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Larch forests are important for species diversity, as well as soil and water conservation in mountain
regions. In this study, we determined large-scale patterns of species richness in larch forests and iden-
tified the factors that drive these patterns. We found that larch forest species richness was high in
southern China and low in northern China, and that patterns of species richness along an elevational
gradient depend on larch forest type. In addition, we found that patterns of species richness in larch
forests are best explained by contemporary climatic factors. Specifically, mean annual temperature and
annual potential evapotranspiration were the most important factors for species richness of tree and
shrub layers, while mean temperature of the coldest quarter and anomaly of annual precipitation from
the Last Glacial Maximum to the present were the most important for that of herb layer and the whole
community. Community structural factors, especially stand density, are also associated with the species
richness of larch forests. Our findings that species richness in China's larch forests is mainly affected by
energy availability and cold conditions support the ambient energy hypothesis and the freezing tolerance
hypothesis.

Copyright © 2022 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Species diversity is critical for forest ecosystem stability and
sustainability, and research on species richness has produced
important insights into the mechanisms that regulate general
patterns of biodiversity (Brown, 2014; Kinlock et al., 2018; Zhong
et al., 2021). One key goal of research on biodiversity is identi-
fying the factors that drive species richness, especially in forests,
one of the most important terrestrial ecosystems (Fang et al., 2012;
Wu et al., 2014; Liang et al., 2016). Accordingly, ecologists have
identified several patterns of species richness in plants (e.g., lat-
itudinal, elevational, and longitudinal gradients) (Feng, 2008; Liu
et al., 2015; Lü et al., 2018) and factors that influence these pat-
terns (e.g., forest structure and climate) (Hakkenberg et al., 2016;
Tang), jyfang@urban.pku.edu.
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Chu et al., 2019). However, understanding large-scale patterns of
species diversity and the factors that drive these patterns remains a
major challenge in ecology (Brown, 2014; Kinlock et al., 2018;
Zhong et al., 2021).

Various hypotheses have been proposed to explain the pat-
terns of species diversity. For example, the ambient energy hy-
pothesis posits that species diversity is regulated by energy
availability, represented by the mean annual temperature and
annual potential evapotranspiration (Turner, 2004; Allen et al.,
2007). The freezing tolerance hypothesis suggests that species
diversity increases with winter temperature, mean temperature
of the coldest month, or annual extreme low temperature (Currie
et al., 2004; Wang et al., 2009a). The water-energy dynamic hy-
pothesis suggests that species diversity is determined jointly by
water-energy interaction, which is commonly described by the
actual evapotranspiration (O'Brien, 1993; Kreft and Jetz, 2007;
Wang et al., 2009a). The habitat heterogeneity hypothesis states
that high habitat heterogeneity permits greater species coexis-
tence (Kerr and Packer, 1997; Jetz and Rahbek, 2002). Finally, the
historical climate hypothesis stipulates that species diversity,
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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especially the diversity of endemic species, is influenced by long-
term climatic stability across the Quaternary, as evaluated by the
anomaly and velocity of present and past climate (Araújo et al.,
2008; Sandel et al., 2011; Harrison and Noss, 2017). In fact, the
large-scale patterns of species richness are likely regulated jointly
by many factors and processes (Whittaker et al., 2001; Jetz and
Rahbek, 2002; Kreft and Jetz, 2007), and these hypotheses are
not mutually exclusive (Kreft and Jetz, 2007).

Larch (Larix Mill.) plants refer to 11e13 deciduous needle
species belonging to Pinaceae, are widely distributed in the alpine
and subalpine regions of the northern hemisphere, and form
typical mountain deciduous coniferous forests (Farjon, 2010; Yang
et al., 2017). According to the relative size between bract and seed
scales, Larix species are divided into two groups, i.e., Sect. Larix
and Sect.Multiseriales. In China, species of the Sect. Larix (i.e., Larix
gmelinii, L. gmelinii var. principis-rupprechtii, Larix kaempferi, Larix
olgensis, Larix sibirica) are mainly distributed in the mountain
regions of North China, whereas those of the Sect. Multiseriales
(i.e., Larix griffithii, Larix himalaica, Larix kongboensis, Larix mas-
tersiana, Larix potaninii, L. potaninii var. australis, L. potaninii var.
chinensis, Larix speciosa) are mainly distributed in the mountain
regions of Southwest China and the alpine regions of the Tibetan
Plateau (Cheng and Fu, 1978; Liu et al., 2002). Studies have indi-
cated that hotspots of conifers richness occur in mountainous
areas within the broader regions of long-term climate stability
and the most widespread conifers broadly follow paleoclimate
and contemporary temperature gradients (Sundaram et al., 2019;
Sundaram and Leslie, 2021). Although patterns of species richness
have been examined in a few specific larch forest types (Wang
et al., 2009b; Fang et al., 2019), large-scale patterns of species
diversity in larch forests and the factors that determine these
patterns remain unclear.

