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Abstract 29 

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

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

poorly understood. As fruit and seed production is a key step in forest recruitment, this gap is 32 

critical to understanding tropical forest resilience. Tropical fruits are important in diets of 33 

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

in fruit production could have cascading effects on ecosystems and the people who depend on 35 

them. In this study, we demonstrate that forest fruit production is shifting across tropical 36 

sites, with declining species-level trends occurring four times more frequently than increasing 37 

ones across a network of 17 sites. At two sites in west Africa, community-level fruit 38 

production has declined by 25% and 52% in recent decades, and fruit production is declining 39 

several sites in the Neotropics. Nevertheless, trends in fruit production are diverse across 40 

sites, and drivers of changes remain unidentified. While major spatial and temporal gaps in 41 

data coverage remain, by leveraging the expanding network of long-term monitoring, 42 

collaborative research can identify current trends in tropical fruit production and their drivers. 43 

This will enable robust predictions of future trends and advance our understanding of tropical 44 

forest vulnerability to environmental change. If the trends reported persist, they could induce 45 

important alteration in forest dynamics, impacting structural integrity, ecosystem functioning 46 

and species composition.  47 
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Introduction  58 

Tropical forests are under increasing pressure, with growing evidence of widespread changes 59 

in composition, structure and demographics driven by climate change, logging and other land 60 

use change (Lewis et al., 2004, Pisl et al., 2024, Hartmann et al., 2022). Syntheses have 61 

revealed pan-tropical forest trends in demography, but these are strongly skewed to focus on 62 

growth, disturbance, and mortality dynamics (McDowell et al., 2020, Bauman et al., 2022, 63 

Hubau et al., 2020). However, tree reproduction—crucial as the first step to recruitment and 64 

determining the future composition and resilience of tropical forests—remains underexplored 65 

(Vleminckx et al., 2025). Understanding how reproductive processes are changing, their 66 

drivers, and the consequences for recruitment and forest dynamics is now an urgent priority. 67 

 68 

Analysis of long-term phenology datasets has enabled substantial advances in understanding 69 

of the reproductive phenology of tropical forests, revealing strong coupling with weather 70 

(Sullivan et al., 2024, Mendoza et al., 2017). Such links between weather and intra- and inter-71 

annual variation in tree reproduction imply potential sensitivity of fruit production to climate 72 

change (Bogdziewicz et al., 2024). Direct mechanisms include weather-cued flowering and 73 

fruit maturation processes, while indirect drivers influence reproduction via underlying 74 

resource constraints (Vleminckx et al., 2024). For example, Numata et al. (2022) showed that 75 

changes in the frequency of low-temperature flowering cues resulted in declines in flowering 76 

and fruiting in recent decades in Malaysia. Meanwhile, climate-driven changes in 77 

photosynthesis and productivity are proposed as mechanistic drivers explaining reported 78 

increases in flower production at Barro Colorado Island (BCI) in Panama (Pau et al., 2013, 79 

Pau et al., 2018) and declines in flower production at Yasuní in Ecuador (Vleminckx et al., 80 

2024). Despite wide recognition that these direct and indirect effects on flowering and fruit 81 

production are likely to affect tree reproduction in the tropics, no consistent picture has yet 82 

emerged of the response of forest tree reproduction. Such response will reflect species-83 

specific climate sensitivities, forest composition, underlying climate limitations and regional 84 

climate trends (Vleminckx et al., 2025), plus the effects of forest successional change and 85 

other long-term forest dynamics (Potts et al., 2020). 86 

 87 

Long-term shifts in fruit production will have important implications for regeneration 88 

dynamics in forests, to the extent that tree regeneration is limited by the production and 89 

dispersal of seeds (De Steven and Wright, 2002, Connell and Green, 2000, Wright et al., 90 

2005, Norden et al., 2007). Effects are likely to be particularly important in the recovery of 91 

disturbed or degraded forests (Qiu et al., 2022, Wijdeven and Kuzee, 2000). Forest 92 

restoration is a global priority, and high potential for natural regeneration in the tropics was 93 

recently identified (Williams et al., 2024) but this requires sufficient seed supply (Chazdon 94 

and Guariguata, 2016, Ferragutti et al., 2025). Changes in fruit production will also have 95 

wider cascading effects, as tree fruits are also a crucial resource for forest food webs 96 

(Matthews et al., 2019) and local human communities (Staggemeier et al., 2017). For 97 

example, when forest fruit production declines, the cascading effects on frugivores can be 98 

dramatic; an 81% long-term reduction in fruit production was linked with an 11% decline in 99 

forest elephant body condition in Lopé National Park (Bush et al., 2020). Changes in fruit 100 

supply, both at the forest community level and via shifts associated with specific plant 101 

species, can also change frugivore behaviour, including foraging range or diet (Matthews et 102 

al., 2019, Reyna-Hurtado et al., 2018). They may also increase the risk of negative human-103 

wildlife interactions where conflicts increase over fluctuating or declining resources 104 

(Memiaghe, 2023, Naughton-Treves et al., 1998, Ngama et al., 2019). 105 

 106 



Several studies have reported temporal trends in tropical forest reproduction (summarised in 107 

Table 1), often linking these trends to climate change. The effects, while species- and 108 

location-specific, consistently demonstrate strong associations between weather patterns and 109 

fruit production. For instance, numerous studies have linked long-term declines in fruit 110 

production with concurrent changes in climate. Bush et al. (2020) and Lai et al. (2025) 111 

documented declining fruit production over three decades in Gabon and Nigeria, which 112 

coincided with long-term warming and drying. Increases in fruit production were reported in 113 

Kibale National Park (Uganda), linked to increasing precipitation (Chapman et al., 2005) 114 

although in Taï National Park (Côte d'Ivoire) an increase in community-level fruit production 115 

occurred alongside declining precipitation (Polansky and Boesch, 2013). Declines in fruit or 116 

flower production have been observed in Puerto Rico (Zimmerman et al., 2018) and 117 

Southeast Asia (Numata et al., 2022), and western Amazonia (Vleminckx et al., 2024). 118 

However, other studies indicate stable or gradually increasing trends in fruit or flower 119 

production (Clark et al., 2013a, Pau et al., 2018, Pak et al., 2023). While these findings 120 

suggest that declines in fruit production may be more common, particularly in response to 121 

climate change, it remains crucial to assess these trends on a larger scale to gain a clearer 122 

understanding of the broader impacts. A complementary focus on understanding the diversity 123 

in species-level trends will also shed light on the underlying drivers and likely consequences 124 

of changes in fruit production. For example, Zimmerman et al. (2018) showed stronger 125 

declines in fruit production in large-stature trees in Puerto Rico and Potts et al. (2020) linked 126 

shifts in fruit production to forest successional processes, while Bush et al. (2020) showed 127 

fruit production declines were particularly steep in the species important in the diet of forest 128 

elephants. 129 

 130 

Despite the ongoing uncertainty surrounding fruit production trends across tropical forests, 131 

the emergence of long-term datasets (e.g., Adamescu et al., 2018, Detto et al., 2018, Okimat 132 

et al., 2024) is beginning to illuminate these patterns. In this study, we assess data on tropical 133 

forest fruit production, integrating publicly available datasets with evidence from the 134 

published literature. Our goal is to uncover emerging regional trends and emphasise the 135 

growing potential for global research collaboration, which will enhance our ability to predict 136 

future trends in tropical forest reproduction. 137 

  138 



Methods 139 

Data 140 

The analysis relies on MASTREE+, an open-access database of annual records of population-141 

level reproductive effort for perennial plants (Hacket-Pain et al., 2022). Most species in 142 

MASTREE+ are trees, but shrubs and lianas are included. We updated MASTREE+ to 143 

incorporate newly accessible datasets, increasing representation of tropical data. Time-series 144 

were selected with a minimum of ten years of data, from tropical latitudes (within 23.44° of 145 

the equator), and we only retained records of seed or fruit production (i.e., excluding records 146 

of flowering effort, or related measures). 17 sites were selected, represented by 1 to 224 147 

species (Table 1). In a small number of cases data was recorded at the genus level. Data was 148 

collected using a diverse range of monitoring methods, including litter traps to quantify fruit 149 

production (number, mass), ground-based fruit counts, and fruit phenological monitoring 150 

observations (Table 1). The number of monitored individuals of each species also varied, but 151 

only species with >5 recorded individuals were retained in MASTREE+. Each species-152 

specific time-series was scaled between 0 and 1, to facilitate direct comparisons among data 153 

collected via different methods (Journé et al., 2023, Journe et al., 2024). Consequently, 154 

analysis was focused on temporal trends in fruit production, as the diverse collection methods 155 

did not allow comparison of fruit productivity among species or sites (Journe et al., 2022).    156 

 157 

Analysis of community-level trends, integrating MASTREE+ and other reports 158 

To estimate community-level trends in reproductive effort from each MASTREE+ site we ran 159 

a beta regression model (as our response had values in a standard unit interval (0,1)) (Cribari-160 

Neto and Zeileis, 2010) with a logit link. The response in that model was fruit production and 161 

year was used as a predictor, while species was included as a random intercept for sites 162 

including multiple species. We extracted site-level trends, and classified them as significant if 163 

the p-value was less than 0.05. To enhance geographical representation of trends, we 164 

combined these assessments with community-level trends reported in the literature (Table 1). 165 

Community-level trends were classified as positive, negative, or non-significant, following 166 

the analysis presented in the original source. This enabled us to add 8 additional sites to the 167 

