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Abstract
Primates living in high-latitude habitats are expected to employ feeding strategies 
appropriate to harsh environments characterized by strong seasonality in tempera-
ture and food resources. We studied diet, feeding behavior, and seasonal changes in 
food availability in wild Taihangshan macaques (Macaca mulatta tcheliensis) liv-
ing in a northern montane habitat (800–1700 m) in Mt. Tiantanshan area, Jiyuan, 
north China. From June 2016 to May 2017, we collected data on the diet and feed-
ing behavior of one group of macaques and measured food availability in twenty 
20-m × 20-m plots in their home range. We identified 105 plant species eaten by the 
macaques, belonging to 44 genera and 30 families. The macaques’ diet comprised 
nine major categories: seeds (45.9% ± 31.2%), tree leaves (23.3% ± 27.2%), herba-
ceous leaves (15.3% ± 11.0%), young bark (5.6% ± 10.1%), fruits (2.5% ± 3.4%), 
buds (2.4% ± 5.5%), flowers (1.9% ± 3.4%), herb roots (1.8% ± 2.2%), and young 
twigs (1.5% ± 1.9%). We found significant seasonal variation in the dietary propor-
tion of leaves, seeds, herbaceous roots, and young twigs. The proportion of each 
food type consumed was positively correlated with its availability in the habitat, but 
preferred food types varied monthly and seasonally. Seeds were the most preferred 
food, while tree leaves and herbaceous leaves served as fallback foods when seed 
availability was low. Faced with the scarcity of food resources and strongly seasonal 
changes in their high-latitude habitat, Taihangshan macaques employed a seed- and 
leaf-based feeding strategy, reflecting their ecological and evolutionary adaptation to 
temperate forests.
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Introduction

Primates originated in tropical rainforest areas and radiated into temperate 
regions (Grueter et  al., 2009; Hanya et  al., 2011). Their feeding strategies cor-
respond to local environments (Li, 2006; Ma et  al., 2017; Owens et  al., 2015; 
Zhang et  al., 2022). Tropical forest-living primates mainly feed on fruit. For 
example, long-tailed macaques (M. fascicularis) and toque macaques (M. sinica) 
are frugivores, and fruits account for 40–80% of their annual diets (Berenstain, 
1986). Fruits account for more than 70% of the diet in Sulawesi crested black 
macaques (M. nigra) (OBrien & Kinnaird, 1997), 68% in lion-tailed macaques 
(M. silenus), and 82% in Tonkean macaques (M. tonkeana) (Riley, 2007).

Temperate forests have a significant annual resource-scarce period compared with 
tropical forests, which can last several months (Lu et al., 2007; Tsuji et al., 2013). 
In particular, high-latitude montane forests tend to be less productive than low-lati-
tude areas, with decreased plant densities, lower temperatures, and reduced rainfall 
(Lomolino, 2001), and lower availability of high-quality foods during the resource-
scarce period (Cui et al., 2019; Lu et al., 2007). Primates are severely affected by 
these challenges, especially in winter (Grueter et al., 2009; Xiang et al., 2010). Fur-
thermore, fruiting and flushing seasons, fall and spring, are shorter than in tropi-
cal forests (Tsuji et al., 2013). Many temperate primates eat young leaves, flowers, 
fruits, and seeds when available and rely on mature leaves, buds, lichen, and tree 
barks in food-scarce seasons (Cui et  al., 2019; Grueter et  al., 2009; Hanya, 2004; 
Lu et al., 2007). Primates prioritize preferred foods and adjust their food selection 
to consume fallback foods (foods with lower nutrients and energy return but which 
are abundantly distributed in the environment) when the preferred foods are scarce 
(Hemingway & Bynum, 2005; Lambert & Rothman, 2015).

