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Keywords: The loss and degradation of tropical rainforests pose significant challenges to global conservation,
Active restoration yet the impact of forest restoration on the functional diversity of animal communities, particu-
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larly at the intraspecific level, remains poorly understood. This study investigates the size dis-
tribution of fruit-feeding butterflies along a gradient of tropical forest restoration ages in Kibale
National Park, Uganda. Study sites were categorised into three forest age groups: younger
restored (10-16 years), older restored (21-26 years), and primary forests. Butterflies were
sampled across 48 sites, and individual forewing lengths were measured to analyse changes in
mean forewing length, diversity, skewness, and kurtosis. The mean forewing length and diversity
increased, while skewness and kurtosis decreased, towards primary forest age group. Significant
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differences in size metrics were observed among forest age groups, with younger restored forests
showing lower diversity compared to older restored and primary forests. Intraspecific differences
in forewing length were detected in six of the 12 species studied, highlighting the nuanced in-
sights provided by individual-level data compared to species-level analyses. Kernel density plots
demonstrated a gradual shift towards more uniform size distributions along the restoration
gradient, suggesting that morphological diversity increases as forests mature. These findings
underscore the value of considering intraspecific variation in understanding community re-
sponses to forest restoration. The study highlights the prolonged but steady progress towards
primary forest, offering important implications for tropical forest conservation and applied
ecology.

1. Introduction

In recent years, the rapid loss and degradation of humid tropical forests have raised growing concerns (Vancutsem et al., 2021),
posing a significant challenge to global conservation efforts. In response to the urgent need to mitigate the impacts of climate change
and the ongoing loss of tropical forest cover, active forest restoration has emerged as a crucial strategy for conservation and carbon
sequestration (Chazdon, 2019; Griscom et al., 2017; Koch and Kaplan, 2022). However, rainforests do not regenerate to resemble
old-growth forests in the short term even with active restoration efforts (Valtonen et al., 2021). Forest structure and tree species
composition undergo significant changes during the extended process of tropical forest succession, which can span more than 200
years (Chazdon, 2008).

The changes in forest structure and tree species composition that occur during tropical forest restoration can significantly impact
various types of animal communities, which are responsive to changes in forest architecture, microclimatic conditions, and available
resources, including host plants. For example, communities of birds (Catterall et al., 2012; Latja et al., 2016), beetles (Audino et al.,
2014; Derhé et al., 2016; Grimbacher and Catterall, 2007), galling insects (Fernandes et al., 2010), butterflies (Nyafwono et al., 2014;
Oloya et al., 2021; Sant’Anna et al., 2014), and soil macrofauna (Amazonas et al., 2018) in restored forests have become increasingly
similar to that of primary forest.

In recent years, many studies have highlighted the need to understand the role and recovery of functional diversity, which is based
on species traits, along the trajectory of tropical forest restoration and succession (e.g., Audino et al., 2014; Spaniol et al., 2019).
Species traits are often associated with the use of niche spaces (Case et al., 1983; Kearney et al., 2010; Violle and Jiang, 2009). A
well-known example of the relationship between morphological traits and ecological niches is that of Darwin’s finches, whose beak
and body sizes are closely associated with the types of resources they exploit (Grant and Grant, 2002a, b). Historically, studies of trait
distribution within species have focused on detecting niche differentiation and natural selection during evolution (Grant and Grant,
2002b; Lande and Amold, 1983). However, relatively few studies in conservation ecology (e.g., Spaniol et al., 2019) have used
species-level trait data to assess community-level patterns. Therefore, our understanding of the impacts of forest restoration on
community-level functional diversity, as indicated by the available niche space for animals, remains limited. Furthermore, to fully
comprehend changes in available niche space along the forest restoration gradient, intraspecific trait data, not just species-level data,
are essential. Such evaluation is crucial for assessing the recovery of tropical forests as habitats for targeted animal communities.

