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Abstract
Climate change is associated with more frequent extreme weather conditions and an over-
all increase in temperature around the globe. Its impact on individual ecosystems is not yet 
well known. Long-term data documenting climate and the temporal abundance of food 
for primates are scarce. We used long-term phenological data to assess climate variation, 
fruit abundance and home range sizes of the endemic and Critically Endangered crested 
macaques (Macaca nigra) in Tangkoko forest, Sulawesi, Indonesia. Between January 2012 
and July 2020, every month, we monitored 498 individual trees from 41 species and 23 fam-
ilies. We noted each tree’s phenophase and assessed variation in climate (daily temperature 
and rainfall) and fruit abundance. We also investigated whether individual trees of known 
key food sources for macaques (New Guinea walnut trees, Dracontomelon spp, two species, 
N = 10 individual trees; fig trees, Ficus spp, four species, N = 34, and spiked peppers, Piper 
aduncum, N = 4) showed regular and synchronised fruiting cycles. We used 2877 days of 
ranging data from four habituated groups to estimate home ranges between January 2012 
and July 2020. We created models to evaluate the impact of ecological factors (temperature, 
rainfall, overall fruit abundance, fig abundance). We found that the temperature increased 
in Tangkoko forest, and the overall fruit abundance decreased across the study. Top key 
fruits showed different trends in fruiting. Figs seem to be present year-round, but we did not 
detect synchrony between individuals of the same species. The macaque home ranges were 
about 2 km2. Monthly temperature was the main predictor of home range size, especially in 
disturbed forest with previously burnt areas. This information will help to further monitor 
changes in the macaques’ habitat, and better understand ranging and foraging strategies of a 
Critically Endangered species and hence contribute to its conservation.
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Introduction

Climate change impacts the world in unprecedented ways: in recent decades, we 
have experienced severe extreme events and a global rise in temperatures (Cook et 
al., 2014; Coumou & Rahmstorf, 2012; Zachos et al., 2001). Irregular events such 
as the El Niño—Southern Oscillation (ENSO) add periods of extreme weather con-
ditions such as droughts (Allen et al., 2010; Dai, 2011). With global warming, phe-
nological changes in diverse ecosystems are visible (Cleland et al., 2007; Mendoza 
et al., 2017; Walther et al., 2002). Hence, understanding plant phenology is crucial 
to understand variation in food abundance and its impact on animal behaviour and 
survival. For instance, in Kibale forest, Uganda, great annual variation in fruiting 
was observed over a period of 15 years, mostly explained by several factors such 
as an increase in temperature, rainfall, and solar radiation (Chapman et al., 2005, 
2018). Plant phenological events, such as flowering and fruiting, are rarely reported 
in tropical regions, however, probably due to the prevalence of short-term studies 
and the enormous effort that is needed to conduct such data collection (but see Bush 
et al., 2017; Chapman et al., 2005, 2018, 2021).

Wild non-human primates mainly inhabit subtropical and tropical forests, which 
are highly diverse and dynamic ecosystems (IUCN, 2022). To get enough daily ener-
getic input, frugivorous primates are under constant pressure to find edible items (Mil-
ton, 1981, 1988). In rainforests, flowering and fruiting is often episodic, and tempo-
ral peaks in fruit abundance are typically recorded (van Schaik et al., 1993). Fruiting 
synchrony between individual trees seems indeed to provide an adaptive advantage at 
species level, by reducing predation (Ims, 1990; Kelly, 1994; van Schaik et al., 1993).

The timing of these events depends on the plant species and is influenced by climatic and 
biotic factors. For instance, variation in rainfall and irradiance appears to be two of the most 
significant climatic factors influencing the phenologies of flowering and fruiting in many 
tropical habitats (Chapman et al., 2018; Zimmerman et al., 2007).

Climatic factors, together with food abundance and group mass, are likely to 
affect primate home range sizes (Campos et al., 2014). While group mass was the 
best predictor of home range size in seven different groups of white-faced capuchins 
(Cebus capucinus) in north-western Costa Rica, maximum temperature and fruit 
availability also shaped their ranging behaviour (Campos et al., 2014). The hotter 
the weather, and the greater the fruit availability, the smaller the home range size. 
Interestingly, these factors also affected the home range composition: capuchins pre-
fer to use evergreen and more mature forest under hotter conditions.

For primate field sites, phenological data are therefore crucial to better under-
stand the ecology and the flexibility of local species, see e.g. data for the Kibale for-
est, Uganda, (Chapman et al., 2021; Potts et al., 2020), Lopé National Park, Gabon 
(Bush et al., 2020), Tana River forest, Kenya (Wieczkowski & Kinnaird, 2008), and 
Gunung Palung National Park, Indonesia (Marshall et al., 2014).

Because of its biogeography, Sulawesi has a unique ecosystem with great differ-
ences in climate and vegetation even compared to neighbouring islands. For instance, 
in a study comparing data from Sulawesi (collected between 1992 and 1995) and 
Sumatra (collected between 1997 and 2002), fruiting events were more seasonal on 
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Sulawesi and more associated with rainfall than on Sumatra (Kinnaird & O’Brien, 
2005). A recent report highlighted that El Niño events bring extreme drought and risk 
of fire in the forests in Sulawesi (Lestari et al., 2018). We do not know yet how drought 
events impact plant phenology. Compared to Sumatran forests, Sulawesian forests have 
larger trees and larger crops but smaller fruits (Kinnaird & O’Brien, 2005). Larger 
mammals, such as macaques, and birds rely mostly on figs; fig abundance impacted 
macaques’ resource defence and grouping behaviour (Kinnaird & O’Brien, 2005).