Being the most widely distributed non-human primate species worldwide, rhesus 
macaques (M. mulatta) range from tropical to temperate regions (Cui et al., 2019). 
Taihangshan macaques (M. tcheliensis), an endemic subspecies of rhesus macaque 
to China, inhabit the southern Mt. Taihangshan area, currently the northernmost 
zone of the natural distribution of rhesus macaques (Cui et  al., 2019, 2020; Guo 
et  al., 2020; Lu et  al., 2007). Under the influence of a typical continental mon-
soon climate, the southern Mt. Taihangshan area experiences notable fluctuations 
in temperature, rainfall, and other ecological variables (Cui et al., 2020; Lu et al., 
2007), influencing the foraging activities of the macaques, especially in winter and 
early spring with snow and lower food availability (Lu et  al., 2007). Taihangshan 
macaques employ a flexible nutritional strategy according to changes in the avail-
ability of food resources, and seeds play an important role in their annual diets 
(35.1% dry matter intake) (Cui et al., 2018, 2019, 2020). Seeds dominate the diets 
of Taihangshan macaques in autumn when seeds are most available, whereas leaves 
and herbaceous plants gradually replace seeds as seed availability decreases from 
winter and spring to summer (Cui et al., 2019).

In this study, we revealed the foraging adaptations of Taihangshan macaques to the 
temperate forest environment. We investigated 1) the seasonal dietary composition of 
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Taihangshan macaques in greater detail than previous studies; and 2) the relationship 
between food types and availability of preferred and fallback food resources.

Method

Ethical Note This research complied with the protocols approved by the Wildlife 
Protection Law of China. This research adhered to the requirement of Chinese laws 
and the principles for the ethical treatment of primates formulated by the American 
Society of Primatologists.

Data Availability All data generated or analyzed during this study are included in 
this article. Further inquiries can be directed to the corresponding author.

Conflicts of Interests The authors declare that they have no conflict of interest.

Study Sites

We conducted this study in the Mt. Tiantanshan area of Taihangshan Macaque 
National Nature Reserve (34°54′—35°42′ N, 112°02′—113°45′ E), Jiyuan, China 
from June 2016 to May 2017. This site, in the core area of the TMNNR with the 
highest elevation of 1,715 m (summit of Mt. Tiantanshan), belongs to the low-mid-
dle mountain landform type. The vegetation is dominated by natural secondary for-
ests, and the dominant species is Quercus variabilis (Lu et  al., 2007). Influenced 
by the continental monsoon climate, four distinct seasons, spring (from March to 
May), summer (from June to August), autumn (from September to November), and 
winter (from December to February of the next year) occur at the study site (Xie 
et  al., 2012). During the study, we monitored temperatures and rainfall monthly 
by using a thermometer (Deli 9013; − 30–50 ℃; ± 2 ℃) and a rain gauge (SM-1; 
205  mm × 650  mm), and consulted the local weather station to obtain the annual 
snowfall (210.5 mm) and snow depth (5.5 mm). The annual mean temperature was 
15.5 °C. The highest mean monthly temperature was 28.0 °C in July, whereas the 
lowest was 1.5 °C in January. The annual rainfall was 578.8 mm, with rain in sum-
mer (327.2 mm) and drought in winter (36.4 mm) (Fig. 1).

Study Group

We studied a wild group of Taihangshan macaques inhabiting the Mt. Tiantanshan 
area (the home range is approximately 24  km2) (Cui et al., 2019). This group, named 
WW-1, has been identified since 2005 and is accustomed to close observation by 
researchers (ca 2  m) (Cui et  al., 2019). During our study, the group consisted of 
100 individuals, including seven adult males, 28 adult females, 43 juveniles, and 22 
infants. We focused on individuals who could forage independently to observe and 
record their feeding behaviors.
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Behavioral Observations

We followed and observed group WW-1 for 3–5  days each month and collected 
behavioral data. We used instantaneous scan sampling to observe and record the 
behaviors of every visible individual for 5  min in each 15-min cycle (Altmann, 
1974). To avoid sampling bias toward certain age-sex groups, we scanned the group, 
either from left to right when they were resting, or from front to back, according 
to the direction of the group’s travel, and collected behavioral data for each visible 
individual. We recorded the food plant species and parts eaten. We also determined 
that macaques did not digest fruit seeds based on entire seeds observed in the feces. 
We used focal animal sampling to collect the fresh feces of macaque individuals 
who swallowed the seeds in fruits and transported the fecal samples to the labora-
tory for centrifugation after cryopreservation to separate the seeds.

