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Abstract

The  long-tailed  macaque  (Macaca fascicularis)  has  a  wide  range  in  both  Peninsular

Malaysia  and  Borneo.  Although  the  primates  are  especially  vulnerable  to  habitat

alterations, this primate lives in disturbed habitats due to human-induced land-use. Thus,

this study presents a faecal metabarcoding approach to clarify the plant diet of long-tailed

macaques from five locations in Peninsular Malaysia to represent fragmented forest, forest

edge, island and recreational park habitats. We extracted genomic DNA from 53 long-tailed
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macaque faecal samples. We found 47 orders, 126 families, 609 genera and 818 species

across these five localities.  A total  of  113 plant  families were consumed by long-tailed

macaques in Universiti Kebangsaan Malaysia, 61 in the Malaysia Genome and Vaccine

Institute, 33 in Langkawi Island, 53 in Redang Island and 44 in the Cenderawasih Cave.

Moraceae (33.24%) and Fabaceae (13.63%) were the most common families consumed

by long-tailed macaques from the study localities. We found that habitat type impacted diet

composition, indicating the flexibility of foraging activities. This research findings provide an

understanding  of  plant  dietary  diversity  and  the  adaptability  of  this  macaque  with  the

current  alteration  level  that  applies  to  long-tailed  macaque  conservation  management

interest in the future.
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Malaysian  primates,  Southeast  Asia,  DNA  metabarcoding,  trnL,  next-generation
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Introduction

Macaca fascicularis (Raffles, 1821) is a cercopithecine primate also known as long-tailed

macaque, crab-eating macaque or cynomolgus macaque. The native range of this species

includes  most  of  mainland  Southeast  Asia,  such  as  Malaysia,  Indonesia,  Singapore,

Thailand, Laos, Vietnam, Cambodia, Myanmar and the Philippines (Roos et al. 2014). It is

the most abundant macaque species in Malaysia with a wide range in Peninsular Malaysia

and Borneo (Abdul-Latiff  et  al.  2014a,  Abdul-Latiff  et  al.  2014b,  Kamarul  et  al.  2014).

However, its population is declining due to habitat loss and degradation, trapping and trade

for  pharmaceutical  research  (Eudey  2008).  Recently,  human-induced  land-use  and

environmental changes have been major threats to many South and Southeast Asian

primate populations in the 21  century (Amano et al. 2021). As a result, this species is

listed  as  endangered  in  the  International  Union  for  Conservation  of  Nature  Red  List

(Hansen et al. 2022).

Long-tailed macaques live in several habitats with varying disturbance levels in Malaysia,

including  degraded  and  secondary  rainforests,  lowland  primary  rainforests,  shrubland,

mangroves,  islands,  agricultural  areas,  recreational  parks  and  human  settlements

(Kamarul et al. 2014,  Abdul-Latiff  et  al.  2017a,  Dzulhelmi  et  al.  2019,  Tee et  al.  2019).

Previous studies on long-tailed macaques in the disturbed habitats of Peninsular Malaysia

included  population  surveys,  daily  behaviour  and  ecology  (Hambali  et  al.  2012),  with

further analyses on human-macaque conflict,  activity budget,  phylogenetic analysis and

feeding behaviour (Abdul-Latiff et al. 2014a, Abdul-Latiff et al. 2014b, Ruslin et al. 2014, 

Ruslin et al. 2019, Abdul-Nasir et al. 2021, Zamri and Md-Zain 2022). Living in disturbed

habitats may strongly influence primate dispersal, distribution and viability (Lehman et al.

2006, Almeida-Rocha et al. 2017). In addition, new behavioural strategies may appear as

species  respond  to  habitat  alteration  (McLennan  et  al.  2017).  Previous  studies  have

reported  the  ability  of  long-tailed  macaques  to  adapt  and  feed  on  human  food  as

st
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behavioural flexibility that facilitates their survival in urban habitats (Ilham et al. 2017) and

recreational  parks  (Sha et  al.  2009),  which shows that  this  species  is  omnivorous.  Its

natural diet consists of fruit, flowers, young leaves and invertebrates (Lucas and Corlett

1991). Furthermore, their high dietary flexibility allows them to live near the forest edge and

frequent the anthropogenic food resources (Ruslin et al. 2019). Therefore, understanding

macaques’  adaptability  to  natural  food resources  in  habitat  disturbance is  a  promising

issue for assessing the degree of their persistence.

Thus, in this study we investigated the plant food diversity of the long-tailed macaques,

found  in  disturbed  habitats  through  the  metabarcoding  technique.  We  performed  a

comprehensive fresh faecal sampling of this macaque across these habitats. Therefore,

molecular  methods  have  quantified  the  diet  of  long-tailed  macaque  where  feeding  is

difficult to observe. Knowledge of the fundamental aspects of dietary diversity from various

habitats can help identify priority conservation areas and effectively manage these species

in  the  conflict  area.  Metabarcoding  diet  data  may  assist  government  authorities,  the

Department  of  Wildlife  and  National  Parks  and  non-governmental  organisations  in

improving management plans and conserving long-tailed macaque.

Material and methods

Study area 

Analysed samples in this present study were collected from non-invasive faecal material of

long-tailed macaques. The samples were obtained from five localities representing four

different living environments in Peninsular Malaysia: Universiti Kebangsaan Malaysia, UKM

(fragmented forest); Malaysia Genome and Vaccine Institute, MGVI (fragmented forest);

Langkawi  Island  (forest  edge);  Redang  Island  (island);  and  Cenderawasih  Cave

(recreational  park)  (Fig. 1).  The  main  campus  of  UKM is  located  in  Bangi,  Selangor,

Malaysia  (2.9290°  N,  101.7800°  E)  and is  surrounded by  the  UKM Permanent  Forest

Reserve.  During  field  observation,  the  samples  were  collected  from  six  long-tailed

macaque groups (FB1, FB2, FB3, FB4, FB5 and FB6). The MGVI is another fragmented

forest area in Bangi, Selangor, Malaysia (2.9037° N, 101.7683° E). The samples (FB8)

were collected in MGVI. Langkawi Island is a district and a part of the State of Kedah,

Malaysia. The long-tailed macaque samples (FK9) were collected during field observation

around the forest edge near Langkawi Cable Car (6.3711° N, 99.6717° E). Langkawi Cable

Car is located just north of Telaga Harbour, Pantai Kok, with the entrance within “Oriental

Village” at the foothills of the Mat Chincang Mountain range.