Crested macaques (Macaca nigra) are one of the 23 described macaque species 
(IUCN, 2022). They are endemic to North Sulawesi and are currently categorised 
as Critically Endangered on the IUCN red list (Lee et al., 2020). The population 
of crested macaques in Tangkoko Nature Reserve seems to be one of the only via-
ble populations in its native range (Engelhardt et al., 2017; Johnson et al., 2020). 
Crested macaques belong to the 10% of primate species that are highly vulnerable 
to droughts (Zhang et al., 2019). Their social organisation and structure and social 
behaviour has been well described through the work of the Macaca Nigra project 
(see Duboscq et al., 2013; Micheletta et al., 2012; Neumann et al., 2011, and other 
contributions to this Special issue for an overview). Crested macaques are well 
adapted to living in a variety of ecosystems from old-growth lowland and moun-
tain forest to disturbed forest by fires and agricultural areas (O’Brien & Kinnaird, 
1997; Palacios et al., 2012; Rosenbaum et al., 1998). They are mainly frugivorous 
(O’Brien & Kinnaird, 1997) and thrive best in old growth forests: macaque abun-
dance correlates positively with canopy tree density and tree mean basal area size 
(O’Brien & Kinnaird, 1997; Palacios et al., 2012; Rosenbaum et al., 1998). As a 
key species in their habitat, the presence of M. nigra is a good indicator of the cur-
rent health of the ecosystem and M. nigra is considered an important umbrella spe-
cies for biodiversity conservation (Hilser et al., 2013). Therefore, it is important to 
assess ecosystem health over the long term, in terms of interrelated ecological fac-
tors important to the macaques’ survival and well-being: food and climate.

An 18-month study in 1993–1994 found that crested macaques in Tangkoko spent 
more than 60% of their feeding time on fruits and ate 145 different species of fruits (> 36 
families) (O’Brien & Kinnaird, 1997). The preferred fruit species belonged to the Anac-
ardiaceae and Moraceae families (> 50% of fruit feeding records). The top fruits con-
sumed were from Dracontomelon dao (New Guinea walnut, Anacardiaceae), Ficus spp. 
(Fig, Moriaceae) and Piper aduncum (spiked pepper, Piperaceae), an introduced species 
common in disturbed habitats (O’Brien & Kinnaird, 1997). Among fig trees, macaques 
favoured large canopy-size strangler trees. In the same study, the home range size varied 
between groups: over 18 months the smallest group home range recorded was around 
1.6 km2 and the largest 4.1 km2 (O’Brien & Kinnaird, 1997).

Here we present findings from a longterm study in Tangkoko forest. We aimed 
to characterise temporal variation in the habitat of a Critically Endangered macaque 
species. Specifically, we (1) report long-term trends in the temperature and rain-
fall, (2) assess long-term flowering and fruiting states of the vegetation, (3) docu-
ment long-term trends in the fruiting of key food sources for crested macaques, (4) 
identify phenological cycles and fruiting synchrony, if any, in previously reported 
key food sources for crested macaques, and (5) monitor the home ranges of crested 
macaques and test potential ecological predictors of the variation in their size.
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Methods

Field Site

We collected data in Tangkoko Reserve (1°31′N 125°11′E; North Sulawesi, Indo-
nesia). The habitat has been described in detail elsewhere (Kinnaird & O’Brien, 
2005; O’Brien & Kinnaird, 1997; Rosenbaum et al., 1998). Briefly, Tangkoko 
Reserve is characterised by lowland tropical forest with great diversity and high 
endemism in flora. The study area is characterised mainly by old-growth forest but 
also by disturbed areas such as previously burnt patches and a recreation area. The 
study area is situated on the lower slope of Mount Tangkoko, along the shoreline of 
the Molucca Sea (Fig. 1).

Climate

We recorded minimum and maximum temperatures (in °C) and rainfall (in mm) 
daily between the beginning of June 2006 and the end of May 2020. We recorded 
rainfall in a rain gauge placed in the middle of the open courtyard of the field sta-
tion. We emptied the gauge every morning. Every morning, at around 5 am, we read 
the lowest and highest marks indicated on a thermometer placed at eye level on a big 
tree in the forest behind the field station. We therefore recorded lowest temperature 
of the current day and highest temperature of the previous day, before resetting both 
marks to the current temperature.

Temperature data were missing for all of November 2015 (because of a broken 
thermometer) and April 2017 and data were missing for several individual days. 
Altogether, we computed mean monthly minimum and maximum temperatures for 
79% (± 22%) of the daily temperature data in a month. The data quality (percentage 
of days with available data in a month) varied between years, ranging from 58% in 
2015 to 92% in 2007. Similarly, it fluctuated across the months, ranging from 75% in 
April to 88% in August.

Rainfall data allowed us to estimate the amount of rain occurring in Tangkoko 
forest. Rainfall recordings were missing or insufficient for April 2013 and April 
2017, and some data were missing for several individual days. Ninety-one percent 
of daily recordings were available over the 15-year data period. We computed yearly 
rainfall calculations and monthly variation, with a slight underestimation of the 
overall total amount of rainfall in the forest because of missing daily recordings.

Phenological Dataset

The phenological dataset includes data collected every month. We collected these 
data in 20 botanical plots (100  m × 100  m each) in the Tangkoko forest and geo-
localised using GPS coordinates (Fig.  1). We placed the plots within a home 
range grid established previously by the Macaca Nigra Project researchers, based 
on ranging data from O’Brien and Kinnaird (1997) and our own experience of the 
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macaque groups. We selected these 20 plots randomly from all the 100 m × 100 m 
grid squares across the range of all the macaque groups. Within a botanical plot we 
marked all trees with a diameter at breast height (dbh) > 10 cm with a blue cross and 
a round alloy number tag. We marked trees that macaques ate (phenology trees) with 
red rings above and below the blue cross.

