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ABSTRACT

Toxic plants are a natural component of alpine meadow which co-evolved with Tibetan sheep for thousands of
years. One challenge for indigenous herders is to know the ecological thresholds of toxic plants and maintain
their vital functions in ways that are compatible with economic income and ecological conservation. To achieve
this, field trials with Tibetan sheep grazing in alpine meadow were conducted to examine the ecological
thresholds of toxic plants for sheep production and ecosystem functions and their trade-offs. Our results
demonstrated that the changing point values of biomass proportion of toxic plants for dry matter intake and
liveweight gain of sheep were 17% and 22%, respectively. The changing point value of biomass (richness)
proportion of toxic plants for soil carbon accumulation index was 31% (59%), for soil nutrient cycling index was
38% (42%), and for ecosystem multifunctionality index was 28% (50%). The trade-off between liveweight gain
of sheep and ecosystem multifunctionality first decreased and then increased along the gradient of biomass
proportion of toxic plants (the value of changing point was 37%), and had a significant negative correlation with
richness of toxic plants. In addition, structural equation modeling indicated that toxic plants can affect the trade-
off between liveweight gain of sheep and ecosystem multifunctionality though increasing acid detergent fiber of
plant and decreasing plant species richness, belowground biomass and soil total phosphorus. Consequently,
opinions towards toxic plants should shift from the conventional view that they are serious threat to grassland
ecosystem health to an inclusive understanding that they are beneficial to livestock and ecosystem functions
under certain ecological thresholds.

1. Introduction

may lose sight of the potentially positive ecological function of toxic
plants on plant diversity (e.g., conservation of biodiversity), soil nutri-

Toxic plants are traditionally defined as those plant species which are
noxious, exotic, injurious or poisonous to domesticated livestock, wild
animals and human (Ralphs, 2005; Zhao et al., 2012). In the natural
grassland of China, the toxic plants are about 1,300 species belong to
140 botanical families (Zhang et al., 2020). Previous studies always paid
attention to the adverse impact of toxic plants, such as how they sup-
press neighbor species growth, poison livestock, cause habitat degra-
dation, and limit the economic productivity of local herders (Hierro and
Callaway, 2003; Li et al., 2014; Welch et al., 2018; Ralphs and Sharp,
2019). However, the lopsided views (only focus on the negative effects)
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ents (e.g., sand fixation and fertile island effect), co-existing plant (e.g.,
provide biotic refuge) and livestock production (Xie et al., 2020; Wang
et al., 2014; Zhang et al., 2020). Hence, quantitative evaluation of the
trade-off between negative and positive effects of toxic plants are
essential to adopt strategic management practices disposing the issues of
toxic plants in alpine meadow on the Qinghai-Tibet Plateau (QTP).
Toxic plants are often perceived as triggers and indicators for
grassland degradation (Li et al., 2014; Wu et al., 2015). The first indi-
cator of grassland degradation is a rise in the percentage of toxic plants
to the detriment of desirable plants (Kemp et al., 2018). As over-grazing
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continues, desirable plant species are preferentially grazed, to the point
from which they are unable to recover, allowing the toxic plants with
lower nutritional value (e.g., with highly fibrous leaves and stems,
thorns, and toxins) to become dominant (Kemp et al., 2018). In
degraded alpine grassland, the toxic plants (e.g., Anemone rivularis
Buch.-Ham, Anemone trullifolia Hook. f. et Thoms, Ligularia virgaurea
Maxim. and Stellera chamaejasme Linn.) reduce overall forage quality
and quantity and poison livestock, potentially leading to huge economic
losses and hindering the healthy development of animal husbandry (Lu
et al., 2012). For example, the economic losses were more than 20.3
million RMB, which resulted from killing about 1.03 million livestock by
grazing toxic locoweed in Ali area of QTP (Zhao et al., 2012). Likewise,
in the Tianzhu county, livestock foraged and ingested Oxytropis kan-
suensis Bunge, resulting in morbidity, abortion, and mortality rates of
89.1%, 29.0% and 21.9%, respectively (Li et al., 1987).