Other long-tailed macaque samples were collected around Redang Island, located in Kuala

Nerus District,  Terengganu, Malaysia (5.7844° N, 103.0069° E). It  is one of the largest

islands off the east coast of Peninsular Malaysia. Additionally, the Island is in the South

China Sea approximately 24.28 nautical miles or 45 kilometres from the northern State of

Terengganu (Yacob et al. 2011). The samples (FT10) were collected to represent Redang

Island. Cenderawasih Cave, formerly known as Sami Cave, is a recreational park in Perlis,

Malaysia  (6.41426°  N,  100.19285°  E).  It  is  a  granite  rocky  hill  situated  at  Bukit  Lagi,
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Kangar, Perlis, Malaysia. This study site consists of a varied landscape of natural parks

and recreational destination where people interact with wildlife especially primate species.

This Recreational Park is adjacent to the state government administrative centre, hotel,

villages and paddy field. The Park has been in operation since 2000. Samples (FR11) of

long-tailed macaques were collected from this Recreational Park.

DNA extraction 

According to the manufacturer’s protocols, the innuPREP Stool DNA Kit (Analytik Jena,

Jena, Germany) extracted DNA from approximately 400 mg of long-tailed macaque faeces.

First,  the  surface  and  interior  of  the  faecal  pellet  were  sampled  for  each  extraction

(Srivathsan et al. 2015). Then 5 µl of the extracted DNA samples of M. fascicularis were

pooled  and  labelled  according  to  the  representative  localities  (Table  1).  Next,  DNA

concentration was measured by spectrophotometrically using an Implen Nano Photometer.

The pooled DNA concentration ranged from 1.2 to 57.3 ng/µl. Finally, the samples were

stored at −20°C.

# Pool samples

code

Number of

samples

Locality Type of habitat Coordinate

1 FB1 12 UKM, Selangor Fragmented

forest
2.9290° N, 101.7800°

E 

2 FB2 5 UKM, Selangor Fragmented

forest
2.9290° N, 101.7800°

E 

Figure 1.  

Distribution of M. fascicularis, a. Map of sampling locations of M. fascicularis in Peninsular

Malaysia, b. Distribution of M. fascicularis in Southeast Asia.

 

Table 1. 

List of samples and localities of M. fascicularis used for plant diet analysis.
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# Pool samples

code

Number of

samples

Locality Type of habitat Coordinate

3 FB3 5 UKM, Selangor Fragmented

forest
2.9290° N, 101.7800°

E 

4 FB4 5 UKM, Selangor Fragmented

forest
2.9290° N, 101.7800°

E 

5 FB5 7 UKM, Selangor Fragmented

forest
2.9290° N, 101.7800°

E 

6 FB6 5 UKM, Selangor Fragmented

forest
2.9290° N, 101.7800°

E 

7 FB8 5 MGVI, Selangor Fragmented

forest
2.9037° N, 101.7683°

E 

8 FK9 3 Langkawi Island, Kedah Forest edge 6.3711° N, 99.6717° E 

9 FT10 3 Redang Island,

Terengganu

Island 5.7844° N, 103.0069°

E 

10 FR11 3 Cenderawasih Cave,

Perlis

Recreational

Park
6.41426° N 100.19285°

E 

Total 10 53 - - -

PCR amplification 

The trnL intron was amplified using the previously described primers targeting the P6 loop,

creating a single amplicon of approximately 90 bp (Taberlet et al. 2007). This region was

amplified using the following primers:  trnL-g forward (5´-GGGCAATCCTGAGCCAA- 3´)

and trnL-h reverse (5´-CCATTGAGTCTCTGCACCTATC- 3´). Both primers were attached

with  the  Illumina  overhang  adapter  sequences  forward  overhang  (5´-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3´)  and  reverse  overhang  (5´-

GTCTCG  TGGGCTCGGAGATGTGTATAAGAGACAG-3´).  First,  PCR  amplification

reactions were performed in a total volume of 25 µl The PCR mixture contained 12.5 µl of

2× REDTaq® ReadyMix (Sigma-Aldrich, St. Louis, Missouri, United States), 5 µl for each

forward and reverse primer (20 µM) and 2.5 µl of template DNA in a final volume of 25 µl.

The amplification reactions were performed in an AlphaTM PCRmax Alpha Cycler (Keison,

UK) using the following programme: 95°C for 3 min, followed by 30 cycles of denaturation

at  95°C for  20 s,  annealing at  50°C for  15 s,  extension at  72°C for  30 s  and a final

extension step at 72°C for 5 min.

Illumina MiSeq-DNA sequencing of the trnL gene 

The amplicons were sent to Apical Scientific Sdn. Bhd. for next generation sequencing

(NGS). Dual indices were attached to the amplicon PCR using an Illumina Nextera XT

Index Kit v.2 according to the manufacturer’s protocol. The libraries’ quality was measured

using  the  Agilent  Bioanalyzer  2100  System by  Agilent  DNA 1000  Kit  and  fluorometric
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quantification  by  Helixyte  GreenTM  Quantifying  Reagent.  Finally,  the  libraries  were

normalised and pooled, based on the protocol recommended by Illumina and followed by

sequencing with the MiSeq platform using 150 PE (Illumina Inc., San Diego, CA, USA).

Statistical analysis 

All  next-generation  sequence  data  were  deposited  into  the  National  Center  of

Biotechnology  Information,  under  Sequence  Read  Archive  accession  numbers;

SRR19576857,  SRR19577193,  SRR19577505,  SRR19577582,  SRR19577635,

SRR19577594,  SRR19577595,  SRR19577593,  SRR19577662 and SRR19577637.  The

quality filtering and demultiplexing of the resulting sequences were conducted using the

CLC  Genomic  Workbench  software  v.12.0  (CLC)  (Qiagen,  Hilden,  Germany)  at  the

Genetics Laboratory in the Department of Technology and Natural Resources, Faculty of

Applied Sciences and Technology,  Universiti  Tun Hussein Onn (UTHM),  Pagoh,  Johor,

Malaysia. The Illumina data quality scores were initially assessed using the FASTQ file.

The next step is to assign taxonomy to the reads and tally the occurrences of species. A

common  approach  is  to  cluster  reads  at  some  level  of  similarity  into  representative

sequences of pseudo-species called Operational Taxonomic Units (OTUs), where all reads

within 97% similarity are clustered together and represented by a single OTU sequence.