We identified and categorized all items into nine food types: seeds (nuts, fruit seeds, 
and herbaceous seeds), leaves (leaves of trees and shrubs), herbaceous leaves, buds, 
fruits, herbaceous roots, young bark, young twigs, and flowers. We excluded insects 
and their eggs from the analysis, because they were rare in the macaques’ diet.

Diet and Food Availability

We identified the plant species eaten by the macaques based on behavioral records 
from June 2016 to May 2017 and foraging traces in a 1-km × 2-km transect (8% of 
the home range) where we randomly established twenty 20-m × 20-m vegetation 
plots in the core range of group WW-1 (Cui et al., 2019). To identify species eaten, 
we compared the food species with the plant resource survey records for Taihang-
shan Macaque National Nature Reserve (Lu et al., 2007). For species that were diffi-
cult to identify in situ, we collected fresh samples of the parts eaten and determined 
the species using the Flora of China online (www. iplant. cn). We recorded 1536 
plant species, including 664 trees with a diameter at breast height (DBH) ≥ 5  cm, 
342 shrubs (including trees with DBH < 5 cm), 69 vines, and 461 herbaceous plants 

Fig. 1  Monthly mean tem-
perature and rainfall in the Mt. 
Tiantanshan area of Taihang-
shan Macaque National Nature 
Reserve, Jiyuan, China from 
June 2016 to May 2017

http://www.iplant.cn
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to estimate the abundance of the nine food types. We calculated the mean basal area 
of trees using the formula: B = (0.5 × DBH)2 × � . In the middle of each month, 
we estimated the phenology of the study area based on the proportion of feed-
ing parts in the crown area of all the trees: 0 = absent (no fruit/seeds); 1 = 1–25%; 
2 = 26–50%; 3 = 51–75%; 4 = 76–100% of the crown area (Albert et al., 2013). We 
calculated the food availability index (FAI) of the main food types (leaves, buds, 
young barks, seeds, young twigs, flowers, and fruits) using the following formula: 
FAI =

∑n

i=1
D

i
B
i
P
i
 , where Di is the density of the species i (number of stem/ha), Bi 

is the mean basal area of food plant species i  (m2/ha), and Pi is the mean phenol-
ogy score of the available food types provided by food plant species i each month 
(Albert et  al., 2013). To estimate the FAI for herbs, we set up twenty 2-m × 2-m 
plots randomly along the foraging routes of the group and recorded the numbers of 
individuals of herbs and their relative cover with the same 5-point score as for phe-
nology (Cui et al., 2019). Characterization of arboreal food resources does not com-
pletely describe the food availability for the macaques as they also consumed ter-
restrial food items, such as fallen Quercus seeds. To quantify seasonal variation in 
the availability of seeds on the ground, we used the same 5-point scale as above. The 
abundance of the Quercus seeds reached its maximum in September, so we scored 
this as 4.

Data Analysis

We used behavioral observation, fecal samples, and feeding traces to identify the 
plant species and parts eaten. We treated each scan as an independent data point. 
We first calculated the percentage of scanned individuals feeding on each food type/
species out of the total number of individuals recorded in each scan and then divided 
this value by the percentage of all individuals feeding (Hanya & Bernard, 2012). To 
avoid bias in the number of food species/types and feeding time budget due to une-
ven data records in different months, we took the mean data for each hour and then 
the mean hourly data for each month to determine the monthly percentage of feeding 
time. We expressed seasonal and annual dietary composition as the mean proportion 
across the relevant months (Tang et al., 2016).