We selected at least 15 trees of all tree species consumed by the macaques in such 
a way that the dbh distribution in the plots included some trees with small, some 
with medium, and some with large dbh relative to species values. We selected phe-
nology trees of the same species from the botanical plots in the home ranges of two 
habituated crested macaque groups (PB and R1 groups). If there were not enough 
trees for a specific food tree species in the plots, we marked trees outside the plots 
that researchers passed when going from plot to plot. During the long-term study, 
we added at least 15 individuals of all new identified food-tree species that crested 
macaques fed on to the phenology sample. In addition to the food tree species, we 
included some other tree species using convenience sampling and selecting individ-
ual trees matching in their dbh, but not identified as feeding trees for macaques (nine 
species, Table I).

Every month, usually at the middle of the month, we determined the abundance 
of each phenophase for all trees in the phenology sample (this took two people 
6  days). We recorded the presence of following plant parts — Leaves: leaf buds, 
young leaves, mature leaves); Flowers: flower buds, flowers; Fruits: unripe fruit, 

Fig. 1   Satellite images (Google Earth, February 2023) of Tangkoko Reserve in Sulawesi, Indonesia. 
White triangles indicate the north-western corners of each of 20 botanical plots (100 m x 100 m) used to 
assess phenology.
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ripe fruit, old fruit. We further analysed the abundance of some specific food items 
(e.g., the ripe fruit of a particular fig species). We estimated the abundance of items 
by quantifying the items in the canopy. For this, we divided the tree crown into 
smaller equal-sized sections, counted items in one section, then multiplied the count 
by the number of sections to get the total estimate. We used a logarithmic scale 
(base 10) for estimation, whereby 0 = 0–9; 1 = 10–99; 2 = 100–999; 3 = 1000–9999; 
4 = 10,000–99,999; 5 = 100,000–999,999; 6 = 1,000,000 + items present in the tree 
crown. To evaluate the overall flower and fruit abundance in Tangkoko forest, we 
collated the data for all individuals monitored each month (mean 529 ± 72 standard 
deviation, SD; Table S1). We calculated the proportion of individual bearing flow-
ers (including all trees with flower buds and flowers) and fruits (including all trees 
bearing unripe to mature fruits) per month. To compare the data over the years, we 
selected 498 individual trees of 41 species (23 families) for which we had continu-
ous data between January 2012 and July 2020 (Table I).

Phenological Analysis

To identify and characterise cycles of fruiting abundance in Tangkoko forest, we 
used Fourier analysis (Bush et al., 2017). This analytical approach seems to be 
robust and useful to describe long-term observational phenology data, even when 
the data are noisy. We used Fourier analysis with confidence intervals to quantify 
fruiting phenology of previously reported top fruit trees and evaluated cycles at an 
individual and species level for fig trees (Ficus spp, four species, N = 34 trees), New 
Guinea walnut trees (Dracontomelon spp, two species, N = 10 trees) and spiked pep-
pers (Piper aduncum, N = 4 plants) for which we had continuous data between Janu-
ary 2012 and July 2020 (Tables S3, S4, and S5). We focused on the top fruit trees 
only as they were previously described as the main drivers shaping the ranging pat-
terns of crested macaques (Kinnaird & O’Brien, 2005; O’Brien & Kinnaird, 1997). 
We included only individuals with at least one recording of a flowering or fruit-
ing event during the study. The Fourier transform decomposes a time series into a 
series of sine and cosine waves of different frequencies, quantifying the power of 
each using a spectral estimate. These parameters can be visualised as a periodogram. 
We used the same method and code as in Bush et al. (2017) and applied the Daniel 
Kernel method to smooth the periodograms for each individual and extract length 
and power of the cycles. We also identified dominant cycles and their significance 
using confidence intervals. To compare the power of the dominant cycle across indi-
viduals, we normalised the spectrum so that the mean power across frequencies was 
equal to one (Bush et al., 2017). To estimate the level of synchrony at the species-
level, we ran co-Fourier analysis for each individual with a significant dominant 
cycle equal to the modal cycle length for that species, including only species with 
more than five such individuals. Altogether, we quantified fruiting cycle confidence, 
length, power, timing, and synchrony for individuals of a single species.

We analysed data as time series between January 2012 to July 2020. The time 
series had three gaps, with a total of ten missing observations. These missing val-
ues were in January 2017, April 2017 to June 2017, and November 2017 to March 
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Table I   List of families (N = 23), 
species (N = 41) and individuals 
(N = 498) in the phenology 
dataset for Tangkoko Reserve in 
Sulawesi between January 2012 
and July 2020. This list includes 
only individual trees for which 
we have continuous data

* tree species bearing fruits that crested macaques consume, ** top 
key food species for crested macaques

Family Species N individuals

Anacardiaceae Dracontomelon dao** 12
Dracontomelon mangiferum** 14
Koordersiodendron pinnatum 13

Annonaceae Cananga odorata* 14
Polyalthia glauca* 14

Arecaceae Arenga pinnata* 12
Caryota mitis 12
Cocos nucifera* 15

Burseraceae Canarium vriesanum 1
Capparaceae Crateva nurlava* 14
Clusiaceae Garcinia daedalanthera* 13

Garcinia tetranda* 13
Combretaceae Terminalia catappa* 14

Terminalia celebica* 11
Euphorbiaceae Macaranga tanarius* 8
Fabaceae Albizia saponaria 12

Mucuna albertisii* 11
Lamiaceae Vitex cofassus* 12

Vitex quinata* 13
Lauraceae Cryptocarya celebica* 13
Malvaceae Sterculia comosa* 14
Meliaceae Aglaia sp.* 12
Moraceae Artocarpus dadah 14