The standpoint that toxic plants are all bad is often based on
emotional judgment, for example in alpine grassland, where they can
cause immeasurable economic loss to local herders (Wang et al., 2014).
From an ecological perspective, toxic plants in degraded grassland
contribute to the survival of other neighbor plants, preventing them
further to degenerate in the severe weather (Callaway et al., 2005;
Zhang et al., 2020). These toxic plants are more tolerant of grazing
pressure than desirable plants, as livestock consume them only when
other palatable plants are tightly circumscribed (Wang et al., 2010).
Moreover, the physiological and morphological traits of toxic plants (e.
g., well-developed root systems) are beneficial for resisting drought and
cold environments (Winter et al., 2011). Some toxic plants are rich in
nutrients and are therefore a potential feed resource (Wang et al., 2010).
For example, locoweeds (Astragalus spp. and Oxytropis spp.) have a
crude protein content of 11-20%, so have the potential to be fed after
processing for detoxification (Ralphs et al., 2002; Cook et al., 2009; Liu
et al., 2020). The palatability of Larkspur (Delphinium spp.) increases
with the toxicity declines in the mature stage (Pfister et al., 2002).
Contrarily, livestock have a potentially fatal injure when they feed
Larkspur between flowering and early pod stage (Pfister et al., 1996).
Furthermore, toxic plants (e.g., Oxytropis ochrocephala Bunge. and Stel-
lera chamaejasme Linn.) have definite potential to improve soil fertility
by fixing nitrogen (Xu et al., 2013), reducing nitrate leaching and NoO
emissions (Ma et al., 2020). From the perspective of livestock, they also
have the ability to detoxify a certain degree of ingested poisons or
rendering the toxins ineffective (Callaway et al., 2005; Bergvall et al.,
2006). Diversified diet of herbivores can dilute the toxicology of a toxic
plant (Freeland and Saladin, 1989; Parikh et al., 2017). Likewise, mouth,
gut and rumen environment of sheep, such as microbes, and antioxidant
(i.e., SOD and T-AOC) may modify and degrade the plant toxin (Cheeke,
1994; Xie et al., 2020). For instance, the saliva of deer (a browsing
ruminant) inactivates tannin toxic effects of tannin-rich shrubs essen-
tially because of the proline-rich proteins they secrete in the saliva
(Austin et al., 1989).

Alpine meadow has a rich and varied flora which includes a wide
variety of toxic plants (Wu et al., 2015). In traditional view, the occur-
rence of toxic plants is equated with poor grassland condition and
resulted in livestock loss (Keeler et al., 2013). However, the coevolution
of toxic plants, livestock, and rumen microflora offers possibilities for
toxic plants to become valuable at certain thresholds. For example, the
threshold of phenolic content of toxic plant (Acer pseudoplatanus Linn.)
was 56.5 mg/g DM for horses (Aboling et al., 2019). Thus, one challenge
for indigenous herders and policymakers is to know the ecological
thresholds of toxic plants and maintain their vital functions in ways that
are compatible with economic income and ecological conservation. The
toxicity threshold assessment is central to manage toxic plant resources
(Sasaki et al., 2008), but threshold analysis of toxic plants for livestock
production and ecosystem functions in alpine meadow remains unclear.
Moreover, the trade-off between livestock production and ecological
multifunctionality (EMF) in this region have not been assessed, partic-
ularly, the influence paths of toxic plants regulate the trade-offs are still
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not yet fully understood. Here, we conducted a field experiment under
various Tibetan sheep grazing regimes to examine the objectives as
follows: (1) to analyze and identify the thresholds (turning points) of
toxic plants for liveweight gain (LWG) of sheep, Dry matter (DM) feed
intake, and ecosystem functions; and (2) to explore the relationship
between trade-offs of sheep production and EMF, and the driving
mechanisms associated with environmental factors induced by toxic
plants. The study site used for sheep grazing experiment was in Gannan,
Gansu, on a representative and well-used alpine meadow as a part of the
ACIAR project since 2004 (Kemp, 2020). The results of this study enrich
our understanding of the function of toxic plants in ways that are
compatible with sheep production and ecological conservation of Ganan
alpine meadow. To our knowledge, this is the first analysis and report
addressing the threshold’s toxicity of plants to Tibetan sheep production
under grazing conditions in grassland systems.