We used GraphPad Prism (version 9) for data analysis and plotting. We tested 
the normality of variables with Kolmogorov–Smirnov and Shapiro–Wilk tests. We 
used the formula P

i
=
∑

C
i
∕
∑

F to calculate the proportion of different food types 
in the diet, where i is the type of food plants, Pi is the proportion of food type i in 
the feeding records, 

∑

C
i
 is the sum of feeding records spent on type i, and 

∑

F 
is the sum of total feeding records. We used the Shannon–Wiener Diversity Index, 
H

�

= −
∑n

i=1
P
i
lnP

i
 , where P

i
 is the proportion of type i in the feeding records, to 

express the dietary breadth of food plants available for macaques (Huang et  al., 
2015). We divided preferred foods by the preference scores ( E

i
 ) according to the 

formula E
i
= (r

i
− n

i
)∕(r

i
+ n

i
) , where r

i
 is the percentage of species i in the diet 

(based on feeding time), and n
i
 is the percentage of species i in the food availabil-

ity (calculated from 20 plots). E
i
 values range from − 1 to 1. When the index is > 0 

and seasonal consumption is positively correlated with availability, we regard it as 
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a preferred food. We classified foods whose consumption increases when preferred 
foods decrease as fallback foods (Grueter et al., 2009; Lambert & Rothman, 2015; 
Zhang et al., 2022).

We used Kruskal–Wallis tests to examine the differences in dietary composition 
among four seasons and Mann–Whitney U tests to examine the differences in die-
tary composition of seeds between two seasons. We used Kruskal–Wallis tests and 
Mann–Whitney U tests to examine differences in Shannon–Wiener Diversity Index, 
FAI, and selective index among different seasons (Cui et al., 2019). We tested the 
relationship between percentages of feeding time and FAI for all food types using 
Spearman’s rank correlation analysis. We expressed all seasonal data as mean ± SD. 
All  tests were two-tailed with a significance level of 0.05. We used a significance 
level of 0.0125 for Kruskal–Wallis tests, adjusting the alpha to account for multiple 
testing.

Results

We identified 185 species of plants in the plots, belonging to 41 families and 88 
genera. Taihangshan macaques ate 105 of these species, including 28 species of 
trees, five species of vines, 34 species of shrubs, and 38 species of herbaceous plants 
(Supplementary Table S1).

Annual Dietary Composition

We collected 6886 feeding records for Taihangshan macaques during the study. 
Seeds accounted for 45.9% ± 31.2% of the diet (range: 0–82.5%, mostly in Sep-
tember and October). Tree leaves (young and mature leaves) accounted for 
23.3% ± 27.2% (range: 0–63.7%). Herbaceous leaves accounted for 15.3% ± 11.0% 
(range: 7.6–36.3%, mainly in summer) and were the only food type eaten across the 
whole year. The other food types were young bark (5.6% ± 10.1%, range: 0–24.5%), 
fruits (2.5% ± 3.4%, range: 0–8.8%), and buds (2.4% ± 5.5%, range: 0–14.7%), flow-
ers (1.9% ± 3.3%, range: 0–8.1%), herbaceous roots (1.8% ± 2.2%, range: 0–6.0%), 
and young twigs (1.5% ± 1.9%, range: 0–5.2%) (Fig. 2).

Seasonal Variation in the Diet

There were significant seasonal differences in the proportion of different food types 
eaten (Table I). Leaves were the highest in summer and declined to zero in winter, 
seeds were the highest in autumn and decreased to zero in summer, herbaceous roots 
were only consumed in autumn and winter, and young twigs were only consumed 
in winter and early spring (Fig. 3). There were no significant seasonal changes in 
the proportion of other food types: herbaceous leaves, buds, fruits, young bark, and 
flowers (Table I).
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In summer, tree leaves were macaques’ primary food type, which accounted for 
more than 55% of their summer diet, when seed availability dropped to zero. Fol-
lowed by herbaceous leaves (> 30%) (Fig. 3). In autumn, seeds matured and occu-
pied the highest proportion of autumn food composition (Table  I), becoming the 
main food eaten by macaques (> 80%), followed by herbaceous leaves and fruits 
(both < 10% and > 5%) (Fig.  3). In winter, the proportion of seeds declined com-
pared with autumn but was still higher than in spring and summer (Table S3). The 
macaques spent most of their feeding time (> 55%) on seeds in winter (Fig. 3). In 
spring, the proportion of seeds consumed decreased to 35.9%, whereas the pro-
portion of young leaves increased to 48.5%, leaves gradually exceeded seeds, and 
became the dominant food for macaques in spring with the emergence of young 
leaves (Fig. 3).

