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Summary 29 

The impacts of climate change and anthropogenic disturbance are increasingly evident in 30 

the structure and demographics of tropical forests, yet the response of tree reproduction 31 

remains poorly understood. As fruit and seed production is the first step in forest recruitment, 32 

this gap is critical to understanding tropical forest resilience. Tropical fruits are important in 33 

diets of numerous frugivores and are essential resources for local human communities, thus 34 

changes in fruit quantity and composition could have cascading effects on ecosystems and 35 

the people who depend on them. In this study, we demonstrate that forest fruit production is 36 

shifting across tropical sites, with negative species-level trends occurring four times more 37 

frequently than positive ones across a network of 17 sites. Nevertheless, trends in fruit 38 

production are diverse across sites. While major spatial and temporal gaps in data coverage 39 

remain, by leveraging the expanding network of long-term monitoring, collaborative research 40 

has the potential to identify current trends in tropical fruit production and their drivers. This 41 

will enable robust predictions of future trends and advance our understanding of tropical 42 

forest vulnerability to environmental change.  43 



Introduction  44 

Tropical forests are under increasing pressure, with growing evidence of widespread 45 

changes in the structure and demographics of tropical forests, driven by climate change, 46 

logging and other land use change [1-3]. Syntheses have revealed pan-tropical forest trends, 47 

but these are strongly skewed to focus on growth, disturbance, and mortality dynamics [4-6]. 48 

However, tree reproduction—crucial as the first step to recruitment and determining the 49 

future composition and resilience of tropical forests—remains underexplored. Understanding 50 

how reproductive processes are changing, and the consequences for recruitment and forest 51 

dynamics is now an urgent priority. 52 

 53 

Analysis of long-term phenology datasets has enabled substantial advances in 54 

understanding of the reproductive phenology of tropical forests, revealing the strong coupling 55 

of phenology and weather [7, 8]. Such links between weather and intra- and inter-annual 56 

variation in tree reproduction imply potential sensitivity of fruit production to climate change 57 

[9]. Direct mechanisms include weather-cued flowering and fruit maturation processes, while 58 

indirect drivers influence reproduction via underlying resource constraints [10]. For example, 59 

Numata et al. [11] showed that changes in the frequency of low-temperature flowering cues 60 

resulted in declines in flowering and fruiting in recent decades in Malaysia. Meanwhile, 61 

climate-driven changes in photosynthesis and productivity are proposed as mechanistic 62 

drivers explaining reported increases in flower production at Barro Colorado Island (BCI) in 63 

Panama [12, 13] and declines in flower production at Yasuní in Ecuador [10]. Despite wide 64 

recognition that these direct and indirect effects on flowering and fruit production are likely to 65 

affect tree reproduction in the tropics, no consistent picture has yet emerged of the response 66 

of forest tree reproduction. 67 

 68 

Long-term shifts in fruit production will have important implications for regeneration dynamics 69 

in forests, to the extent that tree regeneration is limited by the production and dispersal of 70 

seeds [14-17]. Effects are likely to be particularly important in the recovery of disturbed 71 

forests [18, 19]. Changes in fruit production will also have wider cascading effects, as tree 72 

fruits are also a crucial food resource for forest food webs [20] and local human communities 73 

[21]. For example, when forest fruit production declines, the cascading effects on frugivores 74 

can be dramatic; an 81% long-term reduction in fruit production was linked with an 11% 75 

decline in forest elephant body condition in Lopé National Park [22]. Changes in fruit supply, 76 

both at the forest community level and via shifts associated with specific plant species, can 77 

also change frugivore behaviour, including foraging range or diet [20, 23]. They may also 78 

increase the risk of negative human-wildlife interactions where conflicts increase over 79 

fluctuating or declining resources [24-26]. 80 

 81 

Several studies have reported temporal trends in tropical forest reproduction (summarised in 82 

Table 1), often linking these trends to climate change. The effects, while species- and 83 

location-specific, consistently demonstrate strong associations between weather patterns 84 

and fruit production. For instance, numerous studies have linked long-term declines in fruit 85 

production with concurrent changes in climate. Bush et al. [22] and Lai et al. [27] 86 

documented declining fruit production over three decades in Gabon and Nigeria, which 87 

coincided with long-term warming and drying. Increases in fruit production were reported in 88 

Kibale National Park (Uganda), linked to increasing precipitation [28] although in Taï 89 

National Park (Côte d'Ivoire) an increase in community-level fruit production occurred 90 



alongside declining precipitation [29]. Similar declines in fruit or flower production have been 91 

observed in Puerto Rico [30] and Southeast Asia (Numata et al., 2022), and western 92 

Amazonia [10]. However, other studies indicate stable or gradually increasing trends in fruit 93 

or flower production [13, 31, 32]. While these findings suggest that declines in fruit 94 

production may be more common, particularly in response to climate change, it remains 95 

crucial to assess these trends on a larger scale to gain a clearer understanding of the 96 

broader impacts. A complementary focus on understanding the diversity in species-level 97 

trends will also shed light on the underlying drivers and likely consequences of changes in 98 

fruit production. For example, Zimmerman et al. [30] showed stronger declines in fruit 99 

production in large-stature trees in Puerto Rico and Potts et al. [33] linked shifts in fruit 100 

production to forest successional processes, while Bush et al. [22] showed fruit production 101 

declines were particularly steep in the species important in the diet of forest elephants.   102 

