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ABSTRACT 40 

Pollination sustains ecosystem recovery but is among the processes most vulnerable to disturbance. 41 

Tropical forests rely on animal-mediated pollen flow and may be unable to recover from large-42 

scale disturbance if plant-pollinator interactions break down. Using a dataset of over 24,000 insect 43 

and vertebrate pollinators from 500 species, we examined the post-disturbance resistance, recovery 44 

rates, and reassembly pathways of plant-pollinator networks along a recovery chronosequence 45 

spanning nearly four decades in a rainforest biodiversity hotspot. While floral resource abundance, 46 

diversity, and composition took up to three decades to recover to old-growth levels, pollinator 47 

abundance and diversity were highly resistant, often enhanced in agricultural sites, and promptly 48 

recovered to old-growth levels. Pollinators covered a broader range of the recovery gradient than 49 

host plants, resulting in resistant network structural properties in agricultural sites and suggesting 50 

pollen flow across successional stages. Consequently, network reassembly was mediated by a 51 

pollinator community that was not strongly bottom-up regulated. Pollinators may thus sustain 52 

tropical forest recovery through network rewiring supported by their resource generalism and 53 

mobility. Furthermore, the stability of reassembly along succession was secured through 54 

complementary functional turnover, as disturbance-adapted taxa gave way to forest-adapted ones. 55 

Nonetheless, pollinator composition recovered much more slowly than other community attributes, 56 

and their interaction networks, although resistant in agricultural sites, became smaller and more 57 

specialized in successional forests and did not fully recover to old growth levels. Therefore, despite 58 

the potential of pollinators to cross and forage within the agricultural matrix, thereby maintaining 59 

animal-mediated pollen flow across the landscape, secondary forests lack conditions found in old 60 

growth and exhibit impoverished networks that may take decades to recover. 61 

 62 

Keywords: pollination, lowland rainforest, Ecuador, chronosequence, functional diversity, 63 

resilience, flowering plants, floral resources, forest succession, metabarcoding, old-growth forests 64 
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MAIN 65 

 Pollination sustains gene flow within and among plant communities, defines plant 66 

community structure, and underpins ecosystem function and resilience 1–3. Tropical plant 67 

communities are particularly dependent on animal-mediated pollination, with up to 94% of tropical 68 

trees relying on animal-mediated pollen flow, their pollinators encompassing a wide range of 69 

diurnal and nocturnal insects as well as vertebrates 4. Therefore, maintaining functionally diverse 70 

pollinator communities is pivotal to preventing inbreeding depression, ensuring the persistence of 71 

tropical ecosystems, and securing ecological restoration 3,5. Given the scale of disturbance to the 72 

world’s tropical forests, with over half of primary forests lost or degraded 6, examining the role of 73 

pollinators in post-disturbance dynamics should help provide a better grasp of their contribution to 74 

achieving restoration goals 7. Furthermore, up to 70% of current forests consist of successional 75 

stands 6, which exhibit great potential as enhanced carbon sinks and providers of livelihoods to 76 

people 8–10. Thus, there is a need to assess whether recovering forests can sustain pollinator 77 

communities and plant-pollinator interactions in regenerating landscapes, particularly in the face 78 

of ongoing global pollinator decline 11, and given that pollination is one of the most heavily affected 79 

processes of plant regeneration 12. 80 

 Passive, or unassisted, restoration is recognized as the most cost-efficient and successful 81 

route towards tropical forest recovery 13. However, the ecology of passive restoration in the tropics 82 

has historically focused on the plant community component, e.g., plant diversity and community 83 

structure, functional traits, and biomass 9,14–19, which collectively suggest rapid turnover of 84 

functional groups and quick recovery of diversity and biomass, while species composition usually 85 

lags by decades 16,19,20. The often predictable replacement of a post-disturbance, r-strategist, light-86 

tolerant, wind-dispersed, and wind-pollinated community with a shade-tolerant, slow-growing, 87 

animal-dispersed, animal-pollinated, and vertically structured community usually occurs within a 88 

few decades 17,21, especially in areas with high forest cover 7. From the perspective of primary and 89 

secondary consumers, secondary tropical forests may even be more energetically productive than 90 

old-growth forests (OG), indicating that recovering forests may equally sustain communities of 91 

insectivores, herbivores, frugivores, and nectarivores 22.  92 

However, the resistance (i.e., the proportion of the remaining pre-disturbance-state 93 

community or process) and resilience (i.e., recovery rate of such community or process to a pre-94 

disturbance state) (definitions sensu Nimmo et al. 23) of animal communities are comparatively 95 
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less studied. Vertebrate and invertebrate communities seem to follow a similar trend of rapid 96 

diversity but delayed composition recovery, as seen in plants 24–27. Whether animals persist in 97 

disturbed forests seems to depend on niche-based processes, such as dispersal ability as well as 98 

resource and habitat requirements 26,28. Delayed composition recovery has been hypothesized to be 99 

driven by animals that depend on OG forest structural traits or on plant species that recover slowly, 100 

such as pollinators and saproxylic beetles 25. However, the resistance and resilience of pollinators 101 

and their interactions in tropical forests have not been sufficiently explored. A large body of work, 102 

particularly but not exclusively on bees in temperate ecosystems, indicates that restoration 103 

successfully recovers pollinator communities and interaction networks and highlights the important 104 

role of habitat connectivity in restoration 29–34.  105 

Nonetheless, the causal pathways (e.g., a recovery process involving bottom-up regulation 106 

of pollinators and interaction recovery through floral resource availability 35) among floral 107 

resources, pollinators, and network structure have, to our knowledge, not been explored under the 108 

lens of succession and over the first decades of tropical forest recovery. As tropical pollinator 109 

communities often entail a large proportion of generalists, which confer interaction niche 110 

redundancy 36, tropical plant-pollinator interaction networks may be buffered against disturbance 111 

37. Such redundancy, coupled with the high mobility provided by flight, may confer some resistance 112 

and resilience to plant-pollinator networks, depending on the scale of the disturbance and habitat 113 

connectivity 31. However, several variables may hinder pollination recovery in a regenerating 114 

landscape, such as insufficient primary habitats and the lack of specific resources associated with 115 

OG (e.g., nesting substrates, resin, volatiles) 5,34. It is thus important to (i) describe recovery 116 

trajectories of floral resources, pollinators, and their interactions with plants to shed light on 117 

whether and when pollination network structure stabilizes along forest succession, and (ii) identify 118 

reassembly pathways, i.e., the mechanism through which networks recover (e.g., forest structure, 119 

floral resource availability, pollinator generalism, landscape connectivity). 120 

In a well-resolved recovery chronosequence (space-for-time substitution) spanning nearly 121 

four decades and two disturbance legacies in the biodiversity hotspot of the Ecuadorian Chocó 122 

rainforest (Figure 1a-b), we examined the recovery trajectories and reassembly pathways of plant-123 

pollinator interactions at multiple levels: floral resources, animals, and interaction network 124 

structure, which have shown to be linked to visitation rates and seed set and thus suitable indicators 125 

of pollination quality 30. To obtain a comprehensive picture of the recovery of plant-pollinator 126 

interactions, we undertook a multi-taxon sampling approach that included a wide range of diurnal 127 
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and nocturnal insects as well as vertebrate pollinators and reconstructed their interaction networks 128 

with plants through pollen DNA metabarcoding.  129 

Given known patterns of plant community succession 14,16,19,20, we hypothesized low 130 

resistance of floral resource availability due to simplified communities in agricultural sites and 131 

early recovery, dominated by abundant, disturbance-adapted, but resource-poor (e.g., small-132 

flowered individuals with low nectar yield) pioneer herbs and shrubs, vines, and lianas. A steady 133 

recovery trajectory should follow, with community attributes and resource density reaching OG 134 

levels within a few decades (H1, Figure 1c). In contrast, pollinators should exhibit greater resistance 135 

to disturbance due to resource generalism and mobility provided by flight 5,36 (H2, Figure 1c), and 136 

their recovery may be mediated either by plot-level resource availability (bottom-up recovery, e.g., 137 

