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Text S1 Supplementary methods: Plant trait data collection pipeline

Plant trait data collected

- Fruit dimensions (mean, minimum, maximum length and width)
- Seed dimensions (mean, minimum, maximum length and width)
- Fruit type (e.g., berry, drupe, capsule; see Dataset S1)

- Fruit dehiscence (presence or absence)

- Seed fleshy appendage (presence or absence)

Step 1 | Determining the geographical range of a plant species
The process of collecting plant trait data began by entering an accepted plant species name (e.g., Cupania
emarginata) into the Global Biodiversity Information Facility (GBIF) search tool, available at

https://www.gbif.org/. The occurrence map generated by GBIF was then used to determine the species’

geographical range and to identify appropriate region-specific sources for trait data.

Step 2 | Compiling trait data sources based on geographic region
Based on the geographical range determined in Step 1 (e.g., South America for C. emarginata), relevant
regional floras (including eFloras) and trait databases were consulted. A summary of the most frequently

used sources by region is provided below (see Dataset S1 for a complete list of the sources used):

South America

World Flora Online (WFO) - https://www.worldfloraonline.org/

Flora e Funga do Brasil - https://floradobrasil.jbrj.gov.br/consulta/
Fruits of the Guianan Flora (van Roosmalen, M.G., 1985; ISBN: 9789090009889)
Flora of Cuba - https://floradecuba.org/

Flora of the Guianas - https://portal.cybertaxonomy.org/flora-guianas/

Africa
World Flora Online (WFO) - https://www.worldfloraonline.org/

Plant Resources of Tropical Africa (PROTA) — https://prota.protadu.org/

Flora of Gabon - https://portal.cybertaxonomy.org/flore-gabon/

Tropical Asia

World Flora Online (WFO) - https://www.worldfloraonline.org/
Flora of Thailand - https://botany.dnp.go.th/eflora/index.html

Australian Tropical Rainforest Plants - https://apps.lucidcentral.org/rainforest/text/entities/

Plant Resources of South East Asia (PROSEA) - https://prosea.protadu.org/
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Flora Malesiana - https://portal.cybertaxonomy.org/flora-malesiana/

India Biodiversity Portal - https://indiabiodiversity.org/

Step 3 | Extracting plant trait data
Trait data were extracted from sources that provided species descriptions under the accepted name. For

example, C. emarginata was described in Flora e Funga do Brasil (translated from Portuguese) as follows:

‘Capsules yellowish, obcordiform, laterally flattened, leathery, base attenuate, apex apiculate, 1.4-2.5 x
1.8-2.4 cm; epicarp yellowish-green, slightly rough, glabrous, endocarp tomentose. Seeds 2, obovoid,
0.8-1 x 1.2-1.5 cm, brown or reddish-brown, with a white, fleshy aril, completely or almost completely

covering the seed, fimbriate-toothed’.

From this description, continuous trait values were derived as follows:

Fruit dimensions (converted to mm):

Mean_Fruit length

Min_Fruit length

Max_Fruit length

Mean_Fruit width

Min_Fruit width

Max_Fruit width

19.5

14

25

21

18

24

Seed dimensions (converted to mm):

Mean_Seed_length

Min Seed length

Max_Seed length

Mean_Seed width

Min Seed width

Max_ Seed width

9

8

10

13.5

12

15

Notes on the derivation of continuous trait values
Note 1: For species with subglobose or globose fruits, some sources reported only a single dimension
(often representative of diameter). In these cases, this value was recorded as both length and width.

Every time this measure was taken, a note states that as such, under the ‘Notes’ column of Dataset S1.

Note 2: When only a single value was reported for a dimension (i.e., no range), it was treated as a mean.

Note 3: When only trait means were reported (without minimums or maximums) but standard deviation

(SD) was provided, minimum and maximum values were estimated as £2 SD from the mean.