2. Methods and materials
2.1. Site description

The study site located in Maqu county (latitude 33°42'21"N, longi-
tude 102°07’02"E), Gansu province in the east of QTP (Fig. 1a). The
average elevation is 3650 m. The climate type of this region is typical
plateau continental climate, which is characterized by cool, dry cold
season and wet, humid warm season (Wang et al., 2020). The mean
annual precipitation and temperature are 620 mm and 1.3 °C, respec-
tively. 75% of the rainfall is distributed from June to September. The
grassland type is alpine meadow, which consisted of sedges (Kobresia
graminifolia C. B. Clarke.), legumes (Oxytropis kansuensis Bunge.), grasses
(Elymus nutans Griseb. and Poa pratensis Linn.) and forbs (Saussurea
species and Anemone species). The soil type is classified as alpine
meadow soil. The common toxic plants of the site are Ligularia virgaurea
Maxim, Euphorbia esula Linn, Oxytropis kansuensis Bunge, Ranunculus
tanguticus Maxim, Delphinium grandiflorum Linn. and Gentiana macro-
phylla Pall. etc. (Table S1; Wu et al., 2015). The biomass (dry weight) of
toxic plants ranged from 4.45 to 70.57 g/m? (Fig. S1) and richness of
toxic plants ranged from 8 to 22 species per 0.25 m? (Fig. S1).

2.2. Field grazing experiment, sampling and measurements

Data was collected from the Tibetan sheep grazing experiment in
alpine meadow conducted from 2010 to 2014. The detailed design of
grazing experiment was provided in our previous studies (Sun et al.,
2015; Wang et al., 2018). The key information linked to this study are
given here (Table S2). The dimensions of the grazing experimental area
were 24 ha. In each year, warm season grazing lasted for three months
from the beginning of July to the later of September (Fig. 1b). The
grazing regimes are included rotational grazing (two grazing intensity at
8 and 16 sheep/ha), and continuous grazing with grazing intensity of 8
sheep/ha. Eight sheep were stocked in each grazing plot at any time in
rotational grazing and continuous grazing regimes. For rotational
grazing, the grazing plot sizes were 1.0 and 0.5 ha with six replicates.
For continuous grazing, the grazing plot size was 1.0 ha with three
replicates (Table S2). Within each replicate of rotational grazing, the
grazing plots were subdivided into three subdivisions and sheep were
moved between the subdivisions every 10 days. The grazing plots of
continuous grazing were not sub-divided and sheep were continuously
stocked for 3 months. In total, there was 15 replicate grazing plots which
used for measured plant characteristics, soil properties, liveweight gain
(LWG) of sheep and dry matter (DM) feed intake. The terminology used
here for describing grazing regimes were internationally accepted (Allen
et al., 2011).

Plant characteristics. In aforementioned replicate grazing plots,
three quadrats (0.5 m x 0.5 m) were randomly set to investigate the
plant characteristics from July to September each year. In each quadrat,
we measured the height of each species, then further to obtain
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community plant average height (PH). Plant species richness (SR) was
indicated with total number of species. All aboveground parts of plants
were cut away to separate each plant species, then oven-dried, weighed
and summed as aboveground biomass (AGB). Likewise, biomass or
richness of toxic plants was represented by the sum from biomass or
richness of each toxic plants. In this study, four variables to assess toxic
plants included biomass of toxic plants, biomass proportion of toxic
plants, richness of toxic plants and richness proportion of toxic plants.
Plant samples were ground using a mill (MM400, Retsch) and then
sieved through a 100-mesh sample screen. Plant total nitrogen was
determined with An Element Analyzer (Vario Macro CHNS) and then
gain the crude protein (CP) content. Ankom 200 Fiber Analyzer (Ankom
Technology) was used for analyze neutral detergent fiber (NDF) and acid
detergent fiber (ADF) of plant.

Soil properties. In each quadrat which used for measured plant
characteristics, we used TDR-300 soil moisture meter (Spectrum Tech-
nologies, Plainfield, IL, USA) to measure soil temperature (ST) and soil
moisture (SM) of surface layer (0-10 cm). Soil was sampled at depth of
0-10 cm with soil auger (9 cm diameter). Root and soil fractions were
separated. The root fractions were washed and weighed as belowground

biomass (BGB) after drying. The soil fractions were sieved through a
100-mesh sample screen, then stored in a refrigerator at 4 °C for soil
properties analyzing. The values of soil total nitrogen (STN) and soil
total phosphorus (STP) were directly obtained from Element Analyzer.
The traditional potassium dichromate oxidation method was used to
measure soil organic carbon (SOC).