In the present study, we investigated changes in the size distribution (Begon and Townsend, 2021) of fruit-feeding butterflies, a
widely used indicator taxonomic group (Bonebrake et al., 2010), along a tropical forest restoration age gradient, while considering
intraspecific variation. Size is frequently referred to as a “master trait” because body size often interacts with the surrounding physical
and biotic environment and thus is directly related to the fitness and performance of each individual (Andersen et al., 2016; Brown
etal., 2004; Miller et al., 1988). We used adult forewing length as a proxy for the body size of each individual butterfly because it is the
one often used as a standard measure in Lepidoptera (e.g., Beck and Kitching, 2007; Hawkins and Lawton, 1995; Nakadai et al., 2018,
2021). Data was collected between 2020 and 2021 from Kibale National Park, Uganda (for details, also see Korkiatupa et al., 2023).
Previous studies from the same location reported a change in the species composition of fruit-feeding butterfly communities as the
forests recovered (Korkiatupa et al., 2023; Nyafwono et al., 2014). However, the change in size distribution in this system, or in other
fruit-feeding butterfly communities of restored tropical forests, has not been studied.

Based on ecological theory, we predicted that as forest restoration progresses, the butterfly community would shift towards larger
body sizes due to increased structural complexity, resource availability, and microhabitat stability typical of older forests (Chown and
Gaston, 2010; Ribeiro and Freitas, 2011). This is because larger species often require more stable and resource-rich environments,
while smaller species tend to dominate disturbed or early successional habitats. Consequently, we hypothesised that mean forewing
length and morphological diversity would increase along the restoration gradient. We further speculated that the size distribution
would become more symmetrical and less peaked (i.e., reduced skewness and kurtosis), reflecting a broader and more even occupation
of the niche space in mature forests (Wieczynski et al., 2019; Violle and Jiang, 2009; Fontana et al., 2016). These predictions are rooted
in trait-based ecology and the concept of niche expansion during succession and are consistent with the idea that niche differentiation
during community assembly can reduce kurtosis and skewness in trait distributions, thereby promoting broader trait space occupation
(Gross et al., 2021).
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2. Materials and methods
2.1. Study area

Kibale National Park is located in Western Uganda and comprises a medium-altitude tropical moist forest (Hartter et al., 2011;
Struhsaker, 1997; Fig. 1). The park covers an area of 795 km? with an elevation spanning 900—1590 m above sea level. The average
annual precipitation based on the long-term dataset (1970-2020) is 1646 mm, and the monthly average minimum and maximum
temperatures are 16 and 28 °C respectively (Chapman et al., 2021). The rainy season occurs twice a year, with the heaviest rains in
April and October, whereas the driest periods are between January and February and June and July (Chapman et al., 2021). Kibale is a
part of the biodiversity-rich Albertine Rift Valley. For example, over 100 fruit-feeding butterfly species (Molleman, 2012; Valtonen
etal., 2013), 13 primate species, over 350 tree and shrub species, and 325 bird species (Howard et al., 1996) have been recorded in the
primary forests of Kibale National Park.