17 sites analysed using data from MASTREE+. Given the lack of replication across sites, in 168 

this analysis we were unable to control for the effects of varied tree reproduction monitoring 169 

methods (Table 1).   170 

 171 

Species-level trends in fruit production  172 

To investigate species-level trends, we also ran a beta regression, with a logit link, for each 173 

species-specific time series by using seed production as response and year as a covariate. We 174 

extracted the slope from the fitted beta regression and used the slope to classify the trend in 175 

reproduction over time, and the significance of the trend based on a p-value <0.05. We tested 176 

whether species-level trends were related to phylogeny, and species-level traits. Of the 423 177 

species included on our dataset, we extracted the phylogeny for 224 species from Zanne et al. 178 

(2014) and tested for a phylogenetic signal in fruit production trend using Pagel's lambda 179 

(Pagel, 1999), with values close to 0 indicating low phylogenetic signal and values close to 1 180 

suggesting a phylogenetic correlation. We estimated the Pagel's lambda using the phylosig 181 

function from the R package phytools (v1.5) (Revell, 2012), and plotted the phylogenetic tree 182 

with the ggtree package (v3.8) (Xu et al., 2022). To test the generality of plant stature-183 

dependent trends in fruit production reported at Luquillo (Zimmerman et al., 2018), we 184 

extracted plant height from Díaz et al. (2022) for 154 plant species. We also tested for 185 

association with wood density extracted from Díaz et al. (2022). We ran a phylogenetic 186 

regression between fruit production trend and functional traits (plant height and wood 187 



density) to account for species relatedness (Revell, 2010), using the package phylolm 188 

(v2.6.2). Functional traits were log10 transformed. Linear regression without phylogeny 189 

provided similar trends (Supplementary Information 2).  190 

Results 191 

Community-level fruit production trends reveal a complex regional pattern of decline and 192 

variability. We found negative community-level trends at Lopé and Ngel Nyaki in West 193 

Africa, indicating a significant decline in fruit production in recent decades (Figure 1). In 194 

Lopé, community-level fruit production declined by 26% from 1980 to 2018, while at Ngel 195 

Nyaki it declined by 52% from 2003 to 2021 (Figure 1). This contrasted with positive trends 196 

in fruit production reported at Taï National Park, Côte d'Ivoire, although this site had a 197 

shorter record. The Neotropics presented a diverse regional picture, but multidecadal records 198 

from BCI, Luquillo and Yasuní all showed negative trends, while positive trends were found 199 

in the 34-year record from Altos de Pipe and the shorter record from La Selva. Other sites in 200 

the Neotropics exhibited non-significant trends, mostly based on shorter time-series (Figure 201 

1). In Indomalaya, the multidecadal record from the Forest Research Institute Malaysia 202 

(FRIM) in Kepong (Malaysia) showed a long-term decline in fruit production, while a 203 

positive trend was found in the shorter record from Way Canguk (Indonesia). Other sites 204 

showed non-significant trends, including in the high, medium and low elevation plots at Mt. 205 

Kinabalu (Malaysia). It is important to note that data from Indomalaya did not extend into the 206 

most recent decade, leaving recent trends unexplored. 207 



 208 
Figure 1. Trends in tropical community-level fruit or seed production. Site-specific fruit or seed trends are based on 209 
literature reports or community-level trends from the MASTREE+ database (see Table 1). The top panels show community-210 
level trends in fruit production at three example sites. Middle panel shows the distribution of trends across tropical regions. 211 
The background map shows the spatial distribution of moist tropical or subtropical forest, from the WWF Terrestrial 212 
Ecoregions classification (based on Olson et al., 2001). The bottom panel shows the duration of each study and the trend, 213 
with sites ordered by longitude.  214 



Table 1: Community-level tropical forest fruit & seed production trends. Information on the monitoring approach for each study and the trends in the original study (6) and in the analysis of 215 
MASTREE+ data (7) are report (+ = positive trend, 0 = no trend, -1 = negative trend). Sites are ordered by longitude. 216 

1) Location 2) Study Period 
3) Monitored 

organ 
4) Monitoring method 

5) Original unit of 

measurement  

6) Trend 

reported in 

original study 

7) Trend 

calculated from 

MASTREE+  

8) Number of species 9) Reference 

Los Tuxlas, Mexico 1975-1986 Fruit Fruit count Fruit/individual  0 1 (Martínez-Ramos et al., 1988) 

Santa Rosa National Park, Costa Rica 1974-1986 Fruit Fruit count Fruit/individual  0 1 (Janzen, 1989) 

La Selva, Costa Rica 1998-2009 Fruit + flower Litter trap Mg ha-1 y-1 +1  >200 (Clark et al., 2013b) 

Barro Colorado Island, Panama 

1987-2003 Fruit Litter trap g m−2 y−1 0 

-1 (1988-2018) 289 

(Wright and Calderón, 2006) 

1987-2014 Fruit Litter trap g m−2 y−1 -1 (Alfaro-Sánchez et al., 2017) 

Yasuní National Park, Ecuador 
2000-2017 Seed Litter trap seeds m-2 0*   1059 (Pak et al., 2023) 

2000-2021 Seed Litter trap seed mass m-2 -1  203 (Vleminckx et al., 2025) 

Cocha Cashu Biological Station, Peru 2002-2011 Seed Litter trap seeds m-2 0*   654 (Pak et al., 2023) 

Altos de Pipe, Venezuela 1983-2017 Fruit Phenology scoring 
Fraction of individuals 

fruiting 
+1   15 (Flores et al., 2023) 

Luquillo Experimental Forest, Puerto Rico 1992-2014 Seed Litter traps seeds m-2 -1    76 (Zimmerman et al., 2018) 

Potaro River, Guyana 2003-2016 Seed Litter traps kg ha-1 y-1  0 1 (Henkel and Mayor, 2019) 

Nouragues Research Station, French Guiana 2002-2010 Fruit Litter traps seeds m-2  0 41 (Mendoza et al., 2018) 

Taï National Park, Côte d'Ivoire 1998-2010 Fruit Phenology scoring 
Fraction of individuals 

fruiting  
+1   44 (Polansky and Boesch, 2013) 

Ngel Nyaki, Nigeria 2003-2021 Fruit Phenology scoring Fruit index -1 -1 37 (Lai et al., 2025) 

Lopé National Park, Gabon 1988-2018 Fruit Phenology scoring Fruit index -1  -1 67 (Bush et al., 2020) 

Kibale National Park, multiple sites, Uganda 1990-2002 Fruit Phenology scoring 
Fraction of individuals 

fruiting 
+1 

0 

(1999-2016) 
30 

(Chapman et al., 2005) 

Kanyawara,Kibale National Park, Uganda 1998-2013 Fruit Phenology scoring 
Fraction of individuals 

fruiting 
0* (Chapman et al., 2018) 

Ngogo, Kibale National Park, Uganda 1998-2017 Fruit Phenology scoring 
Fraction of individuals 

fruiting 
+1**   20 (Potts et al., 2020) 

Budongo Forest Reserve, Uganda 
1993-2016 

(discontinuous) 
Fruit Phenology scoring 

Fraction of species 

fruiting 
-1   125 (Babweteera et al., 2018) 

Ranomafana National Park, Madagascar 2004-2016 Fruit Phenology scoring Fruit index  +1 67 (Dunham et al., 2018) 

Forest Research Institute Malaysia (FRIM) 

Arboretum, Kepong, Malaysia 
1976-2010 Fruit Phenology scoring 

Fraction of species 

fruiting 
-1    210 (Numata et al., 2022) 

Way Canguk Research Station, Indonesia  1998-2012 Fruit✝ Phenology scoring 
Fraction of species 

fruiting 
 1 NA✝ (Winarni et al., 2016) 



West Kalimantan, Indonesia  1968-1997 Fruit✝ Seed harvest kg  0 NA✝ (Curran and Leighton, 2000) 

Project Barito Ulu, Indonesia  1990-1999 Fruit✝ Phenology scoring 
Fraction of individuals 

fruiting 
 0 NA✝ (Brearley et al., 2007) 

Lambir Hills National Park, CBP, Malaysia 1993-2010 Fruit✝ Phenology scoring 
Fraction of individuals 

fruiting 
 0 NA✝ (Sakai and Itioka, 2016) 

Mt. Kinabalu (Low), Malaysia 1995-2006 Fruit Litter trap g m−2 y−1  0 19 (Tsujii et al., 2023) 

Mt. Kinabalu (Medium), Malaysia 1995-2006 Fruit Litter trap g m−2 y−1  0 13 (Tsujii et al., 2023) 

Mt. Kinabalu (High), Malaysia 1995-2006 Fruit Litter trap g m−2 y−1  0 10 (Tsujii et al., 2023) 

Where only the community-level trend from the original source is reported, data is not available in MASTREE+. Where community-level trends are available from the original study and from MASTREE+, both are 217 

reported. Where the timespan of data in MASTREE+ is different from the original study, years are given in parentheses in the 7th column.  218 

*Based on the presented figure, no formal analysis reported. Yasuní results superseded by Vleminckx et al (2025) showing a decline in fruit production. 219 

**Decline since 2008 220 
✝Data recorded in MASTREE+ at genus or family level only  221 



For the subset of sites where species-level data was available in MASTREE+, significant 222 

negative trends in reproduction occurred 4.2 times more frequently than significant positive 223 

trends in the species-level analysis. 22% of species-site trends showed declines compared to 224 

5% showing increases (Figure 2). Declines, estimated as percentage declines per decade, 225 

were ≥20% per decade for 13% species-sites, and ≥10% per decade for 31% species-sites. 226 