The proportion of seeds consumed was significantly negatively correlated 
with that of leaves and herbaceous leaves across months, and significantly posi-
tively correlated with herbaceous root consumption (Table II). The consumption 

Fig. 2  Annual diet composition of Taihangshan macaques in the Mt. Tiantanshan area of Taihangshan 
Macaque National Nature Reserve, Jiyuan, China, from June 2016 to May 2017

Table I  Results of Kruskal–
Wallis tests for seasonal 
differences in the proportion of 
different food types consumed 
by Taihangshan macaques in 
the Mt. Tiantanshan area of 
Taihangshan Macaque National 
Nature Reserve, Jiyuan, China 
from June 2016 to May 2017. 
Degree of freedom (df) = 3

* 0.0125 > P ≥ 0.0025; **0.0025 > P ≥ 0.00025; ***P < 0.00025

Food types χ2 P

Leaves 10.16 0.0003**

Herb leaves 6.44 0.0745
Buds 6.55 0.1818
Seeds 10.53  < 0.0001***

Fruits 5.62 0.1429
Herb roots 9.60 0.0045*

Young bark 10.73 0.0182
Young twigs 9.47 0.0045*

Flowers 3.93 0.5091
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of leaves was significantly negatively correlated with that of seeds, herbaceous 
roots, young bark, and twigs (Table II). In addition, there were significantly posi-
tive correlations between herbaceous roots and young barks, and between young 
barks and twigs (Table II).

Fig. 3  Seasonal variation in the monthly diets of Taihangshan macaques at the Mt. Tiantanshan area of 
Taihangshan Macaque National Nature Reserve, Jiyuan, China, from June 2016 to May 2017

Table II  Correlation matrix of the proportion of different food types used by month by Taihangshan 
macaques at the Mt. Tiantanshan area of Taihangshan Macaque National Nature Reserve, Jiyuan, China, 
from June 2016 to May 2017. N = 12

* 0.05 > P ≥ 0.01; **0.01 > P ≥ 0.001; ***P < 0.001

Leaves Herb. 
leaves

Buds Seeds Fruits Herb. 
roots

Young 
bark

Young 
twigs

Flowers

Leaves 1.00 0.54 0.13 -0.80** -0.29 -0.91*** -0.67* -0.60* 0.50
Herb. 

leaves
0.54 1.00 -0.03 -0.67* -0.09 -0.39 -0.26 -0.23 -0.04

Buds 0.13 -0.03 1.00 -0.12 -0.41 -0.41 -0.25 0.29 0.21
Seeds -0.80* -0.67* -0.12 1.00 0.47 0.73* 0.23 0.17 -0.49
Fruits -0.29 -0.09 -0.41 0.47 1.00 0.34 -0.05 -0.25 -0.53
Herb. 

roots
-0.91*** -0.39 -0.41 0.73* 0.34 1.00 0.63* 0.38 -0.53

Young 
bark

-0.67* -0.26 -0.25 0.23 -0.05 0.63* 1.00 0.84** -0.33

Young 
twigs

-0.60* -0.23 0.29 0.17 -0.25 0.38 0.84** 1.00 -0.21

Flowers 0.50 -0.04 0.21 -0.49 -0.53 -0.53 -0.33 -0.21 1.00



1082 Q. Shao et al.

1 3

There were no significant differences in the food diversity index (Kruskal–Wal-
lis test: χ2 = 6.510, degree of freedom (df) = 3, P = 0.070) and food availability index 
(Kruskal–Wallis test: χ2 = 5.359, df = 3, P = 0.151) among seasons (Tables III and IV).

There was no significant correlation between food diversity and availability in 
different months of the year (Spearman’s rank correlation analysis: n = 12, r = 0.186, 
p = 0.561). Consumption of all food types was positively correlated with the propor-
tion of resources available in the habitat (Table V; Fig. 4).

Food Preferences

Among all food species, 20 genera accounted for more than 1% of the records and 
contributed 89.4% of annual feeding records (Supplementary Table S2). Preference 
for food items varied by months and seasons (Fig. 5; Table VI).