Kibale National Park includes pristine forest areas but also has a long history of human disturbance (Struhsaker, 1997). In the
1970s, approximately 10,000 ha of forests in the southwestern part of the park were cut down by agricultural encroachers, leaving the
area nearly devoid of trees except for some remaining patches of primary forest (van Orsdol, 1986). However, in 1994, the Uganda
Wildlife Authority (UWA) and the FACE (Forest Absorbing Carbon Emissions) Foundation, currently known as Face the Future, started
a rainforest restoration project in the area (Riemer, 2020; UWA-FACE, 2015; Wheeler et al., 2016). Approximately 2500 ha of
deforested land started to regenerate naturally, but elsewhere forest succession was arrested (i.e., the area remained as shrubland or
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Fig. 1. The study area in Kibale National Park, Uganda, included 48 study sites in the Uganda Wildlife Authority and Forests Absorbing Carbon
dioxide Emissions (UWA-FACE) restoration area and primary forest. Data sources: Lakes: Africa — Water bodies dataset (The World Bank, 2018,
CC-BY 4.0); country borders: Africa Boundaries (Ruth, 2021, CC0). The map was created using QGIS Desktop 3.20.3 (QGIS.org, 2021).
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grassland) (Chapman and Chapman, 1999; Riemer, 2020; UWA-FACE, 2015; Wheeler et al., 2016). Active (tree planting) and passive
(exclusion of grazing, fire protection, and invasive species removal) restoration have taken place since 1995 (UWA-FACE, 2015). The
data used in this study were collected from areas where forest recovery occurred only through active tree planting, as well as from
primary forest sites (Omeja et al., 2011; UWA-FACE, 2015; Wheeler et al., 2016). In these areas, the UWA-FACE project has planted
over 4400 ha of land with indigenous tree species (400 seedlings ha™1) (van den Tweel, 2023). In addition, we used reference sites in
the primary forest surrounding the project area to the east (Fig. 1).

2.2. Sampling of fruit-feeding butterflies

Fruit-feeding butterflies were sampled from a total of 48 study sites (Fig. 1), 38 of which represented actively restored compart-
ments planted between 1995 and 2011, and 10 were in the primary forest. More detailed information on the study sites can be found in
the studies by Nyafwono et al. (2014) and Korkiatupa et al. (2023). We used a combination of data from Korkiatupa et al. (2023) study
and from three additional sites (planted in 1997-1998).

Fruit-feeding butterflies were sampled in 2020-2021. The sampling covered months of March, July, and October 2020 then
January, May, and September 2021. As an exception, at three study sites (planted during 1997-1998), data for the first sampling
month (March 2020) are not available because sampling was not conducted at that time. For statistical analyses, data across the study
months were pooled for each site, and we classified the study sites into three forest age groups: (1) younger restored forests (aged
10-16 years), 20 study sites; (2) older restored forests (aged 21-26 years), 18 study sites; (3) primary forests, 10 study sites.

Fruit-feeding butterflies were caught using a white cylindrical butterfly trap (one trap per study site) hanging 40-50 cm above the
ground (Molleman et al., 2006; Nyafwono et al., 2014). The bait was two spoonful (~ 100 g) of three-day-old fermented bananas. After
the traps were set at the sites, they were sampled on three consecutive days (between 08:00 and 16:00) of each sampling month.

Butterflies were identified using field guide books by Molleman (2012) and Williams (2021); see Korkiatupa et al. (2023) for further
details. In addition, trained field assistants identified the specimens based on wing patterns, measured forewing lengths, and deter-
mined sex (if possible). Finally, we excluded the five unidentifiable nymphalid individuals and all facultative fruit-feeding species
(Pseudoneptis bugandensis and Vanessula milca, and tribes Neptini and Acraeini) from the data analyses.

2.3. Measurement of individual forewing length

A total of 10,627 individuals, representing 97 butterfly species and one group of closely related species that are difficult to separate
in detail (Gnophodes grogani group) (details in Korkiatupa et al., 2023) were trapped. The forewing length of 10,530 individuals were
successfully measured (i.e., information on forewing length for approximately 1 % of the individuals was lost because they escaped
during handling). The data for younger restored, older restored, and primary forests included 3403, 4023, and 3104 individuals,
respectively. Additionally, the sex of each individual was determined whenever possible based on wing patterns and the presence or
absence of hair pencils (6978 individuals, 65.7 % of total).

2.4. Data analyses on community-wide size distributions

First, we calculated the mean forewing length of each species to compare the community-wide size distribution of fruit-feeding
butterflies between individual- and species-level data. We used kernel density plots to visualise the differences between forest
groups for both individual- and species-level data.