Liveweight gain (LWG) of sheep. At the beginning of the study, the
average liveweights of sheep were 29.1 + 3.0, 26.6 + 2.2, 27.7 + 2.4,
23.7 £ 1.2 and 33.1 + 2.6 kg in 2010, 2011, 2012, 2013 and 2014,
respectively. Values of original average liveweights were similar among
the grazing regimes. The growth of sheep is described as an increase in
live weight gain per unit of time (Blaxter et al., 1982). Each year and
during the warm season, sheep were weighed at the beginning and end
of each month (June to September). LWG of sheep per day in each
replicate grazing plot was calculated by the difference between live-
weights in the end of month and in the beginning of month then divided
30 days.

DM feed intake of sheep. For each replicate grazing plot, the dif-
ference of plant biomass after and before sheep grazing, corrected for
plant biomass accumulation during restricted grazing period (5 days)
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was applied to estimate the DM feed intake of sheep (Smit et al., 2005;
Du et al., 2017). Specifically, three buckle cages (1 x 1 x 1 m3) were
placed on the grassland in each grazing plots. On day 0, plant samples
were collected from three quadrats (0.5 m x 0.5 m) randomly placed on
the area outside of cage. On day 5, three plant samples were collected of
both outside, and inside of the cage.

In addition, foraging activities of sheep included feeding behaviors
and diet composition were recorded by us (trained observers) using
telescopes (Du et al., 2017). Three sheep per grazing plot were randomly
chosen and marked with a colored ribbon for observing diet composition
of sheep in three consecutive days. The diet of each marked sheep was
recorded at 30s intervals by direct observation methods (Harrington,
1986). First, we recorded the first plant was eaten by sheep within the
first 5s of any 30s interval. Three sheep in each grazing plot were studied
in rotation and each sheep was observed 2 times per day. In total, 270
observations (15 grazing plots x 3 sheep/plot x 3 days x 2 times/day)
were recorded to analyze the diet composition of sheep. Second, the diet
composition of sheep was separated three groups as desirable plants,
toxic plants and shrubs, then calculated the richness proportion of toxic
plants in the diet composition of sheep (Harrington, 1986).

2.3. Index calculation

Ecosystem multifunctionality (EMF). Four ecosystem functions
including plant growth, plant quality, soil nutrient cycle and soil carbon
sink to estimate EMF. Concretely, plant NDF, ADF and CP have been
shown forage quality, while PH, SR, AGB and BGB represent vegetation
structure (plant growth). ST, STN and STP represent soil nutrient
cycling, while SOC, soil C: P and soil C: N represent soil carbon accu-
mulation. We adopted the average approach (Maestre et al., 2012) to
calculate the EMF, forage quality index (FQI), plant growth index (PGI),
soil nutrient cycling index (SNI) and soil carbon accumulation index
(SCI) (Wagg et al., 2014).

Trade-offs between LWG of sheep and EMF. As shown in Fig. S2,
relative benefit for a single object (LWG of sheep/EMF) is defined as the
deviation from the mean for a given observation (Bradford and D’Am-
ato, 2012; Liu et al., 2022). The value of relative benefit (RB;) for object
A (LWG of sheep/EMF) is calculated by the following formula:

X; — minX;
RBi=——F——
maxX; — minX;

where RB; represents the relative benefit of i; X;j, Xmin, and Xpax are the
values of observed, minimum, and maximum for specified indicator
(LWG of sheep or EMF), respectively.

The value of the trade-off between LWG of sheep and EMF was ob-
tained via calculating RMSE of the individual RB. The detailed calcu-
lation method can see Sun and Wang (2016).