In this study, we used data gathered from fieldwork to char-
acterize patterns of species richness in larch forests in China and
examined the factors that drive these patterns. We aim to answer
the following questions about larch forests in China: (1) what is
the distribution of species richness? (2) what are the dominant
factors that drive patterns of species richness? (3) which hy-
pothesis is more suitable for explaining the species richness
patterns?
Table 1
The distribution ranges, climatic conditions, importance value of larch trees, and commu

Forest type No. of
plots

Long. (�E) Lat. (�N) Elev. (m) MAT (�C)

Larix gmelinii 74 121.34e129.23 42.03e52.86 279e1954 �5.82 to 3
L. gmelinii var.

principis-
rupprechtii

84 104.39e117.79 33.91e41.58 711e2693 �2.26 to 7

L. kaempferi 51 104.14e125.18 33.62e42 125e2429 0.24e13.48
L. olgensis 32 127.96e130.84 42.06e43.47 652e1851 �1.81 to 3
L. sibirica 51 85.14e93.9 43.28e48.72 1270e2805 �5.87 to 0
L. griffithii 40 87.46e95.72 27.51e30.03 3069e3829 �0.66 to 1
L. himalaica 11 85.22e86.35 28.04e28.56 3383e3619 3.66e8.25
L. kongboensis 9 92.91e94.03 28.32e30.05 3505e3886 1.98e7.45
L. mastersiana 14 102.7e104.05 30.81e32.88 2385e4002 �1.35 to 8
L. potaninii 32 101.18e104.37 29.38e33.88 2247e3947 �1.19 to 8
L. potaninii var.

australis
41 97.79e101.17 27.1e29.05 3183e4399 �3.48 to 7

L. potaninii var.
chinensis

29 107.71e108.6 33.83e34 2608e3300 �0.07 to 3

L. speciosa 15 95.7e99.27 27.12e29.8 2865e3831 �1.54 to 6
Sect. Larix 292 85.14e130.84 33.62e52.86 125e2805 �5.87 to 1
Sect. Multiseriales 191 85.22e108.6 27.1e34 2247e4399 �3.48 to 1
Overall 483 85.14e130.84 27.1e52.86 125e4399 �5.87 to 1

Note: Values represent range from minimum to maximum.
Long., longitude; Lat., latitude; Elev., elevation; MAT, mean annual temperature; AP, ann
each plot; Da, average diameter at breast; Ha, average height; Density, stand density.
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2. Material and methods

2.1. Study sites

We investigated 483 larch forest plots (each plot with an area of
600 m2) distributed between 85.14 and 130.84�E longitude, 27.1 and
52.86�N latitude, and between elevations of 125 and 4399 m
(Table 1; Fig. 1). We defined a forest as a larch forest when the
number of larch individuals was no less than 3 and the relative basal
area of larches was no less than 25%. For each plot, geographic and
topographic information were recorded, and species from the tree,
shrub, and herb layers (each layer was identified by the life form of
plants) were identified. The height and diameter at breast height
(DBH) of each tree were recorded. For detailed methods of the field
investigation, please see the protocols of Fang et al. (2009). In total,
we investigated thirteen larch forest types (Table 1, a larch forest type
is determined by the dominant larch species). All larch forests were
natural forests without any human disturbance except the L.
kaempferi forest, which is a non-native species but planted exten-
sively in China. Although L. kaempferi forest plots were planted, these
forests were otherwise relatively undisturbed by human activity.

2.2. Calculation of community structure and species richness

For each plot, we calculated three community structural indices:
average DBH (Da, cm), average height (Ha, m) and stand density
(Density, stem ha�1, Eq. (1)) (Meng, 2006).