Positive trends were less common (increases ≥20% and ≥10% per decade occurred for 6% 227 

and 16% of species-sites, respectively) (Figure 2). While species-level trends were variable 228 

within and among sites, and majority of species had non-significant trends, declining trends 229 

predominated relative to increasing trends. Negative trends dominated among species at two 230 

sites in West Africa: Lopé, Gabon (32/58 species, 55.2% significantly negative) and Ngel 231 

Nyaki, Nigeria (20/37 species, 54.1%). Only a single species (Massularia acuminata) had a 232 

significantly positive trend at Lopé, and none at Ngel Nyaki. Species-level negative trends 233 

were also more common than positive trends at BCI, Panama (20.1% v. 7.6%), where 13 234 

species had fruit production declines equivalent to >20% per decade. Positive species-level 235 

trends did not dominate at any site represented by multiple species, but three well-replicated 236 

sites (Kanyawara, Uganda; Ranomafana, Madagascar; Mt Kinabalu, Malaysia) had 237 

approximately even proportions of positive and negative trends, and a dominance of non-238 

significant trends. Across the dataset, species-specific trends in reproduction were unrelated 239 

to phylogeny and did not correlate with plant height or wood density (Figure 3).  240 

 241 

 242 
Figure 2: Species-level trends in tropical seed and fruit production. A) Each point represents a site in the 243 
MASTREE+ dataset (n = 17 sites), with point size proportional to the number of species (or in a small number 244 
of cases, genera, where species-level data was not available). Wedges in the pie chart correspond to the 245 
distribution of non-significant, positive, and negative species-specific trends. The three sites on Mt Kinabalu, 246 
Malaysia have the same coordinates but different elevations; they are combined for this plot, but underlying data 247 
is reported in Supplementary Information 1. B) Species-specific trends for the six sites where data is available 248 
for multiple species, expressed as equivalent 10-year percentage change in reproduction. Significant positive 249 
and negative trends are coloured as for A).   250 



 251 
Figure 3: Species-specific trends in seed and fruit production according to phylogeny and traits. a) Absence of 252 
phylogenetic signal on seed production trends (Pagel’s λ = 7.33e-05, p-value = 1, n = 224 species). b) 253 
Phylogenetic regression analysis includes fruit production trends as response and wood density and plant height 254 
as covariate (N = 154 species, adjusted R2 = 0.002). The red dashed line represents non-significant 255 
relationships. Model coefficients and summary are reported in Supplementary Information 2. Regression 256 
without phylogeny provided similar results (see Supplementary Information 2).    257 

 258 

Discussion  259 

Pan-tropical and regional picture of trends in fruit production 260 

Community-level fruit production trends were variable across tropical sites, yet a concerning 261 

pattern of decline emerges from several long-term monitoring datasets, including at Lopé and 262 

Ngel Nyaki in West Africa, Barro Colorado Island (BCI), Luquillo and Yasuní in the 263 

Neotropics, and FRIM in Indomalaya. Recently, declines in tropical forest flower production 264 

have also been reported elsewhere in the Neotropics, supporting our reported declines in fruit 265 

production (Wright and Calderón, 2024, Vleminckx et al., 2024, Flores et al., 2023). 266 

Declining tree reproduction could have profound impacts for tropical forest dynamics 267 

(McDowell et al., 2020). Despite seed production in tropical forest exceeding high latitude 268 

forests by two orders of magnitude (Journe et al., 2022), seed limitation in considered 269 

common (Wright and Calderón, 2024), and seed addition experiments have indicated seeds 270 

limit seedling recruitment (Clark et al., 2013a). The impacts of declines in reproduction on 271 

seedling establishment might be strongest in rare species, or in species or environments 272 

where the seed to seedling transition is already a strong demographic bottleneck (Abiem et 273 

al., 2023, Muscarella et al., 2013). Our results indicate that tropical forest fruit and seed 274 

production is changing, and although the drivers remain unclear, neglecting to consider tree 275 

reproduction within a framework of ecological resilience (Flores et al., 2024) risks 276 

incomplete assessment of the ability of tropical forests to persist in a changing environment. 277 

For example, major ecosystem shifts in the tropics have almost exclusively been considered 278 

through the mechanism of elevated mortality, including via drought, land-use change or other 279 

disturbance (Flores et al., 2024, Cano et al., 2022, Bauman et al., 2022). However, our results 280 

highlight that changing reproduction could also shape future ecosystem change, driving 281 

composition shifts even where mortality-focused assessment indicate high resilience (Flores 282 



et al., 2024). Additionally, the response of reproduction could ultimately shape ecosystem 283 

resilience to elevated mortality, given that reproduction and subsequent recruitment shape 284 

recovery trajectories (Qiu et al., 2022). 285 

 286 

While shorter records (<20 years) predominantly show non-significant trends in fruit 287 

production, these findings are limited by their duration. Notably, less than half of the 25 sites 288 

in our synthesis include data from the most recent decade in our analysis, and this data gap is 289 

particularly evident in Indomalaya. There is an urgent need for collaborative efforts to update 290 

and integrate these records, as well as to expand monitoring to additional tropical locations 291 

(Abernethy et al., 2018, Morellato et al., 2018). The African Phenology Network offers a 292 

valuable model for achieving this (Adamescu et al., 2018), which would lead to substantial 293 

advances in our understanding of current trends in tropical fruit production, and the broader 294 

implications for tropical forest ecosystems. 295 

 296 

Species-level trends in fruit production 297 

Important species-level changes in reproduction might be masked by community-level trends. 298 

For example, the record from Kanyawara (Kibale National Park, Uganda) showed no overall 299 

community-level trend, but this could hide ecologically important shifts given that equal 300 

numbers of species showed increasing and decreasing trends in fruit production at this site. 301 

Zimmermann et al. (2018) reported stronger decreases in large-stature trees (a trend we did 302 

not detect in our analysis, Figure 3B), while Babweteera et al. (2018) reported divergence in 303 

trends between species with different life-history strategies. While we did not detect effects 304 

of phylogeny, plant stature or wood density on fruit production trends, such analysis might 305 

help identify the drivers of changes in reproduction, e.g. the role of successional rather than 306 

climatic driver of changes in fruit production quantities and composition (Potts et al., 2020). 307 

 308 

Species-specific, rather than community-level trends may also dictate the wider impact of 309 

changes in seed and fruit production on frugivores (Bush et al., 2020). It was notable that 310 

many species with the strongest declines in fruit production at Ngel Nyaki are associated with 311 

savannah habitats (e.g., Maesa lanceolata (-65% per decade), Psychotria succulenta (-52%), 312 

Trema orientalis (-52%)), and are key species for passive restoration in these Afromontane 313 

forests (Jaafar et al., 2021). Other species with declining fruit production included understory 314 

forest species (e.g., Zanthoxylum leprieurii, Voacanga bracteata, Garcinia smeathmanii). G. 315 

smeathmanii is the most abundant species in Ngel Nyaki forest (Abiem et al. 2020) and 316 

produces abundant large fleshy fruits. Another notable species with declining fruit production 317 

is Anthonotha noldeae (-36% per decade), whose superabundant immature fruits are a key 318 

food of the primates Chlorocebus tantalus tantalus and Cercopithecus nictitans), and the 319 

Olive pigeon (Columba arquatrix). Similarly, at Lopé twelve out of twenty fruit trees 320 

identified as important in the forest elephant diet showed significant declines in our analysis, 321 

including highly favoured elephant foods such as Sacoglottis gabonensis (-35% per decade), 322 

Tetrapleura tetrapetra (-50%) and Bobgunnia fistuloides (-18%), for which elephants are the 323 

major (or only) seed dispersers. Declining forest elephant body condition has already been 324 

associated with declining fruit production at this site (Bush et al. 2020). Wider impacts of 325 

declining fruit production on complex plant-frugivore interactions could be profound and 326 

have cascading effects on tropical forest functioning (Bascompte & Jordano 2007; Berzaghi 327 

et al. 2018).  328 

 329 

Unravelling the mechanisms that determine fruit production  330 

Our results, in combination with recent efforts to synthesise tropical phenology records (e.g. 331 

the African Phenology Network) show the potential for data synthesis to identify regional 332 



trends in tropical forest reproduction. For example, while we found negative trends in two 333 

West African forests (Figure 1), these sites vary in climate and species composition, so 334 

simple extrapolation to infer regional trends is likely misleading. This risk is well illustrated 335 

by contrasting fruit production trends reported at Ngogo and Kanyawara, two sites in Kibale 336 

National Park, Uganda, separated by ~10km (discussed in Potts et al., 2020). Consequently, 337 

to understand the diversity of signals within and between sites indicated in our analysis, and 338 

to enable prediction of future trends in tropical fruit production, we urgently need to improve 339 

understanding of the mechanisms that regulate tropical tree reproduction (Sullivan et al., 340 

2024, Chapman et al., 2018, Numata et al., 2022, Satake et al., 2022, Wright and Calderón, 341 

2024), including the effect of ontogeny (at the individual level) and successional and 342 

compositional dynamics (at the community level). Advances will come from fine-scale 343 

climate monitoring coupled with detailed phenological observations to identify the cues for 344 

flowering and fruit maturation (Morellato et al., 2016), including the factors that determine 345 

the flower-fruit transition (Vleminckx et al., 2025). Advances will benefit from combining 346 

traditional visual phenology assessments with molecular phenology (Satake et al., 2022). 347 

Ideally, monitoring will be coupled with manipulation experiments (Graham et al., 2003, 348 

Werkmeister et al., 2024). A key objective will be distinguishing the roles of resource 349 

acquisition as a driver of reproduction (Pau et al., 2018, Vleminckx et al., 2024), and weather 350 

cues that regulate dynamic allocation of those resources to reproduction (Sullivan et al., 2024, 351 