This approach is frequently used due to the presence of sequencing errors in the NGS

reads.  OTUs  were  aligned  using  the  MUSCLE  tool  in  CLC.  Chimera  screening  and

taxonomy assignment is done using the SILVA v.138 database. Rarefaction curves were

plotted with the number of OTUs observed with a given sequencing depth using CLC. The

alpha diversity  used to  assess plant  species  richness in  the  long-tailed  macaque was

generated using the PAST software v.4.03. The principal coordinate analysis (PCoA) using

the CLC software displayed the relationship between the samples. A Venn diagram was

generated  to  determine  the  shared  and  unique  OTUs  amongst  the  localities  of  these

macaques at 97% similarity. A phylogenetic dendrogram and heatmap were constructed

with 1,000 bootstraps following the Bray-Curtis distance to assess the relationship of the

plant species community amongst these samples. Statistical significance was set at p <

0.05.

Data resources

Fifty-three fresh faecal samples were collected from five localities. However, because of

opportunistic collection methods, we could not link the faecal samples to a specific age-sex

class  or  known individual.  In  addition,  samples  were  easily distinguishable  from other

primates according to the physical characteristics of the fresh faeces by size, smell, form

and colour. The faecal samples were collected in sterile 45 ml tubes and fixed in 95%

ethanol for long-term storage (Song et al. 2016). All analysed samples were labelled and

stored at −20°C.
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Results

The NGS produced 595,455 reads from five pooled samples of M. fascicularis in different

localities, ranging from 46,736 to 371,005. The final dataset obtained by sequence filtering

excluded low-quality sequence reads, chimera and subsequently OTU clustering. A total of

407,354 OTU sequence reads were generated at the 97% similarity cut-off.  UKM long-

tailed macaque population showed the most OTU sequence reads (272,047) followed by

Cenderawasih Cave (47,254), MGVI (43,157) and Redang Island (29,798), whereas the

fewest reads were from Langkawi Island (15,098) (Fig. 2). The Shannon–Wiener index (H’)

showed that the UKM population had the highest diversity with H’ of 3.806 and 2103 OTUs

and the lowest was recorded for Langkawi Island at 2.781 and 428 OTUs (Table 2).

Localities Sequences OTUs Shannon (H') Chao 1

UKM, Selangor 272047 2103 3.806 2198

MGVI, Selangor 43157 523 2.897 647.5

Langkawi Island, Kedah 15098 428 2.781 562.5

Cenderawasih Cave, Perlis 47254 542 2.889 650.8

Redang Island, Terengganu 29798 565 3.676 702.4

Total 407354 4161 - -

Table 2. 

The number of observed operational taxonomic units, alpha diversity indices for the plant DNA from

five localities of M. fascicularis.

Figure 2.  

The rarefaction curve of the trnL gene sequence of M. fascicularis calculated for operational

taxonomic units at similarity of 97%.
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Diet richness and composition of the M. fascicularis 

The trnL intron sequence of the M. fascicularis samples was amplified. The OTUs were

assigned to 47 orders, 126 families, 609 genera and 818 species across these five pool

samples. A total of 113 families of plants were in UKM, MGVI (61), Langkawi Island (33),

Redang  Island  (53)  and  Cenderawasih  Cave  samples  (44).  Moraceae  (33.24%)  and

Fabaceae (13.63%) were the most common families recorded from all study localities. The

unknown family was recorded at 21.22%. Ficus is the most abundant genus recorded in

the samples from UKM (41.04%) and Cenderawasih Cave (35.68%). Brosimum (49.75%)

is the most abundant genus in MGVI samples (Fig. 3). The non-available (N/A) (97.80%

and 62.44%) were mostly recorded in Langkawi Island and Redang Island, respectively.

The  highest  plant  species  consumed  by  M. fascicularis in  UKM  (30.13%)  and

Cenderawasih  Cave  (27.33%)  were  Ficus superba.  Conversely,  Brosimum alicastrum

(36.86%) was the most common plant consumed by this macaque in the MGVI samples.

As  the  most  abundant  species  is  N/A,  Vepris simplicifolia (9.24%)  and  Milicia regia

(19.99%) were recorded as the common plant  species consumed by M. fascicularis in

Langkawi Island and Redang Island samples, respectively.

Heatmap analysis revealed significant interindividual variability in the plant communities’

consumption in composition level at the five localities foraged by M. fascicularis. The 30

most  abundant  genera were adopted in  the hierarchical  clustering using weighted pair

clustering based on Bray-Curtis measurements to evaluate the relationships between this

macaque (Fig.  4).  The heatmap showed the value of  genera consumed by long-tailed

macaque by colour and the lighter the green, the more predominant the genus consumed.

Beta-diversity on UniFrac-based principal  coordinate analysis (PCoA) showed a dietary

relationship amongst the five localities (Fig. 5). No significant difference appeared in the

plant diversity consumed by long-tailed macaques at these localities, according to further

permutational multivariate analysis of variance (PERMANOVA) analysis (p < 0.05).

Figure 3.  

The relative abundance of M. fascicularis plant diet at the genus level.
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Figure 4.  

Heatmap with dendrogram at the genus level using a gradient heatmap (over 1% of the plant

diversity).

 

Figure 5.  

A three-dimensional plot of weighted UniFrac-based principal coordinates analysis (PCoA).

The plot is created using the pairwise weighted UniFrac distances (PCo1 variability at 52%,

PCo2 variability at 24% and PCo3 variability at 13%).
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Additionally, these localities had overlapping plant genera (Fig. 6). Samples from UKM and

MGVI showed a larger overlap (88) than those from MGVI and Langkawi Island (1). The

number of genera shared by all localities was 13.

Discussion

This is the first study to report on the diversity of plants consumed by long-tailed macaques

in disturbed habitats in Peninsular Malaysia using an advanced approach that combines

DNA metabarcoding and Illumina NGS of trnL chloroplast genes. The data obtained from

the five localities in the four different environmental settings presented a novel finding for

understanding the diet of long-tailed macaques. Generally, long-tailed macaques fed on

several food plants belonging to at least 693 species from 113 different families in a mixed

landscape consisting of urban, agro-forested areas and forest fragments in Malaysia at

UKM rather than in the other localities. These data supported the species richness of the

food plants and sampling efforts performed on six macaque groups in UKM. As a lowland

secondary  dipterocarp  fragmented  forest,  UKM  Permanent  Forest  Reserve  harbours

important plant resources, including more than 500 species of seed plants surrounding the

UKM main campus (Salleh 1999). Ficus superba (deciduous fig) in the family Moraceae

Figure 6.  

