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Abstract: Understanding the effect of nitrogen addition on species trait–abundance relationships is
one of the central focuses of community ecology and can offer us insights into the mechanisms of
community assembly under atmospheric nitrogen deposition. However, few studies have focused
on desert ecosystems. In this study, we measured the abundance and ecological stoichiometric traits,
leaf carbon content (LCC), nitrogen content (LNC), and phosphorus content (LPC) for all annual
ephemerals in all plots subjected to nitrogen addition in early spring in Gurbantunggut Desert,
northern Xinjiang, China. We found a significant relationship between traits (LNC, N:P, and C:N) and
abundance, indicating that ecological stoichiometry is a good proxy for explaining and predicting
species abundance. We further found that significant trait–abundance relationships still existed under
different nitrogen addition levels. The result suggests that trait-based niche-assembly theory plays
an important role in determining species abundance under atmospheric nitrogen deposition.
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1. Introduction

Understanding why some species are abundant and others are rare in a given site is
one of the central foci of community ecology [1–3]. Mechanisms influencing the abundance
of species in a community are a subject of ongoing debate. Trait-based niche-assembly
theory demonstrates that environmental filtering and limiting similarity act as a set of filters
for local community assembly [4–6]; those filtering processes determine which species
(according to their trait values) have a greater probability of being present and becoming
dominant under specific environmental conditions [7–10]. If this is true, species traits and
abundance will be linked to communities. However, the neutral theory of community
assembly holds that limited dispersal in space and stochastic processes create realistic
distributions of species in certain conditions [11]. By this theory, species are essentially
ecologically equivalent, independently of their traits; therefore, there will be no correlation
between species abundance and traits within communities.

Many studies have examined trait–abundance relationships in different types of
communities, and the results were complicated and controversial [12–15]. Although
much research has supported niche theory, not all traits are related to abundance [13].
The traits related to competitive performance, such as growth rate, specific leaf area,
leaf nitrogen concentration, and photosynthetic rate, may be more strongly correlated
with abundance [10,16,17]. However, it has still been reported that traits unrelated to
competitiveness correlate with abundance [10,18]. Thus, it is still very important to analyze
which types of traits are related to abundance.

Besides this, examining the relationship between traits and abundance within a single
environment is not enough to conclude which species traits determine abundance. The
general view is that environmental conditions drive optimal trait combinations, which can
affect species abundance [19,20]; therefore, changes in environmental factors can lead to
shifts in the given trait–abundance relationships (not only a shift in the slope but given
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trait–abundance relationships can also appear or disappear) [10,17]. For example, a study
in a Tibetan alpine meadow community showed that a significant correlation between leaf
dry matter content (LDMC) and abundance appeared [21] while the significant correlation
between specific leaf area (SLA) and abundance disappeared under long-term phosphate
addition [22]. Thus, it is essential to test whether the specific trait–abundance relationships
still exist under different environmental conditions.

Nitrogen deposition has become one of the most important environmental changes
in the world; it can influence soil nutrient availability and thus affect the species distri-
bution [23,24]. It is generally accepted that species with traits related to rapid resource
acquisition become dominant under added soil resources, whereas those related to resource
conservation have superiority under lower soil resource availability [25]. The relation-
ships between traits and abundance may vary because they mirror different aspects of
species performance under changing conditions [22,26,27]. However, how nitrogen addi-
tion affects the relationships between traits and abundance remains uncertain, especially in
desert ecosystems.

Annual ephemerals are not only an important component of the plant community in
early spring in Gurbantunggut Desert, northern Xinjiang, but they are also the main herba-
ceous plant groups that are significantly different from those in other deserts in China [28].
Although the life history of annual ephemerals in the study area is not long—about 75 days,
germinating at the end of March when snow melts and finishing in May or June when the
hot and dry summer comes in—the coverage can reach more than 50% in May due to the
large number and the formation of obvious herb layers. Therefore, annual ephemerals in
early spring are important for reducing the flow of sand and stabilizing the sand surface in
Gurbantunggut Desert in northern Xinjiang. To test the relationships between the traits
and abundance of annual ephemerals, we measured the relative abundance and ecological
stoichiometric traits, leaf carbon content (LCC), nitrogen content (LNC), and phospho-
rus content (LPC), which are among the most important limiting nutrients in terrestrial
ecosystems and play vital roles in the photosynthetic and metabolic processes, growth, and
productivity of plants [29–31], for six common species in each plot of a nitrogen addition
experiment. In this study, we aim to address the following scientific questions: (1) Can one
or some combination of ecological stoichiometric traits explain species abundance? Further,
(2) do different levels of nitrogen addition lead to changes in the relationships between
trait and abundance?