Adamescu et al., 2018, Bogdziewicz et al., 2024). The potential role of pollinator network 352 

disruption and other interactions also remains poorly understood (Ferreira et al., 2020, 353 

Morellato et al., 2016). 354 

 355 

Establishing species-specific mechanisms will enable the identification of species whose 356 

reproduction is most at risk from climate change (Bogdziewicz et al., 2024), and may shed 357 

light on the diversity of species-level trends we found over recent decades (see also Lai et al., 358 

2025). For example, species with strongly seasonal or supra-annual reproduction (e.g. 359 

Adamescu et al., 2018), governed by weather cues, might show divergent climate-driven 360 

trends from species with less variable reproduction where fruit production responses might 361 

mirror productivity trends (i.e. resource matching). Where cues are important regulators of 362 

reproduction, response will vary depending on the nature of the cue (Bogdziewicz et al., 363 

2024). For example, Numata et al. (2022) showed that more than 50% of 98 Dipterocarp 364 

species may use cool temperature cues for flowering, making these species more vulnerable 365 

to climate warming compared to the species that use only drought for the initiation for 366 

reproduction. Similarly, minimum temperatures are important cues for the reproduction of 367 

Africa species, and warming temperatures is predicted to result in less frequent cueing and 368 

declining in fruit production (Tutin and Fernandez, 1993). 369 

 370 

Shortcomings of our analysis  371 

The number of studies reporting long-term observations of tropical forest reproduction is 372 

growing but remains small. We attempted to assess available data and reported results, but 373 

important gaps and limitations remain. Given that tree reproduction is typically characterised 374 

by high interannual variability (Clark et al., 2021, Bogdziewicz et al., 2024), it was 375 

unsurprising that shorter time-series tended to show non-significant temporal trends. 376 

Consequently, while declining species-level trends outweighed increasing trends by a factor 377 

of four, almost three-quarters of trends were non-significant. It remains unclear whether these 378 

represent ecological stability or limitations in statistical power. Additional uncertainty 379 

originates from heterogeneity (and limited replication) of fruit production monitoring 380 

methods. For example, collection methods included fruit counts on individual trees, 381 

assessments of the proportions of individual trees fruiting (e.g. Potts et al., 2020), or fruit 382 



counts from litter traps (Wright and Calderón, 2024). These methods may not be easily 383 

comparable (Parrado-Rosselli et al., 2006). Fruit counts from litter traps provide 384 

quantification of fruit dispersal, but the effects of changes in fruit production or pre-dispersal 385 

predation cannot be separated. Conversely, estimates based on fruit counts in the canopy 386 

enable estimates of production (including at the individual-tree level), but these may not 387 

reflect fruit (and seed) dispersal to the forest floor. Rare species are likely under-sampled, 388 

especially where estimates are based on litter traps, or where sampling has focused on species 389 

important to frugivore diets (Potts et al., 2020, Abernethy et al., 2018). In our analysis of 390 

community-trends, all species were equally weighted, but community-level trends may be 391 

determined by the response of dominant species. Wider ecosystem responses may also 392 

depend on trends in specific species, e.g., the response of palatable species (Bush et al., 393 

2020). Further, we used data on annual fruit or seed production, but the timing of fruit 394 

production is highly variable between and among tropical sites, and shifting in the timing of 395 

fruit production might have substantial ecological effects even in the absence of change in 396 

overall quantity (Staggemeier et al., 2017, Butt et al., 2015). Our analysis highlights that 397 

tropical fruit production is changing and identifies this as a priority for further research, but 398 

additional work is required to expand the network of data and develop methods to identify 399 

and account for the effects of heterogeneity in monitoring methods.  400 

Conclusion 401 

Detecting the drivers and long-term trends in tropical fruit production is challenging, but 402 

emerging data are beginning to shed light on these patterns. Our findings reveal a concerning 403 

prevalence of declining trends in tropical forest reproduction, with 4.2-times more species 404 

showing declines than increases in fruit production, although negative species-level trends 405 

were unevenly distributed among sites. These changes could have profound ecosystem 406 

consequences, underscoring the urgency of expanding monitoring efforts to enable more 407 

complete assessment of ecosystem resilience. Including additional data from phenological 408 

studies will be important for identifying regional trends and understanding their underlying 409 

drivers, which remain unclear. Enhancing our mechanistic understanding of fruit production 410 

is now a priority because it will aid in attributing current trends and in forecasting the 411 

potential impacts of climate change on tropical forests, including in forests where fruit 412 

production is not monitored. Progress requires a comprehensive analysis of flowering and 413 

fruiting phenology, including molecular approaches, to identify the cues that drive the timing 414 

and magnitude of reproductive efforts and the factors that influence the transition from 415 

flowers to ripe fruit. Given the evidence of climate-driven shifts in tropical forest 416 

productivity, disturbance, and mortality, understanding the response of seed and fruit 417 

reproduction must become central to studies of forest dynamics. 418 

 419 

Acknowledgements 420 

 421 

Funding 422 

 423 
 424 

  425 



References 426 

ABERNETHY, K., BUSH, E., FORGET, P., MENDOZA, I. & MORELLATO, L. 2018. Current 427 
issues in tropical phenology: a synthesis. BIOTROPICA, 50, 477-482. 428 

ABIEM, I., DICKIE, I., KENFACK, D. & CHAPMAN, H. 2023. Factors limiting plant 429 
recruitment in a tropical Afromontane Forest. BIOTROPICA, 55, 221-231. 430 

ADAMESCU, G., PLUMPTRE, A., ABERNETHY, K., POLANSKY, L., BUSH, E., CHAPMAN, 431 
C., SHOO, L., FAYOLLE, A., JANMAAT, K., ROBBINS, M., NDANGALASI, H., 432 
CORDEIRO, N., GILBY, I., WITTIG, R., BREUER, T., HOCKEMBA, M., SANZ, C., 433 
MORGAN, D., PUSEY, A., MUGERWA, B., GILAGIZA, B., TUTIN, C., EWANGO, C., 434 
SHEIL, D., DIMOTO, E., BAYA, F., BUJO, F., SSALI, F., DIKANGADISSI, J., 435 
JEFFERY, K., VALENTA, K., WHITE, L., MASOZERA, M., WILSON, M., BITARIHO, 436 
R., EBIKA, S., GOURLET-FLEURY, S., MULINDAHABI, F. & BEALE, C. 2018. 437 
Annual cycles are the most common reproductive strategy in African tropical tree 438 
communities. BIOTROPICA, 50, 418-430. 439 

ALFARO-SÁNCHEZ, R., MULLER-LANDAU, H., WRIGHT, S. & CAMARERO, J. 2017. 440 
Growth and reproduction respond differently to climate in three Neotropical tree 441 
species. OECOLOGIA, 184, 531-541. 442 

BABWETEERA, F., PLUMPTRE, A. J., ADAMESCU, G. S., SHOO, L. P., BEALE, C. M., 443 
REYNOLDS, V., NYEKO, P. & MUHANGUZI, G. 2018. The ecology of tree 444 
reproduction in an African medium altitude rain forest. Biotropica, 50, 405-417. 445 

BAUMAN, D., FORTUNEL, C., DELHAYE, G., MALHI, Y., CERNUSAK, L., BENTLEY, L., 446 
RIFAI, S., AGUIRRE-GUTIÉRREZ, J., MENOR, I., PHILLIPS, O., MCNELLIS, B., 447 
BRADFORD, M., LAURANCE, S., HUTCHINSON, M., DEMPSEY, R., SANTOS-448 
ANDRADE, P., NINANTAY-RIVERA, H., PAUCAR, J. & MCMAHON, S. 2022. 449 
Tropical tree mortality has increased with rising atmospheric water stress. NATURE, 450 
608, 528-+. 451 

BOGDZIEWICZ, M., KELLY, D., ASCOLI, D., CAIGNARD, T., CHIANUCCI, F., CRONE, E., 452 
FLEUROT, E., FOEST, J., GRATZER, G., HAGIWARA, T., HAN, Q., JOURNÉ, V., 453 
KEURINCK, L., KONDRAT, K., MCCLORY, R., LAMONTAGNE, J., MUNDO, I., 454 
NUSSBAUMER, A., OBERKLAMMER, I., OHNO, M., PEARSE, I., PESENDORFER, 455 
M., RESENTE, G., SATAKE, A., SHIBATA, M., SNELL, R., SZYMKOWIAK, J., 456 
TOUZOT, L., ZWOLAK, R., ZYWIEC, M. & HACKET-PAIN, A. 2024. Evolutionary 457 
ecology of masting: mechanisms, models, and climate change. TRENDS IN 458 
ECOLOGY & EVOLUTION, 39, 851-862. 459 

BREARLEY, F. Q., PROCTOR, J., SURIANTATA, NAGY, L., DALRYMPLE, G. & VOYSEY, 460 
B. C. 2007. Reproductive phenology over a 10-year period in a lowland evergreen 461 
rain forest of central Borneo. Journal of Ecology, 95, 828-839. 462 

BUSH, E. R., WHYTOCK, R. C., BAHAA-EL-DIN, L., BOURGEOIS, S., BUNNEFELD, N., 463 
CARDOSO, A. W., DIKANGADISSI, J. T., DIMBONDA, P., DIMOTO, E., NDONG, J. 464 
E., JEFFERY, K. J., LEHMANN, D., MAKAGA, L., MOMBOUA, B., MOMONT, L. R. 465 
W., TUTIN, C. E. G., WHITE, L. J. T., WHITTAKER, A. & ABERNETHY, K. 2020. 466 
Long-term collapse in fruit availability threatens Central African forest megafauna. 467 
Science, 370, 1219-1221. 468 