 103 

Despite the ongoing uncertainty surrounding fruit production trends across tropical forests, 104 

the emergence of long-term datasets [e.g., 34, 35, 36] is beginning to illuminate these 105 

patterns. In this study, we synthesise recent data on tropical forest fruit production, 106 

integrating publicly available datasets with evidence from the published literature. Our goal is 107 

to uncover emerging regional trends and emphasise the growing potential for global 108 

research collaboration, which will enhance our ability to predict future trends in tropical forest 109 

reproduction. 110 

Methods 111 

Data 112 

The analysis relies on MASTREE+, an open-access database of annual records of 113 

population-level reproductive effort for perennial plants [37]. We updated MASTREE+ to 114 

incorporate newly accessible datasets, increasing representation of tropical data 115 

(https://github.com/JJFoest/MASTREEplus/). Time-series were selected with a minimum of 116 

ten years of data from tropical latitudes (within 23.44° of the equator). We retained only 117 

records of seed or fruit production (i.e., excluding records of flowering effort, or related 118 

measures). Time-series based on ordinal assessments were excluded. The number of 119 

species represented at each of 17 sites varied from 1 to 224. Species were rarely replicated 120 

across sites; 423 species were represented at a single site, 15 species at two sites, and four 121 

species at three sites (total of 442 species, 465 time-series, Supplementary Information 1). 122 

Each species-specific time-series was scaled between 0 and 1, to facilitate direct 123 

comparisons among data collected via different methods [38, 39]. 124 

 125 

Species-level trends in fruit production  126 

We ran a beta regression, with a logit link, for each species-specific time series by using 127 

seed production as response and year as a covariate. The use of beta regression allows us 128 

to perform a regression with our response based on values in a standard unit interval (0,1) 129 

[40]. We extracted the slope from the fitted beta regression, and used the slope to classify 130 

the trend in reproduction over time, either positive or negative, and the significance of the 131 

trend based on a p-value <0.05. We tested whether species-level trends were related to 132 

phylogeny, and species-level traits. 133 

 134 

Of the 423 species included on our dataset, we extracted the phylogeny for 224 species 135 

https://github.com/JJFoest/MASTREEplus/


from Zanne et al. [41] and tested for a phylogenetic signal in fruit production trend using 136 

Pagel's lambda [42], with values close to 0 indicating low phylogenetic signal and values 137 

close to 1 suggesting a phylogenetic correlation. We estimated the Pagel's lambda using the 138 

phylosig function from the R package phytools (v1.5) [43], and we plotted the phylogenetic 139 

tree with the ggtree package (v3.8) [44]  140 

 141 

We extracted plant height and wood density from Díaz et al. [45] for a total of 154 plant 142 

species. We ran a phylogenetic regression between fruit production trend and functional 143 

traits (plant height and wood density) to account for species relatedness [46]. Functional 144 

traits were log10 transformed. We ran phylogenetic regression using the package phylolm 145 

(v2.6.2). Linear regression without phylogeny provided similar trends (Supplementary 146 

Information 2).  147 

 148 

Analysis of community-level trends, integrating MASTREE+ and other reports 149 

To estimate community-level trends in reproductive effort from each MASTREE+ site we ran 150 

a beta regression model at a site level and extracted the slope. The response in that model 151 

was fruit production and year was used as a predictor, while species was included as a 152 

random intercept for sites including multiple species.  We classified trends as significant if 153 

the p-value was less than 0.05, and the direction of the trend (positive or negative) according 154 

to the slope value. To enhance geographical representation of trends, we combined these 155 

assessments with community-level trends reported in the literature (Table 1). Community-156 

level trends were classified as positive, negative, or non-significant, following the analysis 157 

presented in the original source. This enabled us to add 8 additional sites to the 17 sites 158 

analysed using data from MASTREE+.  159 

Results 160 

Negative trends in reproduction were the most striking finding, occurring 4.2 times more 161 

frequently than positive trends in the species-level analysis, with 22% of species-site trends 162 

showing declines compared to just 5% showing increases (Figure 1). While species-level 163 

trends were variable within and among sites, the predominance of negative trends 164 

underscores a concerning pattern across the tropics. Negative trends dominated at two sites 165 

in West Africa: Lopé, Gabon (32/58 species, 55.2%) and Ngel Nyaki, Nigeria (20/37 species, 166 

54.1%). Only a single species (Massularia acuminata) had a significantly positive trend at 167 

Lopé, and none at Ngel Nyaki. Negative trends were also more common than positive trends 168 

at BCI, Panama (20.1% v. 7.6%). Positive species-level trends did not dominate at any site 169 

represented by multiple species, but three well-replicated sites (Kanyawara, Uganda; 170 

Ranomafana, Madagascar; Mt Kinabalu, Malaysia) had approximately even proportions of 171 

positive and negative trends, and a dominance of non-significant trends. 172 

 173 

Species-specific trends in reproduction were unrelated to phylogeny and did not correlate 174 

with plant height or wood density (Figure 2). It was notable that many species with the 175 

strongest declines in fruit production at Ngel Nyaki are associated with savannah habitats 176 

(e.g., Maesa lanceolata, Psychotria succulenta,Trema orientalis). These species have small 177 

fleshy fruits and are key species for passive restoration in these Afromontane forests [47]. 178 

Other species with declining fruit production include understory forest species (e.g., 179 

Zanthoxylum leprieurii, Voacanga bracteata, Garcinia smeathmanii). G. smeathmanii is the 180 



most abundant species in Ngel Nyaki forest (Abiem et al. 2020) and produces abundant 181 

large fleshy fruits. Another notable species with declining fruit production is Anthonotha 182 

noldeae, whose superabundant immature fruits are a key food of the primates tantalus 183 

(Chlorocebus tantalus tantalus) and putty-nosed monkey (Cercopithecus nictitans), and the 184 