2. Methods
2.1. Study Site

This experiment was conducted in the northern portion of the Gurbantunggut Desert,
northern Xinjiang, China (44◦33′ N, 88◦16′ E, altitude 525 m a.s.l) (Figure 1). This region
belongs to the typical continental arid and semi-arid desert climate with a hot summer and
cold winter. The mean annual temperature is 7.1 ◦C, the extreme maximum temperature
in summer is 42.6 ◦C, and the extreme minimum temperature in winter is −41.6 ◦C.
The mean annual precipitation is 215.6 mm, while the potential evaporation is about
2000 mm. The soil is grey desert soil with low fertility [32]. The local vegetation at the
site is dominated by Haloxylon ammodendron and H. persicum. Herbaceous plants include
annual ephemerals, annual plants, and perennial plants. Annual ephemerals in this area
have a short life history—about 75 days, germinating at the end of March when snow
melts and finishing in May or June when the hot and dry summer comes in. In particular,
with significantly greater biomass (more than 80%) and coverage (more than 50%) than
other herbs in May, annual ephemerals are the main constructors of the early spring plant
community in this area [33]. At this study site, the common annual ephemerals are Alyssum
linifolium, Erodium oxyrrhynchum, Trigonella arcuate, Eremopyrum distans, Lappula semiglabra,
and Hyalea pulchella (Table S1).
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Figure 1. Geographical location of the study site.

2.2. Experimental Design

A nitrogen addition experiment was established in 2018 on a flat area that was fenced
to prevent grazing by camels. A total of 16 plots of size 2 × 2 m2, each separated by 0.5 m,
were randomly allocated to control, low, medium, and high nitrogen addition treatments
(CK: 0 g/m2, N1 (low): 3 g/m2, N2 (medium): 6 g/m 2, N3 (high): 12 g/m2, respectively).
Each of these four treatments was replicated four times. At the end of March, when the
snow had melted, we sprayed the nitrogen evenly on the plots according to the addition
levels. The control plots were sprayed with the same amount of water to reduce the impact
caused by the additional water.

2.3. Species Abundance and Ecological Stoichiometric Measurements

In 2019, species abundance was calculated in mid-May when the number of each
species found in the plots reached a maximum. For each species in all plots, we randomly
selected five individuals and sampled six mature undamaged leaves from each individual.
In total, 30 mature undamaged leaves were collected for each species. Fresh leaves were
oven dried at 80 ◦C for 72 h and ground into a fine powder to measure the ecological
stoichiometry. The leaf carbon and nitrogen contents were measured by dry combustion
with an elemental analyzer (Euro Vector EA3000, Milan, IT). For the leaf phosphorus
content, 50 mg of sample was digested in 1 mL of a 1:4 mixture of 37% (v/v) HCl and
65% (v/v) HNO3 in a closed Teflon cylinder for 6 h at 140 ◦C. Samples were then diluted
with 4 mL demineralized water, and the total leaf phosphorus content was quantified by
spectrophotometry using the ammonium molybdate method [34].

2.4. Data Analysis

In each plot, we calculated the relative abundance as the number of individuals of
a given species divided by the total number of individuals of all species. We calculated
the means of ecological stoichiometric traits (LCN, LNC, LPC, C:N, N:P, and C:P) for
each species in all plots. The effects of nitrogen addition on plot abundance and species
relative abundance were tested by one-way ANOVA. To evaluate the trait–abundance
relationship, we standardized the data via log transform. A general linear regression model
was used to evaluate the relationship between the ecological stoichiometric traits and
relative abundance of species in each treatment. All statistical analyses were performed
with R [35] software and SigmaPlot 10.0 software.
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3. Results

Although the responses of relative abundance of each species to nitrogen addition
were not significant, the abundance in plots tended to decrease with an increase in nitrogen
addition (Figure S1, Table S2). The responses of ecological stoichiometry to nitrogen
addition depended on species attributes. Overall, the leaf nitrogen content of species
tended to increase following nitrogen addition (Table S3).

Irrespective of nitrogen addition, we found that the relative abundance of species
was positively correlated with LNC (R2 = 0.71, p < 0.01) and N:P (R2 = 0.73, p < 0.01) but
negatively correlated with C:N (R2 = 0.64, p < 0.01) (Figure 2). There was a weak positive
correlation between the relative abundance and C:P (R2 = 0.17, p = 0.04). When nitrogen
addition was considered, the abovementioned significant relationships between traits and
abundance still existed in the control and treatment plots, except that of C:P (Figure 3).
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Figure 2. Relationships between species’ relative abundance and ecological stoichiometric traits
among common species in all plots, irrespective of nitrogen addition. LCC, leaf carbon content; LNC,
leaf nitrogen content; LPC, leaf phosphorus content.
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among common species in the control and nitrogen addition plots. N0, N1, N2, and N3 indicate
nitrogen addition amounts of 0, 3, 6, and 12 g/m2, respectively.