Density ¼ 10,000 � tree number/(600 � cos a) (1)

In Eq. (1), a denotes slope of a plot.
Species diversity of larch forests was expressed by species

richness (plant species number of a plot). For this study, the species
richness of different layers and the whole community were based
on an area of 600 m2.

2.3. Environmental data

Slope and aspect were used as topographic indices, and aspect
datawas divided into discrete levels (see Shen et al., 2015 for details).
nity structure for different larch forest types in China.

AP (mm) IV (%) Da (cm) Ha (m) Density (/ha)

.33 479e1014 26.55e100 6.12e24.48 4.55e23.45 465.87e5090.11

.65 342e701 25.07e100 7.41e31.46 4.78e20.15 128.73e4054.64

620e898 33.54e100 7.46e33.7 6.07e31.1 220.01e3580.94
.45 648e873 29.26e99.8 12.14e32.14 6.84e25 234.62e1860.77
.58 150e399 30.41e100 9.69e51.02 7.26e27.75 153.96e3310.13
2.04 573e1413 26.07e100 6.89e26.42 3.85e16.63 248.94e7535.54

495e1199 49.87e100 5.76e19.69 3.09e9.07 367.56e1459.37
400e604 33.25e78.23 8.77e19.99 4.81e9.19 1240.14e3111.22

.75 711e775 32.87e97.98 7.42e23.45 5.95e13.67 740.26e4069.25

.58 649e884 33.83e100 7.09e42.14 4.53e23.01 250.34e2874.82

.73 616e830 35.07e100 6.1e36.56 2.96e16 167.3e4248.88

.34 822e857 32.89e100 10.94e30.89 6.03e24.55 427.27e2598.08

.84 645e1032 26.09e96.71 7.37e59.25 3.45e21.21 153.96e4901.99
3.48 150e1014 25.07e100 6.12e51.02 4.55e31.1 128.73e5090.11
2.04 400e1413 26.07e100 5.76e59.25 2.96e24.55 153.96e7535.54
3.48 150e1413 25.07e100 5.76e59.25 2.96e31.1 128.73e7535.54

ual precipitation; IV, importance value (i.e., the relative basal area) of larch trees for



Fig. 1. The larch forest sites investigated in this study. Triangles indicate plots dominated by species from the Sect. Larix (Sect. Larix forests hereafter) and circles indicate plots
dominated by species from the Sect.Multiseriales (Sect.Multiseriales forests hereafter). LG, L. gmelinii forest; LGP, L. gmelinii var. principis-rupprechtii forest; LK, L. kaempferi forest; LO,
L. olgensis forest; LS, L. sibirica forest; LGR, L. griffithii forest; LH, L. himalaica forest; LKO, L. kongboensis forest; LM, L. mastersiana forest; LP, L. potaninii forest; LPA, L. potaninii var.
australis forest; LPC, L. potaninii var. chinensis forest; LSP, L. speciosa forest.
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Contemporary climatic data was extracted from the World
Climate Database with a spatial resolution of 30 arc seconds
(http://www.worldclim.org) and the Global Potential Evapo-
Transpiration Climate Database with a spatial resolution of 30
arc seconds (http://www.csi.cgiar.org). According to the longitude
and latitude of each plot, we extracted monthly mean tempera-
ture (MMT, �C), monthly precipitation (MP, mm), and annual po-
tential evapotranspiration (APE, mm) from the above two
databases. Based on MMT and MP, we calculated the following
climatic indices: mean annual temperature (MAT, �C), mean
temperature of the coldest quarter (MTCQ, �C), mean temperature
of the warmest quarter (MTWQ, �C), annual precipitation (AP,
mm), precipitation of the wettest quarter (PWQ, mm) and pre-
cipitation of the driest quarter (PDQ, mm).

For paleoclimatic data, we extracted MAT and AP of the Last
Glacial Maximum (about 22,000 years ago, LGM) under the MPI-
ESM-P scenario from the World Climate Database with a spatial
resolution of 2.5 arc minutes (http://www.worldclim.com/pale o-
climate1). Using contemporary annual values minus LGM annual
values, we calculated two paleoclimatic factors: the anomaly of
MAT from LGM to the present (Anomaly.MAT) and the anomaly of
AP from LGM to the present (Anomaly.AP) (Araújo et al., 2008).