Venn diagrams summarising the number of shared plant genus amongst different locations.

Coloured circles represent each location and the intersection between circles represents the

number of shared plants.
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was the most abundant taxon detected consumed by M. fascicularis at UKM. Ruslin et al.

(2019) identified 113 species of plants consumed by one group of long-tailed macaques at

UKM who used direct feeding observations. Fig, (Ficus variegatae), was one of the most

consumed taxa. Similarly, long-tailed macaques at MGVI also consumed F. superba. Both

fragmented forests, UKM and MGVI showed the larger food plant overlap consumed by

long-tailed  macaques.  These  localities  shared  88  genera  of  plants  including  Ficus, 

Brosimum and Coccothrinax. Further analysis showed no significant difference in the plant

diversity consumed by long-tailed macaques at these two localities. This result  may be

attributable to the different groups obtained at both sites and the varying distance of their

home range and time spent travelling between them. Que´me´re et al. (2013) observed

great shifts in dietary composition of lemur related to habitat composition and openness,

suggesting high flexibility of foraging strategies. However, we did not examine the time

spent feeding on different food types. Further studies should be conducted to elucidate the

effect  of  the  home  range  and  this  macaque’s  feeding  time.  For  long-tailed  macaque

population in the Recreational Park of Cenderawasih Cave, F. superba also accounted for

a significantly greater proportion of the macaque’s diet. F. superba was the main plant diet

consumed by another macaque species, Macaca arctoides inhabiting Perlis State Park,

Wang Kelian, Perlis, Malaysia (Osman et al. 2020). Primates that live in more marginal

habitats  depend  highly  on  limited  critical  food  resources,  such  as  figs,  that  play  an

important  role  in  nourishing  frugivores  through  periods  of  natural  and  imposed  food

shortage (Kinnaird  et  al.  1999,  Tweheyo and Lye  2003).  M. fascicularis is  one  of  the

primates that can be found in the forest area at Langkawi Island and Redang Island. Vepris

simplicifolia (an evergreen shrub) is a common plant species consumed by M. fascicularis

living in the tropical rain forest edge at Langkawi Island. The peri-urban group of Macaca 

sylvanus spent one-third of its feeding activities in the shrub layer rather than in the non-

urban group (Maibeche et al. 2015). M. fascicularis in Redang Island mostly feed on Milicia

regia, a tropical tree in the Moraceae family. Khairil et al. (2013) determined that Moraceae

is one of the plant families in the coastal forest of Redang Island. Our findings indicated

that long-tailed macaques consume varied selected plants in these habitats.

We projected that anthropogenic habitat alteration would lead to lower habitat quality for

long-tailed macaques. Although the forests at UKM, MGVI, Langkawi Island and Redang

Island have been minimally altered, human interaction still occurs. The disturbance level

varied  between  the  study  areas.  This  macaque  occupied  a  heavily  altered  habitat

characterised  by  scarcity  of  plant  food  abundance  and  frequent  human  visits  to  the

Cenderawasih Cave. However, we did not survey the availability of anthropogenic food.

Thus, it is hard to verify whether this macaque highly depends on anthropogenic foods or

its natural food resource. The amount of food from natural sources is consumed more by

the long-tailed macaques than that from visitors at the high-altitude rainforest of Telaga

Warna, West Java, Indonesia (Nila et al. 2014). Further study at this forest site showed that

these macaques depend mostly on artificial food by consuming provisioned food (Julianti et

al. 2020). The study group of long-tailed macaques chose their natural diet from 21 species

of  food plants,  two species of  animals,  two species of  insects and human food waste

sources at Kuala Selangor Nature Park, Malaysia (Hambali et al. 2014). Habitat quality

may also affect dietary diversity (Mohd-Daut et al. 2021, Mohd-Daut and Md-Zain 2021).

Metabarcoding data analysis revealed the plant dietary variation of long-tailed ... 11



Primates  living  in  undisturbed  forests  with  greater  tree  species  diversity  have  more

foraging options and are less likely to experience food scarcity than primates living in more

fragmented forests (Poulsen et al. 2001, Najmuddin et al. 2019, Najmuddin et al. 2021).

Intraspecific  comparisons of  the proportion of  plant  food resources in  different  primate

groups living in habitats with varying disturbance levels are one technique for investigating

how  these  species  respond  to  human  habitat  alteration  and  dietary  adjustments

(Wieczkowski 2003, McLennan et al. 2017). The primates respond to habitat modification

depending  on  the  ecological  behaviour  of  each  species  (Maibeche  et  al.  2015).  The

macaques are ecologically flexible in taking any food available in their home range and

adjust their behaviour according to their abundance. Long-tailed macaques are selective

feeders, but can also exploit various food sources during periods of food scarcity (Yeager

1996).  Moreover,  long-tailed  macaques  have  greater  ecological  flexibility  to  adapt  and

interact in various habitats (Julianti et al. 2020). Forest fragmentation and habitat loss are

the  current  threats  to  the  population  of  M. fascicularis in  Peninsular  Malaysia.  The

populations  of  this  primate  in  Malaysia  migrate  to  human  settlement  areas  from their

natural habitat due to logging and anthropogenic activities, such as urbanisation and land-

freeing for agriculture (Dzulhelmi et al. 2019). Identifying dietary variation of M. fascicularis

is the key element that may promote the perseverance of this species in disturbed habitats.

Additionally, evaluating the changes in the availability of these elements may affect their

future conservation prospects.

Non-invasive fresh faecal sampling was conducted in this study without capturing, touching

or  restraining  the  long-tailed  macaques  (Syed-Shabthar  et  al.  2013,  Abdul-Latiff  et  al.

2017b).  Combining this  type of  sampling and the metabarcoding approach is  valuable

because both provide ecological and biological information without direct observation (Silva

et al. 2012). Molecular methods have recently been applied to study the diet of various

species where feeding is difficult to observe or quantify (Boyer et al. 2013). NGS provides

a good compromise in this study as we successfully amplified the trnL sequences. The

number of sequences obtained was higher and sufficient to evaluate the plant diet of M. 

fascicularis in  various habitats rather than direct  feeding observation by Hambali  et  al.