Note 4: In a few cases, sources only provided fruit and seed dimensions at the genus level. This was
limited to genera known to produce extremely small fruits and seeds. For example, the genus Clusia is

described at http://legacy.tropicos.org/NamePage.aspx?nameid=40010645&projectid=66&langid=10

as having seeds <5 mm. We confirmed through cross-referencing that seeds in this genus generally do
not exceed 5 mm. Therefore, to ensure inclusion in our dataset, Clusia species with missing trait values

were recorded as having a seed length of 5 mm and marked ‘Yes’ under the ‘Based on Genus Average’ column.
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Fruit type, dehiscence, and fleshy seed appendages

These categorical traits were generally extracted concurrently from the same plant species description,
as they are often reported together. In the C. marginata example, the fruit was described as a ‘capsule’
(a dehiscent fruit type), and the seed was noted to have a ‘fleshy aril’ (a fleshy seed appendage). When
species-specific trait descriptions were unavailable, data were collected at the genus or family level. In
cases of conflicting or unusual trait combinations (e.g., ‘indehiscent capsule’), multiple sources were
cross-referenced to establish the most consistently reported traits. If ambiguity remained, consultation with
experts on specific plant families from the Naturalis Biodiversity Center or the German Centre for Integrative

Biodiversity Research (iDiv) was undertaken. If no consensus was reached, the trait was left unrecorded.

Step 4 | Addressing missing data under the accepted species name and the use of taxonomic synonyms
If no trait data were available under the accepted species name, GBIF was used to identify taxonomic
synonyms through the ‘Name usages applied to occurrences’ section on the species page. If a commonly

used synonym was found, the data collection process (Steps 1-3) was repeated under that synonym.

Source prioritisation and deviations from standard procedure

Trait data from floras and taxonomic monographs were prioritised as the most authoritative sources. In
the absence of these, trait data were retrieved from peer-reviewed articles found via Google Scholar
using search terms such as: ‘fruit’, ‘seed’, ‘length’, ‘width’, ‘dimensions’, ‘fruit type’, ‘dehiscence’,
‘indehiscent’, ‘dehiscent’, ‘aril’, ‘sarcotesta’, and ‘elaiosome’, along with the plant species name. In rare
cases (approximately 2% of all trait data records), high-quality photographs from reputable sources were
used to extract trait data when no descriptive text was available. Measurements were taken using ImageJ,
provided that a scale bar or ruler was present (e.g. photographs from the Smithsonian Tropical Research

Institute Digital File Manager available at https://biogeodb.stri.si.edu/bioinformatics/dfm or peer-

reviewed publications featuring scale bars or rulers with measurement units such as cm/mm/inches). All
deviations from the outlined standard procedure were documented in the ‘Notes’ column of Dataset S1,

along with the rationale for the decision and a description of the alternative methods used.

Page | 4


https://biogeodb.stri.si.edu/bioinformatics/dfm

a b)
) .
= E
E 5
g, 8
o] 8 4
2 £
= 5
=2 %)
w c
< Q
Q O
S 24 e
Q N
5 e
S 1 § .
© £
o =
= =
R?>=0.38 R?=0.29
0+ : : : 0+ ! ] !
4 8 12 16 4 8 12 16
Body mass (log g) Body mass (log g)

FIGURE S1 | Linear regression analyses showing the relationship between (a) average fruit size consumed
and frugivore body mass, and (b) maximum fruit size consumed and frugivore body mass. The blue and red
lines represent the best-fit regression lines, while the shaded areas indicate 95% confidence intervals. Both
regression analyses are based on a sample size of » = 833 unique animal species that had interactions

with at least three unique plant species present in the plant—frugivore networks.
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FIGURE S2 | Variation in plant—frugivore trait matching across tropical biogeographical realms. The
strength of trait matching between plant fruit size and frugivore body mass is quantified using Fisher’s
z-transformed Pearson’s », which is derived from a fourth-corner analysis and weighted by network
sample size (square root of interaction count). This analysis includes only ecological networks with a
minimum of 30 interactions and at least four plant and four animal species (n = 102 networks). The
analysis has a sample size of n = 90 networks: 38 from the Neotropical realm, 24 from the Panamanian
realm, 16 from the Oriental realm, and 12 from the Afrotropical realm. Biogeographical realms follow
the classification of Holt ef al. (2013). Boxes indicate the interquartile range (25th—75th percentile),
black lines mark medians, red numbers denote means, whiskers extend to 1.5x the interquartile range,
and points beyond whiskers represent potential outliers. A Kruskal-Wallis test (y*test = 1.26, df =3, p