BUTT, N., SEABROOK, L., MARON, M., LAW, B., DAWSON, T., SYKTUS, J. & MCALPINE, 469 
C. 2015. Cascading effects of climate extremes on vertebrate fauna through changes 470 
to low-latitude tree flowering and fruiting phenology. GLOBAL CHANGE BIOLOGY, 471 
21, 3267-3277. 472 

CANO, I., SHEVLIAKOVA, E., MALYSHEV, S., JOHN, J., YU, Y., SMITH, B. & PACALA, S. 473 
2022. Abrupt loss and uncertain recovery from fires of Amazon forests under low 474 
climate mitigation scenarios. PROCEEDINGS OF THE NATIONAL ACADEMY OF 475 
SCIENCES OF THE UNITED STATES OF AMERICA, 119. 476 

CHAPMAN, C. A., CHAPMAN, L. J., STRUHSAKER, T. T., ZANNE, A. E., CLARK, C. J. & 477 
POULSEN, J. R. 2005. A long-term evaluation of fruiting phenology: importance of 478 
climate change. Journal of Tropical ecology, 21, 31-45. 479 



CHAPMAN, C. A., VALENTA, K., BONNELL, T. R., BROWN, K. A. & CHAPMAN, L. J. 2018. 480 
Solar radiation and ENSO predict fruiting phenology patterns in a 15‐year record 481 
from Kibale National Park, Uganda. Biotropica, 50, 384-395. 482 

CHAZDON, R. & GUARIGUATA, M. 2016. Natural regeneration as a tool for large-scale 483 
forest restoration in the tropics: prospects and challenges. BIOTROPICA, 48, 716-484 
730. 485 

CLARK, C. J., POULSEN, J. R. & LEVEY, D. J. 2013a. Roles of seed and establishment 486 
limitation in determining patterns of Afrotropical tree recruitment. PloS one, 8, 487 
e63330. 488 

CLARK, D., CLARK, D. & OBERBAUER, S. 2013b. Field-quantified responses of tropical 489 
rainforest aboveground productivity to increasing CO2 and climatic stress, 1997-490 
2009. JOURNAL OF GEOPHYSICAL RESEARCH-BIOGEOSCIENCES, 118, 783-491 
794. 492 

CLARK, J. S., ANDRUS, R., AUBRY-KIENTZ, M., BERGERON, Y., BOGDZIEWICZ, M., 493 
BRAGG, D. C., BROCKWAY, D., CLEAVITT, N. L., COHEN, S., COURBAUD, B., 494 
DALEY, R., DAS, A. J., DIETZE, M., FAHEY, T. J., FER, I., FRANKLIN, J. F., 495 
GEHRING, C. A., GILBERT, G. S., GREENBERG, C. H., GUO, Q. F., 496 
HILLERISLAMBERS, J., IBANEZ, I., JOHNSTONE, J., KILNER, C. L., KNOPS, J., 497 
KOENIG, W. D., KUNSTLER, G., LAMONTAGNE, J. M., LEGG, K. L., LUONGO, J., 498 
LUTZ, J. A., MACIAS, D., MCINTIRE, E. J. B., MESSAOUD, Y., MOORE, C. M., 499 
MORAN, E., MYERS, J. A., MYERS, O. B., NUNEZ, C., PARMENTER, R., PEARSE, 500 
S., PEARSON, S., POULTON-KAMAKURA, R., READY, E., REDMOND, M. D., 501 
REID, C. D., RODMAN, K. C., SCHER, C. L., SCHLESINGER, W. H., SCHWANTES, 502 
A. M., SHANAHAN, E., SHARMA, S., STEELE, M. A., STEPHENSON, N. L., 503 
SUTTON, S., SWENSON, J. J., SWIFT, M., VEBLEN, T. T., WHIPPLE, A. V., 504 
WHITHAM, T. G., WION, A. P., ZHU, K. & ZLOTIN, R. 2021. Continent-wide tree 505 
fecundity driven by indirect climate effects. Nature Communications, 12, 1242. 506 

CONNELL, J. & GREEN, P. 2000. Seedling dynamics over thirty-two years in a tropical rain 507 
forest tree. ECOLOGY, 81, 568-584. 508 

CRIBARI-NETO, F. & ZEILEIS, A. 2010. Beta Regression in R. JOURNAL OF 509 
STATISTICAL SOFTWARE, 34, 1-24. 510 

CURRAN, L. & LEIGHTON, M. 2000. Vertebrate responses to spatiotemporal variation in 511 
seed production of mast‐fruiting Dipterocarpaceae. Ecological Monographs, 70, 101-512 
128. 513 

DE STEVEN, D. & WRIGHT, S. 2002. Consequences of variable reproduction for seedling 514 
recruitment in three neotropical tree species. ECOLOGY, 83, 2315-2327. 515 

DETTO, M., WRIGHT, S., CALDERÓN, O. & MULLER-LANDAU, H. 2018. Resource 516 
acquisition and reproductive strategies of tropical forest in response to the El Nino-517 
Southern Oscillation. NATURE COMMUNICATIONS, 9. 518 

DÍAZ, S., KATTGE, J., CORNELISSEN, J., WRIGHT, I., LAVOREL, S., DRAY, S., REU, B., 519 
KLEYER, M., WIRTH, C., PRENTICE, I., GARNIER, E., BÖNISCH, G., WESTOBY, 520 
M., POORTER, H., REICH, P., MOLES, A., DICKIE, J., ZANNE, A., CHAVE, J., 521 
WRIGHT, S., SHEREMETIEV, S., JACTEL, H., BARALOTO, C., CERABOLINI, B., 522 
PIERCE, S., SHIPLEY, B., CASANOVES, F., JOSWIG, J., GÜNTHER, A., 523 
FALCZUK, V., RÜGER, N., MAHECHA, M., GORNÉ, L., AMIAUD, B., ATKIN, O., 524 
BAHN, M., BALDOCCHI, D., BECKMANN, M., BLONDER, B., BOND, W., BOND-525 
LAMBERTY, B., BROWN, K., BURRASCANO, S., BYUN, C., CAMPETELLA, G., 526 
CAVENDER-BARES, J., CHAPIN, F., CHOAT, B., COOMES, D., CORNWELL, W., 527 
CRAINE, J., CRAVEN, D., DAINESE, M., DE ARAUJO, A., DE VRIES, F., 528 
DOMINGUES, T., ENQUIST, B., FAGÚNDEZ, J., FANG, J., FERNÁNDEZ-MÉNDEZ, 529 
F., FERNANDEZ-PIEDADE, M., FORD, H., FOREY, E., FRESCHET, G., GACHET, 530 
S., GALLAGHER, R., GREEN, W., GUERIN, G., GUTIÉRREZ, A., HARRISON, S., 531 
HATTINGH, W., HE, T., HICKLER, T., HIGGINS, S., HIGUCHI, P., ILIC, J., 532 
JACKSON, R., JALILI, A., JANSEN, S., KOIKE, F., KÖNIG, C., KRAFT, N., 533 
KRAMER, K., KREFT, H., KÜHN, I., KUROKAWA, H., LAMB, E., LAUGHLIN, D., 534 



LEISHMAN, M., LEWIS, S., LOUAULT, F., MALHADO, A., MANNING, P., MEIR, P., 535 
MENCUCCINI, M., MESSIER, J., MILLER, R., MINDEN, V., MOLOFSKY, J., 536 
MONTGOMERY, R., et al. 2022. The global spectrum of plant form and function: 537 
enhanced species-level trait dataset. SCIENTIFIC DATA, 9. 538 

DUNHAM, A. E., RAZAFINDRATSIMA, O. H., RAKOTONIRINA, P. & WRIGHT, P. C. 2018. 539 
Fruiting phenology is linked to rainfall variability in a tropical rain forest. Biotropica, 540 
50, 396-404. 541 

FERRAGUTTI, A., LENZA, E., MEWS, H., MARACAHIPES, L., PILON, N., PEREIRA, J., 542 
CAMPOS, E. & SILVÉRIO, D. 2025. Spatio-temporal variability in seed production of 543 
tree species: implications for restoration in the Cerrado-Amazonia transition zone. 544 
RESTORATION ECOLOGY, 33. 545 

FERREIRA, P., BOSCOLO, D., LOPES, L., CARVALHEIRO, L., BIESMEIJER, J., DA 546 
ROCHA, P. & VIANA, B. 2020. Forest and connectivity loss simplify tropical 547 
pollination networks. OECOLOGIA, 192, 577-590. 548 

FLORES, B., MONTOYA, E., SAKSCHEWSKI, B., NASCIMENTO, N., STAAL, A., BETTS, 549 
R., LEVIS, C., LAPOLA, D., ESQUÍVEL-MUELBERT, A., JAKOVAC, C., NOBRE, C., 550 
OLIVEIRA, R., BORMA, L., NIAN, D., BOERS, N., HECHT, S., TER STEEGE, H., 551 
ARIEIRA, J., LUCAS, I., BERENGUER, E., MARENGO, J., GATTI, L., MATTOS, C. 552 
& HIROTA, M. 2024. Critical transitions in the Amazon forest system. NATURE, 626. 553 

FLORES, S., FORISTER, M., SULBARAN, H., DÍAZ, R. & DYER, L. 2023. Extreme drought 554 
disrupts plant phenology: Insights from 35 years of cloud forest data in Venezuela. 555 
ECOLOGY, 104. 556 