(2014) and  Ruslin  et  al.  (2019).  The  chloroplast  DNA,  trnL  intron  has  been  widely

evaluated as a standard sequence that provides superior performance in identifying plant

species  since  it  was  designed  by  Taberlet  et  al.  (1991).  The  outperformance  of  this

barcoding marker has been tested in other primate species. DNA metabarcoding studies in

white-faced  capuchins,  Cebus capucinus,  results  in  greater  sequences  with  equal

sequencing effort, greater resolution taxonomic identifications and a higher number of at

least 365 plant families (Mallott  et  al.  2018).  Furthermore, this approach also identifies

plant  diet  in  other  primate  species  (Que´me´re  et  al.  2013,  Srivathsan  et  al.  2015, 

Srivathsan et  al.  2016,  Osman et  al.  2020),  herbivorous  birds,  mammals,  insects  and

molluscs  (Valentini  et  al.  2008,  Aziz  et  al.  2017,  Fahimee  et  al.  2021).  However,

investigations  using  DNA  metabarcoding  are  limited  due  to  the  absence  of  a  good

reference  database,  especially  when the  diet  of  the  species  being  studied  is  not  well

defined. Variability in different parts of the leaf also depends on the sequence specificity of

the primers; therefore, there is a potential that an unknown plant species will be undetected

due to primer mispriming (Aziz et al. 2017). Notably, we used a computational approach
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with successive filtering steps to eliminate all sources of erroneous reads including PCR-

generated chimeric sequence, primer dimmers, nuclear pseudogenes and contaminations.

The quality filtering and trimming of raw reads must be performed to eliminate erroneous

data before barcoding analysis since NGS may produce sequencing errors (Yang et al.

2018). We must note the lack of data on the home range and time spent feeding. However,

our  study  provided  rapid  molecular  plant  dietary  screening  and  documentation  of  M. 

fascicularis in disturbed habitats.

Conclusions

Our study reveals the dietary variation of long-tailed macaques in disturbed habitats by trnL

DNA metabarcoding. Using a non-invasive method allows DNA metabarcoding to reveal

the diet of long-tailed macaques where it has always been difficult to obtain using direct

observation. Therefore, our results propose that long-tailed macaques consume various

food plants that  help them survive in disturbed habitats at  the edge and centre of  the

fragmentary  and  human  interference  areas.  Furthermore,  we  provide  data  on  these

species’ dietary requirements and plant species availability in different habitats. Knowledge

of  the  fundamental  aspects  of  dietary  diversity  from  various  habitats  is  increasingly

employed to identify priority conservation areas and effectively manage these species in

the conflict area. Other food resources are needed to understand their feeding behaviour

since long-tailed macaques are omnivorous. Notably, metabarcoding diet data may assist

government authorities, the Department of Wildlife and non-governmental organisations in

improving management  plans and conservation of  long-tailed  macaques in  the conflict

area.  Knowing  which  plants  are  consumed  by  cercopithecine  primates  will  guide

translocation processes from disturbed habitats to the undisturbed forests that  harbour

these important resources.

Acknowledgements 

We thank  the  Department  of  Wildlife  and  National  Park  (DWNP)  Peninsular  Malaysia

especially  YBhg.  Dato’  Abdul  Kadir  bin  Abu  Hashim,  Director  General  of  the  DWNP.

Universiti  Kebangsaan  Malaysia,  Universiti  Tun  Hussein  Onn  Malaysia  for  providing

necessary  facilities  and  assistance  during  field  observation  and  laboratory  work.  The

authors are deeply indebted to the Department of Wildlife and National Parks Peninsular

Malaysia for providing research permit: JPHL&TN(IP):100-34/1.24Jld16(14). The authors

appreciate the support from Universiti Kebangsaan Malaysia and Universiti Tun Hussein

Onn  Malaysia  for  funding  the  present  work  through  the  Grants  GUP-2019-037,

ST-2021-017,  AP-2015-004,  ST-2019-008,  GPPS-UTHM-2019-H528  and  FRGS/1/2018/

WAB13/UTHM/03/2 by the Ministry of Education Malaysia.

Funding program

UKM Universiti Research Grant (GUP) and Ministry of Education Malaysia.

Metabarcoding data analysis revealed the plant dietary variation of long-tailed ... 13



Grant title

GUP-2019-037, ST-2021-017, AP-2015-004, ST-2019-008, GPPS-UTHM-2019-H528 and

FRGS/1/2018/WAB13/UTHM/03/2

Hosting institution

Universiti Kebangsaan Malaysia and Universiti Tun Hussein Onn Malaysia.

Ethics and security

Research  methods,  reported  in  this  manuscript,  adhered  to  the  legal  requirements  of

Malaysia and were approved by Department of Wildlife and National Parks (PERHILITAN),

Peninsular Malaysia, KM10 Jalan Cheras, Kuala Lumpur, Malaysia under research permit

JPHL&TN(IP):100-34/1.24Jld16(14).

Author contributions 

N.A.O., M.A.B.A.L., A.R.M.R. and B.M.M.Z. designed the project. N.A.O. and M.A.B.A.L.

were involved in field sample collection. N.A.O., M.A.B.A.L and A.R.M.R performed the

laboratory work. N.A.O., M.A.B.A.L and A.R.M.R wrote the manuscript and analysed the

data.  M.A.B.A.L.,  A.R.M.R.,  B.M.M.Z.  and  S.Y.  reviewed  and  edited  the  manuscript.

M.A.B.A.L., K.V.K. and B.M.M.Z. provided resources, project administration and funding

acquisition. All authors read and approved the final manuscript.

Conflicts of interest

The authors declare that they have no conflict of interests.

References

• Abdul-Latiff MAB, Ruslin F, Faiq H, Hairul MS, Rovie-Ryan JJ, Abdul-Patah P, Yaakop

S, Md-Zain BM (2014a) Continental monophyly and molecular divergence of Peninsular

Malaysia's Macaca fascicularis fascicularis. BioMed Research International 2014: 1‑18. 

https://doi.org/10.1155/2014/897682

• Abdul-Latiff MAB, Ruslin F, Fui VV, Abu M, Rovie-Ryan JJ, Abdul-Patah P, Lakim M,

Roos C, Yaakop S, Md-Zain BM (2014b) Phylogenetic relationships of Malaysia’s long-

tailed macaques, Macaca fascicularis, based on cytochrome b sequences. ZooKeys

407: 121‑139. https://doi.org/10.3897/zookeys.407.6982

• Abdul-Latiff MAB, Abdul-Patah P, Yaakop S, Md-Zain BM (2017a) Aiding pest control

management of long-tailed macaques (Macaca fascicularis fascicularis) in Malaysia by

14 Osman N et al

https://doi.org/10.1155/2014/897682
https://doi.org/10.3897/zookeys.407.6982


using molecular markers of mitochondrial DNA. AIP Conference Proceedings 1891 (1):

1‑7. https://doi.org/10.1063/1.5005336

• Abdul-Latiff MAB, Aifat NR, Yaakop S, Md-Zain BM (2017b) A noninvasive molecular

approach: exploiting species-locus-specific PCR primers in defeating numts and dna

cross-contamination of cercopithecidae. Journal of Animal & Plant Sciences 27 (3):

1015‑1023. 