Olive pigeon (Columba arquatrix). Similarly, at Lopé twelve out of twenty fruit trees identified 185 

as important in the forest elephant diet showed a significant decline at the species-level in 186 

our analysis, including highly favoured elephant foods such as Sacoglottis gabonensis, 187 

Tetrapleura tetrapetra and Bobgunnia fistuloides for which elephants are the major (or only) 188 

seed dispersers. Species with highly unusual fruiting patterns also feature in the list of 189 

significantly declining fruiting species at Lopé, such as Duboscia macrocarpa which on 190 

average exhibits an 18-month fruiting cycle at the individual-level [48]. 191 

192 
Figure 1: Species-level trends in tropical seed and fruit production. Each point represents a site in the 193 
MASTREE+ dataset (n = 17 sites), with point size proportional to the number of species. Wedges in the pie chart 194 
correspond to the distribution of non-significant, positive, and negative species-specific trends. The three sites on 195 
Mt Kinabalu, Malaysia have the same coordinates but different elevations; they are combined for this plot, but 196 
underlying data is reported in Supplementary Information 1.  197 

 198 

 199 

 200 
Figure 2: Species-specific trends in seed and fruit production according to phylogeny and traits. a) 201 
Absence of phylogenetic signal on seed production trends (Pagel’s λ = 7.33e-05, p-value = 1, n = 224 species). 202 
b) Phylogenetic regression analysis includes fruit production trends as response and wood density and plant 203 
height as covariate (N = 154 species, adjusted R2 = 0.002). The red dashed line represents non-significant 204 
relationships. Model coefficients and summary are reported in Supplementary Information 2. Regression without 205 
phylogeny provided similar results (see Supplementary Information 2).     206 



Community-level fruit production trends reveal a complex regional pattern of decline and 207 

variability. The species-level trends at Lopé and Ngel Nyaki in West Africa translated into 208 

negative trends in community-level reproduction, indicating a significant decline in fruit 209 

production in recent decades (Figure 3). This contrasted with positive trends in fruit 210 

production reported at Taï National Park, Côte d'Ivoire, although this site had a shorter 211 

record. The Neotropics presented a diverse regional picture: multidecadal records from BCI 212 

and Luquillo (Puerto Rico) showed negative trends, while positive trends were found in the 213 

34-year record from Altos de Pipe (Venezuela) and the shorter record from La Selva (Costa 214 

Rica). Other sites in the Neotropics exhibited non-significant trends, which were mostly 215 

based on shorter time-series (Figure 3). In Indomalaya, the multidecadal record from Forest 216 

Research Institute Malaysia (FRIM), Kepong (Malaysia) showed a long-term decline in fruit 217 

production, while a positive trend was found in the shorter record from Way Canguk 218 

(Indonesia). Other sites showed non-significant trends, including in the high, medium and 219 

low elevation plots at Mt. Kinabalu (Malaysia). It is important to note that data from 220 

Indomalaya did not extend into the most recent decade, leaving recent trends unexplored. 221 

 222 

 223 
Figure 3. Trends in tropical community-level fruit or seed production. Site-specific fruit or seed trends are 224 
based on literature reports or community-level trends from the MASTREE+ database (see Table 1). The top 225 
panels show community-level trends in fruit production at three example sites. Middle panel shows the 226 
distribution of trends across tropical regions. The background map shows the spatial distribution of moist tropical 227 
or subtropical forest, from the WWF Terrestrial Ecoregions classification (based on Olson et al., 2001). The 228 
bottom panel shows the duration of each study and the trend, with sites ordered by longitude. 229 



Table 1: Community-level tropical forest fruit & seed production trends. 230 

1) Location 2) Study Period 
3) Monitored 

organ 

4) Trend reported 

in original study 

5) Trend calculated 

from MASTREE+  
6) Reference 

Los Tuxlas, Mexico 1975-1986 Fruit  0 [49] 

Santa Rosa National Park, Costa Rica 1974-1986 Fruit  0 [50] 

La Selva, Costa Rica 1998-2009 Fruit + flower +1   [31] 

Barro Colorado Island, Panama 
1987-2003 Fruit 0 

-1 (1988-2018) 
[51] 

1987-2014 Fruit -1 [52] 

Yasuni National Park, Ecuador 2000-2017 Seed 0*   [32] 

Cocha Cashu Biological Station, Peru 2002-2011 Seed 0*   [32] 

Altos de Pipe, Venezuela 1983-2017 Fruit +1   [53] 

Luquillo Experimental Forest, Puerto 

Rico 
1992-2014 Fruit -1    [30] 

Potaro River, Guyana 2003-2016 Seed  0 [54] 

Nouragues Research Station, French 

Guiana 
2002-2010 Fruit  0 [55] 

Taï National Park, Côte d'Ivoire 1998-2010 Fruit +1   [29] 

Ngel Nyaki, Nigeria 2003-2021 Fruit -1 -1 [27] 

Lopé National Park, Gabon 1988-2018 Fruit -1  -1 [22] 

Kibale National Park, multiple sites, 

Uganda 
1990-2002 Fruit +1 

0 

(1999-2016) 

[28] 

Kanyawara,Kibale National Park, 

Uganda 
1998-2013 Fruit 0* [56] 

Ngogo, Kibale National Park, Uganda 1998-2017 Fruit +1**   [33] 

Budongo Forest Reserve, Uganda 
1993-2016 

(discontinuous) 
Fruit -1   [57] 

Ranomafana National Park, 

Madagascar 
2004-2016 Fruit  +1 [58] 