2.4. Statistical analysis

First, a Tukey’s test with the “agricolae” package in R version 4.1.2 (R
Development Core Team, 2021) was used to verify the differences for
richness percentage of toxic plants between alpine meadow community
and diet composition of sheep. The normality and distribution of data
was checked with the Shapiro-Wilk goodness-of-fit test. Second, we
performed partial correlation analyses by control year (to eliminate the
heterogeneous effects of year on relationships analysis) through the
“ppcor” package in R to compute the relationships between ecosystem
functions and the variables of toxic plants, the relationships between
LWG of sheep, EMF, their trade-offs and plant, soil properties (i.e., AGB,
BGB, SR, PH, CP, ADF, NDF, SOC, STN and STP). Third, the linear
piecewise quantile regression analysis was performed in Origin (2021b)
(Origin Lab Corporation, Northampton, Massachusetts, USA) and
“chngpt” package (Fong et al., 2017) was used in R to obtain the change
points in LWG of sheep, DM feed intake, SR, PGI, FQI, SNI, SCI, EMF and
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the trade-offs between LWG of sheep and EMF along the gradient of
biomass (richness) of toxic plants. Finally, structural equation model in
IBM® SPSS® Amos™ 21 was constructed to examine the effects of toxic
plants on the trade-off between LWG of sheep and EMF directly and
indirectly via mediating multiple components (SR, ADF, BGB and STP).
All graphs were constructed in Origin 2021b (OriginLab Corporation)
and “ggplot 2” package in R software.

3. Results

3.1. Thresholds analysis of toxic plants for LWG of sheep and DM feed
intake

Both LWG of sheep and DM feed intake increased first and then
decreased along the gradient of toxic plants properties (Fig. 2). LWG of
sheep was peaked when biomass of toxic plants was about 62 g/m? and
richness of toxic plants was about 14 species per 0.25 m? (Fig. 2a and c).
The threshold values of biomass proportion and richness proportion of
toxic plants were 22% and 45% when LWG of sheep was the highest
(Fig. 2b and d). Sheep DM feed intake reached the maximum when
biomass of toxic plants was about 81 g/m? and richness of toxic plants
was about 14 species per 0.25 m? (Fig. 2e and g). The changing point
value of biomass proportion of toxic plants for sheep DM feed intake was
17% (Fig. 2g).

3.2. Thresholds analysis of toxic plants for ecosystem functions

Partial correlation analyses showed that both PGI and FQI (Fig. 3)
were positively correlated with characteristic index of toxic plants (P <
0.05). The SCI and SNI were peaked when biomass of toxic plants was
about 100 g/m2 and 99 g/rn2 (Fig. 3m, q), and richness of toxic plants
were about 14 and 13 species per 0.25 m? (Fig. 30, s). The changing
point value of biomass proportion and richness proportion of toxic
plants for SCI were 31% (Fig. 3n) and 59% (Fig. 3p), and for SNI were
38% (Fig. 3r) and 42% (Fig. 3t). EMF reached the maximum when
biomass of toxic plants was about 99 g/m? (Fig. 3u). The changing point
value of biomass proportion and richness proportion of toxic plants for
EMF were 28% (Fig. 3v) and 50% (Fig. 3x), respectively.

3.3. The trade-offs between LWG of sheep and EMF and their
relationships with toxic plants

The value of trade-offs between LWG of sheep and EMF distributed
from —0.3798 to 0.4316, and the mean value was 0.0462 + 0.1830
(Fig. 4a). Linear piecewise quantile regression analysis indicated that
the trade-offs first decreased and then increased along the gradient of
biomass proportion of toxic plants (Fig. 4b). The turning value was 37%
for biomass proportion of toxic plants (Fig. 4b). Also, there was a
negative significant correlation (P < 0.05) between the trade-offs and
richness of toxic plants (Fig. 4c).

3.4. Direct and indirect influences of toxic plant on the trade-off between
LWG of sheep and EMF

LWG of sheep was significantly and positively correlated to CP (P <
05, RZ = 0.32) (Fig. 5a). EMF was significantly related to SR (P < 0.05,
R% = 0.52) and STP (P < 0.05, R? = 0.29) of alpine meadow (Fig. 5a).
Results of SEM analysis indicated that standardized total effect co-
efficients of toxic plants on trade-off between LWG of sheep and EMF
was —0.032 (Fig. 5b and c), which could be attributed to indirect affects
through SR, BGB, ADF and STP rather than its direct affects (see Fig. 5c).
Toxic plant had a significant positive correlation with SR and BGB
(Fig. 5b), and in turn these had significant negative correlations with the
trade-offs between LWG of sheep and EMF (Fig. 5b). In addition, toxic
plants had a significantly (P < 0.05) indirect effect on the trade-off
between LWG of sheep and EMF through its positive direct effect on