2.4. Statistical analyses

We compared species richness in the tree, shrub, and herb layers
and the whole community among different larch forest types and
between two larch forest groups by analysis of variance and mul-
tiple comparisons with the Bonferroni test.

We used standard major axis regression (SMA) to fit the re-
lationships between species richness in larch forests and fourteen
factors that may drive species richness patterns in the tree, shrub,
and herb layers, as well as the whole community. The fourteen
factors included seven contemporary climatic factors (i.e., MAT,
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MTCQ, MTWQ, AP, PWQ, PDQ, and APE), two paleoclimatic factors
(i.e., Anomaly.MAT and Anomaly.AP), two topographic factors (i.e.,
slope and aspect), and three community structural factors (i.e., Da,
Ha, and Density). Following the results of SMA, we removed some
variables that did not satisfy the t-test thresholds (criteria: p-
value < 0.1) from original models (including all factors) (Table S1).
Then, we limited collinearity issues among variables by further
removing variables with a variance inflation factor >5 (Wang et al.,
2021). In this process, similar variables, such as temperature vari-
ables, were selected into the models based on bigger R2 of SMA
(Tables S1 and S2). Using the all-subsets regression to estimate all
models from the remaining variables with adjusted R2, we obtained
several models with the largest adjusted R2 (Fig. S1). Comparing the
Akaike information criterion (AIC) of those models fitted by the
general linear model (GLM) allowed us choose the best models,
which we defined as those with a lower value of AIC and more
factor categories (Table S3). The exploratory powers of different
variables of the best models for each layer and overall species
richness of larch forests were calculated based on analysis of vari-
ance (ANOVA).

For each best model of species richness in the tree, shrub, and
herb layers and the whole community of larch forests, we used the
method of variation partitioning to separate the explanatory
powers of contemporary climatic, paleoclimatic, topographic, and
community structural factors. We used SMA to determine
geographic patterns of species richness and the relationships be-
tween patterns of species richness and the potential factors that
underlie these patterns factors. All analyses were performed in R
4.0.0 (Development Core Team, 2020) with the “raster” and
“extract” functions of “raster” package, “sma” function of “smatr”
package, “vif” function of “car” package, “regsubsets” function of
“leaps” package and “varpart” function of “vegan” package (Warton
et al., 2012; Fox and Weisberg, 2019; Oksanen et al., 2019; Lumley
and Miller, 2020; Hijmans, 2020).

http://www.worldclim.org
http://www.csi.cgiar.org
http://www.worldclim.com/pale%20o-climate1
http://www.worldclim.com/pale%20o-climate1
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3. Results

3.1. Species richness of larch forests

The plot-based mean species richness of tree, shrub, and herb
layers were 4.2 ± 3.1 (mean ± standard deviation, species/600 m2,
similarly hereinafter), 10.5 ± 6.9, and 24.6 ± 13.3, respectively, with
a total of 37.1 ± 17.6 (Table S4; Fig. 2). Species richness differed
significantly across forest types and was higher in the Sect. Multi-
seriales forests than in the Sect. Larix forests (Fig. 2).

For the tree layer, the species richness was higher in the Larix
mastersiana forest (8.2 ± 3.6 species/600 m2, similarly hereinafter)
than in all types of the Sect. Larix forests except for the L. olgensis
forest (5.8 ± 3.9), while species richness was lower in the L. sibirica
forest (2.1 ± 1.0) than in all other forest types (Table S4; Fig. 2a). For
the shrub layer, species richness was higher in the L. griffithii forest
(15.4 ± 5.0) than in the L. gmelinii (9.0 ± 5.0), L. gmelinii var. prin-
cipis-rupprechtii (6.7 ± 6.1), L. sibirica (4.2 ± 3.1), L. himalaica
(8.0 ± 2.3) and L. potaninii var. chinensis forests (7.6 ± 3.7), while
was lower in the L. sibirica forest than in all other forest types
(Table S4; Fig. 2b). For the herb layer and the whole community,
species richness was higher in the L. mastersiana forest (36.6 ± 11.1)
than in the L. gmelinii (17.8 ± 11.6), L. gmelinii var. principis-rup-
prechtii (19.1 ± 11.4), L. kongboensis (26.1 ± 16.2) and L. speciose
Fig. 2. Comparison of species richness in the (a) tree layer, (b) shrub layer, (c) herb layer, an
forests and the Sect. Multiseriales forests, respectively. Different letters indicate significant d
other abbreviations of larch forest types, see Fig. 1.
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forests (19.8 ± 8.1), while lower in the L. gmelinii and L. gmelinii var.
principis-rupprechtii forests than in the L. griffithii (27.7 ± 12.1),
L. mastersiana, L. potaninii (31.8 ± 14.9) and L. potaninii var. australis
forests (30.2 ± 14.5) (Table S4; Fig. 2c and d).