Ficus altissima ** 14
Ficus microcarpa ** 14
Ficus variegata ** 12
Ficus virens ** 13

Myrtaceae Eugenia accuminatissima 13
Eugenia sp. 14
Syzygium sp.* 13

Passifloraceae Passiflora sp. 10
Piperaceae Piper aduncum ** 8
Primulaceae Ardisia rumphii* 12
Rubiaceae Morinda bracheata* 15

Morinda citrifolia* 10
Rutaceae Euodia minahasae* 12
Sapotaceae Palaquium amboinense 12
Urticaceae Dendrocnide microstigma 10
Vitaceae Leea aculeata* 12

Leea indica* 15
Leea rubra* 7
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2018, with a maximum of five missing continuous values. Since the method requires 
regular time intervals between observations, we interpolated missing values using 
the linear estimator from R package ‘wql’ (Jassby et al., 2017). We used the function 
spectrum from the R base package ‘stats’ (R Core Team, 2021) for all Fourier analy-
ses, similar to Bush et al. (2017).

Crested Macaque Home Ranges

We followed four wild groups of crested macaques (PB, PB1, R1, and R2) fully 
habituated by the Macaca Nigra project team (see www.​macaca-​nigra.​org). R1 and 
R2 were first followed and studied by O’Brien & Kinnaird in1993 and 1994 (1997) 
and by the Macaca Nigra Project team since 2006 (Marty et al., 2016). PB has been 
followed continuously since 2008 (Marty et al., 2016). In 2013, PB split into two 
groups (PB1 and PB2). The four groups comprise 30–80 individuals each, with 
more females than males (Table S2). In Tangkoko, crested macaques usually spend 
more than half of the day on the ground, and they rest and move over long distances 
on the ground rather than in trees (O’Brien & Kinnaird, 1997). Researchers fol-
lowed the animals from dawn to dusk, and recorded GIS data every minute using a 
Garmin GPSMAP 64 device (Garmin Ltd., US). The groups move through the home 
range as a unit, and the observer followed them closely. GPS data correspond to the 
observer’s position, which is an estimation of the group position. We imported the 
output of each day of data collection into QGIS software (version 3.22.7; QGIS.org, 
2022). We cleaned each file and removed any outliers from each series of waypoints. 
We estimated monthly home range sizes using the minimum convex polygon (MCP) 
method and the minimum bounding geometry tool in QGIS.

We computed the overlap between home ranges of consecutive months and 
consecutive years to estimate the stability of the home ranges. To do this, we 
clipped the two areas in QGIS (version 3.22.7; QGIS.org, 2022) and calculated 
the percentage of the home range that was reused in the following month or 
year. We also calculated the overlap between the home ranges recorded in the 
first and the last year of the study to identify any long-term shift in space use. 
We made these calculations where we had at least 12  days of data collection. 
Home-range size estimates are correlated with the amount of data available, and 
preliminary inspection of the data for each group indicated that 12 days was an 
adequate minimum number to reach a plateau for estimation. We focused on the 
period between January 2012 and July 2020 to match the botanical dataset. The 
home range size analysis included 2577 days of collection (Table S3). The time 
frame of collection and number of data varied according to the group. For group 
PB, we had data for 213  days between January 2012 and December 2013. PB 
then split, and we used the data for sub-group PB1. For PB1, we had 561 days 
recorded between January 2014 and December 2016. For R1, we had 1147 days 
of data collected between January 2012 and January 2020. Lastly, for R2, we 
had 656 days of data collected between January 2012 and December 2016.

http://www.macaca-nigra.org
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Statistical Analysis

We analysed trends in the time series in minimum and maximum temperatures, 
rainfall, and fruit abundance between January 2012 and July 2020. We used Sen’s 
Slope Estimator to examine the extent of the trend over the whole time series 
(Sen, 1968), and the Mann–Kendall (MK) test (Kendall, 1948; Mann, 1945) to 
analyse the significance of the trend in the seasonal and annual data series, with a 
1% significance level. We used R packages ‘trend’ (Pohlert, 2020) and ‘Kendall’ 
(McLeod, 2022) to calculate the Sen’s slope and seasonal Mann–Kendall tests.

To identify factors impacting the home range sizes of the macaque groups, we com-
puted linear mixed models (LMMs; R package ‘lme4’ v. 1.1–29, Bates et al., 2015). We 
built a-priori models to describe the relationship between monthly temperature, monthly 
rainfall, monthly overall fruit abundance (overall proportion of individual trees bearing 
fruits), monthly proportion of fig trees fruiting, and monthly home-range size. Because 
temperature, rainfall, and overall fruit abundance used very different scales that could affect 
the fit of the model, we standardised these measures. We added group identity as a random 
factor. To validate a model, we checked for the homogeneity of variance, and independ-
ence and normality of the model residuals. We selected the best model using Akaike Infor-
mation criterion (AIC) calculated using the R package ‘MuMIn’ (v.1.46 Bartoń, 2022). We 
then inspected the 95% confidence intervals for the predictors of interest.

We performed all statistical analyses in R version 4.0.3 (R Core Team, 2021).

Ethical Note  The Indonesian State Ministry of Research and Technology (RISTEK), 
the Directorate General of Forest Protection and Nature Conservation (PHKA), and 
the Department for the Conservation of Natural Resources (BKSDA), North Sulawesi, 
provided permission to conduct research in Tangkoko Reserve. Data collection was 
non-invasive and adhered to the Association for the Study of Animal Behaviour/Ani-
mal Behaviour Society Guidelines for the Use of Animals in Research.