GRAHAM, E., MULKEY, S., KITAJIMA, K., PHILLIPS, N. & WRIGHT, S. 2003. Cloud cover 557 
limits net CO<sub>2</sub> uptake and growth of a rainforest tree during tropical 558 
rainy seasons. PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF 559 
THE UNITED STATES OF AMERICA, 100, 572-576. 560 

HACKET-PAIN, A., FOEST, J. J., PEARSE, I. S., LAMONTAGNE, J. M., KOENIG, W. D., 561 
VACCHIANO, G., BOGDZIEWICZ, M., CAIGNARD, T., CELEBIAS, P., VAN 562 
DORMOLEN, J., FERNANDEZ-MARTINEZ, M., MORIS, J. V., PALAGHIANU, C., 563 
PESENDORFER, M., SATAKE, A., SCHERMER, E., TANENTZAP, A. J., THOMAS, 564 
P. A., VECCHIO, D., WION, A. P., WOHLGEMUTH, T., XUE, T. T., ABERNETHY, 565 
K., ACUNA, M. C. A., BARRERA, M. D., BARTON, J. H., BOUTIN, S., BUSH, E. R., 566 
CALDERON, S. D., CAREVIC, F. S., DE CASTILHO, C. V., CELLINI, J. M., 567 
CHAPMAN, C. A., CHAPMAN, H., CHIANUCCI, F., DA COSTA, P., CROISE, L., 568 
CUTINI, A., DANTZER, B., DEROSE, R. J., DIKANGADISSI, J. T., DIMOTO, E., DA 569 
FONSECA, F. L., GALLO, L., GRATZER, G., GREENE, D. F., HADAD, M. A., 570 
HERRERA, A. H., JEFFERY, K. J., JOHNSTONE, J. F., KALBITZER, U., 571 
KANTOROWICZ, W., KLIMAS, C. A., LAGEARD, J. G. A., LANE, J., LAPIN, K., 572 
LEDWON, M., LEEPER, A. C., LENCINAS, M. V., LIRA-GUEDES, A. C., LORDON, 573 
M. C., MARCHELLI, P., MARINO, S., VAN MARLE, H. S., MCADAM, A. G., 574 
MOMONT, L. R. W., NICOLAS, M., WADT, L. H. D., PANAHI, P., PASTUR, G. M., 575 
PATTERSON, T., PERI, P. L., PIECHNIK, L., POURHASHEMI, M., QUEZADA, C. 576 
E., ROIG, F. A., ROJAS, K. P., ROSAS, Y. M., SCHUELER, S., SEGET, B., SOLER, 577 
R., STEELE, M. A., TORO-MANRIQUEZ, M., TUTIN, C. E. G., UKIZINTAMBARA, T., 578 
WHITE, L., YADOK, B., WILLIS, J. L., ZOLLES, A., ZYWIEC, M. & ASCOLI, D. 2022. 579 
MASTREE plus : Time-series of plant reproductive effort from six continents. Global 580 
Change Biology, 28, 3066-3082. 581 

HARTMANN, H., BASTOS, A., DAS, A., ESQUIVEL-MUELBERT, A., HAMMOND, W., 582 
MARTÍNEZ-VILALTA, J., MCDOWELL, N., POWERS, J., PUGH, T., RUTHROF, K. 583 
& ALLEN, C. 2022. Climate Change Risks to Global Forest Health: Emergence of 584 
Unexpected Events of Elevated Tree Mortality Worldwide. ANNUAL REVIEW OF 585 
PLANT BIOLOGY, 73, 673-702. 586 

HENKEL, T. W. & MAYOR, J. R. 2019. Implications of a long-term mast seeding cycle for 587 
climatic entrainment, seedling establishment and persistent monodominance in a 588 
Neotropical, ectomycorrhizal canopy tree. Ecological Research, 34, 472-484. 589 



HUBAU, W., LEWIS, S., PHILLIPS, O., AFFUM-BAFFOE, K., BEECKMAN, H., CUNÍ-590 
SANCHEZ, A., DANIELS, A., EWANGO, C., FAUSET, S., MUKINZI, J., SHEIL, D., 591 
SONKÉ, B., SULLIVAN, M., SUNDERLAND, T., TAEDOUMG, H., THOMAS, S., 592 
WHITE, L., ABERNETHY, K., ADU-BREDU, S., AMANI, C., BAKER, T., BANIN, L., 593 
BAYA, F., BEGNE, S., BENNETT, A., BENEDET, F., BITARIHO, R., BOCKO, Y., 594 
BOECKX, P., BOUNDJA, P., BRIENEN, R., BRNCIC, T., CHEZEAUX, E., 595 
CHUYONG, G., CLARK, C., COLLINS, M., COMISKEY, J., COOMES, D., DARGIE, 596 
G., DE HAULLEVILLE, T., KAMDEM, M., DOUCET, J., ESQUIVEL-MUELBERT, A., 597 
FELDPAUSCH, T., FOFANAH, A., FOLI, E., GILPIN, M., GLOOR, E., GONMADJE, 598 
C., GOURLET-FLEURY, S., HALL, J., HAMILTON, A., HARRIS, D., HART, T., 599 
HOCKEMBA, M., HLADIK, A., IFO, S., JEFFERY, K., JUCKER, T., YAKUSU, E., 600 
KEARSLEY, E., KENFACK, D., KOCH, A., LEAL, M., LEVESLEY, A., LINDSELL, J., 601 
LISINGO, J., LOPEZ-GONZALEZ, G., LOVETT, J., MAKANA, J., MALHI, Y., 602 
MARSHALL, A., MARTIN, J., MARTIN, E., MBAYU, F., MEDJIBE, V., MIHINDOU, 603 
V., MITCHARD, E., MOORE, S., MUNISHI, P., BENGONE, N., OJO, L., ONDO, F., 604 
PEH, K., PICKAVANCE, G., POULSEN, A., POULSEN, J., QIE, L., REITSMA, J., 605 
ROVERO, F., SWAINE, M., TALBOT, J., TAPLIN, J., TAYLOR, D., THOMAS, D., 606 
TOIRAMBE, B., MUKENDI, J., TUAGBEN, D., UMUNAY, P., VAN DER HEIJDEN, 607 
G., et al. 2020. Asynchronous carbon sink saturation in African and Amazonian 608 
tropical forests. NATURE, 579, 80-+. 609 

JAAFAR, R., YADOK, B., ELISHA, E. & CHAPMAN, H. 2021. Grassland trees and the 610 
common bulbul <i>Pycnonotus barbatus</i> promote Afromontane forest restoration. 611 
BIOTROPICA, 53, 1379-1393. 612 

JANZEN, D. H. 1989. Natural history of a wind-pollinated Central American dry forest 613 
legume tree (Ateleia herbert-smithii Pittier). In: STIRTON, C. H. & ZARUCCHI, J. L. 614 
(eds.) Advances in legume biology. Monographs in Systematic Botany from the 615 
Missouri Botanical Garden. 616 

JOURNE, V., ANDRUS, R., ARAVENA, M. C., ASCOLI, D., BERRETTI, R., BERVEILLER, 617 
D., BOGDZIEWICZ, M., BOIVIN, T., BONAL, R., CAIGNARD, T., CALAMA, R., 618 
CAMARERO, J. J., CHANG-YANG, C. H., COURBAUD, B., COURBET, F., CURT, 619 
T., DAS, A. J., DASKALAKOU, E., DAVI, H., DELPIERRE, N., DELZON, S., DIETZE, 620 
M., CALDERON, S. D., DORMONT, L., ESPELTA, J. M., FAHEY, T. J., FARFAN-621 
RIOS, W., GEHRING, C. A., GILBERT, G. S., GRATZER, G., GREENBERG, C. H., 622 
GUO, Q. F., HACKET-PAIN, A., HAMPE, A., HAN, Q. M., LAMBERS, J. H. R., 623 
HOSHIZAKI, K., IBANEZ, I., JOHNSTONE, J. F., KABEYA, D., KAYS, R., 624 
KITZBERGER, T., KNOPS, J. M. H., KOBE, R. K., KUNSTLER, G., LAGEARD, J. G. 625 
A., LAMONTAGNE, J. M., LEININGER, T., LIMOUSIN, J. M., LUTZ, J. A., MACIAS, 626 
D., MCINTIRE, E. J. B., MOORE, C. M., MORAN, E., MOTTA, R., MYERS, J. A., 627 
NAGEL, T. A., NOGUCHI, K., OURCIVAL, J. M., PARMENTER, R., PEARSE, I. S., 628 
PEREZ-RAMOS, I. M., PIECHNIK, L., POULSEN, J., POULTON-KAMAKURA, R., 629 
QIU, T., REDMOND, M. D., REID, C. D., RODMAN, K. C., RODRIGUEZ-SANCHEZ, 630 
F., SANGUINETTI, J. D., SCHER, C. L., VAN MARLE, H. S., SEGET, B., SHARMA, 631 
S., SILMAN, M., STEELE, M. A., STEPHENSON, N. L., STRAUB, J. N., SWENSON, 632 
J. J., SWIFT, M., THOMAS, P. A., URIARTE, M., VACCHIANO, G., VEBLEN, T. T., 633 
WHIPPLE, A. V., WHITHAM, T. G., WRIGHT, B., WRIGHT, S. J., ZHU, K., 634 
ZIMMERMAN, J. K., ZLOTIN, R., ZYWIEC, M. & CLARK, J. S. 2022. Globally, tree 635 
fecundity exceeds productivity gradients. Ecology Letters, 25, 1471-1482. 636 