3.2. Geographic and climatic patterns of species richness

Species richness of different layers and the whole community
decreased with increasing latitude (Fig. 3). Both Sect. Larix and Sect.
Multiseriales forests exhibited the same latitudinal patterns of
species richness as that of the total larch forests (Fig. 3). Similarly,
species richness of all larch forest types, except for L. kaempferi and
L. griffithii forests, decreased with elevation (Fig. S2). For total larch
forests, there was not significant change of woody species richness
along the elevational gradient, although the herb layer and overall
species richness increased with elevation (Fig. 3). Species richness
of the herb layer and the whole community in Sect. Larix and Sect.
Multiseriales forests showed the opposite elevational pattern to that
in total larch forests (Fig. 3).

For all different layers and the whole community, species rich-
ness increased with MAT, MTCQ, AP and APE, but decreased with
Anomaly.AP (Fig. 4). For both larch forest groups, the relationships
between species richness and climatic factors were consistent with
those of total larch forests, except for in Sect. Multiseriales forests,
d (d) overall among different larch forest types. Blue and orange denote the Sect. Larix
ifferences (p < 0.05). Sect. L, Sect. Larix forests; Sect. M, Sect. Multiseriales forests. For



Fig. 3. Changes of species richness in the (a, b) tree, (c, d) shrub, and (e, f) herb layers and (g, h) overall species richness with latitude (a, c, e, g) and elevation (b, d, f, h) for larch
forests in China. Sect. L and Sect. M denote plots from the Sect. Larix and Sect. Multiseriales forests, respectively.
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Fig. 4. Changes in species richness of larch forests with (a) annual precipitation (AP), (b) annual potential evapotranspiration (APE), (c) anomaly of annual precipitation from the
Last Glacial Maximum to the present (Anomaly.AP), (d) mean annual temperature (MAT), and (e) mean temperature of the coldest quarter (MTCQ).
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where the relationship between AP and species richness differed
(Fig. S3). In addition, herb layer species richness was not related to
MAT, AP, or Anomaly.AP for either larch forest group, except for a
negative relationship between Anomaly.AP and herb layer species
richness in Sect. Multiseriales forests (Fig. S3).

3.3. Relationships between species richness and forest structures

Species richness in the tree layer was negatively related to the
average DBH and height but positively related to the stand density
(Fig. 5). Species richness in the shrub layer decreased with average
DBH but increased with stand density, respectively (Fig. 5a and c).
Furthermore, species richness in the herb layer decreased with
stand density (Fig. 5c). Overall species richness did not change with
structural factors (Fig. 5).

Species richness of the two larch forest groups changes with
average DBH and stand density consistently with that of the total
larch forests, with the exception of the relationships between
species richness and average height (Figs. 5 and S4). Species rich-
ness of the shrub and herb layers and the whole community of the
Sect. Larix forests increased with average height (Fig. S4b). Further
analysis showed that the relationships between species richness
Fig. 5. Relationships between species richness and (a) average diameter at breast height (
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and average height were also not consistent for different larch
forest types (Fig. S5).

3.4. The influence of climatic, topographic, and structural
characteristics on species richness

The most important factors for the species richness of larch
forests were contemporary climatic factors (Table 2; Fig. 6). GLM
showed that the best models explained 37.2%, 35.8%, 13.7%, and
28.0% of the variations in species richness in the tree, shrub, and
herb layers and the whole community, respectively (Table 2).
Contemporary climatic factors independently explained 6.6%e
31.7%, paleoclimatic factors independently explained 3.0%e6.9%,
community structural factors independently explained 0%e9.8%,
and topographic factors independently explained 0%e0.6% of the
variations in different layers and overall species richness, respec-
tively (Fig. 6).