Potts et al.  35) (H2.1). Alternatively, their recovery may be largely independent of localized resource 138 

availability (e.g., Griffins et al. 38) due to widespread feeding generalism and cross-plot mobility, 139 

resulting in high resistance and fast recovery (H2.2, Figure 1c) driven mainly by landscape variables 140 

such as forest connectivity 31,38. Regardless of the trophic level, community composition should 141 

take longer to recover than other parameters 20,24–26 (H3, Figure 1c). Based on these hypotheses, we 142 

propose three different potential recovery pathways for pollination networks (Figure 1d): direct 143 

floral resource-mediated recovery, where network structure is dependent on local floral resource 144 

availability and diversity; indirect floral resource-driven recovery mediated by pollinators, where 145 

network structure is dependent on a bottom-up regulated pollinator community; or floral resource-146 

independent and pollinator-mediated recovery, where rapid pollinator community reassembly 147 

translates into high network resistance and resilience. Moreover, we expect reassembly to be driven 148 

by a functional turnover of flowering plants (e.g., pollination system, floral accessibility, resource 149 

type offered) and pollinators (e.g., body size and dispersal ability, feeding morphology 150 

specialization, nesting requirements) (H4, Figure 1e) 17,21,25,26, which should confer stability to 151 

network recovery. Finally, disturbance legacies should leave distinct imprints on the recovery 152 

trajectories of plant-pollinator interactions due to differing starting conditions for recovery, such 153 

as vertical structure, shading, and the presence of remnant trees 39 (H5). 154 



6 

 

 155 

 156 

Figure 1. Study design and conceptual depiction of the hypothesized recovery trajectories and reassembly 157 

pathways. (a) The location of the research site (red rectangle, inset) in the Chocó-Darien ecoregion in Northwestern 158 

Ecuador. (b) Study site within the Reassembly research unit, showing the 62 plots that compose the recovery 159 
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chronosequence. Plots are accompanied by 1-km-radius buffers showing the proportion of forested area within them. 160 

(c) Hypothesized recovery trajectories of floral resources and pollinators within the chronosequence: low-resistance, 161 

linear recovery of floral resource diversity and density (H1); floral resource-dependent reassembly of the pollinator 162 

community (H2.1) or, alternatively, a floral resource-independent recovery marked by widespread pollinator generalism 163 

and complementary trait-based recovery (H2.2); and low resilience (slower recovery) of species composition of both 164 

floral resources and pollinators in comparison to other community attributes, preventing full recovery (H3). (d) The 165 

multiple hypothesized pathways (differently colored arrows) through which plant-pollinator interactions may recover. 166 

Path color and style are linked to hypotheses in (c). Landscape variables (such as forest connectivity and elevation 167 

a.s.l.) may influence these pathways by influencing plant and pollinator dispersal across the landscape. (e) The 168 

hypothesized complementary trait-based recovery of the community (H4), where, within the chronosequence, species 169 

can be separated into disturbance specialists, forest specialists, and succession drivers, based on functional traits. 170 

  171 

RESULTS 172 

Sampled community and interaction network 173 

 In the recovery chronosequence in the northwestern Ecuadorian Chocó rainforest, we 174 

sampled a total of 24,188 pollinators from 500 species and 184 genera belonging to the major 175 

groups of tiger and lichen moths (Erebidae: Arctiinae), hawkmoths (Sphingidae), diurnal bees 176 

(families Apidae, Halictidae, Megachilidae and Colletidae), nocturnal solitary bees (Halictidae: 177 

Megalopta), and bats (Chiroptera) (Supplementary Dataset 1). From these pollinators, 5,051 178 

interactions with 514 amplicon sequence variants (ASVs, henceforth called plant species) from 317 179 

genera and 92 families were extracted via pollen DNA metabarcoding. The most prominent 180 

pollinator groups were moths (Arctiinae and Sphingidae, 339 species and 2,189 interactions), 181 

followed by stingless bees (Apidae: Meliponini, 47 species and 1159 interactions) and orchid bees 182 

(Apidae: Euglossini, 50 species and 583 interactions). Less frequent groups included nocturnal and 183 

diurnal sweat bees (Halictidae: Augochlorini), anthophilous bats (Chiroptera: Phyllostomidae), 184 

leafcutter bees (Megachilidae), plasterer bees (Colletidae), honeybees (Apis mellifera), and mason 185 

bees (Apidae: Xylocopinae). Additionally, 12,831 individuals from 436 plant (morpho)species 186 

across 179 genera and 71 families were recorded as flowering in the chronosequence plots 187 

(Supplementary Dataset 2).  188 

 189 

Resistance and recovery of resources, pollinators, and interactions 190 
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 Floral resources, pollinator communities, and interaction networks displayed disparate 191 

resistance levels and recovery trajectories (Figure 2, Table 1). Floral resource community 192 

parameters (flowering individual abundance, resource density, alpha diversity, and functional 193 

diversity), showed a moderate average resistance (62.6 ± 13.7%) (expressed as the percentage of a 194 

parameter’s value that remains in agricultural plots relative to OG) and a significant recovery rate 195 

towards OG in all parameters. Functional dispersion recovered the fastest (2 and 13 years in ex-196 

pastures and ex-cacaos, respectively), and abundance and resource density recovered the slowest 197 

(20 – 22 years) (Figure 2a-e, Table 1). All parameters increased over time, except abundance, which 198 

decreased rapidly due to the exclusion of pioneer species such as grasses (Figure 2a), and all 199 

parameters recovered to OG levels within the chronosequence, with an average recovery time of 200 

15.25 ± 5.7 years. The upper confidence interval (CI) of alpha diversity, however, estimates a 201 

recovery time of 48 years (Table 1), but the wide CI suggests uncertainty due to the spread of the 202 

data. Disturbance legacy – ex-cacao plantations or ex-pastures – led to different trajectories for 203 

functional dispersion only, which recovered faster in pastures (1 – 5 years) than in cacao plantations 204 

(3 – 30 years).  205 

 In stark contrast, pollinator community parameters (abundance, alpha diversity, and 206 

functional diversity) were more resistant (80.2 ± 12.6%) and recovered in less time (4.0 ± 7.1 years) 207 

than floral resources. Pollinator abundance and alpha diversity showed no significant recovery 208 

trajectory, retaining OG values after disturbance, with diversity being higher in agricultural sites 209 

than in OG (Figure 2f-g, Table 1). Functional evenness and dispersion were also highly resistant 210 

and resilient, recovering within the first decade (Figure 2h-i). Legacies did not affect recovery 211 

trajectories. Community similarity to OG was the only parameter with a steep recovery curve, 212 

taking between 11 and 33 years for ex-pastures, and 7 and 27 years for ex-cacao plantations to fully 213 

recover (Figure 3d, Table 1). These patterns, i.e., weak, non-significant effects of the 214 

chronosequence on abundance, alpha diversity, and functional diversity, were consistent across 215 

taxonomic groups. Most groups were represented in agricultural plots, particularly moths, bats, and 216 

sweat bees (Figure S1, supplementary material).  217 

 Pollination networks were consequently resistant in linkage density, specialization, and 218 

interaction similarity to OG (72.5%–98.2 %), but to a lesser extent in interaction diversity (50.1%–219 

69.6%) (Table 1). However, none of the network parameters showed significant recovery rates, 220 

and, by the end of the chronosequence, none fully recovered to OG levels (Table 1, Figure 2j-l). In 221 

all parameters and legacies, OG plots overlapped with agricultural plots (p > 0.05 for all cases, t-222 
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tests) but not with chronosequence plots (1-38 years) (p < 0.05 for all cases, t-tests) (Figure 2j-l, 223 

