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Abstract
Juniperus przewalskii communities constitute one of the principal forest commu-
nity types in Qinghai Province, playing a critical role in soil and water conserva-
tion, water source regulation, and ecological balance maintenance. To elucidate
the responses of Juniperus przewalskii community characteristics and popula-
tion age structure to annual precipitation gradients, natural Juniperus przewal-
skii communities in Qinghai Province were selected as the study system, with
community plots established along an annual precipitation gradient to conduct
community characteristic surveys. The results demonstrated that: (1) Annual
precipitation exhibited a gradual increase from northwest to southeast across
the study region, and with increasing annual precipitation, the importance val-
ues of dominant species in the shrub and herb layers of Juniperus przewalskii
communities changed significantly (P<0.05). (2) Populations displayed a declin-
ing structure at annual precipitation levels of 169~377 mm, a stable structure
at 470 mm, and an increasing structure at 530 mm. (3) The 𝛼 diversity index of
understory plants differed significantly among different annual precipitation lev-
els (P<0.05). With increasing annual precipitation, the Shannon-Wiener index,
Simpson index, and species richness of both shrub and herb layers increased
progressively, reaching maximum values at 530 mm annual precipitation. (4)
The 𝛽 diversity index of the shrub layer exhibited “fluctuating”changes with
increasing annual precipitation; the Cody and Sorensen indices reached their
peak and trough values at 470~530 mm and 281~377 mm annual precipitation,
respectively. The 𝛽 diversity index of the herb layer initially increased then de-
creased; the Cody and Sorensen indices reached their peak and trough values at
377~470 mm annual precipitation, respectively, where 𝛽 diversity between layers
was maximal and species turnover rate was highest. Annual precipitation signifi-
cantly influenced the population age structure and community characteristics of
Juniperus przewalskii; in forest zones receiving <377 mm annual precipitation,
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modification of forest microtopography, harvesting of natural precipitation, and
protection from livestock damage would facilitate natural regeneration.
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Abstract

Juniperus przewalskii communities represent one of the primary forest commu-
nities in Qinghai Province, playing a critical role in soil and water conservation,
water source regulation, and ecological balance maintenance. To understand
how community characteristics and population age structure of J. przewalskii
respond to annual precipitation gradients, we established community sample
plots along a precipitation gradient in natural J. przewalskii stands in Qing-
hai Province and conducted comprehensive community surveys. The results
demonstrated that (1) annual precipitation increased gradually from northwest
to southeast across the study region, with significant changes in the importance
values of dominant species in both shrub and herb layers as precipitation in-
creased (P < 0.05). (2) When annual precipitation ranged from 169–377 mm,
the population exhibited a declining age structure; at 470 mm precipitation,
the population was stable; and at 530 mm precipitation, the population showed
a growth trend. (3) The 𝛼 diversity index of understory plants differed signif-
icantly across precipitation levels (P < 0.05). With increasing precipitation,
the Shannon–Wiener index, Simpson index, and species richness of both shrub
and herb layers increased gradually, reaching maximum values at 530 mm an-
nual precipitation. (4) As precipitation increased, the 𝛽 diversity index of the
shrub layer showed a “fluctuating”pattern, with Cody and Sorensen indices
peaking and reaching their lowest values at precipitation levels of 470–530 mm
and 281–377 mm, respectively. The 𝛽 diversity index of the herb layer initially
increased then decreased, with Cody and Sorensen indices peaking and reaching
their lowest values when precipitation ranged from 377–470 mm, indicating the
highest species turnover rate and lowest similarity during this interval. Annual
precipitation significantly influenced both the age structure of J. przewalskii
populations and overall community characteristics. In forest areas receiving
less than 377 mm annual precipitation, modifying forest microtopography to
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collect natural precipitation and preventing livestock damage would facilitate
natural regeneration.

Keywords: annual precipitation gradient; Juniperus przewalskii; community
characteristics; species diversity; Qinghai

Plant communities represent assemblages formed through continuous adjust-
ment and adaptation to environmental changes, with community species diver-
sity reflecting differences in composition, structure, and function while reveal-
ing the relationship between external environmental conditions and communi-
ties. The patterns of community species diversity along environmental gradients
have become a focal topic in ecological research. Studies have found that precip-
itation changes have no significant effect on desert plant community diversity,
while others have reported significant impacts of precipitation patterns on com-
munity species diversity, richness, and evenness. Controversies regarding plant
community responses to precipitation changes persist. Under global climate
change, the influence of precipitation variation on forest ecosystems is intensi-
fying, making research on plant community composition and species diversity
responses to annual precipitation gradients crucial for conserving natural plant
communities in arid regions.