The contemporary climatic factors with the greatest explanatory
power on species richness in different layers and the whole com-
munity were temperature-related (6.3%e16.5%) (Table 2). The most
important factor for species richness of the tree and shrub layers
was MAT (15.0% and 16.5%), whereas the most important factor for
Da), (b) average height (Ha), and (c) stand density (density) for larch forests in China.



Table 2
The best regression model selected for species richness of larch forests.

Variable Df F-value p-value SS% Variable Df F-value p-value SS%

Richness of tree layer Richness of shrub layer
MAT 1 113.5 0.0 15.0% MAT 1 121.0 0.0 16.5%
AP 1 2.3 0.1 0.3% AP 1 36.4 0.0 5.0%
APE 1 63.2 0.0 8.3% APE 1 76.8 0.0 10.5%
Anomaly.AP 1 30.2 0.0 4.0% Anomaly.AP 1 18.8 0.0 2.6%
Da 1 38.5 0.0 5.1% Da 1 7.2 0.0 1.0%
Density 1 33.9 0.0 4.5% Density 1 2.0 0.2 0.3%
Residuals 476 62.8% Residuals 471 64.2%
Richness of herb layer Richness of overall
MTCQ 1 34.0 0.0 6.3% MTCQ 1 92.8 0.0 14.4%
APE 1 1.0 0.3 0.2% AP 1 8.1 0.0 1.3%
Anomaly.AP 1 22.2 0.0 4.1% APE 1 30.0 0.0 4.7%
Density 1 12.1 0.0 2.2% Anomaly.AP 1 45.6 0.0 7.1%
Aspect 1 4.8 0.0 0.9% Slope 1 0.2 0.7 0.03%
Residuals 465 86.3% Aspect 1 3.2613 0.071582 0.5%

Residuals 463 72.0%

Df, F-value, and %SS are the degree of freedom, F statistical value, and percentage of sum squares explained, respectively. Contemporary climatic indices: mean annual
temperature (MAT), mean temperature of the coldest quarter (MTCQ), mean temperature of the warmest quarter (MTWQ), annual precipitation (AP), precipitation of the
wettest quarter (PWQ), precipitation of the driest quarter (PDQ) and annual potential evapotranspiration (APE). Paleoclimatic indices: Anomaly of mean annual temperature
from the Last Glacial Maximum to the present (Anomaly.MAT) and Anomaly of annual precipitation from the Last Glacial Maximum to the present (Anomaly.AP). Topographic
factors: Slope and Aspect. Community structural factors: average DBH (Da), average height (Ha) and stand density (Density).
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the herb layer and the overall species richness was MTCQ (6.3% and
14.4%) (Table 2). The second important factor for the species rich-
ness of the tree and shrub layers was APE (0.3%e5.0%) (Table 2). The
explanatory power of AP (0.3%e5.0%) was very small for woody and
overall species richness (Table 2). The best models included only
one paleoclimatic factor, Anomaly.AP, which was the second
important factor for the herb layer and the overall species richness
(4.1% and 7.1%) (Table 2). The impact of topographic factors on
species richness were negligible and limited to the herb layer and
overall (0.9% and 0.5%) (Table 2). However, the structural factors
Fig. 6. Variation partitioning of the influences of contemporary climatic, paleoclimatic,
topographic, and structural characteristics on the (a) tree layer, (b) shrub layer, (c) herb
layer, and (d) overall species richness of larch forests in China. Abbreviations: Clim.c,
contemporary climatic factors; Clim.p, paleoclimatic factors; Topo, topographic factors;
Stru, community structural factors.
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were nonnegligible, especially for the species richness of the tree
layer (5.1% and 4.5% for average DBH and stand density, respec-
tively) (Table 2).

4. Discussion

4.1. Larch forest types influenced geographic patterns of species
richness

Consistent with previous research for other taxa (Willig et al.,
2003; Feng, 2008; Kinlock et al., 2018), species richness of larch
forests decreased with increasing latitude in China. However, spe-
cies richness showed different elevational patterns between Sect.
Larix and Sect. Multiseriales forests (Fig. 3). One possible explana-
tion for such patterns is that Sect. Multiseriales forests are distrib-
uted at higher elevations than Sect. Larix forests, while at the same
time, the species richness was higher in the Sect. Multiseriales
forests than in the Sect. Larix forests; hence, species richness of total
larch forests increased significantly with increasing elevation
(Table 1; Figs. 2 and 3). Species richness of different larch forest
types decreased monotonically with elevation, except for the
L. kaempferi forests, which increased with elevation, and L. griffithii
forests, which showed a non-significant elevational pattern of
species richness (Table 1; Fig. S2). Taken together, our results
indicate that for larch forests in China the increase in species
richness along an elevational gradient is the result of the combined
effects of different larch forest types.

