gordon et al. (2021) note,
whilst organizations such as Rewilding Europe have vigorously
promoted the use of Heck cattle (Bos taurus), which were bred
to phenotypically resemble the extinct aurochs, there is no clear
evidence that “de-domesticated” breeds have the same ecology as
the extinct species and, therefore, the same impact on ecological
processes, or indeed the ability to survive in wild landscapes
where the risks of predation are much higher. The use of
such proxy species for conservation projects is therefore highly
contentious. Moreover, domestic livestock are typically kept at
densities much above those of wild herbivores [for example,
during the summer/grazing periods 2013–2015 in NTLNP, the
relative abundance of cattle was 1.17–3.40 times that of the three
main wild ungulate species (Xiao et al., 2018; Li et al., 2019; Feng
J. W. et al., 2021, but also see Sollmann et al., 2013 concerning
relative abundance index detection bias resulting from basic
ecological differences)], and hence raises potential concerns of
putting in too many cattle and the potential negative impacts that
would have.

There is evidence that globally, ecological traits which drive
herbivore-environment and interspecific interactions (including
body mass, habitat type, diet, and fermentation type) previously
lost due to species extinctions, are however, being functionally
replaced by approximately 39% by introducing surrogate species
with similar traits to the missing species, including use of

non-natives (Lundgren et al., 2020). This herbivore or trophic
rewilding (“rewilding lite”) is becoming increasingly popular,
particularly in Europe (though open to criticism, see Carver and
Convery, 2021; Gordon et al., 2021), and so too is the practice
of integrating trees, pasture and forage in a single “silvopasture”
system. We recognize that rewilding is an emerging area of
theory and practice (Carver et al., 2021), and that case studies of
herbivore rewilding (Svenning et al., 2016; Tree, 2018; Lundgren
et al., 2020) can be helpful in terms of informing conservation
planning in China. We also recognize that full trophic rewilding,
with the restoration of keystone carnivore species, is also vitally
important in maintaining and enhancing biodiversity within
landscapes. Yet we should be reminded that rewilding is not
about looking back; it should be informed by past ecological
conditions, rather than try to recreate them prescriptively
(IUCN, 2020b).

This poses four questions: (1) If cattle are absent (or removed),
will wildlife abundance and overall ecosystem structure, function
and diversity (in time) be greater than if cattle are present
(i.e., is there an opportunity cost)? (2) If cattle are present
and managed at ecologically sustainable levels, how do we best
manage predation risk, loss, and disease, including in a scenario
of increased wildlife/cattle/human interaction? (3) Is there a role
for large herbivore reintroductions, as in the case of sika deer and
red deer (Cervus elaphus) in Wangqing in 2012 and 2013 (Shi,
2016)? and (4) If cattle are to remain within the protected area
would it be better to use existing livestock breeds or “back-breed”
as part of a de-domestication project?

Designing a Sustainable Forest Grazing
Management Plan in a Landscape Matrix
Recognizing that it would be neither possible nor desirable
to rewild everywhere (Carver and Convery, 2021), we suggest
that forest cattle grazing, when viewed through the lens of
conservation, is neither intrinsically “good or bad”; rather it
is about making spatially and temporally informed decisions
about land use. This necessarily requires an integrated, “joined-
up” approach and open honest dialogue between a number
of stakeholders, including farmers, conservationists, planners
and government officials (amongst others; Wynne-Jones et al.,
2021). Livestock grazing probably has a part to play within a
landscape matrix comprising of core conservation areas and
connected compatible land use where there is also connectivity
for wild species alongside human activity (Carver and Convery,
2021). Furthermore, there is increasing recognition of the need
to move on from the failed fortress conservation model and
develop new conservation approaches that foster collaboration,
community engagement and co-existence, whilst also enabling
core conservation areas to become nature led and self-
willed (IUCN, 2020b).

Acknowledging that in the northeast China landscape Amur
tiger and Amur leopard abundance are both limited by the
presence/abundance of cattle (Wang et al., 2016), and considering
the aim of restoring full trophic webs of native species in core
areas, there is a case to be made for removing grazing rights from
core conservation areas (such as HNR). However, as the IUCN
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(2020b) note, monitoring is essential to provide evidence on short
and medium-term results with long-term (conservation) goals in
mind. To that effect we should make good use of existing long-
term monitoring networks (including landscape-scale camera
trap arrays throughout NTLNP) to evaluate whether wild animal
populations are indeed recovering, and to adapt management
plans as necessary. Moreover, recent conservation history is
littered with examples of forced removals and community
exclusions, and such actions rarely lead to good conservation
outcomes (Ancrenaz et al., 2007; Muhumuza and Balkwill,
2013; Soliku and Schraml, 2018). Community participation and
meaningful engagement will be vital if cattle grazing is to be
reviewed in HNR/NTLNP.