Forest Research Institute Malaysia 

(FRIM) Arboretum, Malaysia 
1976-2010 Fruit -1    [11] 

Way Canguk Research Station, 

Indonesia  
1998-2012 Fruit✝  1 [59] 

West Kalimantan, Indonesia  1968-1997 Fruit✝  0 [60] 

Project Barito Ulu, Indonesia  1990-1999 Fruit✝  0 [61] 

Lambir Hills National Park, CBP, 

Malaysia 
1993-2010 Fruit✝  0 [62] 

Mt. Kinabalu (Low), Malaysia 1995-2006 Fruit  0 [63] 

Mt. Kinabalu (Medium), Malaysia 1995-2006 Fruit  0 [63] 

Mt. Kinabalu (High), Malaysia 1995-2006 Fruit  0 [63] 

Where only the community-level trend from the original source is reported, data is not available in MASTREE+. Where 231 

community-level trends are available from  the original study and from MASTREE+, both are reported. Where the timespan of 232 

data in MASTREE+ is different from the original study, years are given in parentheses in the 5th column.  233 

*Based on the presented figure, no formal analysis reported 234 

**Decline since 2008 235 
✝Data recorded in MASTREE+ at genus or family level only  236 



Discussion  237 

Pan-tropical and regional picture of trends in fruit production 238 

The community-level fruit production trends across tropical sites are variable, yet a 239 

concerning pattern of decline emerges from several long-term monitoring datasets, including 240 

those from Lopé and Ngel Nyaki in West Africa, BCI and Luquillo in the Neotropics, and 241 

FRIM in Indomalaya. While shorter records (<20 years) predominantly show non-significant 242 

trends, these findings are limited by their duration, and many could be updated if ongoing 243 

monitoring data were incorporated. Notably, less than half of the 25 sites in our synthesis 244 

include data from the most recent decade, and this data gap is particularly evident in 245 

Indomalaya. There is an urgent need for collaborative efforts to update and integrate these 246 

records, as well as to expand monitoring to additional tropical locations [64]. The African 247 

Phenology Network offers a valuable model for achieving this [34], which would lead to 248 

substantial advances in our understanding of current trends in tropical fruit production, and 249 

the broader implications for tropical forest ecosystems. 250 

 251 

Species-level trends in fruit production 252 

Community-level trends provided a high-level perspective of trends in tropical fruit production 253 

and enabled us to expand the scope of our assessment by including trends from many study 254 

sites not included in the MASTREE+ database. Nevertheless, community-level analysis may 255 

mask important ecological changes represented by species-level shifts in reproductive 256 

performance. The record from Kanyawara (Kibale National Park, Uganda) showed no overall 257 

community-level trend, but this could hide ecologically important shifts given that equal 258 

numbers of species showed positive and negative trends at this site. For example, 259 

Zimmermann et al. [30] reported stronger declines in large-stature trees (a trend we did not 260 

detect in our analysis, Figure 2B), while Babweteera et al. [57] reported divergence in trends 261 

between species with different life-history strategies. Such analysis might help identify the 262 

drivers of changes in reproduction, e.g. the role of successional change [33]. Species-263 

specific, rather than community-level trends may also dictate the wider impact of changes in 264 

seed and fruit production on frugivores [22]. At both Ngel Nyaki and Lopé, species known to 265 

be important food sources for frugivores showed significant declines in fruit production, and 266 

at Lopé these changes have already been identified as a likely cause of declining forest 267 

elephant body condition [22]. Impacts of declining fruit production on complex plant-frugivore 268 

interactions could be profound and have cascading effects on tropical forest functioning [65, 269 

66].  270 

 271 

Unravelling the mechanisms that determine fruit production  272 

Our results, in combination with recent efforts to synthesise tropical phenology records (e.g. 273 

African Phenology Network) show the potential for data synthesis to identify regional trends 274 

in tropical forest reproduction. For example, while we found negative trends in two West 275 

African tropical forests (Figure 1), these sites vary in climate and species composition, so 276 

simple extrapolation to infer regional trends is likely misleading. This risk is well illustrated by 277 

contrasting fruit production trends reported at Ngogo and Kanyawara, two sites in Kibale 278 

National Park, Uganda, separated by ~10km [discussed in 33]. Consequently, to understand 279 

the diversity within and between sites indicated in our analysis, and to enable prediction of 280 

future trends in tropical fruit production, we urgently need to improve understanding of the 281 

mechanisms that regulate tropical tree reproduction [7, 11, 56, 67]. These advances will 282 

come from fine-scale climate monitoring coupled with detailed phenological observations to 283 



identify the cues for flowering and fruit maturation, and the underlying drivers of allocation to 284 

reproduction. Advances will benefit from combining traditional visual phenology assessments 285 

with molecular phenology [67]. Ideally, this monitoring will be coupled with manipulation 286 

experiments [68]. A key objective will be distinguishing the roles of resource acquisition as a 287 

driver of reproduction [10, 13], and weather cues that regulate dynamic allocation to 288 

reproduction [7, 34]. The potential role of pollinator network disruption and other interactions 289 

also remains poorly understood [69]. 290 

 291 

Establishing species-specific mechanisms will enable the identification of species whose 292 

reproduction is most at risk from climate change [9], and may shed light on the diversity of 293 

species-level trends we found over recent decades [see also 27]. For example, species with 294 

strongly seasonal or supra-annual reproduction [e.g. 34], governed by weather cues, might 295 

show divergent climate-driven trends from species with less variable reproduction where fruit 296 

production responses might mirror productivity trends (i.e. resource matching). Where cues 297 

are important regulators of reproduction, the response of species will also vary depending on 298 