To compare the differences between forest age groups, we evaluated four site-level measures of trait distribution, including mean
forewing length, diversity, skewness, and kurtosis. The mean forewing length was calculated at each site. Forewing length diversity
was calculated as the mean absolute difference for all possible individual pairs at each site. Skewness and kurtosis, which are
commonly used measures to evaluate the properties of trait distributions (Gross et al., 2021; Kraft et al., 2008; Wieczynski et al., 2019),
indicate the asymmetry and sharpness of the data distribution, respectively. Skewness quantifies whether the distribution is skewed to
the left or right, with positive values indicating a longer tail to the right, and negative values indicating a longer tail to the left. On the
other hand, kurtosis measures whether the distribution is more or less peaked compared to a normal distribution. A positive kurtosis
indicates a more peaked distribution, whereas a negative kurtosis indicates a flatter distribution. The mean forewing length derived
from the species-level mean is equivalent to the community-weighted mean value. To statistically test the differences between the
forest age groups, first we conducted a Kruskal-Wallis test to assess overall differences among the three groups. When significant, we
then applied the Wilcoxon rank-sum test for pairwise comparisons on both individual- and species-level data, using Holm’s method to
adjust for multiple comparisons across the four measures. Additionally, to account for the contribution of possible sex ratio differences
between sites, we used linear modelling with forest age groups (i.e., younger restored, older restored, and primary forests) and sex ratio
(i.e., defined here as the percentage of males) as explanatory variables for each measure.

2.5. Data analyses on intraspecific forewing length difference among forest age groups

When differences were found in the community-level comparisons above, we also tested for differences in within-species variation
in forewing length among the three forest age groups. All species with more than 10 individuals distributed across all three forest age
groups were chosen as targets for testing intraspecific variation among forest age groups. Accordingly, we selected 12 species,
including Bicyclus auricruda, Bicyclus buea, Bicyclus golo, Bicyclus mesogena, Bicyclus mollitia, Bicyclus smithi, Brakefieldia peitho, Charaxes
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fulvescens, Euphaedra medon, Melanitis ansorgei, Melanitis leda, and Sevenia boisduvali. To statistically test the intraspecific differences
between forest age groups, first we performed a Kruskal-Wallis test for each species to detect overall differences among the groups.
When significant, we then conducted Wilcoxon rank-sum tests for pairwise comparisons of forewing length, applying Holm’s method
for multiple comparisons.

All analyses were performed using the statistical program R (ver. 4.3.1; R Core Team, 2023). The density function was used to
compute kernel density estimates with default settings, the kruskal.test function was used to test whether samples originate from the
same distribution by the Kruskal-Wallis test, and the pairwise.wilcox.test function was used to compare differences between habitats.

3. Results

The size (measured as forewing length) of individual butterflies ranged from 12.0 mm to 58.0 mm, with an overall average of
28.7 mm. The average sizes within the younger restored, older restored, and primary forests were 25.7 mm (min-max: 13.0-58.0 mm),
28.9 mm (13.0-58.0 mm), and 31.7 mm (14.0-57.0 mm), respectively.

3.1. Comparison of size distributions based on individual-level and species-level data

The community-wide size distributions of fruit-feeding butterflies from younger restored- to primary forests (Fig. 2) showed a
general increase in both the mean and diversity of forewing length and a decrease in skewness and kurtosis towards primary forest
communities (Fig. 3). Mean forewing length increased from younger restored to older restored and primary forests, with all three forest
age groups being significantly different from each other in both individual- and species-level analyses (Fig. 3a, b, Table S1).

The forewing length diversity of younger restored forests was significantly poorer than both older restored and primary forests,
whereas no significant difference between older restored and primary forests was observed (Fig. 3c, d, Table S1). The analyses of
skewness and kurtosis, which generally exhibit a decrease towards the primary forest, yielded differing results between individual- and
species-level data (Fig. 3e-h). Specifically, when using individual-level data, significant differences in skewness and kurtosis were
observed among the three forest age groups. However, with species-level data, significant differences were observed only between the
primary and restored forest groups, with no significant difference between the younger and older restored forests (Fig. 3e-h).