Conflict of Interest  The authors declare that they have no conflict of interest.

Results

Climate

Temperature — the temperatures in Tangkoko forest are quite stable throughout the 
year (Fig. 2). The mean minimum temperature was 24.29 °C (± 0.89 SD) ranging 
between 23.82 °C (± 1.10) in January and 24.66 °C (± 1.10) in August (Fig. 2A). 
The mean minimum values were recorded in 2015 (23.34  °C) and the maximum 
in 2019 (25.22 °C, Fig. 2C). The mean maximum temperature recorded in the for-
est was 28.51  °C (± 1.56 SD), ranging between 27.15  °C (± 1.87) in January and 
30.04  °C (± 1.35) in September (see Fig.  2B). The mean minimum values were 
recorded in 2012 (27.48 °C) and maximum in 2016 (30.30 °C, see Fig. 2D).

Rainfall — considering calendar years with complete data only, we recorded a 
mean of 1780 mm (± 404 mm SD) rainfall per year. Rainfall was highly seasonal: 
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the minimum was recorded in August (51 ± 46 mm SD) and the maximum in Janu-
ary (252 ± 76 mm, see Fig. 3A). The yearly rainfall range varied greatly from a total 
of 957 mm in 2015 (with 100% daily data available for this year) to 2525 mm in 
2010 (91% data available for the year). The data from 2015–2016 shows a severe 
drought and unusual minimal amounts of rain (Fig. 3B).

We detected no significant trend in rainfall over the study (Sen’s estimator, 
z =  − 0.82, p = 0.41) and both annual and seasonal rainfall variations were stable 
(seasonal Mann–Kendall test, tau =  − 0.10, p = 0.21). However, there was an overall 
significant positive trend in the minimum and maximum temperatures between Janu-
ary 2012 and July 2020 (minimum temperature: Sen’s estimator, z = 2.67, p = 0.008; 
95% confidence interval (CI): 0.0025–0.014; maximum temperature: Sen’s estima-
tor, z = 2.76, p = 0.006; 95% CI: 0.0068–0.028). This was confirmed by a significant 
positive trend in both annual and seasonal minimum and maximum temperature var-
iations (seasonal Mann–Kendall test, minimum temperature: tau = 0.20, p = 0.016; 
maximum temperature: tau = 0.26, p = 0.001). The minimum and maximum tem-
peratures in Tangkoko forest increased slightly over the 9-year period (minimum 
temperature: Sen’s slope = 0.008; maximum temperature: Sen’s slope = 0.018). This 
corresponds to an increase of 0.11 °C per year in minimum temperature and 0.19 °C 
per year in maximum temperature.

Fig. 2   Recorded minimum and maximum temperatures [°C] in Tangkoko Reserve, Sulawesi, 2006–2020. 
A and B: Mean temperatures recorded in 1 year (A: Minimum temperatures. B: Maximum temperatures). 
The data are represented using a violin plot for each month. Each violin depicts the distributions of the 
temperature data for 1 month over the years. The width of each curve corresponds with the frequency 
of data points. Densities are accompanied by an overlaid layer of individual data points representing the 
temperature recorded each year. C and D: The temperature records are represented as a heatmap (C: 
Minimum temperatures; D: Maximum temperatures): each tile corresponds to the temperature record for 
1 year (in row) and 1 month (in column) during the study period. A grey data tile indicates a missing 
data point.
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Phenological Patterns in Flowering and Fruiting Trees and Plants

We recorded flowers and fruits throughout the year in Tangkoko forest. Of all species, 
7% (± 14% SD) of the trees and plants bore flowers during our monthly monitoring, and 
11% (± 16% SD) of the monitored trees and plants bore fruits (N = 529 ± 72 individuals, 
Fig. 4). At community level, there was no obvious seasonal flowering or fruiting pattern. 
Species showed great inter- and intraspecific variation in their fruiting cycles (Fig. 4, 
Table S1). There was an overall significant decrease in the fruiting proportion between 
January 2012 and July 2020 (Sen’s estimator, z =  − 5.65, p < 0.001). This was supported 
by a significant decrease in both annual and seasonal fruiting proportion variations (sea-
sonal Mann–Kendall test, z =  − 0.493, p < 0.001, Fig. 4). The overall proportion of trees 
and plants bearing fruits in Tangkoko forest decreased over the 9-year period (Sen’s 
slope =  − 0.0005), with a decline of about 1% in the proportion of fruiting trees per year).

Figs (Ficus spp)

We detected significant regular fruiting cycles for two of nine individual trees of Ficus 
altissima (Fig. 5A and B; detailed results in Table S8). Both individuals had sub-annual 
fruiting cycles (median cycle: 4.50 months, range: 2.25–6.75 months; Tables S7 and S8). 
The other Ficus altissima trees did not have a regular fruiting cycle during our study and we 
could not detect any synchrony of fruiting events between individuals (Fig. 5B, Table S8).

We detected significant regular fruiting cycles for three of ten individuals of Ficus mac-
rocarpa (Fig. 5C and D; detailed results in Table S9). All individuals had sub-annual fruit-
ing cycles (median cycle: 6 months, range: 4.5–6.35 months; Tables S7 and S9). We could 
not detect any synchrony of fruiting events between individuals (Fig. 5D, Table S9).