=0.739) revealed no significant differences in trait matching across biogeographic realms.
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FIGURE S3 | Sensitivity analysis on networks sampled since 2000. (a) The direct and indirect drivers

of fruit-size-to-body-mass trait matching across tropical plant—frugivore networks sampled since 2000.
Structural equation model (SEM) showing the direct and indirect effects of environmental conditions
(blue) and human disturbance (grey) on plant and animal characteristics (green) and plant—frugivore
trait matching across tropical networks (brown). The strength of trait matching between plant fruit size
and frugivore body mass is quantified using Fisher’s z-transformed Pearson’s r, which is derived from

a fourth-corner analysis and weighted by network sample size (square root of interaction count). This
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analysis includes only ecological networks sampled since 2000, with a minimum of 30 interactions and
at least four plant and four animal species (n = 63 networks). Arrows represent standardised effect sizes,
with arrow directions reflecting the direction of the effect. Arrow thickness is proportional to the
magnitude of the standardised effect size. Arrow colours reflect positive (black) or negative (red) effects.
Only statistically significant paths (p < 0.05) are shown. R? represents the proportion of variance in the
response variable explained by the explanatory variables combined. (b) The geographic distribution of
plant—frugivore networks included in the complete dataset (see Figure 3 in the main text) and the
sensitivity analysis subset. Grey points indicate networks sampled before 2000, while red points
represent those sampled since 2000. The 39 networks excluded from the sensitivity analysis were
geographically clustered, particularly in Southeast Asia, Papua New Guinea, Australia, West Africa,

Central America, and the Caribbean—regions predominantly characterised by tropical forest biomes.

This sensitivity analysis reveals that human disturbance in post-2000 networks is not associated with
higher animal species richness (for discussion, see main text). However, two additional changes are
observed compared to the full model (Figure 3). First, NPP was no longer a significant predictor of the
average degree of frugivory in the sensitivity analysis or of plant richness (see Figure 3 and Figure S3).
The sensitivity analysis subset under-represents environments associated with high NPP. For example,
networks sampled before 2000 exhibited a higher mean NPP (¥ = 2099 g C/m?) than those retained in
the sensitivity analysis (X = 1948 g C/m?). This reduction in environmental variability may partly explain
why NPP was no longer a significant predictor of the average degree of frugivory or plant species
richness in the sensitivity analysis. Changes in variable collinearity likely contributed as well: while
NPP and precipitation showed a strong correlation in the complete dataset (» = 0.71), this correlation
increased considerably in the sensitivity analysis subset (» = 0.84), suggesting greater redundancy
between these environmental predictors. As a result, precipitation likely subsumed the explanatory
power of NPP in the sensitivity analysis, at least when explaining the degree of frugivory. Supporting
this interpretation, the combined explanatory power of NPP and precipitation in the main model was R?
= 0.21, whereas precipitation alone accounted for a similar proportion of the variance in the sensitivity
analysis (R? = 0.24). Thus, although NPP was no longer a significant predictor, the overall contribution

of environmental conditions to explaining variance in frugivory remained comparable across models.