The box plot of sex ratio, measured as the percentage of males, across forest age groups appears to show a slightly decreasing trend
along the forest age gradient (Figure S1); however, there were no statistically significant differences among groups based on the
Kruskal-Wallis test. In addition, the linear model conducted to assess the contribution of sex ratio (i.e., percentage of males) identified
a significant effect of sex ratio based solely on kurtosis calculated from individual-level information (Table S2).

3.2. Intraspecific forewing length of the 12 abundant species

Based on the analysis of the 12 most abundant species, we found significant intraspecific differences in forewing length among the
three forest age classes for six of the 12 species (Fig. 4, Table S3). Specifically, four out of six species showed significant differences
between younger restored and older restored forests, two out of six species showed significant differences between older restored and
primary forests, and six out of six species showed significant differences between younger restored and primary forests (for directions
of changes, see Fig. 4). Furthermore, 10 out of the 12 species showed significantly smaller sizes in males compared to females within
the species based on the pairwise Wilcoxon rank sum test (Figure S2, Table S4).
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Fig. 2. Kernel density plots for both individual-level (a) and species-level (b) forewing length data. Blue, purple, and red lines correspond to
younger restored, older restored, and primary forests, respectively.
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4. Discussion

Our results are broadly consistent with our hypotheses. As predicted, both the mean and diversity of forewing length increased with
forest age, and the shape of the distribution became less skewed and peaked, particularly in older restored and primary forests. These
patterns support the idea that forest maturation expands the range of available niches and allows for the persistence of both smaller
and larger species, contributing to more evenly distributed trait values (Wieczynski et al., 2019; Violle and Jiang, 2009; Fontana et al.,
2016). The observed reduction in skewness and kurtosis along the restoration gradient aligns with theoretical expectations from
trait-based community ecology, which suggest that older ecosystems tend to support more functionally diverse and stable commu-
nities. It is worth noting, however, that some study sites within the same recovery category were located in close geographic proximity,
potentially introducing spatial autocorrelation (Korkiatupa et al., 2023). Although our analyses did not explicitly model this spatial
structure, such proximity could potentially affect the assumption of independence among sites. This limitation should be taken into
account when interpreting group-level comparisons.

Our analysis revealed that with an increase in the age of the restored forest, the morphological diversity of fruit-feeding butterflies
increases, marked by a gradual increase in variation and evenness in forewing lengths across individuals. Specifically, the kernel
density plots illustrating forewing length exhibited a shift from highly skewed distributions, peaking at smaller sizes, towards pro-
gressively more uniform patterns as forest restoration advanced (Fig. 2). Without individually measured forewing lengths (i.e., using
means for each species, which is the typical case in community studies [Bolnick et al., 2011; Violle et al., 2012]), it is difficult to
capture these patterns visually (Fig. 2). These observed trends were statistically robust: skewness and kurtosis analyses based on
individual-level data starkly contrasted those based on species-level data (Fig. 3). This discrepancy underscores the potential in-
adequacy of species-level data in capturing the nuanced changes in the niche space for butterflies along the forest age gradient. In fact,
both within-species comparisons of forewing lengths (Fig. 4) and individual-level comparisons of skewness and kurtosis (Fig. 3)
revealed differences between younger and older restored forests, whereas the species-level analysis failed to detect such differences
(Fig. 3). In the skewness and kurtosis analyses, relying solely on species-level data would incur the risk of overlooking the transitional
process from younger to older restored forests towards primary forest conditions. Consequently, species-level findings may inaccu-
rately suggest that certain morphological characteristics, including skewness and kurtosis, remain stagnant as restored forests age.
Therefore, this study emphasises the critical importance of incorporating individual-level morphological trait data for accurate
monitoring and assessment of changes in animal communities along a forest restoration gradient.