Qinghai Province, located on the Qinghai-Tibet Plateau, is influenced by the
East Asian monsoon, plateau monsoon, and westerlies, with uneven water re-
source distribution, making it one of the most arid regions at the same latitude
globally. Juniperus przewalskii, due to its drought and barren tolerance, has
become one of the main forest-forming species in this region, playing impor-
tant roles in biodiversity maintenance, water source conservation, and soil and
water retention. Current research on J. przewalskii has focused on dendrocli-
matology, ecophysiology, afforestation techniques, and biochemical composition,
with limited studies on community characteristics, and those existing concen-
trating on topographic factors such as altitude effects on community species
diversity. Qinghai Province exhibits a clear natural precipitation gradient from
northwest to southeast, with precipitation patterns affecting plant community
composition and structure. How the age structure of J. przewalskii populations
and community species diversity change along this gradient remains poorly un-
derstood.

This study examined natural J. przewalskii communities in Qinghai Province,
establishing survey plots along an annual precipitation gradient to explore com-
munity characteristic responses to natural precipitation variation, aiming to
provide a theoretical basis for natural forest conservation and management.
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1.1 Study Area

We selected natural J. przewalskii communities in Gubai Garden, Delingha
City; Reshui Township Forest Farm, Dulan County; Hebei Forest Farm, Xing-
hai County; Beishan Forest Farm, Huzhu County; and Maixiu Forest Farm,
Zeku County, Qinghai Province. The study area features a plateau continen-
tal climate with mean annual temperatures of -2.5–7.9 °C and highly uneven
precipitation distribution (160–590 mm). Juniperus przewalskii communities
are predominantly distributed on sunny slopes, with the tree layer dominated
by J. przewalskii, rich understory shrub and herb species, and severe grazing
and logging disturbances. Based on mean annual precipitation data for Qinghai
Province from 1981–2010, we generated precipitation isoline maps using inverse
distance weighted interpolation in ArcGIS software. Mean annual precipitation
increased generally from northwest to southeast across the study region (Fig.
[Figure 1: see original paper]), following the pattern: Delingha City (169 mm)
< Dulan County (281 mm) < Xinghai County (377 mm) < Huzhu County (470
mm) < Zeku County (530 mm).

[Figure 1: see original paper] Location of research area and sampling point

Information of sampling sites

1.2 Sample Plot Setup

At each of the five survey locations, we selected sites with abundant natural
J. przewalskii forest distribution and established three 20 m × 20 m sample
plots with similar stand density, slope, and aspect conditions. Within each plot,
we conducted measurements of all trees, recording species name, diameter at
breast height (DBH), tree height, crown width, and canopy closure. Using the
diagonal method, we established five 5 m × 5 m shrub quadrats and five 1 m × 1
m herb quadrats in each plot, recording plant species name, individual number,
height, and coverage. Population age structure was classified by diameter class:
seedlings (DBH < 5 cm), saplings (5 cm ≤ DBH < 15 cm), small trees (15 cm ≤
DBH < 25 cm), medium trees (25 cm ≤ DBH < 30 cm), and large trees (DBH
≥ 30 cm).

1.3 Data Processing and Analysis

Importance value was calculated as: (relative density + relative dominance
+ relative coverage)/3. Species diversity indices included: Species rich-
ness index (S, number of species per quadrat), Shannon–Wiener index (H� =
-�{i=1}^{S} P_i ln P_i), Simpson dominance index (D = 1 - �{i=1}^{S} P_i2),
and Pielou evenness index (J_{sw} = H�/ln S), where S is species number and
P_i is the relative importance value of species i. 𝛽 diversity was measured
using Cody index (𝛽_c = [g(H) + l(H)]/2) and Sorensen similarity coefficient
(SI = 2c/(a + b)), where a and b are species numbers in two adjacent plots and
c is the number of shared species.
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We used Excel 2019 and SPSS 24.0 for data organization and statistical analysis.
One-way ANOVA was employed to analyze differences in species diversity in-
dices among precipitation gradients, with least significant difference (LSD) used
for multiple comparisons. Origin 2019 software was used for figure preparation.

2.1 Community Species Composition and Importance Values along
Precipitation Gradients

The J. przewalskii community contained 47 seed plant species, including 2 gym-
nosperm species, 42 dicotyledon species, and 3 monocotyledon species. Domi-
nant species (importance value > 10) and their importance values across veg-
etation layers are shown in Table . The tree layer was consistently dominated
by J. przewalskii with the highest importance value across all precipitation lev-
els. However, the importance values of dominant species in shrub and herb
layers changed significantly with precipitation. In the shrub layer, Berberis
diaphana was the absolute dominant species at 281 mm precipitation (impor-
tance value 61.02). At 377 mm, Ribes alpestre and Potentilla fruticosa became
dominant (combined importance value 39.41). At 470 mm, P. fruticosa and Po-
tentilla glabra were dominant (combined importance value 58.37). At 530 mm,
P. fruticosa, P. glabra, and Berberis parapruinosa were co-dominant (combined
importance value 56.57). In the herb layer, Carex lanceolata and Polygonum
viviparum were dominant at 281 mm (combined importance value 31.34). At 377
mm, C. lanceolata was the absolute dominant species (importance value 30.39).
At 470 mm, C. lanceolata remained dominant (importance value 25.73). At 530
mm, C. lanceolata and Elymus dahuricus were co-dominant (combined impor-
tance value 27.64). These changes in dominant species along the precipitation
gradient reflect water adaptation strategies and demonstrate that precipitation
significantly affects community species composition and dominance.