the nature of the cue [9]. For example, Numata et al [11] showed that across 98 Dipterocarp 299 

species, more than 50% may use cool temperature cues for flowering, making these species 300 

more vulnerable to climate warming compared to the species that use only drought for the 301 

initiation for reproduction. 302 

 303 

Shortcomings of our analysis  304 

The number of studies reporting long-term observations of tropical forest reproduction is 305 

growing but remains small. We attempted to synthesise available data and reported results, 306 

but important gaps and limitations remain, particularly due to the heterogeneity of fruit 307 

production monitoring methods. For example, our data is based on collection methods that 308 

include fruit counts on individual trees, assessments of the proportions of individual trees 309 

fruiting [e.g. 33], or fruit counts from litter traps. These methods may not be easily 310 

comparable [70]. Rare species are likely under-sampled, especially where estimates are 311 

based on litter traps, or where sampling has focused on species important to frugivore diets 312 

[33, 64]. In our analysis of community-trends, all species were equally weighted, but 313 

community-level trends may be determined by the response of dominant species. Wider 314 

ecosystem responses may also depend on trends in specific species, e.g., the response of 315 

palatable species [22]. Further, we used data on annual fruit or seed production, but the 316 

timing of fruit production is highly variable between and among tropical sites, and shifting in 317 

the timing of fruit production might have substantial ecological effects even in the absence of 318 

change in overall quantity [21, 71].   319 

Conclusion 320 

Detecting the drivers and long-term trends in tropical fruit production is challenging, but 321 

emerging data are beginning to shed light on these patterns [64]. Our findings reveal a 322 

concerning prevalence of negative trends in tropical forest reproduction, with 4.2-times more 323 

species showing declines than increases in fruit production, although negative species-level 324 

trends were unevenly distributed among sites. These changes could have profound 325 

ecosystem consequences, underscoring the urgency of expanding monitoring efforts. 326 

Including additional data from phenological studies will be important for identifying regional 327 

trends and understanding their underlying drivers. Enhancing our mechanistic understanding 328 



of fruit production is now a priority. This will aid in attributing current trends and in forecasting 329 

the potential impacts of climate change on tropical forests, including in forests where fruit 330 

production is not monitored. Progress requires a comprehensive analysis of flowering and 331 

fruiting phenology, including molecular approaches, to identify the cues that drive the timing 332 

and magnitude of reproductive efforts and the factors that influence the transition from 333 

flowers to ripe fruit. Given the evidence of climate-driven shifts in tropical forest productivity, 334 

disturbance, and mortality, understanding the response of seed and fruit reproduction must 335 

become central to studies of forest dynamics. 336 

 337 

Acknowledgements 338 

We are grateful to the many researchers who have monitored tropical fruit production, often 339 

over many decades. This work is only possible thanks to their efforts, and their willingness to 340 

make the resulting datasets available for analysis. We are grateful to Jessie J. Foest for her 341 

assistance in the development of MASTREE+ V2. All primary data analysed in this work was 342 

published in MASTREE+ (https://github.com/JJFoest/MASTREEplus), with contributions 343 

from the following datasets: https://doi.org/10.5061/dryad.4mw6m909j, 344 

https://doi.org/10.5061/dryad.ffbg79czs, and the Lopé National Park dataset 345 

(http://hdl.handle.net/11667/152) which was made possible by the long-term support of The 346 

National Parks Agency of Gabon (ANPN) and the University of Stirling. 347 

 348 

Funding 349 

VJ was supported by project No. 2021/43/P/NZ8/01209 co-funded by the Polish National 350 

Science Centre and the EU H2020 research and innovation programme under the MSCA 351 

GA No. 945339. MB was supported by the European Union (ERC, ForestFuture, 352 

101039066).  353 

For the purpose of Open Access, the author has applied a CC-BY public copyright licence to 354 

any Author Accepted Manuscript (AAM) version arising from this submission. 355 

 356 

Author contribution statement  357 

Conceptualization: AH-P 358 

Methodology: all authors 359 

Formal Analysis: AH-P, VJ 360 

Writing – Original Draft: all authors 361 

Writing – Review & Editing: all authors 362 

Visualization: AH-P, VJ 363 

 364 

https://github.com/JJFoest/MASTREEplus
https://doi.org/10.5061/dryad.ffbg79czs
http://doi.org/10.5061/dryad.4mw6m909j
https://doi.org/10.5061/dryad.ffbg79czs
http://hdl.handle.net/11667/159


References 365 

1. Lewis, S.L., Y. Malhi, and O.L. Phillips, Fingerprinting the impacts of global change 366 
on tropical forests. Philosophical Transactions of the Royal Society of London Series 367 
B-Biological Sciences, 2004. 359(1443): p. 437-462. 368 

2. Pisl, J., et al., Mapping drivers of tropical forest loss with satellite image time series 369 
and machine learning. ENVIRONMENTAL RESEARCH LETTERS, 2024. 19. 370 

3. Hartmann, H., et al., Climate Change Risks to Global Forest Health: Emergence of 371 
Unexpected Events of Elevated Tree Mortality Worldwide. ANNUAL REVIEW OF 372 
PLANT BIOLOGY, 2022. 73: p. 673-702. 373 

4. McDowell, N.G., et al., Pervasive shifts in forest dynamics in a changing world. 374 
Science, 2020. 368(6494): p. 964-+. 375 

5. Bauman, D., et al., Tropical tree mortality has increased with rising atmospheric 376 
water stress. NATURE, 2022. 608: p. 528-+. 377 

6. Hubau, W., et al., Asynchronous carbon sink saturation in African and Amazonian 378 
tropical forests. NATURE, 2020. 579: p. 80-+. 379 