Taihangshan macaques consumed leaves from March to October, and the pref-
erence for leaves increased gradually from avoidance to preference (Fig. 5). There 
were sufficient young and mature leaves for macaques to feed on in spring and sum-
mer, respectively. However, the preference for leaves was higher in autumn than 
in spring (Fig. 5). Macaques preferred feeding on herbaceous leaves in spring but 
avoided them in autumn (Fig.  5). They mainly ate buds in March and April with 
high preference scores and preferred to eat seeds when they were available, espe-
cially in autumn (Fig.  5). Fruit was the preferred food type in August, but not in 
autumn and winter (Fig. 5). The consumption of herbaceous roots was concentrated 
in autumn and winter with high preference scores (Fig. 5). Macaques ate young bark 
and twigs in winter although they were not the preferred food (Fig. 5). Flowers were 
only consumed in spring when most plants bloomed (Fig. 5).

Discussion

Taihangshan macaques ate 146 food items from 105 food species, including nine 
food categories. Compared with other species of Macaca, the number of food spe-
cies used is remarkably high. For example, long-tailed macaques, living in the tropi-
cal rainforest in Indonesia, feed on 29 species of plants (Nila et  al., 2014). Bon-
net macaques and lion-tailed macaques in the Western Ghats of India consume 37 
and 24 species of plants, respectively (Roy et al., 2011). Rhesus macaques, inhabit-
ing southern China, eat 60 species yearly (Zhou et al., 2009). Macaques in similar 
latitudes to our study group, in northwestern Pakistan, feed on just 35 plant spe-
cies (Goldstein & Richard, 1989). Japanese macaques (M. fuscata) in Yakushima 
consume 93 species of plants in lowland forests in coastal areas (Hill, 1997). Jap-
anese macaques living in coniferous forests eat 59 kinds of plants (Hanya, 2004). 
In high latitudes, food for macaques is extremely limited (Zhang et al., 2022). The 
total number of food species eaten by Japanese macaques was 21 in central Japan 
(Wada & Ichiki, 1980), and female Japanese macaques ate 60 different food items 
in northern Japan (Tsuji & Takatsuki, 2012). In temperate forests, plant productivity 
is lower than that in tropical regions, and food availability varies significantly with 
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season (Grueter et al., 2009). The timing of the flushing and fruiting is predictable 
and shorter than that in tropical forests (Hanya et al., 2013). Therefore, macaques 

Table V  Correlations between 
proportions of feeding records 
and food availability index by 
month for each food type used 
by Taihangshan macaques in 
the Mt. Tiantanshan area of 
Taihangshan Macaque National 
Nature Reserve, Jiyuan, China, 
from June 2016 to May 2017. 
N = 12 in each case

* 0.05 > P ≥ 0.01; **0.01 > P ≥ 0.001; ***P < 0.001

Food types r P

Leaves 0.797 0.003**

Herb leaves 0.615 0.037*

Buds 1.000 0.008**

Seeds 0.965  < 0.001***

Fruits 0.944  < 0.001***

Herb roots 0.936  < 0.001***

Young bark 0.964 0.004**

Young twigs 1.000  < 0.001***

Flowers 0.968 0.002**

Fig. 4  Relationship between percentage of feeding time and food availability index for different food 
types used by Taihangshan macaques in the Mt. Tiantanshan area of Taihangshan Macaque National 
Nature Reserve, Jiyuan, China, from June 2016 to May 2017. Circles represent the percentage of feeding 
time for each food type, and triangles the percentage of FAI for each food type. The background colors 
represent summer, autumn, winter, and spring from left to right
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have to rely on more food species and types to survive in high-latitude habitats (Fan 
et al., 2012; Zhang et al., 2021, 2022).