Y. Wang et al. Journal of Environmental Management 323 (2022) 116167
= 0.35 = 0.35 = 0.35 "
© =y = —
3 (b) R*=0.14 (C) R?*=0.15 (d) R*=0.12
S 0.30 P<0.05 0.30 P<0.05 0.30 P<0.05
£ 0.25 o, o 025
% L] ’
=z 0.20 s © 020
£ o0
o 0.15 ‘ 0.15
- oo 889
= 0.10 ® 80 ° g o 0.10
53
H 0.05 L4 0.05
o
>
5 000 0.00 0.00
40 80 120 160 200 80 6 8 10 12 14 16 18 20 22 24 20 30 40 50 60 70 80
= 225 2 225 S 225 = 225
@ (e) R?=0.13 f R?=0.16 R?=0.10 h R2=0.01
3 20 povs | 200f (0 P<0.05 200 (9) i P<0.05 200| (N) P>0.05
R 1.75 175 i 1.75
.5 [\
5 150 1.50 1.50 1.50
=, e ; e - - —
2 1238 — S 1.25 1.25 ) ] 1254 — - -
2 9
£ 100 1.00 1.00 1.00
£
E 0.75 0.75 0.75 0.75
£ o050 0.50 0.50 I 0.50
= I
0O o025 0.25 0.25 0.25
[ 40 80 120 160 200 0 10 20 30 40 50 60 70 80 6 8 10 12 14 16 18 20 22 24 20 30 40 50 60 70 80

Biomass of toxic plants (g/m?) Biomass proportion of toxic plants (%)

Richness of toxic plants (N) Richness proportion of toxic plants (%)

Fig. 2. Relationships between liveweight gain (LWG) of sheep and the variables of toxic plants (grey scatter plots) (a) biomass of toxic plants, (b) biomass proportion
of toxic plants, (c) richness of toxic plants, (d) richness proportion of toxic plants. Relationships between DM feed intake and the variables of toxic plants (orange
scatter plots) (e) biomass of toxic plants, (f) biomass proportion of toxic plants, (g) richness of toxic plants, (h) richness proportion of toxic plants. The relationships
were analyzed through linear piecewise quantile regression analysis (a-g) and partial correlation analyses (h). The solid and dashed lines represent P < 0.05 and P >
0.05, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

ADF with the standardized effect coefficient was 0.45 (Fig. 5b and c).
4. Discussion
4.1. Toxic plants and sheep production

Thresholds may represent the “maximum level of sheep production”
to toxic plants, and comprised two parts: (1) the maintenance of sheep
liveweight gain at moderate levels of toxic plants, and (2) the loss of
sheep liveweight gain once toxic plants exceeds the threshold zone. Our
finding indicated that the threshold value of biomass percentage of toxic
plants for DM feed intake and LWG of sheep were 17% and 22%,
respectively (Fig. 2a and c); the threshold of richness percentage of toxic
plants for LWG of sheep was 45% (Fig. 2g). These salient findings are
differed from traditional views that toxic plants damage sheep breeding,
reduce sheep weights and poison even kill sheep (Zhao et al., 2012). We
further found that there was no significant difference (P = 0.1785) for
richness percentage of toxic plants in the diet composition of sheep and
community composition of alpine meadow (Fig. 1c). Therefore, our re-
sults suggested that toxic plants within a certain threshold are benefited
for improving sheep feed intake and promoting sheep body weight in
alpine meadow. Likewise, numerous feeding experiments in shed
demonstrated that beneficial effects of toxic plants addition on live-
stock’s feed intake, immune function, rumen fermentation ability and
production (Qiao et al., 2012; Liang et al., 2013). For example, addition
levels of at 4% and 6% of C. deserticola Ma. promoted average live
weight gain by 215.71 g/day and 142.86 g/day, respectively; and
increased the ratio of feed conversion by 0.20 and 0.14, respectively (Liu
et al., 2020). The mechanisms that regulate these phenomena included
the reaction pathways in both domestic livestock and plant.