Figure 3f). Specialization (H2’) in pastures was the only variable exhibiting a significant recovery 224 

trend but plateaued before reaching OG levels (Figure 2l). 225 

 226 

Table 1. Resistance and recovery of floral resource availability, pollinator community, and interaction 227 

network parameters. Resistance is expressed as the percentage of the parameter value that remains in 228 

agricultural plots relative to old growth (OG) (PA: pastures; CA: cacao plantations), while years until full 229 

recovery are expressed as the number of years necessary for the parameter in each legacy to reach 90% of 230 

the OG median (Metz et al., 2026). Numbers in brackets represent the 95% confidence intervals of the fitted 231 

models. An absence of these values indicates that recovery could not be estimated as the parameter reached 232 

an asymptote beyond the OG median, possibly representing an alternate state or very long recovery time. 233 

On the right, the slope estimate (β) and standard error (SE) of the intrinsic recovery rate λ, obtained using 234 

negative exponential recovery models, are shown. Bold values indicate significant recovery rates (p < 0.05). 235 

       

 Resistance 

(%) 

Years until full recovery 

(95% CI) * 

Recovery rate (λ) 

(β, SE) 

Parameter PA CA PA CA PA CA 

Floral resources       

Resource density 69.6 67.4 22 (16 – 30) 21 (17 – 25) 0.05 (0.009) 0.06 (0.008) 

Effective diversity 37.4 36.1 12 (2 – 48) 14 (9 – 22) 0.16 (0.07) 0.13 (0.03) 

Functional evenness 72.7 64.2 16 (8 – 28) 12 (8 – 16) 0.07 (0.02) 0.11 (0.03) 

Functional dispersion 82.4 70.4 2 (1 – 5) 13 (3 - 30) 0.45 (0.41) 0.10 (0.04) 

Abundance (log) 60.1 55.8 22 (13 – 27) 20 (13 – 26) 0.09 (0.02) 0.11 (0.03) 

Similarity to OG 67.6 67.1 14 (11 – 26) 15 (10 – 27) 0.08 (0.01) 0.08 (0.02) 

Pollinators       

Abundance (log) 93.4 91.1 0 (0 – 0) 0 (0 – 0) 0.01 (0.02) 0.02 (0.03) 

Effective diversity* 66.7 71.6 0 (0 – 0) 0 (0 – 0) 0.04 (0.03) 0.05(0.03) 

Functional evenness 91.2 90.0 0 (0 – 0) 2 (1 – 3) 0.08 (0.04) 0.07 (0.02) 

Functional dispersion 88.6 87.7 1 (0 – 5) 3 (2 – 13) 0.07 (0.08) 0.19 (0.42) 

Similarity to OG 66.5 61.4 20 (11 – 33) 14 (7 – 27) 0.04 (0.008) 0.10 (0.03) 

Interactions       

Effective diversity 69.6 50.1 – – 0.36 (1.01) 0.13 (0.31) 

Linkage density 94.6 72.5 – – 0.06 (0.03) 0.02 (0.02) 

Specialization 98.2 89.8 – – 0.04 (0.02) 0.02 (0.03) 

Similarity to OG 97.1 95.4 – – -0.01 (0.03) -0.02 (0.01) 

* Results based on quadratic model, see methods 236 

 237 
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 238 
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 239 

Figure 2. The recovery trajectories of floral resources, pollinators, and interaction networks along a 240 

regeneration chronosequence. (a-e): floral resource availability parameters, (f-i): pollinator community 241 

parameters, (j-l): interaction network structural metrics. Plots are divided by their disturbance legacies: (ex-242 

)pastures in blue, (ex-)cacao plantations in yellow, and old-growth forests (OG) in green on the right as the 243 

reference state. Shaded areas correspond to each model’s 95% confidence intervals. Boxplots on the left 244 

correspond to the parameter distribution in agricultural sites. The p-values of each model’s intrinsic recovery 245 

rate (λ) are shown in each graph. Solid lines and dashed lines indicate significant and non-significant models, 246 

respectively.  247 

 248 

Species and interaction composition and recovery niches 249 

 While community similarity steadily approached OG plots for floral resources and 250 

pollinators (Figure 3d-e) or showed high resistance but incomplete recovery in networks (Figure 251 

3f), the trends in composition recovery differed. For floral resources, composition varied in 252 

function both of the recovery stage (plants: PERMANOVA R2 = 0.13, F55,6 = 1.37, p < 0.0001) and 253 

legacy (R2 = 0.06, F59,6 = 1.76, p < 0.0001), with both legacies showing no overlap in agricultural 254 

sites and gradually converging towards OG (Figure 3a). OG plots were, however, widely variable 255 

in composition, and many did not overlap with late recovery forests (Figure 3a). A similar pattern 256 

was observed for pollinators (recovery stage: R2 = 0.17, F55,6 = 1.87, p < 0.0001; legacy: R2 = 0.06, 257 

F59,2 = 1.74, p < 0.01), but composition turnover was relatively weaker, with OG fully overlapping 258 

with late recovery forests (Figure 3b). Pollinator communities in OG were also more conserved, 259 

presenting less variation across plots (Figure 3b). The observed turnover was mostly driven by 260 

bees, which showed relatively distinct old-growth communities, but not by moths and bats, where 261 

a high overlap among successional stages was observed (Figure S1). While interaction composition 262 

varied significantly with recovery stage (R2 = 0.15, F55,6 = 1.09, p < 0.01) and legacy (R2 = 0.04, 263 

F59,2 = 1.11, p < 0.01), recovery stages and the legacies largely overlapped in the interaction space 264 

(Figure 3c), as evidenced by the high resistance of interaction similarity (Figure 3f).  265 
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 266 

Figure 3. The composition of floral resources, pollinators, and plant-pollinator interactions along the 267 

chronosequence. (a), (d): floral resources; (b), (e): pollinators; (c), (f): interactions. The top graphs show 268 

the non-metric multidimensional scaling (NMDS) dimension reduction of the communities of each level. 269 

Plots are separated by legacy. Graphs on the bottom show the recovery of community composition similarity 270 

to OG. OG plots are shown on the right as a reference state in green, and chronosequence plots are divided 271 

by legacy: (ex-)cacao plantations in yellow, and (ex-)pastures in blue. Shaded areas correspond to 95% 272 

confidence intervals. The p-values of each model’s intrinsic recovery rate (λ) estimates are shown at the 273 

bottom of each graph. Solid lines and dashed lines indicate significant and non-significant models, 274 

respectively.  275 

 276 

 Patterns in recovery niche optima and breadth, i.e., the position in the recovery gradient 277 

where a species peaks in abundance and its variation around this optimum, respectively, further 278 

indicate the stronger composition partitioning in plants compared to pollinators and interactions. 279 

Plants offering floral resources had, on average, a significantly narrower recovery niche breadth 280 

(showing an average abundance-weighted standard deviation of 0.084 ± 0.062 around their 281 

recovery optima) than pollinators (0.181 ± 0.057) and interactions inferred from pollen loads (0.171 282 

± 0.053) (Figure 4a-c). That means plant species offering resources were more restricted to narrow 283 

intervals along the recovery gradient than pollinators and interactions. Recovery niche optima 284 
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reveal that most plants peak in abundance in the middle of the recovery gradient, but with wide 285 

variation in recovery optima (0.543 ± 0.181) (Figure 4d), while pollinators and interactions peak 286 

at a slightly yet significantly later position and show less variation in optima (pollinators: 0.624 ± 287 