Second, in the SEM restricted to networks sampled since 2000, the range of fruit size appeared as a
significant and relatively strong predictor of trait matching (standardised path coefficient [std. coeff.] =
0.21). Notably, this effect was not found in the complete dataset model (see Figure 3 in the main text).
This suggests that variation in fruit size may also play a role in shaping trait matching, similar to the
range of body sizes for frugivores. It remains unclear why this finding is only supported in the post-
2000 networks but not in the complete dataset. Possibly, there is co-variation between NPP, plant

richness and the range of fruit size, and the model cannot fully disentangle the pathways with which the
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variables explain variation in trait matching strength. Indeed, the total trait matching variance explained
in both analyses is similar (R? = 0.40 for the complete dataset vs. R? = 0.42 for the post-2000 dataset).
Furthermore, the means and variations of variables across networks included in the analyses differ. For
example, post-2000 networks tend to have much lower mean (X) plant species richness (x = 22) than
pre-2000 networks (x = 40.7) (¥ complete dataset = 29), with a lower standard deviation (SD) (post-
2000 networks SD = 17.03; pre-2000 networks SD = 32.55; complete dataset SD = 25.77). Similarly,
the fruit size range and standard deviation are lower in post-2000 (0.88 —4.51, x =2.53, SD = 0.86) than
pre-2000 (0.69 — 5.26, x = 2.76, SD = 0.95) networks, as well as variation in trait matching strength
(post-2000 networks x = 0.98, SD = 1.50; pre-2000 networks x = 1.41, SD = 1.74; complete dataset x =
1.14, SD = 1.60). These differences between datasets may explain why fruit size range is a significant
predictor in post-2000 networks, but not in the complete dataset. Finally, outliers may explain some of
the differences in findings between the complete and post-2000 network datasets. A more comprehensive

understanding of the changes in drivers of trait matching strength over time will require further study.
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FIGURE S4 | The direct and indirect drivers of fruit-size-to-body-mass trait matching across tropical
plant—frugivore networks at a 5 km spatial resolution. Structural equation model (SEM) showing the
direct and indirect effects of environmental conditions (blue) and human disturbance (grey) on plant and
animal characteristics (green) and plant—frugivore trait matching across tropical networks (brown). The
strength of trait matching between plant fruit size and frugivore body mass is quantified using Fisher’s
z-transformed Pearson’s r, which is derived from a fourth-corner analysis and weighted by network
sample size (square root of interaction count). This analysis includes only ecological networks with a
minimum of 30 interactions and at least four plant and four animal species (7 = 102 networks). This
sensitivity analysis includes human disturbance and environmental data at a 5 km resolution, in contrast
to the 1 km resolution used in the main model (see Figure 3 in the main text). Arrows represent
standardised effect sizes, with arrow directions reflecting the direction of the effect. Arrow thickness is
proportional to the magnitude of the standardised effect size. Arrow colours reflect positive (black) or
negative (red) effects. Only statistically significant paths (p <0.05) are shown. R? represents the proportion

of variance in the response variable explained by the explanatory variables combined.
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FIGURE S5 | The direct and indirect drivers of fruit-size-to-body-mass trait matching across tropical
plant—frugivore networks restricted to interactions with animals whose degree of frugivory (% fruit-
eating) was equal to or greater than their degree of granivory (% seed-eating). Structural equation model
(SEM) showing the direct and indirect effects of environmental conditions (blue) and human disturbance
(grey) on plant and animal characteristics (green) and plant—frugivore trait matching across tropical
networks (brown). The strength of trait matching between plant fruit size and frugivore body mass is
quantified using Fisher’s z-transformed Pearson’s , which is derived from a fourth-corner analysis and
weighted by network sample size (square root of interaction count). This analysis is restricted to
interactions involving animal species whose degree of frugivory (% fruit-eating) was equal to or greater
than their degree of granivory (% seed-eating) and includes only ecological networks with a minimum
of 30 interactions and at least four plant and four animal species (n = 100 networks). This subset results
in a sample that may contain a higher proportion of seed dispersal interactions compared to the main
model. Arrows represent standardised effect sizes, with arrow directions reflecting the direction of the
effect. Arrow thickness is proportional to the magnitude of the standardised effect size. Arrow colours
reflect positive (black) or negative (red) effects. Only statistically significant paths (p < 0.05) are shown.
R? represents the proportion of variance in the response variable explained by the explanatory variables
combined. This sensitivity analysis resulted in the exclusion of 83 animal species that were primarily