4. Discussion
4.1. Which Ecological Stoichiometric Traits Explain Species Abundance?

We found significant relationships between ecological stoichiometric traits (LNC, N:P,
and C:N) and species’ relative abundance, supporting the idea that traits affect species
abundance [8,12,15]. In this study, LNC was positively associated with relative abundance.
LNC is a key trait associated with competitive strategy as it is integral to all enzymatic
activity, especially rubisco, a component of photosynthetic machinery [36]. Consequently,
species with higher leaf nitrogen content usually have a stronger photosynthetic capacity
and faster growth rate than others, thus holding an advantageous position in competition
and becoming dominant in the community [37–39]. As fast-growing and “opportunistic”
species, annual ephemerals with high soil seed bank capacity can germinate explosively
after snow melting, grow quickly, produce copious seeds, and die within a few weeks
in the study area [28,40]. Given the specific life history strategy of annual ephemerals, it
would be surprising if leaf N did not affect species abundance.
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Interestingly, although in other systems there is often a significant relationship between
leaf carbon and abundance [22,41], we found no evidence for it in the annual ephemerals of
Gurbantunggut Desert. Leaf carbon content is usually considered a structural trait related
to resource conservation and stress-tolerance strategy [42,43]. However, traits that favor
rapid plant growth are expected to have an important influence on species abundance [17].
Obviously, the fast-growth strategy adopted by annual ephemerals as “opportunists” may
decouple the traits of leaf carbon and abundance. Although leaf phosphorus has specific
functions in protein synthesis, we also found no relationship between leaf phosphorus and
abundance. It is generally known that nitrogen is the most deficient nutrient in the soil of
Gurbantunggut Desert [32]. As plants are generally coupled with soil nutrition [44], the
leaf stoichiometric traits mirror the ability of plants to obtain limited nutrients (nitrogen
rather than phosphorus) in determining the abundance of plants in this area.

Stoichiometric ratios apparently play a major role in the biochemistry of physiology
and performance in most organisms [45]. In this study, we found that the relative abun-
dance of annual ephemerals was positively correlated with N:P (R2 = 0.73, p < 0.01). Given
the biochemistry and function of N-rich proteins and P-rich RNA, leaf N:P can reflect the
plant growth rate [46]. High leaf N:P means more efficient uptake of N when unit phospho-
rus is absorbed. Leaf C:N represents the ratio of plant photosynthetic C and root N uptake,
while leaf N regulates rates of C acquisition and use. A negative relationship between
C:N and relative abundance of annual ephemerals indicates that high N use efficiency can
promote plant photosynthesis, thereby making them dominant in the community.

4.2. Relationships between Species Relative Abundance and Ecological Stoichiometry with
Nitrogen Addition

We found that the ecological stoichiometric traits of a given species are a strong pre-
dictor of its abundance, and this relationship still exists under different nitrogen addition
amounts. Our results are seemingly inconsistent with previous studies that concluded
that trait–abundance relationships are dependent on the environmental context [10,13,17].
There are two main reasons for this that we would like to highlight in this section. First, the
core and essence of trait–abundance relationships is dependent on the environment, which
changes to dominant species with different life history strategies in or among communi-
ties. For example, plants adapted to tolerance strategies benefit more from nutrient-poor
habitats, while fertile habitats tend to favor plants with rapid growth strategies [36,47]. As
mentioned above, all annual ephemerals adopt the rapid growth strategy in order to avoid
the heat and drought of summer. This single life history strategy of annual ephemerals
may lead to trait–abundance relationships still existing whether in nutrient-poor or fertile
habitats in early spring in Gurbantunggut Desert.

Second, previous studies concerning the effect of nitrogen addition on trait–abundance
relationships generally focused on perennials and were conducted over a long time [22,25,48].
The main reasons for this are that perennials have a long life span (two or more years),
and atmospheric nitrogen deposition affecting plant species abundance through favoring
species better adapted to high nutrient levels will take a long time. In this study, based
on the short life history (about 75 days) of annual ephemerals, we conducted a two-year
nitrogen addition experiment and demonstrated that trait–abundance relationships still
existed under short-term nitrogen addition. However, long-term atmospheric nitrogen
deposition can change many soil properties, such as physical, chemical, and biological prop-
erties [49,50], and will finally influence the seed bank and seed germination in soil [51,52].
All these factors have potential importance to the trait–abundance relationships of species.
Thus, a long-term nitrogen addition experiments should be considered in future work in
order to provide a more comprehensive understanding of trait–abundance relationships in
the annual ephemeral layer.

Overall, our results of significant trait–abundance relationships were unchanged under
different nitrogen addition levels, suggesting that trait-based niche-assembly theory plays
an important role in determining species abundance under atmospheric nitrogen deposi-
tion [13,15]. The type of life history strategy of research objects should be included when
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trait–abundance relationships dependent on the environment are examined, especially
under atmospheric nitrogen deposition.

5. Conclusions

In conclusion, significant relationships between traits (LNC, N:P, and C:N) and abun-
dance were established within the annual ephemeral layer of the early spring plant com-
munity of Gurbantunggut Desert, China, which suggests that these traits can affect species
abundance and highlights that ecological stoichiometry is a good proxy for explaining and
predicting species abundance. Although the significant trait–abundance relationships were
present under different nitrogen addition levels, suggesting that trait-based niche-assembly
theory plays an important role in determining species abundance, a long-term nitrogen
addition experiment should be considered in future work in order to provide a more com-
prehensive understanding of trait–abundance relationships in the annual ephemeral layer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13110569/s1. Figure S1: Variation in the abundance of the annual ephemeral layer under
different nitrogen addition levels (mean± SD), Table S1: Information on the six most common annual
ephemerals at the study site, Table S2: The responses in the relative abundance of each species to
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