To achieve ecologically sustainable cattle grazing, such
as maintaining livestock as part of the ecosystem in areas
designated as connected/compatible land use (i.e., “corridors”
and/or “matrix”), we recommend assessing the current ecological
impacts of domestic and wild herbivores as a key first step
in determining suitable forest grazing regimes, aided by freely
available tools such as the Woodland Grazing Toolbox (Scottish
Forestry, 2020). Where livestock grazing might be permitted and
productive, such tools should be investigated collaboratively with
farmers and other relevant authorities and stakeholders, and
adjusted according to site knowledge, scientific monitoring, and
management objectives, to determine density- and/or duration-
based management plans. We note that seasonal grazing with
winter stall feeding indoors may be preferred for practical
reasons, but moderate year-round “natural grazing” outdoors
(Vermeulen, 2015) is often preferable as densities are naturally
regulated by winter food availability, reducing risk of overgrazing
typical of seasonal regimes (Goderie et al., 2013; Tofastrud et al.,
2020). In relation to diet selection and density effects, we can
expect cattle at moderate densities to have limited effect on woody
vegetation (Calleja et al., 2019), and short duration, high density
“boom and bust” grazing may reduce woody vegetation but
compromise livestock health and production (Teruel-Coll et al.,
2019). Ultimately, appropriate grazing is essential to maintain
ecosystem function, structure and diversity; if there is evidence
of serious degradation caused by years of overgrazing, grazing
reduction or exclusion may be a more appropriate option.

In this study, forest cattle grazing enclosures were found
to have little direct effect on roe deer but were likely
directly limiting wild boar density. The large-scale fence
removal across NTLNP since our data collection (Figure 1)
is probably, therefore, conducive to wildlife restoration; we
strongly encourage evaluation of effectiveness. Furthermore,
it is important to understand how fence removal might
impact livestock management as there could be implications
for farming practice, including identifying stock ownership,
managing production yield and loss, and locating the herd.
Our research highlights distinct effects of fenced enclosures and
cattle density, and we suggest these should be considered as
two separate factors in management decisions and evaluations.
In practice this may mean the removal of fences and the
management of free-roaming cattle at appropriate densities.

Although well managed forest cattle grazing can deliver
direct biodiversity benefits (Hancock et al., 2010; England

et al., 2020), increase livestock health and production efficiency
(Paciullo et al., 2011; England et al., 2020; Tofastrud et al.,
2020), and have lower externalized environmental and economic
costs compared with crop-fed animal agriculture (Gerten et al.,
2020), evidence suggests that livestock depredation risk increases
with tree cover (Soh et al., 2014). In and around HNR,
livestock losses to predators may be considered numerically
few [average 26 cattle per year 2002–2007 (Li et al., 2009)
and 53 cattle per year 2008–2014 (Wang et al., 2016); total
cattle holdings (in Hunchun): 65,420 in 2008 and 36,320 in
2014 (Wang, 2019)], and though a livestock compensation
scheme exists, there are concerns that the financial system
unintentionally counters conservation efforts (Li Z. L. et al.,
2017). To address these concerns, we propose a shift from
these loss-based economics to provision-based economics such as
Payments for Ecosystem Services/“eco-compensation” including
carbon accounting, recognizing that the carbon sequestration
potential of silvopasture is greater than for all other climate
change mitigation solutions in the entire agriculture sector,
and one of the greatest overall across all solutions assessed
(Project Drawdown, 2020).

Finally, we recognize that ungulate density is not only
influenced by habitat suitability. Between 2009–2012, patrol
teams encountered 233 ungulate snares in and around HNR
(Soh et al., 2014). Taking into account imperfect detection
of snares and spatial and temporal variability, increasing
patrolling and community engagement are recommended in
order to reduce human-caused ungulate mortalities and the
risk of sink-like habitats emerging, providing employment and
education opportunities in core areas and multi-use landscapes
(Zhou and Zhang, 2011).

CONCLUSION AND PRIORITIES

Building on the evidence base concerning livestock-wildlife
interactions, our research offers new insights about how
cattle grazing in forests modifies vegetation structure and
how these changes correspond with wild ungulate density,
demonstrating mechanisms of coexistence and facilitation
and the distinction between effects of cattle density and
fences. Recognizing the urgent need for new models in
conservation and food production in this crucial decade of
ecosystem restoration (Convention on Biological Diversity
[CBD], 2020), and global targets to increase coverage of
protected areas (Yang et al., 2020), we call upon land use
managers and decision makers to respond to these needs in
context. While cattle grazing in forests is not intrinsically
“right or wrong,” and what works in one location may
not necessarily work elsewhere, we argue that there is a
strong case for an integrated approach to land use which is
objective, spatially and temporally grounded, and based on sound
ecological evidence and community engagement, with core areas,
connectivity and coexistence (the new 3Cs of conservation,
Carver and Convery, 2021).

Moving forward, the key priorities to pursue in order
to effectively deliver this long-term holistic restoration
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plan and vision of ecological civilization in China are: (1)
Consider livestock grazing alongside other land use options
as part of an integrated approach to land management,
comprised of core conservation areas within a matrix
of connected compatible land use. (2) In areas where
livestock grazing is permitted, validate cattle-vegetation-wildlife
ecological relationships and develop grazing plans which
foster productivity, coexistence, and provision of ecosystem
services. (3) Monitor ecosystem change and collect evidence
of interventions systematically and collaboratively, adopting an
adaptive management approach which balances human influence
and self-regulation of ecosystems.
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