• Abdul-Nasir NS, Osman NA, Hashim ZF, Baharudin Z, Abdullah MI, Isa Z, Md-Zain BM

(2021) Assessing perceptions and solutions to human-long tailed macaques (Macaca

fascicularis) conflict in the Universiti Kebangsaan Malaysia campus, Bangi, Selangor,

Malaysia. Malayan Nature Journal 73 (2): 187‑197. 

• Almeida-Rocha Jd, Peres C, Oliveira L (2017) Primate responses to anthropogenic

habitat disturbance: a pantropical meta-analysis. Biological Conservation 215: 30‑38. 

https://doi.org/10.1016/j.biocon.2017.08.018

• Amano N, Wang Y, Boivin N, Roberts P (2021) ‘Emptying Forests?’ Conservation

implications of past human–primate interactions. Trends in Ecology & Evolution 36 (4):

345‑359. https://doi.org/10.1016/j.tree.2020.12.004

• Aziz SA, Clements GR, Peng LY, Campos-Arceiz A, McConkey K, Forget P, Gan HM

(2017) Elucidating the diet of the island flying fox (Pteropus hypomelanus) in Peninsular

Malaysia through Illumina Next-Generation Sequencing. PeerJ 5 (e3176): 1‑24. https://

doi.org/10.7717/peerj.3176

• Boyer S, Wratten S, Holyoake A, Abdelkrim J, Cruickshank R (2013) Using next-

generation sequencing to analyse the diet of a highly endangered land snail (

Powelliphanta augusta) feeding on endemic earthworms. PLOS One 8 (9): e75962. 

https://doi.org/10.1371/journal.pone.0075962

• Dzulhelmi MN, Suriyanti S, Manickam S (2019) Population, behaviour and conservation

status of long-tailed macaque, Macaca fascicularis and southern pig-tailed macaque, 

Macaca nemestrina in Paya Bakau Park, Perak, Malaysia. Journal of Animal & Plant

Sciences 29 (2): 611‑618. 

• Eudey AA (2008) The crab-eating macaque (Macaca fascicularis): widespread and

rapidly declining. Primate Conservation 23 (1): 129‑132. https://doi.org/

10.1896/052.023.0115

• Fahimee J, Badrulisham AS, Zulidzham MS, Reward NF, Muzammil N, Jajuli R, Md-

Zain BM, Yaakop S (2021) Metabarcoding in diet assessment of Heterotrigona itama

based on trnL marker towards domestication program. Insects 12 (3): 205. https://

doi.org/10.3390/insects12030205

• Hambali K, Ismail A, Md-Zain BM (2012) Daily activity budget of long-tailed macaques 

(Macaca fascicularis) in Kuala Selangor Nature Park. International Journal of Basic &

Applied Sciences 12 (4): 47‑52. 

• Hambali K, Ismail A, Md-Zain BM, Amir A, Karim FA (2014) Diet of Long-Tailed

Macaques (Macaca fascicularis) at the entrance of Kuala Selangor Nature Park

(Anthropogenic Habitat): Food selection that leads to human-macaque conflict. Acta

Biologica Malaysiana 3 (2): 58‑68. https://doi.org/10.7593/abm/3.2.58

• Hansen MF, Ang A, Trinh T, Sy E, Paramasiwam S, Ahmed T, Dimalibot J, Jones-Engel

L, Ruppert N, Griffioen C, Lwin N, Phiapalath P, Gray R, Kite S, Doak N, Nijman V,

Fuentes A, Gumert MD (2022) Macaca fascicularis. The IUCN Red List of Threatened

Species 2022. e.T12551A199563077. https://doi.org/10.2305/IUCN.UK.

2022-1.RLTS.T12551A199563077.en.

Metabarcoding data analysis revealed the plant dietary variation of long-tailed ... 15

https://doi.org/10.1063/1.5005336
https://doi.org/10.1016/j.biocon.2017.08.018
https://doi.org/10.1016/j.tree.2020.12.004
https://doi.org/10.7717/peerj.3176
https://doi.org/10.7717/peerj.3176
https://doi.org/10.1371/journal.pone.0075962
https://doi.org/10.1896/052.023.0115
https://doi.org/10.1896/052.023.0115
https://doi.org/10.3390/insects12030205
https://doi.org/10.3390/insects12030205
https://doi.org/10.7593/abm/3.2.58
https://doi.org/10.2305/IUCN.UK.2022-1.RLTS.T12551A199563077.en.
https://doi.org/10.2305/IUCN.UK.2022-1.RLTS.T12551A199563077.en.


• Ilham K, Nurdin J, Tsuji Y (2017) Status of urban populations of the long-tailed macaque

(Macaca fascicularis) in West Sumatra, Indonesia. Primates 58 (2): 295‑305. https://

doi.org/10.1007/s10329-016-0588-1

• Julianti S, Rianti P, Widayati KA (2020) Daily activities and feeding behavior of a troop

of Macaca fascicularis in Telaga Warna, West Java, Indonesia. In: Wroe L (Ed.) IOP

Conf. Series: Earth and Environmental Science, 457. The 3rd International Conference

on Biosciences, 1 February 2020. IOP Publishing https://doi.org/

10.1088/1755-1315/457/1/012028

• Kamarul H, Ahmad I, Badrul-Munir MZ, Syaizwan Z, Aainaa A (2014) Ranging behavior

of long-tailed macaques (Macaca fascicularis) at the entrance of Kuala Selangor Nature

Park. Malaysian Applied Biology 43 (2): 129‑142. 

• Khairil M, Nashriyah M, Norhayati N, Amin S, Fatihah N (2013) Tree species

composition, diversity and above ground biomass of two forest types at Redang Island,

Peninsula Malaysia. Walailak Journal of Science and Technology 10 (1): 77‑90. 