seed predators (antagonistic), as well as 458 interactions and 2 networks compared to the main analysis.
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FIGURE S6 | The direct and indirect drivers of fruit-size-to-body-mass trait matching across tropical
plant—frugivore network based on trait matching coefficients without the application of the weighting
scheme. Structural equation model (SEM) showing the direct and indirect effects of environmental
conditions (blue) and human disturbance (grey) on plant and animal characteristics (green) and plant—
frugivore trait matching across tropical networks (brown). The strength of trait matching between plant
fruit size and frugivore body mass is quantified using Fisher’s z-transformed Pearson’s », which is
derived from a fourth-corner analysis. This analysis includes only ecological networks with a minimum
of 30 interactions and at least four plant and four animal species (n = 102 networks). Arrows represent
standardised effect sizes, with arrow directions reflecting the direction of the effect. Arrow thickness is
proportional to the magnitude of the standardised effect size. Arrow colours reflect positive (black) or
negative (red) effects. Only statistically significant paths (p <0.05) are shown. R? represents the proportion
of variance in the response variable explained by the explanatory variables combined. This sensitivity
analysis indicates that the relationships (effect sizes and significance) identified in the main SEM remain
largely consistent even without applying the weighting scheme devised. The primary difference is a
lower explained variance for trait matching (R?= 0.22 in the unweighted model versus R? = 0.40 in the
weighted model). This reduction highlights the value of the weighting scheme, which accounts for the
greater reliability of Pearson’s » values derived from larger sample sizes. Without weighting, correlations
from small networks contribute disproportionately and introduce noise, limiting the SEM’s ability to
explain variation in trait matching. Weighting by sample size mitigates this issue by giving greater

influence to more robust Pearson’s r values, thereby improving the explanatory power of the model.
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FIGURE S7 | Variation in plant—frugivore trait matching across sampling methods used to record
interactions. The strength of trait matching between plant fruit size and frugivore body mass is quantified
using Fisher’s z-transformed Pearson’s r, which is derived from a fourth-corner analysis and weighted
by network sample size (square root of interaction count). This analysis includes only ecological
networks with a minimum of 30 interactions and at least four plant and four animal species (n = 102
networks). Sampling methods include focal observations (rn = 23), general observations (n = 13), transect
walk (n = 11), animal tracking (n = 11), mist netting (» = 30), and multiple methods (n = 14). Boxes
indicate the interquartile range (25th—75th percentile), black lines mark medians, red diamonds denote
means, whiskers extend to 1.5x the interquartile range, and points beyond whiskers represent potential
outliers. The category ‘Animal tracking’ aggregates infrequently used animal-tracking methods (e.g.,
animal follows, found faeces, live trapping), whereas the category ‘Multiple methods’ refers to networks
sampled using a combination of approaches (e.g., focal observations, camera traps, and found faeces).
A Kruskal-Wallis test (y*test = 10.60, df = 5, p = 0.060) showed no significant effect of sampling

method on trait matching coefficients, indicating no systematic bias.
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TABLE S1 | Path coefficients from the main SEM and sensitivity analyses. Values shown are standardised

coefficients with standard error (SE), 95% confidence intervals (lower and upper bounds), and p-values.