JOURNÉ, V., HACKET-PAIN, A., OBERKLAMMER, I., PESENDORFER, M. B. & 637 
BOGDZIEWICZ, M. 2023. Forecasting seed production in perennial plants: 638 
identifying challenges and charting a path forward. New Phytologist, 239, 466-476. 639 

JOURNE, V., SZYMKOWIAK, J., FOEST, J., HACKET-PAIN, A., KELLY, D. & 640 
BOGDZIEWICZ, M. 2024. [Summer solstice orchestrates the subcontinental-scale 641 
synchrony of mast seeding]. NATURE PLANTS. 642 



LAI, H., HILL, T., STIVANELLO, S. & CHAPMAN, H. 2025. Changes in quantity and timing 643 
of foliar and reproductive phenology of tropical dry-forest trees under a warming and 644 
drying climate. JOURNAL OF ECOLOGY. 645 

LEWIS, S. L., MALHI, Y. & PHILLIPS, O. L. 2004. Fingerprinting the impacts of global 646 
change on tropical forests. Philosophical Transactions of the Royal Society of 647 
London Series B-Biological Sciences, 359, 437-462. 648 

MARTÍNEZ-RAMOS, M., SARUKHÁN, J. & PIÑERO, D. 1988. The demography of tropical 649 
trees in the context of forest gap dynamics. In: DAVY, A. J., HUTCHINGS, M. J. & 650 
WATKINSON, A. R. (eds.) Plant Population Ecology. Oxford: Blackwell Scientific 651 
Publications. 652 

MATTHEWS, J., RIDLEY, A., NIYIGABA, P., KAPLIN, B. & GRUETER, C. 2019. 653 
Chimpanzee feeding ecology and fallback food use in the montane forest of 654 
Nyungwe National Park, Rwanda. AMERICAN JOURNAL OF PRIMATOLOGY, 81. 655 

MCDOWELL, N. G., ALLEN, C. D., ANDERSON-TEIXEIRA, K., AUKEMA, B. H., BOND-656 
LAMBERTY, B., CHINI, L., CLARK, J. S., DIETZE, M., GROSSIORD, C., 657 
HANBURY-BROWN, A., HURTT, G. C., JACKSON, R. B., JOHNSON, D. J., 658 
KUEPPERS, L., LICHSTEIN, J. W., OGLE, K., POULTER, B., PUGH, T. A. M., 659 
SEIDL, R., TURNER, M. G., URIARTE, M., WALKER, A. P. & XU, C. G. 2020. 660 
Pervasive shifts in forest dynamics in a changing world. Science, 368, 964-+. 661 

MEMIAGHE, H. R. 2023. Investigating Forest Elephant Crop Depredation to Guide 662 
Landscape Management for Villager-Elephant Coexistence. PhD, University of 663 
Oregon. 664 

MENDOZA, I., CONDIT, R. S., WRIGHT, S. J., CAUBÈRE, A., CHÂTELET, P., HARDY, I. & 665 
FORGET, P. M. 2018. Inter-annual variability of fruit timing and quantity at 666 
Nouragues (French Guiana): insights from hierarchical Bayesian analyses. 667 
Biotropica, 50, 431-441. 668 

MENDOZA, I., PERES, C. A. & MORELLATO, L. P. C. 2017. Continental-scale patterns and 669 
climatic drivers of fruiting phenology: A quantitative Neotropical review. Global and 670 
Planetary Change, 148, 227-241. 671 

MORELLATO, L., ALBERTON, B., ALVARADO, S., BORGES, B., BUISSON, E., 672 
CAMARGO, M., CANCIAN, L., CARSTENSEN, D., ESCOBAR, D., LEITE, P., 673 
MENDOZA, I., ROCHA, N., SOARES, N., SILVA, T., STAGGEMEIER, V., 674 
STREHER, A., VARGAS, B. & PERES, C. 2016. Linking plant phenology to 675 
conservation biology. BIOLOGICAL CONSERVATION, 195, 60-72. 676 

MORELLATO, L. P. C., ABERNETHY, K. & MENDOZA, I. 2018. Rethinking tropical 677 
phenology: insights from long‐term monitoring and novel analytical methods. 678 
Biotropica, 50, 371-373. 679 

MUSCARELLA, R., URIARTE, M., FORERO-MONTAÑA, J., COMITA, L., SWENSON, N., 680 
THOMPSON, J., NYTCH, C., JONCKHEERE, I. & ZIMMERMAN, J. 2013. Life-681 
history trade-offs during the seed-to-seedling transition in a subtropical wet forest 682 
community. JOURNAL OF ECOLOGY, 101, 171-182. 683 

NAUGHTON-TREVES, L., TREVES, A., CHAPMAN, C. & WRANGHAM, R. 1998. Temporal 684 
patterns of crop-raiding by primates: linking food availability in croplands and 685 
adjacent forest. JOURNAL OF APPLIED ECOLOGY, 35, 596-606. 686 

NGAMA, S., BINDELLE, J., POULSEN, J., HORNICK, J., LINDEN, A., KORTE, L., 687 
DOUCET, J. & VERMEULEN, C. 2019. Do topography and fruit presence influence 688 
occurrence and intensity of crop-raiding by forest elephants (<i>Loxodonta africana 689 
cyclotis</i>)? PLOS ONE, 14. 690 

NORDEN, N., CHAVE, J., CAUBÈRE, A., CHÂTELET, P., FERRONI, N., FORGET, P. & 691 
THÉBAUD, C. 2007. Is temporal variation of seedling communities determined by 692 
environment or by seed arrival?: A test in a neotropical forest. JOURNAL OF 693 
ECOLOGY, 95, 507-516. 694 

NUMATA, S., YAMAGUCHI, K., SHIMIZU, M., SAKURAI, G., MORIMOTO, A., ALIAS, N., 695 
AZMAN, N., HOSAKA, T. & SATAKE, A. 2022. Impacts of climate change on 696 



reproductive phenology in tropical rainforests of Southeast Asia. 697 
COMMUNICATIONS BIOLOGY, 5. 698 

OKIMAT, J., BABWETEERA, F. & EHBRECHT, M. 2024. Intraspecific variation in fruit 699 
production of African mahogany (Khaya anthotheca) in a semi-deciduous East 700 
African rainforest. AFRICAN JOURNAL OF ECOLOGY, 62. 701 

PAGEL, M. 1999. Inferring the historical patterns of biological evolution. NATURE, 401, 877-702 
884. 703 

PAK, D., SWAMY, V., ALVAREZ-LOAYZA, P., CORNEJO-VALVERDE, F., 704 
QUEENBOROUGH, S., METZ, M., TERBORGH, J., VALENCIA, R., WRIGHT, S., 705 
GARWOOD, N. & LASKY, J. 2023. Multiscale phenological niches of seed fall in 706 
diverse Amazonian plant communities. ECOLOGY, 104. 707 

PARRADO-ROSSELLI, A., MACHADO, J. & PRIETO-LÓPEZ, T. 2006. Comparison 708 
between two methods for measuring fruit production in a tropical forest. 709 
BIOTROPICA, 38, 267-271. 710 

PAU, S., OKAMOTO, D. K., CALDERON, O. & WRIGHT, S. J. 2018. Long-term increases in 711 
tropical flowering activity across growth forms in response to rising CO2 and climate 712 
change. Global Change Biology, 24, 2105-2116. 713 

PAU, S., WOLKOVICH, E. M., COOK, B. I., NYTCH, C. J., REGETZ, J., ZIMMERMAN, J. K. 714 
& WRIGHT, S. J. 2013. Clouds and temperature drive dynamic changes in tropical 715 
flower production. Nature Climate Change, 3, 838. 716 

PISL, J., RUSSWURM, M., HUGHES, L., LENCZNER, G., SEE, L., WEGNER, J. & TUIA, D. 717 
2024. Mapping drivers of tropical forest loss with satellite image time series and 718 
machine learning. ENVIRONMENTAL RESEARCH LETTERS, 19. 719 

POLANSKY, L. & BOESCH, C. 2013. Long‐term changes in fruit phenology in a West 720 
African lowland tropical rain forest are not explained by rainfall. Biotropica, 45, 434-721 
440. 722 

POTTS, K., WATTS, D., LANGERGRABER, K. & MITANI, J. 2020. Long-term trends in fruit 723 
production in a tropical forest at Ngogo, Kibale National Park, Uganda. 724 
BIOTROPICA, 52, 521-532. 725 