• Kinnaird MF, O’Brien TG, Suryadi S (1999) The importance of figs to Sulawesi’s

imperiled wildlife. Tropical Biodiversity 6 (1&2): 5‑18. 

• Lehman S, Rajaonson A, Day S (2006) Edge effects and their influence on lemur

density and distribution in southeast Madagascar. American Journal of Physical

Anthropology 129 (2): 232‑241. https://doi.org/10.1002/ajpa.20241

• Lucas PW, Corlett RT (1991) Relationship between the diet of Macaca fascicularis and

forest phenology. Folia Primatologica 57 (4): 201‑215. https://doi.org/

10.1159/000156587

• Maibeche Y, Moali A, Yahi N, Menard N (2015) Is diet flexibility an adaptive life trait for

relictual and peri-urban populations of the endangered primate Macaca sylvanus?

PLOS One 10 (2): e0118596. https://doi.org/10.1371/journal.pone.0118596

• Mallott E, Garber P, Malhi R (2018) trnL outperforms rbcL as a DNA metabarcoding

marker when compared with the observed plant component of the diet of wild white-

faced capuchins (Cebus capucinus, Primates). PLOS One 13 (6): e0199556. https://

doi.org/10.1371/journal.pone.0199556

• McLennan M, Spagnoletti N, Hockings K (2017) The implications of primate behavioral

flexibility for sustainable human–primate coexistence in anthropogenic habitats.

International Journal of Primatology 38 (2): 105‑121. https://doi.org/10.1007/

s10764-017-9962-0

• Mohd-Daut N, Md-Zain BM (2021) Notes on diet and anthropogenic food consumption

of habituated silvered langurs (Trachypithecus cristatus) at Bukit Melawati, Kuala

Selangor, Selangor, Malaysia. Malayan Nature Journal 73: 1‑5. 

• Mohd-Daut N, Matsuda I, Abidin KZ, Md-Zain BM (2021) Population dynamics and

ranging behaviours of provisioned silvered langur (Trachypithecus cristatus) in

Peninsular Malaysia. Primates 62 (6): 1019‑1029. https://doi.org/

10.1101/2020.12.16.423156

• Najmuddin MF, Haris H, Shahrool-Anuar R, Norazlimi N, Md-Zain BM, Abdul-Latiff MAB

(2019) Prima tourism: Plant selection by Schlegel’s banded langur Presbytis neglectus

in Johor. In: Evans L (Ed.) IOP Conf. Series: Earth and Environmental Science, 269.

International Conference on Biodiversity 2018, 1 July 2019. IOP Publishing https://

doi.org/10.1088/1755-1315/269/1/012036

• Najmuddin MF, Haris H, Norazlimi N, Ruslin F, Matsuda I, Md-Zain BM, Abdul-Latiff

MAB (2021) Dietary habits of free-ranging banded langur (Presbytis femoralis) in a

16 Osman N et al

https://doi.org/10.1007/s10329-016-0588-1
https://doi.org/10.1007/s10329-016-0588-1
https://doi.org/10.1088/1755-1315/457/1/012028
https://doi.org/10.1088/1755-1315/457/1/012028
https://doi.org/10.1002/ajpa.20241
https://doi.org/10.1159/000156587
https://doi.org/10.1159/000156587
https://doi.org/10.1371/journal.pone.0118596
https://doi.org/10.1371/journal.pone.0199556
https://doi.org/10.1371/journal.pone.0199556
https://doi.org/10.1007/s10764-017-9962-0
https://doi.org/10.1007/s10764-017-9962-0
https://doi.org/10.1101/2020.12.16.423156
https://doi.org/10.1101/2020.12.16.423156
https://doi.org/10.1088/1755-1315/269/1/012036
https://doi.org/10.1088/1755-1315/269/1/012036


secondary-human modified forest in Johor, Malaysia. Zoological Studies 60 (67): 1‑9. 

https://doi.org/10.6620/ZS.2021.60-67

• Nila S, Suryobroto B, Widayati K (2014) Dietary variation of long tailed macaques 

(Macaca fascicularis) in Telaga Warna, Bogor, West Java. HAYATI Journal of

Biosciences 21 (1): 8‑14. https://doi.org/10.4308/hjb.21.1.8

• Osman NA, Abdul-Latiff MAB, Mohd-Ridwan AR, Yaakop S, Nor SM, Md-Zain BM

(2020) Diet composition of the wild stump-tailed macaque (Macaca arctoides) in Perlis

State Park, Peninsular Malaysia, using a chloroplast tRNL DNA metabarcoding

approach: A preliminary study. Animals 10 (12): 2215. https://doi.org/10.3390/

ani10122215

• Poulsen JR, Clark CJ, Smith TB (2001) Seasonal variation in the feeding ecology of the

grey‐cheeked mangabey (Lophocebus albigena) in Cameroon. American Journal of

Primatology 54 (2): 91‑105. https://doi.org/10.1002/ajp.1015

• Que´me´re E, Hibert F, Miquel C, Lhuillier E, et al. (2013) A DNA metabarcoding study

of a primate dietary diversity and plasticity across its entire fragmented range. PLOS

One 8 (3): e58971. https://doi.org/10.1371/journal.pone.0058971

• Roos C, Boonratana R, Supriatna J, et al. (2014) An updated taxonomy and

conservation status review of Asian primates. Asian Primates Journal 4: 2‑38. 

• Ruslin F, Yaakop S, Zain B (2014) A preliminary study on activity budget, daily travel

distance and feeding behaviour of long-tailed macaques and spectacled dusky leaf

monkey in Bangi campus of Universiti Kebangsaan Malaysia, Selangor. The 2014 UKM

FST Postgraduate Colloquium. AIP Publishing LLC https://doi.org/10.1063/1.4895285

• Ruslin F, Matsuda I, Md‑Zain BM (2019) The feeding ecology and dietary overlap in two

sympatric primate species, the long-tailed macaque (Macaca fascicularis) and dusky

langur (Trachypithecus obscurus obscurus), in Malaysia. Primates 60 (1): 41‑50. https://

doi.org/10.1007/s10329-018-00705-w

• Salleh KM (1999) The role and function of Universiti Kebangsaan Malaysia permanent

forest reserve in research and education. Pertanika Journal of Tropical Agricultural

Science 22: 185‑198. 