Fig. 3   Recorded rainfall [mm] in Tangkoko Reserve, Sulawesi, Indonesia, 2006–2020. A: Distribution of 
rainfall across the year. The data are represented using a violin plot for each month. Each dark blue violin 
represents the distributions of the rainfall data for 1 month over the years. The width of each curve cor-
responds with the frequency of data points. Densities are accompanied by an overlaid layer of individual 
data points (green dots) representing the rainfall recorded each year. B: Total amount of rainfall for each 
month and each year of the study period represented as a heatmap. Each row represents a year, each 
column represents a month. The colour of the tile indicates the amount of rainfall in a month. A grey tile 
indicates a missing data point.
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We detected significant regular fruiting cycles for two of five Ficus variegata 
(Fig. 5E and F; detailed results in Table S10). Both individuals had sub-annual fruit-
ing cycles (median cycle: 7.46  months, range: 7.20–7.71  months; Tables S7 and 
S10). We could not detect any synchrony of fruiting events between individuals 
(Fig. 5F, Table S10).

We detected significant regular fruiting cycles for three of ten Ficus virens 
(Fig. 5G and H; detailed results in Table S11). Two individuals had sub-annual 
fruiting cycles and one had a supra-annual cycle (median cycle: 4.95  months; 
range: 2.20–13.5 months; Tables S7 and S11). We could not detect any synchrony 
of fruiting events between individuals (Fig. 5H, Table S11).

Fig. 4   Overall proportion of flowering and fruiting trees and plants across the year (A and B) and along 
the study period (C and D) in Tangkoko Reserve, Sulawesi, Indonesia. The sample includes a mean of 
529 (± 72 SD) individual plants or trees observed monthly between June 2012 and June 2020. A and B 
represent the proportion data using box plots. The length of the box is equal to the interquartile distance, 
which is the difference between the third and first quartiles of the data for the proportion of trees. The 
black line inside the box represents the median. The whiskers (the lines extending from the top and bot-
tom parts of the box) go to 1.5 times the interquartile distance from the centre of the data. Outliers are 
shown as plain circles.
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Fig. 5   Fruiting proportion in four species of Ficus trees over a year and fruiting score for individual trees 
between January 2012 and July 2020, in Tangkoko Reserve, Sulawesi, Indonesia. A, C, E and G show 
the proportion of individual trees bearing fruits for each month. Data are represented using boxplots. 
The length of the box is equal to the interquartile distance, which is the difference between the third and 
first quartiles of the data for the proportion of fruiting trees. The black line inside the box represents the 
median. The whiskers (the lines extending from the top and bottom parts of the box) go to 1.5 times the 
interquartile distance from the centre of the data. Outliers are shown as plain circles. B, D and F show 
the time series of fruiting scores for each individual fruiting tree. The fruiting score followed a logistic 
scale and ranged from 0 to 4 whereby a score of 1 reflects an estimated 10–99 fruits, a score of 2 100–
999 fruits, a score of 3, 1000–9999 fruits and a score of 4, 10,000–99,999 fruits. Only trees with at least 
one fruiting event during the study period were included. Number of individual trees for Ficus altissima 
is N = 9, Ficus microcarpa is N = 10, Ficus variegata is N = 5 and Ficus virens is N = 10. Individual trees 
are ranked according to their dbh, the time series for the largest individual is at the top (Table S4).



683

1 3

Climate, Temporal Abundance of Key Food Sources and Home Ranges…

Altogether, after applying a confidence test, we found that only ten out of the 34 Ficus 
individuals showed significant dominant cycles; nine out of ten were sub-annual cycles.

We found no significant trend in the fruiting proportion over the whole 2012 to 
2020 period for F. altissima (Table II). Both annual and seasonal fruiting variations 
were stable for F. altissima and F. microcarpa, too (Table II). However, we found an 
increasing trend in F. variegata fruiting events and a decreasing trend in F. micro-
carpa and F. virens fruiting events. Annual and seasonal fruiting variations showed 
an increasing trend for F. variegata and a decreasing trend for F. virens.

New Guinea Walnuts (Dracontomelon dao and D. mangiferum)

We could not detect any significant cycles for D. dao individuals (N = 5, Fig. 6A and 
B; detailed results in Tables S7 and S12), nor for D. mangiferum individuals (N = 6, 

Fig. 5   (continued)
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Fig. 6C and D; detailed results in Tables S7 and S13). Hence, we could not detect 
any synchrony in their fruiting events. We found no significant trend in fruiting over 
the whole 2012 to 2020 period (Sen’s estimator, z =  − 0.26, p = 0.79, Fig.  6) and 
both annual and seasonal fruiting variations were stable (seasonal Mann–Kendall 
test, tau =  − 0.115, p = 0.21).

Spiked Pepper (Piper aduncum)

Spiked peppers had fruits year-round (Fig.  7). In the whole phenological dataset, 
42% of spiked peppers carried fruits in any one month, making them the species 
that fruited most. None of the individual spiked pepper plants did show any cyclicity 
(N = 4, Fig. 7A and B; detailed results in Tables S7 and S14). We detected a signifi-
cant trend in the fruiting proportion overall the whole 2012 to 2020 period (Sen’s 
estimator, z =  − 5.79, p < 0.001). Annual and seasonal fruiting variations also show 
a decreasing trend (seasonal Mann–Kendall test, tau =  − 0.44, p < 0.001).

Estimated Home Range and its Drivers

Crested macaques in Tangkoko ranged over a mean of 2.32 km2 in a month (± 1.12; 
range 1.31 km2 for PB to 3.01 km2 for R1; Fig. 8; Table S15). The best-fit and most 
parsimonious model was Home Range ~ Temperature + (1 | Group). We found a 
main effect of the monthly temperature only on the home range size (estimate = 0.25, 
SE = 0.06, t = 4.34; CI = 0.14–0.37; p < 0.0001). The hotter it was in the forest, the 
larger the home ranges (Fig. 8).