0.113, interactions: 0.629 ± 0.098) (Figure 4e-f). Together, the two recovery niche attributes 288 

indicate higher turnover of flowering species than of pollinators. Pollinator species tended to 289 

exhibit the highest abundances at mid-recovery stages, but showed much broader recovery niches, 290 

thus facilitating pollen flow across different stages of the chronosequence. 291 

 292 

 293 

Figure 4. The recovery niche optima and breadths of species and interactions along the recovery 294 

gradient. Graphs on the left represent the density of recovery niche breadths (the variation in a species’ 295 

occurrence along the recovery gradient), and, on the right, recovery niche optima (the location along the 296 

recovery gradient where a species is abundant). (a, b) Plants offering floral resources, (c, d) pollinators, and 297 

(e, f) Amplicon Sequence Variants (ASVs) extracted from pollen loads on pollinators, representing the plant 298 

species pollinators interacted with. Numbers in the top-right corner indicate the sample sizes by species 299 

(only species with a total abundance of 5 or more individuals were included). The recovery gradient was 300 

measured using the forest Recovery Index, which accounts for several biotic and abiotic plot attributes (see 301 

Methods). Vertical lines indicate the distribution means. p-values of the cross-group comparisons (Tukey 302 

post-hoc test) are shown.  303 

 304 

3.2 Recovery drivers and reassembly pathways 305 
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 The output of the Structural Equation Models, which test the direct and indirect effects 306 

between sets of dependent (pollinator and floral resource community attributes) and independent 307 

variables (plot and landscape attributes), suggests that the recovery of pollinator communities was 308 

driven by both floral resource availability and landscape connectivity, and that interaction network 309 

reassembly was not driven directly by floral resources (Figure 5a). In order properly to quantify 310 

forest recovery, floral resource availability, and forest connectivity along the chronosequence, we 311 

derived three indexes. The recovery index (RI) was used to quantify forest recovery, a composite 312 

index derived from forest structural attributes (aboveground biomass, mean tree height, and 313 

circumference) and abiotic variables (temperature and humidity) that better represent the recovery 314 

gradient than simple recovery age. Similarly, the floral resource recovery index (FRRI) and the 315 

connectivity index (CI) provide a composite, more informative measure of the overall (functional) 316 

diversity and density of resources on a plot, and the proportion of surrounding forest at different 317 

scales, respectively (see methods for details on composite indices). There was a strong effect of RI 318 

on FRRI, which, in turn, led to a decrease in pollinator diversity but to a recovery of pollinator 319 

community similarity to OG (Figure 5a). RI also directly and positively affected the recovery of 320 

community composition. Moreover, pollinator abundance and community composition recovery 321 

were positively affected by forest connectivity (CI). Composition was indeed the pollinator 322 

community attribute most well-explained by its driving variables (R2 = 0.64), compared to the 323 

others (R2 = 0.08–0.13). Network structure was not directly affected by FRRI; rather, interactions 324 

were more diverse with increased pollinator abundance and diversity, but no effect was observed 325 

in interaction specialization or composition (Figure 5a). Together, these outcomes provide strong 326 

support for our hypothesized reassembly framework (Figure 1c-d), particularly a resource-327 

independent and pollinator-mediated interaction network reassembly (H1 and H2.2), and a slow 328 

recovery of community composition (as shown by pollinators) (H3). Full model outputs are 329 

available in the supplementary material (Table S1), as well as model quality statistics (Table S2).  330 

 Divergent recovery pathways are evident among individual pollinator groups (Figure 5b-331 

f), providing initial evidence for a complementary, trait-based reassembly (H4). Some functional 332 

groups were strongly associated with disturbance, some with older recovering forests, and some 333 

showed neutral responses. Moths (Figure 5b) belonged to the latter group. Communities were 334 

unaffected by FRRI or by forest recovery in general, but rather directly and positively by landscape 335 

connectivity and elevation. Interactions with plants, in turn, became more diverse as moth diversity 336 

increased. Interestingly, this was the only group where a direct, albeit weak, effect of FRRI on 337 
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interaction networks was observed (Figure 5b). Stingless bees (Figure 5c) were partially driven by 338 

floral resource recovery: bee abundance and compositional similarity to OG increased with FRRI. 339 

Interaction diversity increased with bee diversity, which was independent of the recovery gradient. 340 

This group was also particularly sensitive to elevation, with elevation positively affecting bee 341 

abundance but negatively affecting bee diversity (Figure 5c). Orchid bees (Figure 5d) were 342 

remarkably unaffected by forest recovery in general: only elevation negatively affected orchid bee 343 

abundance, while their abundance was positively associated with interaction diversity and 344 

composition similarity to OG. Interestingly, the abundance and diversity of nocturnal bees (Figure 345 

5e) were most strongly and directly affected by RI, not by FRRI. The diversity of these bees was 346 

also negatively affected by elevation. Their diversity of interactions with plants was positively 347 

associated with their abundance (Figure 5e). Finally, other bees, such as diurnal sweat bees, 348 

honeybees, mason, leafcutter, oil, and plasterer bees (Figure 5f) were strongly and negatively 349 

affected by forest recovery, indicating an association with disturbance. Their abundance and 350 

diversity both strongly decreased with increasing FRRI, and their diversity further decreased with 351 

CI. Their interactions with plants were most diverse in disturbed sites, where their abundance was 352 

highest (Figure 5f).  353 

 354 
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 355 

Figure 5. Path diagrams derived from Structural Equation Models depicting reassembly pathways of 356 

plant-pollinator interactions. (a) All pollinators, (b) moths (Erebidae: Arctiinae and Sphingidae), (c) 357 

stingless bees (Apidae: Meliponini), (d) orchid bees (Apidae: Euglossini), (e) nocturnal bees (Halictidae: 358 

Augochlorini: Megalopta), (f) other relevant bee groups, including diurnal sweat bees (Halictidae: 359 

Augochlorini), leafcutter bees (Halictidae), mason bees (Apidae: Xylocopinae), plasterer and oil bees 360 
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(Colletidae), and honeybees (Apis mellifera). Single-headed arrows represent hypothesized causal paths 361 

between a predictor and a response variable. Black arrows indicate positive effects, and red arrows negative 362 

effects. Arrow width indicates effect size, and numbers alongside arrows are the standardized effect 363 

estimates. Grey arrows indicate non-significant effects. Double-headed grey arrows represent significant 364 

and relevant (equal or higher than 0.3 estimate) covariation between variables. R-squared values of each 365 

response variable are shown within their respective boxes. FRRI: Floral resource recovery index; FDis: 366 

functional dispersion; simOG: community or interaction similarity to old-growth forests; H’: interactions 367 

Shannon diversity. H2’: network specialization.  368 

 369 

3.3 Trait-driven recovery 370 

 Despite a slight tendency for larger and longer-tubed flowers in older forests, there was no 371 

significant effect of the forest recovery index on community-weighted (CW) tube length (β = 1.32, 372 

se = 0.80, p = 0.10) or floral size (β = 0.39, se = 0.25, p = 0.13) (Figure 6a). No significant effect 373 

was found for the overall pollinator CW functional feeding length (β = 0.04, se = 0.07, p = 0.60) 374 

or body size (β = -0.30, se = 0.31, p = 0.32) either; however, individual groups showed distinct 375 

trends (Figure 6b). The CW functional feeding length of moths, the most abundant pollinator group, 376 

increased with recovery (β = 0.02, se = 0.007, p < 0.05), while that of stingless bees, the second 377 

most abundant group, decreased (β = -0.10, se = 0.03, p < 0.05). No other groups showed any 378 

significant linear trend. Stingless bees also showed a significant decrease in body size with 379 

recovery (β = -0.08, se = 0.02, p < 0.05), and the group encompassing honey, sweat, leafcutter, 380 

mason, and plasterer bees showed an increase (β = 0.22, se = 0.11, p = 0.050), but no other group 381 