7. Sullivan, M., et al., Cascading effects of climate change: new advances in drivers and 380 
shifts of tropical reproductive phenology. PLANT ECOLOGY, 2024. 225: p. 175-187. 381 

8. Mendoza, I., C.A. Peres, and L.P.C. Morellato, Continental-scale patterns and 382 
climatic drivers of fruiting phenology: A quantitative Neotropical review. Global and 383 
Planetary Change, 2017. 148: p. 227-241. 384 

9. Bogdziewicz, M., et al., Evolutionary ecology of masting: mechanisms, models, and 385 
climate change. TRENDS IN ECOLOGY & EVOLUTION, 2024. 39: p. 851-862. 386 

10. Vleminckx, J., et al., Flower production decreases with warmer and more humid 387 
atmospheric conditions in a western Amazonian forest. NEW PHYTOLOGIST, 2024. 388 
241: p. 1035-1046. 389 

11. Numata, S., et al., Impacts of climate change on reproductive phenology in tropical 390 
rainforests of Southeast Asia. COMMUNICATIONS BIOLOGY, 2022. 5. 391 

12. Pau, S., et al., Clouds and temperature drive dynamic changes in tropical flower 392 
production. Nature Climate Change, 2013. 3(9): p. 838. 393 

13. Pau, S., et al., Long-term increases in tropical flowering activity across growth forms 394 
in response to rising CO2 and climate change. Global Change Biology, 2018. 24(5): 395 
p. 2105-2116. 396 

14. De Steven, D. and S. Wright, Consequences of variable reproduction for seedling 397 
recruitment in three neotropical tree species. ECOLOGY, 2002. 83: p. 2315-2327. 398 

15. Connell, J. and P. Green, Seedling dynamics over thirty-two years in a tropical rain 399 
forest tree. ECOLOGY, 2000. 81: p. 568-584. 400 

16. Wright, S., et al., Annual and spatial variation in seedfall and seedling recruitment in 401 
a neotropical forest. ECOLOGY, 2005. 86: p. 848-860. 402 

17. Norden, N., et al., Is temporal variation of seedling communities determined by 403 
environment or by seed arrival?: A test in a neotropical forest. JOURNAL OF 404 
ECOLOGY, 2007. 95: p. 507-516. 405 

18. Qiu, T., et al., Limits to reproduction and seed size-number trade-offs that shape 406 
forest dominance and future recovery. Nature Communications, 2022. 13(1): p. 12. 407 

19. Wijdeven, S. and M. Kuzee, Seed availability as a limiting factor in forest recovery 408 
processes in Costa Rica. RESTORATION ECOLOGY, 2000. 8: p. 414-424. 409 

20. Matthews, J., et al., Chimpanzee feeding ecology and fallback food use in the 410 
montane forest of Nyungwe National Park, Rwanda. AMERICAN JOURNAL OF 411 
PRIMATOLOGY, 2019. 81. 412 

21. Staggemeier, V., E. Cazetta, and L. Morellato, Hyperdominance in fruit production in 413 
the Brazilian Atlantic rain forest: the functional role of plants in sustaining frugivores. 414 
BIOTROPICA, 2017. 49: p. 71-82. 415 

22. Bush, E.R., et al., Long-term collapse in fruit availability threatens Central African 416 
forest megafauna. Science, 2020. 370(6521): p. 1219-1221. 417 



23. Reyna-Hurtado, R., et al., Primates adjust movement strategies due to changing food 418 
availability. BEHAVIORAL ECOLOGY, 2018. 29: p. 368-376. 419 

24. Memiaghe, H.R., Investigating Forest Elephant Crop Depredation to Guide 420 
Landscape Management for Villager-Elephant Coexistence. 2023, University of 421 
Oregon. 422 

25. Naughton-Treves, L., et al., Temporal patterns of crop-raiding by primates: linking 423 
food availability in croplands and adjacent forest. JOURNAL OF APPLIED 424 
ECOLOGY, 1998. 35: p. 596-606. 425 

26. Ngama, S., et al., Do topography and fruit presence influence occurrence and 426 
intensity of crop-raiding by forest elephants (<i>Loxodonta africana cyclotis</i>)? 427 
PLOS ONE, 2019. 14. 428 

27. Lai  , H.R., et al., Discordant changes in foliar and reproductive phenology of tropical 429 
dry-forest trees under increasing temperature and decreasing wet-season rainfall. 430 
bioRxiv, 2024. 2024.03.24.585819: p. doi:  431 
https://doi.org/10.1101/2024.03.24.585819. 432 

28. Chapman, C.A., et al., A long-term evaluation of fruiting phenology: importance of 433 
climate change. Journal of Tropical ecology, 2005. 21(1): p. 31-45. 434 

29. Polansky, L. and C. Boesch, Long‐term changes in fruit phenology in a West African 435 
lowland tropical rain forest are not explained by rainfall. Biotropica, 2013. 45(4): p. 436 
434-440. 437 

30. Zimmerman, J.K., et al., Effects of hurricanes and climate oscillations on annual 438 
variation in reproduction in wet forest, Puerto Rico. Ecology, 2018. 99(6): p. 1402-439 
1410. 440 

31. Clark, C.J., J.R. Poulsen, and D.J. Levey, Roles of seed and establishment limitation 441 
in determining patterns of Afrotropical tree recruitment. PloS one, 2013. 8(5): p. 442 
e63330. 443 

32. Pak, D., et al., Multiscale phenological niches of seed fall in diverse Amazonian plant 444 
communities. ECOLOGY, 2023. 104. 445 