We found that the two groups (PB and PB1) which ranged almost exclusively in the 
old-growth forest have smaller home ranges than the two groups (R1 and R2) that use 
disturbed habitat (Fig. 9A). Home ranges overlapped by 86.8% between consecutive 
months (± 9.83, range: 77.5 for PB group in 2012 and 2013 to 88.8 for R1 from 2012 
to 2020; Table III). The overlap in home ranges between consecutive years was 88.0% 
(± 11.1, range: 77.7 for PB group to 92.9 for R1) and between the first and last year 
during our study was 85.2% (± 7.8, range: 80.1 for PB1 group to 94.2 for R2, Fig. 9B).

Discussion

We found that, over 9 consecutive years, about 10% of monitored individual trees 
bore flowers or fruits during our monthly recording. Between 2012 and 2020, tem-
peratures increased by up to 0.2 °C per year in the forest, and the overall fruit abun-
dance decreased by 1% per year. Crested macaques in Tangkoko have roamed in the 
same area over several years. Home-range sizes varied with group identity and over-
lapped greatly between consecutive months, with no large shift between years. We 
also found that the monthly temperature in the forest was the best predictor of home 
range size: the hotter the temperature, the larger the home ranges.

These findings give important information, and add to published climatic and 
botanical data in Tangkoko from the early 1990s (O’Brien & Kinnaird, 1997). In 
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the mid-1990s, crested macaques had similar home range sizes to those reported 
here (range 1.6 km2 to 4.1 km2 in O’Brien & Kinnaird, 1997). The home range 
sizes greatly varied according to the group and had great overlap, which is 
still true 25  years later. The groups still are in the same forest area, suggesting 
maintenance of a healthy local population. Groups PB, PB1, and R2 had quite 
similar composition to one another during the study, with R1 the largest group. 
Group size might influence home range size (e.g., Campos et al., 2014). How-
ever, as described previously (O’Brien & Kinnaird, 1997), we found that the two 
groups which range mainly in primary forest have smaller home ranges than the 

Fig. 6   Fruiting states of the Dracontomelon trees over a year and between January 2012 and July 2020, 
in Tangkoko Reserve, Sulawesi, Indonesia. Data is presented for each of the two species: Dracontomelon 
dao and Dracontomelon mangiferum. A and C represent the proportion of individual trees bearing fruits 
for each month. Data are represented using boxplots. The length of the box is equal to the interquartile 
distance, which is the difference between the third and first quartiles of the data for the proportion of 
fruiting trees. The black line inside the box represents the median. The whiskers (the lines extending 
from the top and bottom parts of the box) go to 1.5 times the interquartile distance from the centre of the 
data. Outliers are shown as plain circles. B and D represent the time series of fruiting scores for each 
individual fruiting tree. Fruiting score followed a logistic scale and ranged from 0 to 4 whereby a score 
of 1 reflects an estimated 10–99 fruits, a score of 2, 100–999 fruits, a score of 3, 1000–9999 fruits and a 
score of 4, 10,000–99,999 fruits. Only trees with at least one fruiting event during the study period were 
included. Number of individual trees for Dracontomelon dao is N = 5, and Dracontomelon mangiferum is 
N = 6. Individual trees have been ranked according to their dbh, the time series for the largest individual 
is at the top (see supplementary material, Table S4). Data was collated monthly between January 2012 
and July 2020.



687

1 3

Climate, Temporal Abundance of Key Food Sources and Home Ranges…

two groups that use disturbed habitat. This pattern might explain for the impact 
of temperature on home range sizes. Looking at the data, the monthly tempera-
ture had more of an effect on the larger home ranges, covering both old-growth 
and disturbed forests, than on the smaller ranges in the old-growth forest only. 
It is unclear which attribute has the biggest influence on this difference in rang-
ing behaviour. However, crested macaques depend on large-sized canopy trees for 
food and sleeping (O’Brien & Kinnaird, 1997). This dependence might explain 
why they prefer old-growth forest. Disturbed areas have a smaller density of big 
trees (Palacios et al., 2012), which might offer fewer resources and less cover 
against the heat, and macaques would need to travel larger distances than in pri-
mary forest.

Our findings are in line with other studies investigating the influence of climatic 
factors on home-range size and space use in primates. For instance, similar patterns 
in ranging were found in capuchins (Cebus capucinus) living in a mixed deciduous 
forest (Campos et al., 2014). Capuchins preferred to use old-growth and primary 
forest under hotter conditions. Similarly, temperature, but not rainfall, negatively 
impacted the distance travelled by red-tailed monkeys (Cercopithecus ascanius) in 
both evergreen forest and mixed savanna–woodland habitat (McLester et al., 2019). 
Food abundance also played a role in shaping ranging patterns, with closed habi-
tats with more food being preferred to more open habitats, which was reflected in 
smaller home ranges. Further investigation on time budget and movements at a small 

Fig. 7   Fruiting states of the spiked peppers plants over a year and between January 2012 and July 2020 
in Tangkoko Reserve, Sulawesi, Indonesia. A represents the proportion of individual plants bearing fruits 
for each month. Data is represented using a boxplot. The length of the box is equal to the interquartile 
distance, which is the difference between the third and first quartiles of the data for the proportion of 
fruiting plants. The black line inside the box represents the median. The whiskers (the lines extending 
from the top and bottom parts of the box) go to 1.5 times the interquartile distance from the centre of 
the data. Outliers are shown as plain circles. B represents the time series of fruiting scores for each indi-
vidual fruiting plant. Fruiting score followed a logistic scale and ranged from 0 to 4, whereby a score of 
1 reflects an estimated 10–99 fruits, a score of 2, 100–999 fruits, a score of 3, 1000–9999 fruits and a 
score of 4, 10,000–99,999 fruits. Only plants with at least one fruiting event during the study period were 
included. Number of individual trees is N = 4. Individual plants have been ranked according to their dbh, 
the time series for the largest individual is at the top (see supplementary material, Table S5). Data was 
collated monthly between January 2012 and July 2020.
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spatial scale would be helpful to test the exact drivers of home-range size (such as 
tree canopy for thermoregulation) in Tangkoko forest.