4.2. Relative importance of environmental and structural factors for
species richness

Generally, large-scale patterns of species diversity are most
influenced by climatic factors (Currie et al., 2004). Species richness
of larch forests increased significantly with increasing MAT, MTCQ,
AP, and APE (Fig. 4), consistent with previous studies (Gaston,
2000; Wang et al., 2009b; Fang et al., 2012). In addition, our
finding that temperature indices (e.g., MATandMTCQ) are themost
important factors regulating species richness of larch forests in
China is consistent with findings from previous studies on other
forests types in China (Wang et al., 2009b; Wu et al., 2018). The
most important factor for woody species richness of larch forests
wasMAT, which supports the ambient energy hypothesis; however,
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the most important factor for the herb layer and the overall species
richness of larch forests was MTCQ, which supports the freezing
tolerance hypothesis (Currie et al., 2004; Turner, 2004; Allen et al.,
2007; Wang et al., 2009a). The species richness of different layers
and the whole community were driven by different factors,
consistent with related studies (Loidi et al., 2021; Wang et al.,
2021). Although energy-related factors were very important, wa-
ter factors, such as AP, showed little influence on the species rich-
ness of larch forests (Table 2). That is, our results do not support the
water-energy dynamic hypothesis (O'Brien, 1993; Wang et al.,
2009a).

Studies on conifers have indicated the importance of historical
climate for diversity (Sundaram et al., 2019; Sundaram and Leslie,
2021). Similarly, we found that the second important factor for
the herb layer and the overall species richness was Anomaly.AP
(Table 2). Species richness in different layers and the whole com-
munity decreased significantly with Anomaly.AP, which is partly
consistent with Wang et al. (2021), who found that tree species
richness decreased but herb species richness increased with
Anomaly.AP for plant species richness of temperate forests in
Northeast China. Loidi et al. (2021) found that the contemporary
climate was the main predictor of species diversity of the whole
community, the tree layer, and the floor layer in temperate decid-
uous forests in Western Eurasia, while the shrub layer was also
influenced by historical climate. This is consistent with our results,
namely the explanatory powers of paleoclimatic factors for species
richness of larch forests were smaller than that of contemporary
climatic factors, although the paleoclimate was important for herb
layer and overall species richness (Table 2; Fig. 6). That is, the his-
torical climate hypothesis is not the most appropriate for explain-
ing the species richness of larch forests.

Although some studies have stated the importance of topo-
graphic factors for species diversity (Kreft and Jetz, 2007; Wang
et al., 2021), in our study the explanatory powers of topographic
factors were negligible (Table 2; Fig. 6). Our results do not support
the habitat heterogeneity hypothesis (Kerr and Packer, 1997; Jetz
and Rahbek, 2002).

In addition to environmental factors, community structural
factors have also been shown to influence forest species richness,
especially tree species richness (Hakkenberg et al., 2016; Chu et al.,
2019). Our results verified that community structural factors
explain more species richness in the tree layer of larch forests than
in other layers (Fig. 6). Chu et al. (2019) indicated that stand
abundancewas a more appropriate predictor for species richness of
forest trees on a global scale. Similarly, we found that stand density
was not only important for the species richness of the tree layer in
larch forests but also important for that of the herb layer (Table 2).

5. Conclusions

In this study, we used data gathered in the field to describe
patterns of species richness in larch forests in China and identify
the underlying factors that are responsible for these patterns. We
found that the species richness of larch forests has distinct lat-
itudinal and elevational patterns and that elevational patterns of
species richness are dependent on larch forest type. We also
found that the most dominant factors that drive patterns of
species richness in larch forests in China are contemporary
climate factors and that the impact of these factors varies by
forest layer. Furthermore, species richness in the tree layer is
influenced by community structure, whereas the herb layer and
overall species richness have been affected by the paleoclimate.
Our findings on species richness patterns of larch forests in China
support the ambient energy hypothesis and freezing tolerance
hypothesis.
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