Fitted Model
0
Predictor variable Outcome variable Séig?gi?;id SE 1b95 o p
ub
Precipitation Degree of Frugivory  0.225 0.103 0.024 0427 0.028
Net Primary Productivity =~ Degree of Frugivory  0.265 0.104 0.061 0470 0.011
Net Primary Productivity ~ Plant Richness 0.171 0.071 0.031  0.310 0.016
Human Disturbance Plant Richness -0.287 0.081 -0.446 -0.129 <0.001
Human Disturbance Animal Richness 0.264 0.089 0.088  0.439  0.003
Plant Richness Range of Fruit Size 0.654 0.051 0.555 0.754 <0.001
Animal Richness Range of Body Mass  0.298 0.090 0.122 0474 <0.001
Human Disturbance Range of Body Mass  -0.319 0.064 -0.445 -0.193 <0.001
Degree of Frugivory Trait Matching 0.246 0.057 0.135  0.357 <0.001
Range of Body Mass Trait Matching 0.577 0.062 0.455 0.699 <0.001
Sensitivity Analysis (Post-2000 Networks)
Precipitation Degree of Frugivory  0.489 0.097 0.299 0.679 <0.001
Human Disturbance Plant Richness -0.285 0.103 -0.487 -0.084 0.005
Plant Richness Range of Fruit Size 0.623 0.075 0475 0771 <0.001
Animal Richness Range of Body Mass  0.428 0.108 0.216 0.641  <0.001
Human Disturbance Range of Body Mass  -0.244 0.084 -0.408 -0.079 0.004
Degree of Frugivory Trait Matching 0.214 0.062 0.092 0335 <0.001
Range of Fruit Size Trait Matching 0.210 0.061 0.091 0.329 <0.001
Range of Body Mass Trait Matching 0.562 0.073 0420 0.705 <0.001
Sensitivity Analysis (Spatial Resolution = 5 km)

Precipitation Degree of Frugivory  0.230 0.103 0.029 0.430 0.025
Net Primary Productivity  Degree of Frugivory  0.279 0.104 0.075 0.482  0.007
Net Primary Productivity ~ Plant Richness 0.158 0.072 0.017 0298  0.028
Human Disturbance Plant Richness -0.286 0.083 -0.448 -0.123 <0.001
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Human Disturbance Animal Richness 0.293 0.092 0.112 0474 0.001
Plant Richness Range of Fruit Size 0.654 0.051 0.555 0.754 <0.001
Animal Richness Range of Body Mass  0.283 0.092 0.102 0.464 0.002
Human Disturbance Range of Body Mass  -0.236 0.081 -0.395 -0.077 0.004
Degree of Frugivory Trait Matching 0.246 0.057 0.135  0.357 <0.001
Range of Body Mass Trait Matching 0.577 0.062 0.455 0.699 <0.001
Sensitivity Analysis (Excluding Seed Predators)
Precipitation Degree of Frugivory  0.230 0.104 0.025 0434 0.028
Net Primary Productivity =~ Degree of Frugivory ~ 0.288 0.104 0.084 0.491  0.006
Net Primary Productivity =~ Plant Richness 0.201 0.070 0.065 0.338  0.004
Human Disturbance Plant Richness -0.284 0.080 -0.441 -0.127 <0.001
Human Disturbance Animal Richness 0.268 0.090 0.091 0.444  0.003
Plant Richness Range of Fruit Size 0.667 0.050 0.568 0.766  <0.001
Animal Richness Range of Body Mass  0.332 0.093 0.151  0.513  <0.001
Human Disturbance Range of Body Mass  -0.325 0.066 -0.455 -0.196 <0.001
Degree of Frugivory Trait Matching 0.250 0.055 0.142  0.358 <0.001
Range of Body Mass Trait Matching 0.577 0.064 0452 0.703  <0.001
Sensitivity Analysis (No Weighting Scheme)
Precipitation Degree of Frugivory  0.224 0.103 0.022 0.426 0.030
Net Primary Productivity = Degree of Frugivory  0.263 0.104 0.058 0.468 0.012
Net Primary Productivity ~ Plant Richness 0.171 0.071 0.031 0310 0.016
Human Disturbance Plant Richness -0.287 0.081 -0.446 -0.129 <0.001
Human Disturbance Animal Richness 0.264 0.089 0.088 0.439  0.003
Plant Richness Range of Fruit Size 0.654 0.051 0.555 0.754 <0.001
Animal Richness Range of Body Mass  0.298 0.090 0.122 0474 <0.001
Human Disturbance Range of Body Mass  -0.319 0.064 -0.445 -0.193 <0.001
Degree of Frugivory Trait Matching 0.263 0.086 0.094  0.432  0.002
Range of Body Mass Trait Matching 0.387 0.075 0.240 0.534 <0.001
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