Importance values of dominant species of various vegetation layers along differ-
ent annual precipitation gradients

2.2 Age Structure of Juniperus przewalskii Population along Precip-
itation Gradients

The age structure of J. przewalskii populations varied across precipitation levels
(Fig. [Figure 2: see original paper]). At 169 mm precipitation, no seedlings
were present in the understory, with saplings and small trees accounting for
only 18.31% of total individuals and large trees comprising 54.93%. At 281 mm
precipitation, seedlings and saplings represented just 4.25% of individuals, while
large trees accounted for 55.93%. In areas receiving 169–281 mm precipitation,
the population exhibited a declining age structure. At 377 mm precipitation,
medium and large trees comprised 83.73% of individuals, indicating an aging
population with imbalanced structure. At 470 mm precipitation, small and
medium trees accounted for 54.23% of individuals, while large trees represented
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32.47%, suggesting a stable population. At 530 mm precipitation, seedlings,
saplings, and small trees comprised 56.57%, 12.85%, and 13.29% of individuals
respectively, with large trees representing only 13.29%, indicating a growing
population structure. Populations in areas receiving >470 mm precipitation
showed good natural regeneration and stable growth.

[Figure 2: see original paper] Age structure of Juniperus przewalskii population
in different annual precipitation gradients

2.3 Understory Plant 𝛼 Diversity Characteristics along Precipitation
Gradients

Species richness, Shannon–Wiener index, and Simpson index were consistently
higher in the herb layer than in the shrub layer across all precipitation levels (Fig.
[Figure 3: see original paper]). Species richness showed fluctuating patterns
with precipitation, reaching minimum values of 6.1 species in the shrub layer
at 169 mm and 5.5 species in the herb layer at 281 mm. Shannon–Wiener
and Simpson indices increased gradually with precipitation, reaching maximum
values in both layers at 530 mm precipitation (shrub layer: H� = 2.86, D =
0.94; herb layer: H� = 3.21, D = 0.95), which were significantly greater than
values at 169 mm precipitation. The Pielou evenness index in the shrub layer
was greater than in the herb layer, with values of 0.94 (shrub) and 0.90 (herb)
at 530 mm precipitation. Overall, 𝛼 diversity indices increased gradually with
mean annual precipitation.

[Figure 3: see original paper] The 𝛼 diversity index along annual precipitation
gradients

2.4 Understory Plant 𝛽 Diversity Characteristics along Precipitation
Gradients

The Cody index was consistently higher in the shrub layer than in the herb
layer, while the Sorensen index showed the opposite pattern (Fig. [Figure 4: see
original paper]), indicating lower species similarity and faster species turnover
in the herb layer. The shrub layer 𝛽 diversity index fluctuated with precip-
itation, with Cody and Sorensen indices reaching peaks (1.68 and 0.71) and
troughs (0.54 and 0.56) at precipitation levels of 470–530 mm and 281–377 mm,
respectively. This indicates fastest species turnover and lowest similarity in the
281–377 mm precipitation range. The herb layer 𝛽 diversity index increased
initially then decreased, with Cody and Sorensen indices peaking (1.89) and
reaching their minimum (0.48) when precipitation ranged from 377–470 mm.
Thus, with increasing mean annual precipitation, herb layer species turnover
rate first accelerated then decelerated.

One-way ANOVA of 𝛼 and 𝛽 diversity indices along the precipitation gradient
revealed that, except for the shrub layer Sorensen index, all other indices dif-
fered significantly across precipitation gradients. Shrub layer Shannon–Wiener
index and species richness, and herb layer Sorensen and Shannon–Wiener indices
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showed extremely significant differences (P < 0.01), indicating that precipita-
tion changes markedly altered community species diversity.