We found that ten of 34 fig trees have significant fruiting cycles and nine out 
of ten fruit sub-annually (3- to 6-month cycles). Guinea walnuts seemed to have 
no regular fruiting cycles. Spiked peppers fruited frequently and year-round, and 
did not show any cyclicity. None of the trees within a species produced fruits syn-
chronously. Trends in the fruiting proportions varied greatly between species, even 
within the same genus (e.g. Ficus spp). Our study supports previous assumptions 
and shorter-term data that fruits, and especially figs, are available year-round in 
Tangkoko forest (Kinnaird & O’Brien, 2005; O’Brien & Kinnaird, 1997).

We found that trees fruited less at the end of our study in 2020 than in 2012. 
Our climate data are in line with the recording of a severe drought and unusual 
minimal amounts of rain reported in the area due to a major El Niño event (Lest-
ari et al., 2018). The decreasing fruiting trend may therefore be due to this ENSO 

Fig. 8   Standardised monthly temperature and monthly home range size of four groups of crested 
macaques in Tangkoko Reserve, Sulawesi, Indonesia, between January 2012 and December 2016. We 
included monthly measurements of home ranges if at least 12 daily data points were available. Each dot 
represents a monthly home range size for one group. We added smoothing lines using the geomsmooth() 
function and used the Loess method of fitting; the grey areas represent 95% confidence interval around 
the regression lines.
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event or the result of the global climate change. We also found that most of the 
fig trees fruited irregularly with no clear timing pattern and were not predictable 
over time. This is in line with previous studies of the phenology of fig trees in the 

Fig. 9   Distribution of the home ranges of crested macaques in Tangkoko Reserve, Sulawesi. We used 
a Google Earth satellite image (February 2023) as the background layer. A. Home ranges of groups 
PB1, R1, and R2 in 2016. B. Overlap between home ranges in consecutive years for the largest group 
(R1). We estimated home range using the minimum convex polygon method. We show years for which 
we had data for every month: 2012 (N = 164  days), 2013 (N = 62  days), 2014 (N = 288  days), 2015 
(N = 304 days), and 2016 (N = 261 days).
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area (Kinnaird & O’Brien, 2005) and in other tropical forests (Milton, 1991). Fig 
fruiting phenologies are very complex and need further investigation. For instance, 
some fig tree species are dioecious, with distinct female and male trees which pro-
duce flowers and fruits at a different timing (Kuaraksa et al., 2012). Drought can 
also have severe impacts on fig fruiting (Harrison, 2001). In our study, the absence 
of detected pattern in fruiting may be explained by abiotic factors, such as rainfall 
(Chapman et al., 2018; Zimmerman et al., 2007). Alternatively, the absence of pat-
tern could be due to the temporal resolution of the monitoring of fruiting events, 
which might not allow us to detect more ephemeral fruiting states. Monitoring the 
forest requires a tremendous amount of effort. However, new technologies might 
help to get more data with a better spatial and temporal resolution. For instance, 
ForestScanner (Tatsumi et al., 2022) enables the free use of Light Detection And 
Ranging (LiDAR) technology with a mobile phone to do a plant inventory. The 
application integrates measurement of stem diameters and a map of the vegetation 
using spatial coordinates, hence reconstructing a precise 3D visualisation of the 
scanned habitat using cost-efficient technology.

Crested macaques in Tangkoko keep stable home ranges over several years. We 
used a minimum convex polygon method to estimate home ranges. These are likely 
to overestimate the area, and may not reflect the complexity of ranging behaviour. 
Kernel analysis has been proposed as a more accurate method to calculate home 
range, as it considers the density based on the clustering of the GPS data points 
(Seaman & Powell, 1996). However, kernel analysis also tends to overestimate the 
home ranges and is of limited use in interpretation if we do not have the spatial coor-
dinates of the key food trees, as in this study.

Further investigations using this dataset could look at daily movements to 
learn more about foraging strategies and underlying possible cognitive skills. For 
instance, it would be useful to inspect timing of visits and potential monitoring 
of fig trees depending on the weather conditions. Studies of whether primates use 
specific temporal patterns to visit key resources are rare (but see Ban et al., 2014; 
Jang et al., 2021; Janmaat et al., 2012). So far, it seems that some primate spe-
cies time their visit to trees according to their fruiting status (Jang et al., 2021; 
Janmaat et al., 2012), or to whether they have recently visited and depleted them 
(Ban et al., 2014). As proposed recently (Janmaat et al., 2021), the analysis of 
temporal patterns should focus on the frequency of visits and its regularity as 
well as the predictability of visits between patches or their connectedness. This 
will help us disentangle potential memory of spatial locations only, or whether 
these specific areas are visited at specific times (i.e., planning). Evidence from 
species living in different habitats showing different predictability in their food 
sources will be of utmost importance to assess subtle changes in behavioural 
strategies (Janmaat et al., 2021).

Large phenology datasets from the tropics are crucial sources of insight into long-
term and current regional and global changes, and enable us to understand and pre-
dict phenological events as well as their impact on primate foraging and movement. 
This paper sets the scene for further investigation of spatial use, animal movement, 
and ultimately their link to social dynamics, such as intergroup competition. It pro-
vides further details on socio-ecological challenges that a species faces and, among 
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other considerations, encourages future investigations to better understand primate 
cognition in the wild and its relevance to primate conservation.
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