QIU, T., ANDRUS, R., ARAVENA, M. C., ASCOLI, D., BERGERON, Y., BERRETTI, R., 726 
BERVEILLER, D., BOGDZIEWICZ, M., BOIVIN, T., BONAL, R., BRAGG, D. C., 727 
CAIGNARD, T., CALAMA, R., CAMARERO, J. J., CHANG-YANG, C. H., CLEAVITT, 728 
N. L., COURBAUD, B., COURBET, F., CURT, T., DAS, A. J., DASKALAKOU, E., 729 
DAVI, H., DELPIERRE, N., DELZON, S., DIETZE, M., CALDERON, S. D., 730 
DORMONT, L., ESPELTA, J., FAHEY, T. J., FARFAN-RIOS, W., GEHRING, C. A., 731 
GILBERT, G. S., GRATZER, G., GREENBERG, C. H., GUO, Q. F., HACKET-PAIN, 732 
A., HAMPE, A., HAN, Q. M., LAMBERS, J. H. R., HOSHIZAKI, K., IBANEZ, I., 733 
JOHNSTONE, J. F., JOURNE, V., KABEYA, D., KILNER, C. L., KITZBERGER, T., 734 
KNOPS, J. M. H., KOBE, R. K., KUNSTLER, G., LAGEARD, J. G. A., 735 
LAMONTAGNE, J. M., LEDWON, M., LEFEVRE, F., LEININGER, T., LIMOUSIN, J. 736 
M., LUTZ, J. A., MACIAS, D., MCINTIRE, E. J. B., MOORE, C. M., MORAN, E., 737 
MOTTA, R., MYERS, J. A., NAGEL, T. A., NOGUCHI, K., OURCIVAL, J. M., 738 
PARMENTER, R., PEARSE, I. S., PEREZ-RAMOS, I. M., PIECHNIK, L., POULSEN, 739 
J., POULTON-KAMAKURA, R., REDMOND, M. D., REID, C. D., RODMAN, K. C., 740 
RODRIGUEZ-SANCHEZ, F., SANGUINETTI, J. D., SCHER, C. L., SCHLESINGER, 741 
W. H., VAN MARLE, H. S., SEGET, B., SHARMA, S., SILMAN, M., STEELE, M. A., 742 
STEPHENSON, N. L., STRAUB, J. N., SUN, I. F., SUTTON, S., SWENSON, J. J., 743 
SWIFT, M., THOMAS, P. A., URIARTE, M., VACCHIANO, G., VEBLEN, T. T., 744 
WHIPPLE, A. V., WHITHAM, T. G., WION, A. P., WRIGHT, B., WRIGHT, S. J., ZHU, 745 
K., ZIMMERMAN, J. K., et al. 2022. Limits to reproduction and seed size-number 746 
trade-offs that shape forest dominance and future recovery. Nature Communications, 747 
13, 12. 748 

REVELL, L. 2010. Phylogenetic signal and linear regression on species data. METHODS IN 749 
ECOLOGY AND EVOLUTION, 1, 319-329. 750 



REVELL, L. 2012. phytools: an R package for phylogenetic comparative biology (and other 751 
things). METHODS IN ECOLOGY AND EVOLUTION, 3, 217-223. 752 

REYNA-HURTADO, R., TEICHROEB, J., BONNELL, T., HERNÁNDEZ-SARABIA, R., 753 
VICKERS, S., SERIO-SILVA, J., SICOTTE, P. & CHAPMAN, C. 2018. Primates 754 
adjust movement strategies due to changing food availability. BEHAVIORAL 755 
ECOLOGY, 29, 368-376. 756 

SAKAI, S. & ITIOKA, T. 2016. Long-term monitoring of plant reproductive phenology and 757 
observation of general flowering in Lambir Hills, Sarawak. Proceedings of the 758 
symposium "Frontier in tropical forest research: progress in joint projects between the 759 
Forest Department Sarawak and the Japan Research Consortium for Tropical 760 
Forests in Sarawak", 9-18. 761 

SATAKE, A., NAGAHAMA, A. & SASAKI, E. 2022. A cross-scale approach to unravel the 762 
molecular basis of plant phenology in temperate and tropical climates. NEW 763 
PHYTOLOGIST, 233, 2340-2353. 764 

STAGGEMEIER, V., CAZETTA, E. & MORELLATO, L. 2017. Hyperdominance in fruit 765 
production in the Brazilian Atlantic rain forest: the functional role of plants in 766 
sustaining frugivores. BIOTROPICA, 49, 71-82. 767 

SULLIVAN, M., FAYOLLE, A., BUSH, E., OFOSU-BAMFO, B., VLEMINCKX, J., METZ, M. & 768 
QUEENBOROUGH, S. 2024. Cascading effects of climate change: new advances in 769 
drivers and shifts of tropical reproductive phenology. PLANT ECOLOGY, 225, 175-770 
187. 771 

TSUJII, Y., SAKAI, S., USHIO, M., AIBA, S. & KITAYAMA, K. 2023. Variations in the 772 
reproductive cycle of Bornean montane tree species along elevational gradients on 773 
ultrabasic and non-ultrabasic soils. BIOTROPICA, 55, 210-220. 774 

TUTIN, C. E. & FERNANDEZ, M. 1993. Relationships between minimum temperature and 775 
fruit production in some tropical forest trees in Gabon. Journal of Tropical Ecology, 9, 776 
241-248. 777 

VLEMINCKX, J., HOGAN, J., METZ, M., COMITA, L., QUEENBOROUGH, S., WRIGHT, S., 778 
VALENCIA, R., ZAMBRANO, M. & GARWOOD, N. 2024. Flower production 779 
decreases with warmer and more humid atmospheric conditions in a western 780 
Amazonian forest. NEW PHYTOLOGIST, 241, 1035-1046. 781 

VLEMINCKX, J., HOGAN, J., METZ, M., COMITA, L., QUEENBOROUGH, S., WRIGHT, S., 782 
VALENCIA, R., ZAMBRANO, M. & GARWOOD, N. 2025. Seed Production and 22 783 
Years of Climatic Changes in an Everwet Neotropical Forest. ECOLOGY LETTERS, 784 
28. 785 

WERKMEISTER, G., GALBRAITH, D., SILVA, M., ROCHA, J., LIMA, M., TUBIN, P., 786 
MARIMON, B., MARIMON-JUNIOR, B., ASHLEY, D., CLERICI, S., PHILLIPS, O. & 787 
GLOOR, E. 2024. Impacts of higher daytime temperatures on viable pollen and fruit 788 
production in common Cerrado tree <i>Byrsonima pachyphylla</i> (Malpighiaceae). 789 
BIOTROPICA, 56. 790 

WIJDEVEN, S. & KUZEE, M. 2000. Seed availability as a limiting factor in forest recovery 791 
processes in Costa Rica. RESTORATION ECOLOGY, 8, 414-424. 792 

WILLIAMS, B., BEYER, H., FAGAN, M., CHAZDON, R., SCHMOELLER, M., SPRENKLE-793 
HYPPOLITE, S., GRISCOM, B., WATSON, J., TEDESCO, A., GONZALEZ-794 
ROGLICH, M., DALDEGAN, G., BODIN, B., CELENTANO, D., WILSON, S., 795 
RHODES, J., ALEXANDRE, N., KIM, D., BASTOS, D. & CROUZEILLES, R. 2024. 796 
Global potential for natural regeneration in deforested tropical regions. NATURE. 797 

WINARNI, N. L., KURNIASARI, D. R., HARTININGTIAS, D., NUSALAWO, M. & 798 
SAKUNTALADEWI, N. 2016. Phenology, Climate, and Adaptation: How Does 799 
Dipterocarps Respond to Climate? Indonesian Journal of Forestry Research, 3, 129-800 
141. 801 

WRIGHT, S. & CALDERÓN, O. 2006. Seasonal, El Nino and longer term changes in flower 802 
and seed production in a moist tropical forest. ECOLOGY LETTERS, 9, 35-44. 803 



WRIGHT, S., MULLER-LANDAU, H., CALDERÓN, O. & HERNANDÉZ, A. 2005. Annual and 804 
spatial variation in seedfall and seedling recruitment in a neotropical forest. 805 
ECOLOGY, 86, 848-860. 806 

WRIGHT, S. J. & CALDERÓN, O. 2024. Flower and Seed Production, Seedling Dynamics, 807 
and Tree Life Cycles. In: MULLER-LANDAU, H. & WRIGHT, S. J. (eds.) The First 808 
100 Years of Research on Barro Colorado: Plant and Ecosystem Science. 809 
Washington, DC: Smithsonian Institution Scholarly Press. 810 

XU, S., LI, L., LUO, X., CHEN, M., TANG, W., ZHAN, L., DAI, Z., LAM, T., GUAN, Y. & YU, 811 
G. 2022. <i>Ggtree</i>: A serialized data object for visualization of a phylogenetic 812 
tree and annotation data. IMETA, 1. 813 

ZANNE, A., TANK, D., CORNWELL, W., EASTMAN, J., SMITH, S., FITZJOHN, R., 814 
MCGLINN, D., O'MEARA, B., MOLES, A., REICH, P., ROYER, D., SOLTIS, D., 815 
STEVENS, P., WESTOBY, M., WRIGHT, I., AARSSEN, L., BERTIN, R., 816 
CALAMINUS, A., GOVAERTS, R., HEMMINGS, F., LEISHMAN, M., OLEKSYN, J., 817 
SOLTIS, P., SWENSON, N., WARMAN, L. & BEAULIEU, J. 2014. Three keys to the 818 
radiation of angiosperms into freezing environments. NATURE, 506, 89-+. 819 

ZIMMERMAN, J. K., HOGAN, J. A., NYTCH, C. J. & BITHORN, J. E. 2018. Effects of 820 
hurricanes and climate oscillations on annual variation in reproduction in wet forest, 821 
Puerto Rico. Ecology, 99, 1402-1410. 822 

  823 



Supplementary Information 824 

Supplementary Information 1: Site and species information, including species-specific trends in annual fruit 825 
production. Species_trends_tropical_fruit_production.csv  826 
 827 
 828 
Supplementary Information 2: Phylogenetic and linear regression with fruit production trends as the response 829 
(i.e. the slope) and plant height and wood density as covariates. Plant height and wood density were log10 830 
transformed in the analysis.   831 
  832 

  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 

 833 
 834 
 835 
 836 
Supplementary Information 3: Proportion changes in the classification of trends of species specific-time series 837 
related to the p-value threshold used to assess statistical significance. In the main text we reported trends based 838 
on a p-value threshold at 0.05 (dashed line). 839 

 840 
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Supplementary Information 4. A list of 20 important fruiting tree species for forest elephants at 842 

Lopé National Park (Memiaghe, 2023) 843 

 844 

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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