The discrepancy in sensitivity between mean forewing length and diversity, as opposed to skewness and kurtosis, regarding in-
dividual- and species-level data, may stem from their respective calculation methods. Skewness and kurtosis are directly derived from
numerical values within trait distributions, whereas mean forewing length and diversity represent summary statistics calculated based
on the overall mean or mean of differences. When focusing solely on approximate statistical summary measures, variations in data
resolution may not significantly affect the results; however, in cases where finer distinctions are crucial, such differences can lead to
biased conclusions. This observation holds particular relevance in applied ecology, where understanding changes in community
structure and ecosystem functioning relies more on the trait distribution of the entire community rather than summary statistics alone
(Begon and Townsend, 2021).

Numerous butterfly species exhibit sexual dimorphism in size, typically with males being smaller than females (Singer, 1982).
Consistent with this, our results showed that 10 out of the 12 dominant species exhibited significantly smaller sizes in males compared
to females within the species (Figure S2, Table S4). Although behavioural differences between sexes (Reim et al., 2019) could theo-
retically explain potential differences in sex ratios across forests of varying ages, our site-level analysis, utilising individual-level data,
did not reveal significant contributions of sex ratio to variations in forewing length between sites, with the exception of kurtosis
(Table S2). Visual examination of sex ratio, measured as the percentage of males, across different forest age groups exhibited a slight
declining trend along the forest age gradient, indicating a decrease in the proportion of males as forests aged (Figure S1). However,
these trends were not statistically significant. Factors such as forest structure, natural enemies, and food resources could influence this
pattern. For instance, higher survival rates or increased longevity among females (Sielezniew et al., 2020) might lead to their higher
proportion in older forests. In this study, elucidating the precise influence of forest restoration on sex ratios presents challenges,
necessitating further studies into this aspect.

Previous research in the Neotropics has shown that early successional forests tend to have smaller butterfly species compared to
primary forests (Spaniol et al., 2019). Conversely, in other insect taxa, a contrasting trend prevails, with insect body sizes decreasing as
succession progresses (Chown and Gaston, 2010; Moir et al., 2005). Larger fruit-feeding butterfly species are presumed to be more
sensitive to environmental variations and resource availability (Ribeiro and Freitas, 2011), thus serving as indicators of the relatively
stable environmental or resource conditions found in older restored and primary forests (Valtonen et al., 2017). These interpretations
are consistent with the results of our study. In addition, our results show that forest restoration not only impacts the mean values at the
community level but also influences more nuanced size distributions, including diversity, skewness, and kurtosis (Fig. 3). Furthermore,
these patterns vary depending on whether species- or individual-level mean trait values are considered (Fig. 3).

It is essential to note the potential risk of misinterpreting community patterns along a forest restoration gradient. Sole reliance on
species-level information may underestimate the effect of forest restoration on fruit-feeding butterfly communities, as evidenced in our
study (Fig. 3f, h vs. Fig. 3e, g). In addition, intraspecific variations in fruit-feeding butterfly sizes can contribute to differences among
forest age groups. The detected intraspecific variation in size along the restoration gradient in six of the 12 most common species
studied by us could be attributed to sex differences or phenotypic plasticity, that is, variations resulting from distinct environmental
conditions encountered during the early developmental stages (Brakefield, 1987; Kemp and Jones, 2001). Both intraspecific size
variations and sex ratios are features of the community that cannot be accurately captured solely through conventional species-level
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5. Conclusion

The exploration of variations in traits and interactions within species has emerged as a rapidly evolving topic in ecology in recent
years (Fontana et al., 2016, The Herbivory Variability Network et al., 2023). While this debate is currently prevalent in basic ecological
discourse, we anticipate that it will increasingly gain importance in the applied fields. Our findings indicate that older restored tropical
forests possess greater potential to harbour morphological diversity among fruit-feeding butterflies. Although the time frame for the
size distribution to revert to a state resembling the primary forest stage is protracted, the older restored forests examined in this study
(aged 21-26 years) are steadily progressing towards the primary forest conditions. Nonetheless, a comprehensive understanding of the
effect of niche space restoration on fruit-feeding butterflies necessitates individual-level measurements of morphological traits.
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