[Figure 4: see original paper] The 𝛽 diversity index along annual precipitation
gradients

Tests of species diversity index for annual precipitation gradients

3 Discussion

The J. przewalskii community contained 47 plant species, with Asteraceae, Ra-
nunculaceae, Rosaceae, and Lamiaceae being dominant—similar to natural J.
przewalskii communities in the Three-River Headwaters region. The flora con-
sisted mainly of xerophytic shrubs and perennial herbs, reflecting the region’s
long sunshine hours, strong radiation, scarce precipitation, and intense evapora-
tion. Water is the primary limiting factor for plant survival and development in
arid regions, and precipitation is the main water source. Precipitation variation
affects plant growth and alters community composition. In this study, plant
importance values changed significantly along the precipitation gradient, with
considerable variation for the same species across different precipitation levels,
related to species’biological characteristics. For example, the importance value
of Potentilla fruticosa decreased gradually with increasing precipitation, reduc-
ing its dominance because this species increases osmoregulatory substances and
antioxidant enzyme activity under drought stress, providing positive feedback
to arid conditions. At the lowest precipitation level, P. fruticosa was the ab-
solute dominant species in the shrub layer. The importance value of Elymus
dahuricus in the herb layer increased gradually, likely because perennial herbs
have root systems mainly distributed in surface soil layers with high water uti-
lization efficiency. In contrast, the importance value of Carex lanceolata showed
little change along the precipitation gradient due to its robust roots and stems,
strong vitality, and broad ecological amplitude.

Species richness, Shannon–Wiener index, and Simpson index were consistently
lower in the shrub layer than in the herb layer, possibly because shrubs are
less sensitive to precipitation changes. Shrub leaves generally have higher ni-
trogen content, promoting proline formation and conferring stronger drought
resistance. The similar trends in species richness and Simpson index may re-
sult from the dominance of xerophytic shrubs and perennial herbs in all plots,
with fewer other species, leading to high species richness but also high Simpson
dominance index. Zhang et al. found that increased water availability signif-
icantly raised the importance values of all plant types in alpine grasslands of
northern Tibet, possibly because that region receives approximately 500 mm
mean annual precipitation, providing more abundant water resources and less
water stress than our study area. Zhang et al. also reported that increased wa-
ter availability elevated the dominance of dominant species, with interspecific
competition inhibiting other species’survival and development, leading to lower
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community evenness. However, our study found that Pielou evenness index in-
creased overall with precipitation, possibly due to differences in plant ecological
types and human disturbance intensity.

Population age structure reflects the relationship between populations and their
surrounding environment. In this study, the age structure of J. przewalskii
populations varied along the precipitation gradient. At 169–281 mm precipita-
tion, the population showed a declining age structure, indicating low seedling
survival rates. This may result from two factors: first, in areas with low pre-
cipitation and high evaporation, seedlings require more soil moisture; second,
extensive livestock feces observed in the forest indicate that grazing severely
affects natural regeneration through trampling and browsing. At precipitation
>470 mm, populations showed good natural regeneration and stable growth.
Tian et al. found that J. przewalskii populations on the northern slope of the
Qilian Mountains (with mean annual precipitation of 470–600 mm) exhibited
declining age structures, contrasting with our results. This discrepancy may be
because our study sites were distributed at higher elevations with less human
disturbance.

𝛽 diversity reflects differences in species composition among communities along
environmental gradients, with greater habitat differences leading to higher 𝛽
diversity. In this study, 𝛽 diversity indices were lower in the shrub layer than in
the herb layer, indicating faster species turnover in herbs. Shrubs showed fewer
disappearances or establishments with increasing precipitation, while herbs ex-
hibited more associated species. Precipitation gradient significantly affected
Cody and Sorensen indices in the herb layer but not the Sorensen index in
the shrub layer, because these indices have different sensitivities. Shrub layer
𝛽 diversity increased then decreased with precipitation, primarily because rare
species such as Gentiana siphonantha, Gentiana squarrosa, Deyeuxia kokonor-
ica, and Parasenecio roborowskii gradually appeared in the 169–470 mm pre-
cipitation range, reducing shared species among communities and increasing 𝛽
diversity. In the 470–530 mm range, common and rare species such as Gen-
tiana dahurica, Ranunculus tanguticus, and Comarum salesovianum gradually
disappeared, increasing shared species and decreasing 𝛽 diversity.

4 Conclusion

Annual precipitation significantly influences the age structure of Juniperus prze-
walskii populations, community species composition, and diversity. Populations
exhibited declining, stable, and growth age structures at precipitation levels of
169–377 mm, 470 mm, and 530 mm, respectively. With increasing precipitation,
species richness, diversity, and dominance of shrub and herb layers increased
gradually. Species turnover rate in the shrub layer first accelerated, then decel-
erated, and finally peaked, while that in the herb layer first accelerated then de-
celerated. To promote the health and stability of J. przewalskii communities in
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forest areas receiving 169–377 mm annual precipitation, microtopography mod-
ification to increase surface roughness and improve soil moisture conditions is
recommended, along with enhanced management to prevent livestock trampling,
browsing, and excretion disturbances. Fencing measures should be implemented
to facilitate progressive community development.
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