(Figure 6b). 382 

 Meanwhile, life-history functional traits provided additional insight into species 383 

partitioning within the chronosequence. Bilateral, accessible, nectar- and pollen-offering plants 384 

from wind-, bee-, butterfly-, and settling moth-pollination systems were associated with 385 

disturbance and earlier recovery stages, opposing those belonging to hawkmoth-, and beetle-386 

pollination systems, which were associated with older forests (Figure 6c). Radial flowers with 387 

restrictive morphologies (e.g., tubular), flowers offering rare resources (resin, oil, scent, fleshy 388 

parts), and species with vertebrate-pollination or generalized small-diverse-insect-pollination 389 

systems were not affected by recovery. As for bee recovery, soil excavators, aposematically colored 390 

bees, and kleptoparasitic bees were associated with disturbance, opposed to aboveground wood 391 
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nesters that require pre-existing cavities or are aerial nesters, as well as bees of all other colorations, 392 

those showing eusocial or semi-social behavior, those with sparse pilosity, and those requiring non-393 

floral resources (resin, oils, volatiles) (Figure 6d). Wood-excavating bees, belowground nesters in 394 

pre-existing cavities, cavity generalist bees (wood, soil, and insect nest users), as well as densely 395 

pilose bees and bees not requiring rare resources were not affected by recovery. Moths were 396 

remarkably unaffected by forest recovery in general with regard to the selected functional traits 397 

(coloration pattern, lightness, and contrast) (Figure 6e). While a large portion of pollinators showed 398 

neutral functional responses to the recovery gradient, the turnover of functional groups of flowering 399 

plants and bees provides further evidence for a complementary functional trait-based reassembly 400 

(H4).  401 

 402 

Figure 6. Effect of forest Recovery Index on the functional traits of plants and pollinators along the 403 

regeneration chronosequence. (a) The variation of community-weighted means (CWM) of floral 404 

morphological functional traits (floral tube length and floral size) and of (b) pollinator functional traits 405 

(relative functional feeding[SL1.1] length – RFFL, measured as the relative proboscis length – and body 406 
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size) along the regeneration gradient. In (a) and (b), solid lines indicate significant effects, and dashed lines 407 

indicate non-significance. In (b), Z-scores are shown to enable cross-group comparisons. Pollinator groups 408 

are shown separately, with the overall trend of the entire pollinator community shown in black. In the second 409 

row, the effects of the recovery gradient on qualitative traits of (c) plants, (d) bees, and (e) moths are shown 410 

through standardized effect coefficients (β). Horizontal bars represent 95% confidence intervals. Significant 411 

negative effects are shown in red, positive effects in blue, and non-significant effects in grey. Abbreviations: 412 

SDI = small diverse insects. RRR = reliance on rare resources (resin, oil, scent, fleshy parts).  413 

 414 

DISCUSSION 415 

 In this study, we examined the recovery trajectories of tropical pollinator communities, 416 

floral resource availability, and pollination networks during the first decades of succession, as well 417 

as the recovery pathways leading to pollination network reassembly. We found that pollinators are 418 

resistant to disturbance, often thriving in agricultural sites despite low resistance and slower 419 

recovery of floral resource availability. Pollinators exhibited broader recovery niches by moving 420 

across different successional stages. Consequently, we also observed high resistance in plant-421 

pollinator interactions at agricultural sites and early recovery, with variations in network structure 422 

mediated by a resistant pollinator community that was not strongly bottom-up regulated.  423 

These outcomes confirm our first prediction (H1): floral resource density and diversity 424 

mirror plant community successional dynamics by recovering steadily within the first three decades 425 

of succession 14,16,19,20. Furthermore, a rapid, floral resource-independent recovery of pollinators 426 

(H2.2) was corroborated. These patterns have important implications for forest recovery dynamics, 427 

as pollinators appear to sustain pollen flow within and across old-growth patches, maintaining gene 428 

flow between climax assemblages and within the matrix itself. By feeding on and promoting 429 

pollination in pioneer communities at agricultural or early successional sites, pollinators ensure a 430 

continuous supply of seeds from entomophilous and pioneer grasses that do not compose seed 431 

banks to neighboring anthropogenically or naturally created clearings, while also contributing to 432 

the establishment of early successional species and pioneer trees in seed banks 40. Moreover, 433 

pollinators may sustain themselves in secondary forests, which already exhibit floral diversity and 434 

density comparable to OG at the canopy-closure period (15-20 years 21), further evidencing that 435 

tropical logged forests are energetically rewarding for secondary consumers 22. Therefore, even in 436 

regions where primary forests are scarce, pollination services may still be assured, provided that 437 
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sufficient cover of structurally mature secondary forests is present, adding to the array of valuable 438 

biological, social, and economic attributes of regenerating forests 8,9. 439 

In addition, our results strengthen the body of evidence that mutualistic animals, 440 

particularly mobile ones, can drive tropical forest recovery by maintaining ecosystem processes 441 

across different successional stages. Mobile seed dispersers, such as bats and birds, and large dung 442 

beetles, facilitate the colonization of pioneer species and the maintenance of seed banks in adjacent 443 

disturbed sites 26,41–43. Pollinators seem to follow the same trend, particularly large, wide-ranging 444 

ones that show weaker responses to small-scale disturbance, such as bats 44, large solitary bees 45, 445 

and hawkmoths 46. Such potential as “succession drivers” will, however, be limited in groups of 446 

small-ranged, low-mobility consumers, including detritivores 25, as well as small insect pollinators 447 

with complex life cycles 47 or territorial ones (e.g., many hummingbird species) 48. Several tropical 448 

pollinators are considered dispersal-limited, particularly the small, eusocial, and highly diverse 449 

stingless bees, which tend to forage only short distances around nests often established in tree 450 

hollows in conserved forests 49,50. Our results support this notion: stingless bees, which encompass 451 

species as small as 2 mm (e.g., Trigonisca spp.), were on average smaller in old, conserved forests 452 

(Figure 5b), and their similarity to OG increased over time (Figure 4c), supporting that OG 453 

communities are taxonomically and functionally unique in comparison to successional forests. 454 

Even this group, however, was largely unaffected by the recovery gradient (Figure 4c), suggesting 455 

some plasticity in foraging habitat. Resource generalism also likely plays a role in pollinator 456 

resistance. Although tropical pollinators can be resource specialists, such as oligolectic solitary 457 

bees 51, abundant and important groups in the tropics, such as stingless bees, moths, birds, and bats, 458 

tend to visit a wide range of plants 52–55. Despite initial conditions in the two disturbance legacies 459 

(e.g., shading, initial vertical structure, and presence of remnant trees that influence recovery via 460 

nucleation 56) and consequent differences in initial plant communities (Figure 3a), recovery of 461 

pollinators and network rates were similar in cacao plantations and pastures, reinforcing the notion 462 

of foraging generalism and resource redundancy for pollinators. Therefore, pollinators may 463 

eventually require mature forests to roost, find nesting resources or substrates, and seek refuge, but 464 

seem able to traverse the matrix to feed on pioneers in disturbed sites, a pattern clearly illustrated 465 

by nocturnal bees in the research site 56.  466 

As supported by the SEM (Figure 4a), plant-pollinator interactions reassembled through a 467 

resource-independent, pollinator-mediated pathway. The abundance and diversity of pollinators 468 

were the main variables dictating network interaction diversity. Pollinators were, in fact, most 469 
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abundant and diverse in agricultural sites, perhaps because of the abundance of flowering 470 

individuals (Figure 2e) and consequent enhanced attractiveness of resources 57, which drew 471 

pollinators to open areas. However, pollinator abundance and diversity were poorly explained by 472 

their predicted variables, as were interaction specialization and interaction similarity to OG, further 473 

evidencing pollinator dispersal and generalism. Furthermore, these reassembly pathways varied 474 

considerably among pollinator groups (Figure 4). Thus, a stable trend in pollinator abundance and 475 

diversity appears to reflect a shift from disturbance-adapted to forest-adapted pollinators, 476 

accompanied by a substitution of life-history traits (Figure 5). These results support our hypothesis 477 

of trait complementarity (H4) and suggest that the maintenance of network diversity and structure 478 