33. Potts, K., et al., Long-term trends in fruit production in a tropical forest at Ngogo, 446 
Kibale National Park, Uganda. BIOTROPICA, 2020. 52: p. 521-532. 447 

34. Adamescu, G., et al., Annual cycles are the most common reproductive strategy in 448 
African tropical tree communities. BIOTROPICA, 2018. 50: p. 418-430. 449 

35. Detto, M., et al., Resource acquisition and reproductive strategies of tropical forest in 450 
response to the El Nino-Southern Oscillation. NATURE COMMUNICATIONS, 2018. 451 
9. 452 

36. Okimat, J., F. Babweteera, and M. Ehbrecht, Intraspecific variation in fruit production 453 
of African mahogany (Khaya anthotheca) in a semi-deciduous East African rainforest. 454 
AFRICAN JOURNAL OF ECOLOGY, 2024. 62. 455 

37. Hacket-Pain, A., et al., MASTREE plus : Time-series of plant reproductive effort from 456 
six continents. Global Change Biology, 2022. 28(9): p. 3066-3082. 457 

38. Journé, V., et al., Forecasting seed production in perennial plants: identifying 458 
challenges and charting a path forward. New Phytologist, 2023. 239(2): p. 466-476. 459 

39. Journe, V., et al., [Summer solstice orchestrates the subcontinental-scale synchrony 460 
of mast seeding], in NATURE PLANTS. 2024. 461 

40. Cribari-Neto, F. and A. Zeileis, Beta Regression in R. JOURNAL OF STATISTICAL 462 
SOFTWARE, 2010. 34: p. 1-24. 463 

41. Zanne, A., et al., Three keys to the radiation of angiosperms into freezing 464 
environments. NATURE, 2014. 506: p. 89-+. 465 

42. Pagel, M., Inferring the historical patterns of biological evolution. NATURE, 1999. 466 
401: p. 877-884. 467 

43. Revell, L., phytools: an R package for phylogenetic comparative biology (and other 468 
things). METHODS IN ECOLOGY AND EVOLUTION, 2012. 3: p. 217-223. 469 

44. Xu, S., et al., <i>Ggtree</i>: A serialized data object for visualization of a 470 
phylogenetic tree and annotation data. IMETA, 2022. 1. 471 

https://doi.org/10.1101/2024.03.24.585819


45. Díaz, S., et al., The global spectrum of plant form and function: enhanced species-472 
level trait dataset. SCIENTIFIC DATA, 2022. 9. 473 

46. Revell, L., Phylogenetic signal and linear regression on species data. METHODS IN 474 
ECOLOGY AND EVOLUTION, 2010. 1: p. 319-329. 475 

47. Jaafar, R., et al., Grassland trees and the common bulbul <i>Pycnonotus 476 
barbatus</i> promote Afromontane forest restoration. BIOTROPICA, 2021. 53: p. 477 
1379-1393. 478 

48. Bush, E.R., et al., Fourier analysis to detect phenological cycles using long‐term 479 
tropical field data and simulations. Methods in Ecology and Evolution, 2017. 8(5): p. 480 
530-540. 481 

49. Martínez-Ramos, M., J. Sarukhán, and D. Piñero, The demography of tropical trees 482 
in the context of forest gap dynamics, in Plant Population Ecology, A.J. Davy, M.J. 483 
Hutchings, and A.R. Watkinson, Editors. 1988, Blackwell Scientific Publications: 484 
Oxford. p. 293-313. 485 

50. Janzen, D.H., Natural history of a wind-pollinated Central American dry forest legume 486 
tree (Ateleia herbert-smithii Pittier). in Advances in legume biology, C.H. Stirton and 487 
J.L. Zarucchi, Editors. 1989, Monographs in Systematic Botany from the Missouri 488 
Botanical Garden. p. 293-376. 489 

51. Wright, S. and O. Calderón, Seasonal, El Nino and longer term changes in flower 490 
and seed production in a moist tropical forest. ECOLOGY LETTERS, 2006. 9: p. 35-491 
44. 492 

52. Alfaro-Sánchez, R., et al., Growth and reproduction respond differently to climate in 493 
three Neotropical tree species. OECOLOGIA, 2017. 184: p. 531-541. 494 

53. Flores, S., et al., Extreme drought disrupts plant phenology: Insights from 35 years of 495 
cloud forest data in Venezuela. ECOLOGY, 2023. 104. 496 

54. Henkel, T.W. and J.R. Mayor, Implications of a long-term mast seeding cycle for 497 
climatic entrainment, seedling establishment and persistent monodominance in a 498 
Neotropical, ectomycorrhizal canopy tree. Ecological Research, 2019. 34(4): p. 472-499 
484. 500 

55. Mendoza, I., et al., Inter-annual variability of fruit timing and quantity at Nouragues 501 
(French Guiana): insights from hierarchical Bayesian analyses. Biotropica, 2018. 502 
50(3): p. 431-441. 503 

56. Chapman, C.A., et al., Solar radiation and ENSO predict fruiting phenology patterns 504 
in a 15‐year record from Kibale National Park, Uganda. Biotropica, 2018. 50(3): p. 505 
384-395. 506 

57. Babweteera, F., et al., The ecology of tree reproduction in an African medium altitude 507 
rain forest. Biotropica, 2018. 50(3): p. 405-417. 508 

58. Dunham, A.E., et al., Fruiting phenology is linked to rainfall variability in a tropical rain 509 
forest. Biotropica, 2018. 50(3): p. 396-404. 510 