From the perspective of livestock, sheep have several behavioral and
physiological strategies to degrade or detoxify certain plant toxins of
toxic plants, and thus increase their feed intake in their diet (Callaway
et al., 2005). First, the sheep can combine toxins in the mouth and gut
through microbial action, or the absorbed toxins can be detoxed by
various reactions in the stomach wall or liver (James et al., 1992). The
complex formed in the mouth may protect against the impacts of plant
toxins (Cheeke, 1994). Second, rumen environment of sheep (e. g, nearly
neutral pH, massive microbes, antioxidant and secondary metabolite)
may modify and degrade the plant toxin (Fig. 6; Xie et al., 2020). Third,
sheep can dilute the toxicology of toxic plants by having diversified diet
intake (Freeland and Saladin, 1989; Wang et al., 2010). For example, the

ability of deer rumen microbiota to deal with plant secondary com-
pounds from various sources higher than that from an individual source
(Jean et al., 2016). Also, sheep might lick various clays for minerals and
some clays naturally bind to various toxins. Therefore, geophagy may
help deactivate plant toxins (Gilardi et al., 1999).

From the perspective of plant, toxic plants contain varying amounts
of nutrients which are easily absorbed by sheep, and also contains kinds
of pharmacological substances to improve the sheep disease resistance,
then enhance nutrient absorption of sheep (Zhao et al., 2012). The re-
sults of this study indicated that LWG of sheep was driven by CP of plant
(Fig. 5a). Compared with other plant species (e. g, Kobresia graminifolia
C. B. Clarke. and Elymus nutans Griseb.), Ligularia virgaurea Maxim. and
Stellera chamaejasme Linn. are more labile and have lower lignin and
higher available nitrogen (An et al., 2016; Ma et al., 2019). For example,
Qiao et al. (2012) reported that addition of Fructus Ligustri Lucidi (FLL,
Nuzhenzi in Chinese) with the level of 300 or 500 mg/kg promoted DM
digestibility of sheep by changing rumen microflora diversity and size.
Then, greater nutrient absorption ability of sheep may result in higher
sheep live weight gain. Consequently, we put forward a new category
system of toxic plants based on both the livestock forage preference
(Provenza, 2003; Allen et al., 2011) and seasonal toxicity of toxic plants
(Fig. S3).

4.2. Toxic plants and ecosystem multifunctionality

Toxic plants are key components of alpine meadow ecosystem that
support multiple ecological functions, such as pest control, attract pol-
linators and soil stability (Gaba et al., 2020). However, we still lack
comprehensive insight about the effects of toxic plants on ecosystem
multifunctionality of grassland ecosystem. Our results indicated that SR,
SCI, SNI and EMF were positive when the ratio of biomass (richness)
percentage of toxic plants was more than about 20% and less than about
50% (Fig. 3; Fig. 6). Unlike previous study (Zhang et al., 2017), our
results indicated that plant growth index and forage quality index
increased with biomass (richness) percentage of toxic plants increased
(Fig. 3; Fig. 6). Toxic plants are rich in protein and trace elements, for
example, the crude protein contents of Oxytropis ochrocephala Benth.
was 15.3% (Bin et al., 2014). To the best of our knowledge, the results of
this study were the first to explore the ecological thresholds of toxic
plants to ecosystem multifunctionality in alpine meadow (Fig. 6). Our
findings do not support the conventional opinions that toxic plants are
uniformly deleterious and the main driver of grassland degradation (Gao
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et al., 2013). On the contrary, toxic plants can provide several ecological
benefits by enhancing soil quality, providing biotic refuge for
co-occurring plants and conservation of biodiversity (Callaway et al.,
2005; Smit et al., 2006).

Majority of toxic plants have the ability to persist live in the nutrient-
limited soils with their well-developed root system (Song et al., 2018). In
the degraded sandy grassland, toxic plants can survive barren soils and
wind erosion to establish their dominance vigorously (Zuo et al., 2009).
For example, soil characteristics (e. g, soil nutrients, soil pH) have close
relations to the presence of toxic plants (Li et al., 2014). Also, the
decomposition and turnover of litter were increased through stimulating
microbial activities by fertile island effect of toxic plants (Sun et al.,
2009; Wan et al., 2021). As biological anti-herbivore refuges for desir-
able plants, toxic plants realize the goal through the following two as-
pects (Estapé et al., 2013). First, herbivores are difficult to forage the