(and, potentially, of pollination service) is being achieved through pollinator multifunctionality and 479 

diverse responses to disturbance 58. That is, a stable assemblage of pollinators and their services 480 

appear to be assured along succession by two mechanisms: (i) pollinators with wide recovery 481 

niches and little functional response to the recovery gradient (particularly moths, Figure 5e, whose 482 

importance in tropical pollination networks due to widespread generalism, hyper diversity, 483 

connective potential, and pollination of pioneers has been attested 53) and (ii) the complementary 484 

substitution of functional groups. Bilateral, accessible flowers offering nectar and pollen and 485 

pollinated by wind, lepidoptera, and bees were associated with agricultural sites and early 486 

succession, due to the dominance of herbs and shrubs from families like Lamiaceae, Verbenaceae, 487 

and Poaceae, which gave way to a more balanced community containing more vertebrate, 488 

hawkmoth, and beetle-pollination systems (Figure 5c). Aposematic, kleptoparasites, and soil 489 

excavators were gradually replaced by non-aposematic, wood-cavity nesters with higher degrees 490 

of sociality and an increased need for rarer resources (resin, oil, mud, feces, and volatiles), 491 

reflecting the nesting substrates and resources available in forests. However, while 492 

multifunctionality is suggested by the turnover of functional groups, whether that translates into 493 

pollination effectiveness along succession, which varies among pollinator groups 59, remains to be 494 

assessed.  495 

The functional turnover of bees suggests a decoupling of needs: foraging generalism seems 496 

to be accompanied by stricter requirements for refuge and nesting. Eusocial bees nesting above 497 

ground and in natural wood cavities are more susceptible to habitat loss and distance from 498 

preserved forests than solitary, belowground soil-nesting ones have often been reported 5,34. Stricter 499 

needs for refuge would also explain why the recovery index, which summarizes several forest 500 

structural attributes, had a direct effect on pollinator composition independently (Figure 4a), and 501 
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also such a strong direct effect on nocturnal bees, which are resource generalists but highly 502 

dependent on natural cavities in logs and epiphytes for nesting 56. Such decoupling likely explains 503 

why pollinator composition recovered much more slowly than other community parameters, 504 

exhibited the strongest response to its predicting variables, being dependent on floral resource 505 

availability, landscape connectivity, and the recovery of forest structure (Figure 4a). Our 506 

hypothesis (H3) was thus partially corroborated, because, although slowly, both plant and pollinator 507 

community compositions recovered within the four decades. Community composition has been 508 

repeatedly shown to recover slowly in animal communities 25–27 and to be considered a better metric 509 

of community response to restoration 60. A slower recovery of pollinator composition is likely a 510 

result of the strong compositional gradient of floral resources observed here (Figure 3a), which 511 

leads to a lack of distinct floral resources, but also non-nutritional resources associated with an old-512 

growth flora (e.g., nesting cavities in wood, host plant diversity for larvae, floral and extra-floral 513 

resin, volatiles for mating), that may be absent in successional forests. Furthermore, although large, 514 

diverse, and more generalized in agricultural sites, networks became smaller, less diverse, and more 515 

specialized in successional forests and did not converge towards old growth within four decades. 516 

Therefore, while pollinator resistance may help maintain animal-mediated pollen flow during 517 

tropical forest recovery, early successional stands seem to lack conditions found in either disturbed 518 

sites or old-growth forests and exhibit impoverished networks, which may take several decades to 519 

recover. A slow recovery of species composition and delays in network recovery are not unique to 520 

pollination but also occur in plant dispersal networks 61, thereby reinforcing the vulnerability of 521 

mutualisms 12 and underscoring the irreplaceability of primary forests for biodiversity conservation 522 

62. 523 

While plant-pollinator networks display remarkable resistance and resilience, the success 524 

of pollinator restoration requires less isolated, less fragmented, more connected landscapes that 525 

still contain some extent of forest cover 31,63,64. In our study, connectivity and/or elevation, variables 526 

that influence plot isolation, affected the recovery of all groups, to some extent (Figure 4). 527 

Therefore, it can be assumed that the role of functional turnover in assuring pollination may thus 528 

break down if disturbance reaches a point where the landscape can no longer provide suitable 529 

habitats and corridors for forest pollinators. Although some groups thrive under disturbance (e.g., 530 

sweat bees and other solitary bees), their presence alone may not be sufficient to avoid pollen 531 

limitation in landscapes where forests have been thoroughly cleared. Even pollinators known to be 532 

robust against fragmentation (e.g., orchid bees, which were not affected by recovery – Figure 4d) 533 
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may be unable to cope with increasing patch isolation 65. Our study site still exhibits a high degree 534 

of forest cover (Figure 1b) and a high proportion of OG forests 66, likely facilitating recovery. 535 

Succession is considerably slower in regions under more intense disturbance regimes, with low and 536 

fragmented primary forest cover 67. Future studies should therefore subject the reassembly of plant-537 

pollinator interactions to stronger connectivity gradients to assess their resistance to varying 538 

degrees of landscape-scale disturbance. Furthermore, studies should assess plant fitness as a direct 539 

correlate of network structure (e.g., Kaiser-Bunbury et al. 30) and therefore test whether network 540 

stability in successional forests translates into stable pollination services.  541 

 542 

METHODS 543 

Study site and chronosequence 544 

 This research was conducted in 2022 and 2023 in the Río Canandé and Tesoro Escondido 545 

reserves in northwestern Ecuador (0.5° N 79.2° W, 130–540 m a.s.l.) (Fig. 1a-b of the main text). 546 

The site lies on the western foothills of the Andes and is a lowland rainforest within the Chocó-547 

Tumbes-Magdalena ecoregion, characterized by high precipitation (ca. 5000 mm/year), a stable 548 

mean temperature of ca. 25°C, and a dry midyear season (Af climate) 66. Data collection took place 549 

in a well-resolved chronosequence (space-for-time substitution) composed of 62 50x50m plots, 550 

which included active disturbances in the form of pastures (PA, n = 6) and cacao plantations (CA, 551 

n = 6), a regeneration gradient ranging from one to 38 years of recovery in the form of regenerating 552 

ex-pastures (PR, n = 16) or ex-cacao plantations (CR, n = 17), and old-growth forests that served 553 

as a pre-disturbance reference state (OG, n = 17) 66 (Fig. 1b). Plot size was limited by the 554 

topological features of the area, and plot number per legacy was limited by the land use patterns of 555 

local farmers in the previous decades 66. Old-growth forests were identified as areas with minimal 556 

to no evidence of recent disturbance, as indicated by variables such as mean tree height, mean basal 557 

area, aboveground biomass, and tree richness 66. The shortest distance between plots was 184 m, 558 

the largest distance 14 km, and the mean distance between plots within the same recovery stage 559 

ranged between 4.6 and 5.5 km (Fig. 1b). Plot elevation above sea level ranged between 159 and 560 

615 m and was not correlated with recovery age 66. Research in the reserves and data collection 561 

were permitted by the Ministry of Environment of Ecuador (Contrato Marco MAE-DNB-CM-562 

2021-0187). 563 
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 564 

Data collection 565 

Data collection took place between March and June (32 plots) and October and December 566 