59. Winarni, N.L., et al., Phenology, Climate, and Adaptation: How Does Dipterocarps 511 
Respond to Climate? Indonesian Journal of Forestry Research, 2016. 3(2): p. 129-512 
141. 513 

60. Curran, L. and M. Leighton, Vertebrate responses to spatiotemporal variation in seed 514 
production of mast‐fruiting Dipterocarpaceae. Ecological Monographs, 2000. 70(1): p. 515 
101-128. 516 

61. Brearley, F.Q., et al., Reproductive phenology over a 10-year period in a lowland 517 
evergreen rain forest of central Borneo. Journal of Ecology, 2007. 95(4): p. 828-839. 518 

62. Sakai, S. and T. Itioka, Long-term monitoring of plant reproductive phenology and 519 
observation of general flowering in Lambir Hills, Sarawak. Proceedings of the 520 
symposium "Frontier in tropical forest research: progress in joint projects between the 521 
Forest Department Sarawak and the Japan Research Consortium for Tropical 522 
Forests in Sarawak", 2016: p. 9-18. 523 

63. Tsujii, Y., et al., Variations in the reproductive cycle of Bornean montane tree species 524 
along elevational gradients on ultrabasic and non-ultrabasic soils. BIOTROPICA, 525 
2023. 55: p. 210-220. 526 



64. Abernethy, K., et al., Current issues in tropical phenology: a synthesis. 527 
BIOTROPICA, 2018. 50: p. 477-482. 528 

65. Bascompte, J. and P. Jordano, Plant-animal mutualistic networks: The architecture of 529 
biodiversity. ANNUAL REVIEW OF ECOLOGY EVOLUTION AND SYSTEMATICS, 530 
2007. 38: p. 567-593. 531 

66. Berzaghi, F., et al., Assessing the role of megafauna in tropical forest ecosystems 532 
and biogeochemical cycles - the potential of vegetation models. ECOGRAPHY, 533 
2018. 41: p. 1934-1954. 534 

67. Satake, A., A. Nagahama, and E. Sasaki, A cross-scale approach to unravel the 535 
molecular basis of plant phenology in temperate and tropical climates. NEW 536 
PHYTOLOGIST, 2022. 233: p. 2340-2353. 537 

68. Graham, E., et al., Cloud cover limits net CO<sub>2</sub> uptake and growth of a 538 
rainforest tree during tropical rainy seasons. PROCEEDINGS OF THE NATIONAL 539 
ACADEMY OF SCIENCES OF THE UNITED STATES OF AMERICA, 2003. 100: p. 540 
572-576. 541 

69. Ferreira, P., et al., Forest and connectivity loss simplify tropical pollination networks. 542 
OECOLOGIA, 2020. 192: p. 577-590. 543 

70. Parrado-Rosselli, A., J. Machado, and T. Prieto-López, Comparison between two 544 
methods for measuring fruit production in a tropical forest. BIOTROPICA, 2006. 38: 545 
p. 267-271. 546 

71. Butt, N., et al., Cascading effects of climate extremes on vertebrate fauna through 547 
changes to low-latitude tree flowering and fruiting phenology. GLOBAL CHANGE 548 
BIOLOGY, 2015. 21: p. 3267-3277. 549 

  550 



Supplementary Information 551 

Supplementary Information 1: Site and species information, including species-specific trends in 552 

annual fruit production. Hacket-Pain_species_trends_tropical_fruit_production.csv  553 

 554 

 555 

Supplementary Information 2: Phylogenetic and linear regression with fruit production trends as the 556 

response (ie the slope) and plant height and wood density as covariates. Plant height and wood 557 

density were log10 transformed in the analysis.   558 

  559 

  Phylogenetic regression Linear regression 

Coefficient Estimates Conf. Int (95%) P-Value Estimates Conf. Int (95%) P-Value 

Intercept -0.01 -0.09 – 0.08 0.871 -0.04 -0.08 – -0.00 0.043 

Plant height 0.02 -0.01 – 0.05 0.132 0.02 -0.01 – 0.05 0.126 

Wood density 0.01 -0.06 – 0.08 0.791 0.02 -0.05 – 0.08 0.588 

Nb. of species 154 182 

R2 / R2 adjusted 0.015 / 0.002 0.014 / 0.003 

 560 

 561 

Supplementary Information 3: Proportion changes in the classification of trends of species specific-562 

time series related to the p-value threshold used to assess statistical significance. In the main text we 563 

reported trends based on a p-value threshold at 0.05 (dashed line). 564 

 565 
 566 

 567 

 568 



Supplementary Information 4. A list of 20 important fruiting tree species for forest elephants at 569 

Lopé National Park (Memiaghe, 2023) 570 

 571 

Fruiting tree species Families 

Baillonella toxisperma Sapotaceae 

Bobgunnia fistuloides Fabaceae 

Detarium macrocarpum Fabaceae 

Duboscia macrocarpa Malvaceae 

Irvingia gabonensis Irvigiaceae 

Nauclea diderrichii Rubiaceae 

Sacoglottis gabonensis Humiriaceae 

Uapaca guineensis Phyllanthaceae 

Antidesma vogelianum Euphorbiaceae 

Chrysophyllus africanum Sapotaceae 

Klainedoxa gabonensis Irvigiaceae 

Mammea africana Calophyllaceae 

Massularia acuminata Rubiceae 

Myrianthus arboreus Urticaceae 

Omphalocarpum procerum Sapotaceae 

Panda oleosa Pandaceae 

Pentadesma butyracea Clusiaceae 

Psidium guineense Myrtaceae 

Tetrapleura tetraptera Fabaceae 

Uvariastrum pierreanum Annonaceae 
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