The main food types chosen by Taihangshan macaques were seeds, leaves, and 
herbaceous plants including herbaceous leaves and roots. This result differs from 
the foods chosen by other Macaca species in temperate and alpine forests in Japan, 
in which the major food types are fruits (48%), foliage (25%), and animal matter 
(7%) (Tsuji et  al., 2013). Taihangshan macaques fed on seeds (mainly the acorns 

Fig. 5  Monthly variation in preferences scores for food types fed on by Taihangshan macaques in the 
Mt. Tiantanshan area of Taihangshan Macaque National Nature Reserve, Jiyuan, China, from June 2016 
to May 2017. The background colors of plots represent summer, autumn, winter, and spring from left to 
right

Table VI  Seasonal variation 
in preference scores for 
food types fed on by 
Taihangshan macaques in 
the Mt. Tiantanshan area of 
Taihangshan Macaque National 
Nature Reserve, Jiyuan, China, 
from June 2016 to May 2017. 
Degree of freedom (df) = 3

* 0.0125 > P ≥ 0.0025; **0.0025 > P ≥ 0.00025; ***P < 0.00025

Food types χ2 P

Leaves 7.83 0.0186
Herb leaves 8.44 0.0108*

Buds 6.55 0.1818
Seeds 9.80 0.0006**

Fruits 7.64 0.0292
Herb roots 10.65 0.0006**

Young bark 10.73 0.0182
Young twigs 9.47 0.0045*

Flowers 4.99 0.1818
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of Quercus trees) that were rich in nutrition and energy, and available in the Mt. 
Taihangshan area (Cui et al., 2018, 2019). Being the dominant species in local for-
ests, Quercus variabilis produced a large number of seeds in autumn (Cui et  al., 
2019; Lu et al., 2007). As time passed, seeds gradually became more difficult to find 
when they were covered by dead leaves or snow, forcing the macaques to consume 
tree bark, which is available but has lower nutrient content. Snow depth and snow 
duration were the primary determinants of dietary diversity in Japanese macaques, 
which had less diverse diets in forests with deep snow (Tsuji et al., 2015). Macaques 
fed less on foliage, seeds, and fruits but ate more bark and buds with more snow 
depth and longer snow duration (Tsuji et  al., 2015). Taihangshan macaques also 
spent longer feeding and looking for seeds in winter and early spring than in sum-
mer (Cui et al., 2019; this study).

Taihangshan macaques consumed more leaves in spring (young leaves) and 
summer (mature leaves) than in autumn and winter. Young leaves were available 
in spring, and contain high protein and low cellulose, which can make up for the 
energy deficit caused by seed shortage (Zhang et  al., 2022). In summer, leaves 
became the primary food type (> 60%) for Taihanghshan macaques, filling the gap 
left by the decreased seed availability. Tree leaves and herbaceous leaves appear to 
be fallback foods for Taihangshan macaques; the selectivity indexes of leaves and 
herbaceous leaves both significantly negatively correlated with the selectivity index 
of seeds, and the availability of leaves significantly negatively correlated with the 
availability of seeds. Other temperate Macaca species also consume large amounts 
of leaves in summer as fallback foods (Tsuji et al., 2013; Zhang et al., 2021, 2022).

Fruits accounted for 2.48% of the yearly diets of Taihangshan macaques, which 
was far below the average proportion for Asian Macaca species (48%, range: 
8.5–87.0%) (Tsuji et al., 2013) and below that of rhesus macaques at a similar lati-
tude in Pakistan (8.5%) (Goldstein & Richard, 1989). This pattern may derive from 
differences in vegetation structure between low and high-latitude forests (Cui et al., 
2019, 2020; Hanya et al., 2011; Huang et al., 2015; Tsuji et al., 2013; Zhang et al., 
2022). Furthermore, during periods of food shortage, particularly in early spring and 
winter, Taihangshan macaques also fed on herbaceous leaves, roots, as well as the 
young barks of small shrubs (Cui et al., 2019; Lu et al., 2007).

Conclusions

Taihangshan macaques have significant seasonal variation in their diet. During the 
seed-rich season (autumn), macaques mainly feed on seeds and reduced the con-
sumption of other food types. In seed-scarce seasons, tree leaves and herb leaves 
serve as fallback foods. We conclude that Taihangshan macaques exhibit a flexible 
seed- and leaf-based feeding strategy that makes them an ecological generalist and 
allows them to inhabit temperate forests.
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