(30 plots) of 2022 and 2023, totaling four fieldwork campaigns. In each period, half of the plots of 567 

each recovery stage were sampled, so that recovery stages were evenly sampled between the two 568 

seasons. Nocturnal pollinators and their interactions were sampled in all plots in 2022 using light 569 

traps (see Data collection: pollinators below), as well as diurnal pollinators and their interactions 570 

using colored vane traps. In 2023, all plots were sampled once for floral resources, and additional 571 

diurnal pollinators and their interactions (using fragrance traps, active netting, and a repetition of 572 

vane trap sampling due to low catch rates in 2022). Bats were sampled in both years, with a quarter 573 

of the plots sampled in each period (15 plots in March-June 2022; 16 in October-December 2022; 574 

15 in March-June 2023; and 16 in October-December 2023). Floral resources and plot 575 

characteristics are unlikely to vary substantially over the 6- to 12-month interval between nocturnal 576 

pollinator and floral resource sampling, and we expect the change in recovered plots to be 577 

negligible.   578 

 579 

Data collection: floral resources 580 

We assessed the entire 2500 m2 area of each plot by walking ten 50 x 5 m parallel transects 581 

(2.5 m on each side) to quantify floral resource availability. The 62 plots totaled a sampled area of 582 

15,5 ha. During walks, all plant individuals bearing at least one flower in active anthesis (or active 583 

in the previous night) were recorded. Each flowering individual was assigned a morphotype, had 584 

the number of flowers counted or estimated (see below), and had vegetative and reproductive 585 

organs collected for identification and trait measurement. This procedure was performed for all 586 

observable and reachable understory plants, and direct observations were also possible in the 587 

midstory (5-10 m). For canopy plants (trees, climbers, and epiphytes), fallen flowers and floral 588 

traces were observed and collected. In the case of large canopy trees that produce a large number 589 

of flowers at once (e.g., Turpinia occidentalis, Banara guianensis, Carapa spp.) and leave a large 590 

radius of floral traces around the trunk, transects were disregarded for the individual abundance 591 

count, and a space of at least 5 m between two floral trace circles was considered for different 592 

individuals to be counted. While this method likely underestimates canopy resource occurrence, 593 

especially epiphytes, there is no established way to sample canopy resources in large forest areas, 594 
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and in all cases, floral traces overlapped with the pre-existing tree inventories conducted in the 595 

plots 66. 596 

 To measure floral abundance per individual, we employed a method similar to the floral 597 

abundance scanning of Szigeti et al. 68 by assigning a logarithmic floral abundance factor to each 598 

morphotype to serve as a proxy for floral density: a factor of 1 for morphotypes with observable 599 

individuals that produce one flower or floral head only (e.g., herbs, small shrubs and epiphytes, 600 

e.g., Burmeistera spp.); 10 for observable herbs, shrubs, epiphytes or trees that produce few flowers 601 

(< 10 per plant, e.g., Gasteranthus villosus); 100 for shrubs, trees and epiphytes with a sparse 602 

amount of flowers (10 – 100 per plant, e.g., Miconia centronioides); 1,000 for trees or epiphytes 603 

with a dense amount of flowers (100 – 1000 per plant, e.g., Wettinia quinaria); and 10,000 to dense-604 

canopy trees with practically uncountable flowers (e.g., Banara guianensis). Floral abundance 605 

factors were assigned to morphotypes in the field based on the average number of flowers per 606 

individual (10 individuals per morphotype, when available), and, if necessary, later corrected for 607 

canopy plants and epiphytes using photographs and literature after species identification.  608 

 Morphotypes were identified to the lowest possible level based on external vegetative and 609 

floral morphology via field guides and catalogs for the region 69–71. A tree species database (all 610 

individuals with a diameter at breast height ≥ 7.95 cm) was available for all plots (66 and used to 611 

cross-check and identify all marked individuals of trees flowering within the plot. The Plants of 612 

the World Online (powo.science.kew.org) and iNaturalist (inaturalist.org) platforms were used as 613 

complementary, confirmatory tools, and the Global Biodiversity Information Facility (GBIF) 614 

(gbif.org) was used to confirm the geographical ranges of putative species. Vouchers are stored in 615 

the Biological Collection of the School of Life Sciences, Technical University of Munich, Freising, 616 

Germany.  617 

 For each morphotype, we measured six functional traits (criteria and detailed definitions of 618 

the traits described in Table S3 of the Supplementary Material): (i)  Flower width (mm), measured 619 

as the diameter of the perianth at its outermost position, (ii) flower length (mm), measured as the 620 

vertical length of the perianth, valid for gamopetalous or gamosepalous flowers forming any 621 

vertical structure (otherwise zero), (iii) the presence or absence of bilaterality (zygomorphy), (iv) 622 

pollination unit morphology (16 categories, adapted from Durka 72,73, Table S3), and (v) the main 623 

floral reward: nectar, pollen, nectar and pollen, and rare resources (oil, fleshy parts, resin, volatiles, 624 

or absent/deception). Finally, species were assigned (vi) pollination syndromes, the convergent 625 

suites of floral traits (including morphology, color, anthesis time, and scent emission), which 626 
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indicates the likely most effective pollinator agent 74. The considered syndromes were: anemophily 627 

(wind), ambophily (wind and insects), cantharophily (beetles), chiropterophily (bats), melittophily 628 

(diurnal bees), ornithophily (birds), phalaenophily (settling moths), psychophily (butterflies), 629 

sphingophily (hawkmoths), and small diverse insects (SDI), which refer to small and generalist 630 

flowers without a clear syndrome that attract taxonomically diverse small insects 75. Syndrome 631 

classification was based on the floral traits listed by Faegri and Pijl 76,77. Rarer syndromes were not 632 

present on the site (e.g., therophily and sapromyophily) or were grouped within SDI (i.e., 633 

myrmecophily, myophily, tripophilly) (Table S3 for detailed criteria).  634 

 635 

 Data collection: pollinators 636 

 We employed distinct capture methods in each plot to sample different functional groups 637 

of pollinators: (i) mixed blue and yellow vane traps 78 were set 1.8 m above ground at the center of 638 

the plot to capture diurnal pollinators. The traps contained a dry killing chamber that operated on 639 

chloroform fumes, allowing for pollen collection. The trap was left in the field for 24 h. (ii) 640 

Fragrance traps aimed at male orchid bees (Apidae: Euglossini), a dominant group of Neotropical 641 

pollinators 79. Four traps, each consisting of 1.5 L perforated bottles containing a different synthetic 642 

fragrance (1,8-cineol, eugenol, skatole, and methyl salicylate), were set in each plot to attract a 643 

wider variety of bees. Traps were also set for 24 h at the center of the plot, 1.8 m above ground. 644 

(iii) Four hours of active netting were performed within the entire plot area to capture additional 645 

diurnal bees foraging on the plot. (iv) Vane traps equipped with Lepi-LED light    set to the mixed 646 

UV and visible light setting to capture nocturnal pollinators 81. These traps, similar in structure and 647 

function to the diurnal vane traps, remained in the plot for 24h. The light was timed to operate 648 

between 18:00 and 06:00. From the traps, we collected all nocturnal bees, as well as all moths from 649 

Sphingidae, a relevant pollinator group known for its role in the pollination of tropical plants, and 650 

Arctiinae (Erebidae), a large and conspicuous group of tiger and lichen moths whose important 651 

role in pollination networks has been attested 53. (v) Six 6x3m mist nets were installed at ground 652 

level near natural corridors within the plot to capture bats, and remained open between 18:30 and 653 