desirable plants or rejecting them directly on account of the toxins and
odor of toxic plant (the neighbors of desirable plants) (McNaughton,
1978; Callaway et al., 2005). Second, micro-environmental conditions
surrounding the patch of toxic plants are altered (Fig. 6). For example,
soil nitrogen availability, microhabitat and litter turnover rates were
promoted by Stellera chamaejasme Linn, and these changes provide a
better microclimates and soil environment for co-occurring plant to
growth (Sun et al., 2009). Besides, there are closely relationship be-
tween richness of toxic plants and pollinator diversity because of the
greater temporal and spatial availability of pollen and nectar resources
from toxic plants (Russell et al., 2021). The purple, blue and lavender
flower colors of Gentiana Tourn., Delphinium grandiflorum Linn. and Iris
lacteal Pall. raise the reproductive rate of plant by attracting more pol-
linators (Zhang et al., 2020), Simultaneity, the increases of insects and
invertebrate’s diversity facilitate the biodiversity maintenance (Wang
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et al., 2014). Overall, the improvement of soil physicochemical prop-
erties and protection of co-occurring plant by toxic plants probably
provide the explanations and evidences for toxic plants within an
ecological threshold promote plant diversity and ecosystem multi-
functionality in alpine meadow.

4.3. Toxic pant and trade-offs between LWG of sheep and EMF

Managing alpine meadow ecosystems for multiple service functions
and balancing the interests of diverse stakeholders involves various
trade-offs (Daw et al., 2015), such as the trade-off between LWG of sheep
and EMF. In this study, we considered the crucial roles of toxic plants on
the trade-off between LWG of sheep and EMF and elucidated that there
was a concave-down relationship between them (Fig. 4b). Furthermore,
plant and soil parameters (e.g., ADF, SR, BGB and STP) probably were
the regulatory factors that affecting the relationships (Fig. 5). Thus, the

economic threshold and ecological threshold of toxic plants were
inconsistent. Toxic plants do not endanger the ecological balance of
alpine meadow when that reach the maximum capacity of sheep pro-
duction. That is, the economic thresholds should be taken as the control
index to manage toxic pant in alpine meadow. A previous study reported
that EMF was determined by plant species richness and soil nutrients
(Jing et al., 2015). Our results also indicated that SR were positively
related to toxic plants (Fig. S4). This further provide the explanation that
toxic plants can influence the trade-off between LWG of sheep and EMF
via reducing the SR of grassland.

4.4. Limitations of this study

Our study demonstrates that toxic plants at certain rates affect
positively liveweight gain of sheep, ecosystem multifunctionality.
However, this work was conducted in an “alpine meadow-Tibetan
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Fig. 6. Schematic diagram illustrating the effects (threshold analysis) of toxic plants on livestock production, grassland ecosystem functions and their trade-offs.
From the perspective of livestock, toxic plants contribute to sheep production through the balance of detoxification and poisoning progresses. The adaptive stra-
tegies of toxic plants for grassland ecosystem functions were included interspecific competition and environmental cooperation. Trade-offs between LWG of sheep
and EMF was regulated by toxic plants via increasing the ADF content of plant and decreasing plant species richness, belowground biomass and total phosphorus

of soil.

sheep” grazing system. Whether the findings of the study are applicable
to other grassland types and livestock still need further to be verified
because of because of the feeding behaviors and nutritional ecology
(Gordon and Prins, 2008) are different among different livestock (such
as cows and horses). Considering the toxic plants with the same level of
toxicity will certainly reduce the quality of the information, each plant
has its specificities. Feed experiments in the pen are necessary to
conduct to obtain the toxicology thresholds with supplementing
different levels of toxic plants. Thresholds management of toxic plants
for multiple functions is central for sustainable development of grass-
land. More wide-spread assessment of toxic plants thresholds for mul-
tiple services and functions across diverse grasslands worldwide are
need in future.

5. Conclusions

Taken together, our study provided novel evidence that toxic plants
at certain thresholds can improve sheep production, and facilitate
ecosystem functions of alpine meadow. Specially, we identified and
captured the turning point values of toxic plants for DM feed intake,
LWG of sheep, EMF and their trade-off. Our result indicated that the
sensitivity of livestock indicators to toxic plants were greater than that of
ecological indicators to toxic plants. Moreover, the trade-offs between
LWG of sheep and EMF was regulated by toxic plants via altering the key
plant and soil parameters (e.g., ADF, SR, BGB and STP). The findings of
this study suggest that opinions towards toxic plants should shift from

the conventional view that they are serious threat to grassland
ecosystem health to an inclusive understanding that they are beneficial
to sheep and ecosystem functions under certain ecological thresholds.
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