• Sha JC, Gumert MD, Lee BP, Jones‐Engel L, Chan S, Fuentes A (2009) Macaque–

human interactions and the societal perceptions of macaques in Singapore. American

Journal of Primatology 71 (10): 825‑839. https://doi.org/10.1002/ajp.20710

• Silva MJFd, Minhós T, Sá R, Bruford MW (2012) Using genetics as a tool in primate

conservation. Nature Education Knowledge 3 (6): 10. 

• Song SJ, Amir A, Metcalf J, Amato K, et al. (2016) Preservation methods differ in fecal

microbiome stability, affecting suitability for field studies. mSystems 1 (3): e00021-16. 

https://doi.org/10.1128/mSystems.00021-16

• Srivathsan A, Sha JC, Vogler AP, Meier R (2015) Comparing the effectiveness of

metagenomics and metabarcoding for diet analysis of a leaf‐feeding monkey (Pygathrix

nemaeus). Molecular Ecology Resources 15 (2): 250‑261. https://doi.org/

10.1111/1755-0998.12302

• Srivathsan A, Ang A, Vogler A, Meier R (2016) Fecal metagenomics for the

simultaneous assessment of diet, parasites, and population genetics of an understudied

primate. Frontiers in Zoology 13 (1): 1‑13. https://doi.org/10.1186/s12983-016-0150-4

• Syed-Shabthar SMF, Rosli MKA, Mohd-Zin NAA, Romaino SMN, Fazly-Ann ZA, Mahani

MC, Abas-Mazni O, Zainuddin R, Yaakop S, Md-Zain BM (2013) The molecular

phylogenetic signature of Bali cattle revealed by maternal and paternal markers.

Metabarcoding data analysis revealed the plant dietary variation of long-tailed ... 17

https://doi.org/10.6620/ZS.2021.60-67
https://doi.org/10.4308/hjb.21.1.8
https://doi.org/10.3390/ani10122215
https://doi.org/10.3390/ani10122215
https://doi.org/10.1002/ajp.1015
https://doi.org/10.1371/journal.pone.0058971
https://doi.org/10.1063/1.4895285
https://doi.org/10.1007/s10329-018-00705-w
https://doi.org/10.1007/s10329-018-00705-w
https://doi.org/10.1002/ajp.20710
https://doi.org/10.1128/mSystems.00021-16
https://doi.org/10.1111/1755-0998.12302
https://doi.org/10.1111/1755-0998.12302
https://doi.org/10.1186/s12983-016-0150-4


Molecular Biology Reports 40 (8): 5165‑5176. https://doi.org/10.1007/s11033-013- 

2619-y

• Taberlet P, Gielly L, Pautou G, Bouvet J (1991) Universal primers for amplification of

three non-coding regions of chloroplast DNA. Plant Molecular Biology 17 (5):

1105‑1109. https://doi.org/10.1007/BF00037152

• Taberlet P, Coissac E, Pompanon F, Gielly L, et al. (2007) Power and limitations of the

chloroplast trnL (UAA) intron for plant DNA barcoding. Nucleic Acids Research 35 (3):

e14. https://doi.org/10.1093/nar/gkl938

• Tee SL, Solihhin A, Juffiry SA, Putra TR, Lechner AM, Azhar B (2019) The effect of oil

palm agricultural expansion on group size of long-tailed macaques (Macaca 

fascicularis) in Peninsular Malaysia. Mammalian Biology 94: 48‑53. https://doi.org/

10.1016/j.mambio.2018.12.006

• Tweheyo M, Lye KA (2003) Phenology of figs in Budongo Forest Uganda and its

importance for the chimpanzee diet. African Journal of Ecology 41 (4): 306‑316. https://

doi.org/10.1111/j.1365-2028.2003.00475.x

• Valentini A, Pompanon F, Taberlet P (2008) DNA barcoding for ecologists. Trends in

Ecology and Evolution 24 (2): 110‑117. https://doi.org/10.1016/j.tree.2008.09.011

• Wieczkowski JA (2003) Aspects of the ecological flexibility of the Tana mangabey 

(Cercocebus galeritus) in its fragmented habitat, Tana River, Kenya. 

Cornell University, 192 pp.

• Yacob MR, Radam A, Samdin Z (2011) Tourists perception and opinion towards

ecotourism development and management in Redang Island Marine Parks, Malaysia.

International Business Research 4 (1): 62‑73. https://doi.org/10.5539/ibr.v4n1p62

• Yang F, Ding F, Chen H, He M, et al. (2018) DNA barcoding for the identification and

authentication of animal species in traditional medicine. Evidence-Based

Complementary and Alternative Medicine 2018: 1‑18. https://doi.org/

10.1155/2018/5160254

• Yeager CP (1996) Feeding ecology of the long-tailed macaque (Macaca fascicularis) in

Kalimantan Tengah, Indonesia. International Journal of Primatology 17 (1): 51‑62. 

https://doi.org/10.1007/bf02696158

• Zamri M, Md-Zain B (2022) Long-tailed macaques of the Batu Caves, Peninsular

Malaysia: population estimate, nuisance behaviors, and human perception. Journal of

Animal and Plant Sciences 32 (4): 1150‑1158. https://doi.org/10.36899/JAPS.

2022.4.0520

18 Osman N et al

https://doi.org/10.1007/s11033-013-2619-y
https://doi.org/10.1007/s11033-013-2619-y
https://doi.org/10.1007/s11033-013-2619-y
https://doi.org/10.1007/s11033-013-2619-y
https://doi.org/10.1007/BF00037152
https://doi.org/10.1093/nar/gkl938
https://doi.org/10.1016/j.mambio.2018.12.006
https://doi.org/10.1016/j.mambio.2018.12.006
https://doi.org/10.1111/j.1365-2028.2003.00475.x
https://doi.org/10.1111/j.1365-2028.2003.00475.x
https://doi.org/10.1016/j.tree.2008.09.011
https://doi.org/10.5539/ibr.v4n1p62
https://doi.org/10.1155/2018/5160254
https://doi.org/10.1155/2018/5160254
https://doi.org/10.1007/bf02696158
https://doi.org/10.36899/JAPS.2022.4.0520
https://doi.org/10.36899/JAPS.2022.4.0520

	Abstract
	Keywords
	Introduction
	Material and methods
	Data resources
	Results
	Discussion
	Conclusions
	Acknowledgements
	Funding program
	Grant title
	Hosting institution
	Ethics and security
	Author contributions
	Conflicts of interest
	References