00:00.  654 

 Insects often exhibit vertical stratification in tropical forests, with many showing an affinity 655 

for the canopy 82. Therefore, we sampled both the understory and the canopy of plots containing 656 

clear vertical stratification (>15 years of recovery and OG). For that, traps from methods (i), (ii), 657 

and (iv) were set in the canopy (mean height 25.8 ± 5.3 m, median 25.2 m, range 15–38.0 m) of 658 
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plots simultaneously to understory traps by using a pulley system installed through a bow-and-659 

arrow shooting 83. From the 62 chronosequence plots, 26 presented suitable conditions for setting 660 

traps in the canopy. Traps were always set at the tallest or one of the tallest trees in the plot and 661 

operated similarly to understory traps.   662 

Specialized taxonomic keys were used to identify bats 84, stingless bees 85,86, orchid bees 87, 663 

and nocturnal bees 88. Bee identification was further aided by CR's personal collection (Aarhus 664 

University, Denmark). Diurnal sweat bees (Halictidae: Augochlorini), among other smaller groups 665 

found at the site (e.g., Megachilidae), were identified to the subgenus level 89 and separated into 666 

morphotypes, as no dedicated taxonomic material is available for identifying these bees in the 667 

region. Moths were identified using a dedicated catalog for the Canandé reserve 90 and GB's 668 

collection at the Phyletisches Museum Jena (Germany) with material from Costa Rica, Ecuador, 669 

and Perú, as well as photographs taken in the Natural History Museum (London). Nearly all moth 670 

species could be assigned a genus, and most were identified to the species level. All 671 

(morpho)species were barcoded (COI region, Canadian Centre for DNA Barcoding) to assist 672 

identification.  673 

We measured two functional traits from all pollinator species: body size (BS) and functional 674 

feeding length (FFL). BS, an important dispersal and interaction trait, corresponded to body length 675 

in moths (distance between the tip of the head and the tip of the abdomen), intertegular distance in 676 

bees, and forearm length in bats. FFL, an interaction trait associated with feeding specialization, 677 

was measured as the uncoiled and straightened proboscis in moths, the glossa plus prementum in 678 

bees, and the longest skull length in bats. Because BS and FFL are often allometrically related 91, 679 

we calculated the relative functional feeding length (RFFL) as FFL/BS to replace FFL and avoid 680 

collinearity. In addition to these quantitative traits, we assigned a set of qualitative, life-history 681 

functional traits to insect pollinators (bees and moths) that may affect their occurrence and survival 682 

along forest regeneration.  683 

Bees were classified in terms of: 684 

- Sociality: strictly solitary, eusocial, or semi-social (encompassing facultatively social, 685 

communal, and primitively eusocial species). 686 

- Nesting strategy: kleptoparasitism, soil excavation, pre-existing cavities in soil, wood 687 

excavators, pre-existing cavities in wood or aerial nesters (both grouped together due to the 688 

dependence on a pre-existing structure), or cavity generalists (usage of different substrates, 689 

including soil, wood, and pre-existing insect nests). 690 
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- Nest location: aboveground or belowground. 691 

- Reliance on rare resources: presence or absence. Rare resources are here classified as any 692 

resource other than pollen or nectar needed for survival, which include: floral or extra-floral 693 

resin, oils, scents, vegetative parts (e.g., leaves), mud, and feces. 694 

- Dense pilosity: presence or absence. Dense pilosity was classified as the presence of hair 695 

covering a significant proportion of the thorax and/or abdomen, to the extent that the cuticle 696 

below is not visible. 697 

- Body coloration: metallic, aposematic (stark dark-clear contrasts with vibrant colors, or the 698 

presence of color patterns associated with Müllerian mimicry), dull (i.e., not metallic or 699 

aposematic) and dark (black or dark brown), or dull and clear-colored (yellow or light 700 

brown).  701 

 702 

All qualitative bee traits, except for pilosity and coloration, were gathered from the 703 

literature, either from pre-existing reviews or datasets (92), or from species- or group-specific 704 

sources. Precise details on the source of each species` traits, as well as an overview of all bee traits 705 

collected, can be found in Supplementary Dataset 1. Pilosity and coloration were classified based 706 

on prepared specimens collected from the site.  707 

For moths, we compiled information on three quantitative traits: Body coloration, lightness, 708 

and contrast. These traits were chosen as they could be collected directly from preserved specimens 709 

and represent important responses to abiotic conditions and predation pressure 93: 710 

- Body coloration: Aposematic (stark dark-clear contrasts with vibrant colors, or the presence 711 

of color patterns associated with Müllerian mimicry), wasp mimics (Batesian mimicry 712 

found in many Euchromiina moths, which mimic black-and-yellow banded hymenopteran 713 

species), beetle mimics (Batesian mimicry found in many Ctenuchina moths, which mimic 714 

the color and shape of coleopteran elytra), or cryptic species, which do not present the 715 

abovementioned strategies and are marked by dull white or brown coloration.  716 

- Lightness: the median pixel value of four main color channels (red, green, blue, and UV) 717 

of the dorsal side of fully spread individuals, which represents overall brightness, and thus 718 

conspicuity, of the animal (e.g., high values for bright white species). Species were divided 719 

into low (33rd percentile), medium (33rd-66th percentile), and high lightness (66th 720 

percentile).  721 
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- Contrast: measured as the interquartile distance (25th-75th percentiles) of the distribution 722 

of pixel values, representing coloration variability with high values often associated with 723 

conspicuousness to predators. Similar to lightness, species were divided into low (33rd 724 

percentile), medium (33rd-66th percentiles), and high (66th percentile).  725 

 726 

Lightness and contrast values were obtained via standardized photography following 94 and 727 

processed using image analysis with the LEPY pipeline 95. Due to the paucity of species- or genus-728 

level information on tropical moths in the literature and the fact that most species at the site are 729 

undescribed 90, other important life-history traits (e.g., host plant specificity) could not be collected. 730 

All trait details can be found in Supplementary Dataset 1. 731 

 732 

 Data collection: plant-pollinator interactions  733 

 All collected insect pollinators were checked under a stereomicroscope for pollen load. 734 

Pollen loads were collected and pooled per pollinator species per plot, and only samples with a 735 

significant pooled pollen load were considered for analysis (> 10 grains) to ensure enough 736 

throughput. Pollen was collected by extracting the proboscis (moths), corbiculae (corbiculate bees, 737 

Apinae), or by scraping other body surfaces (e.g., scopa when present) and storing the loads in 96% 738 

ethanol. As for male Euglossini bees, which normally carry pollen sacs from orchids, the entire 739 

sack was collected. For bats, pollen loads were assessed in the field, and bats carrying visible pollen 740 

were swabbed over their entire body surface. Bat pollen samples were also pooled by species and 741 

plot, then stored in 96% ethanol. Pollen samples were then transported to Germany (Ludwigs-742 

Maximilians-Universität München), where they underwent multiplexed next-generation DNA 743 

metabarcoding of the ITS2 region 96. The procedures listed below are the same as those described 744 

in Diniz et al. 97: extraction, quality control, and library preparation were performed following 745 

Sickel et al. 98 and Campos et al. 99, and we used the pipeline described in Leonhardt et al. 100 (v. 746 

8c8536b). Quality filtering, merging, dereplication, and definition of amplicon sequence variants 747 

(ASVs), as well as ASV classification, were done with VSEARCH 101. SINTAX 102 was used for 748 

the hierarchical classification of remaining unidentified reads. Classification was performed using 749 

alignments from a plant database for Ecuador with BCdatabaser 103. Low abundance and 750 

contamination filtering, and relative read abundance (RRA) treatment are detailed in Diniz et al. 751 

97. An RRA cutoff of 0.05 per sample was used to include interactions. An adjacency interaction 752 
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matrix Aij was built for each plot, where interaction frequencies corresponded to the RRA of plant 753 

species i in the pollen loads of pooled pollinator samples of pollinator species j. 754 

 755 

Data analysis  756 

Response parameters 757 

 All analyses were carried out in R 4.5.0 104. The recovery of the flowering plant and 758 

pollinator communities, as well as interaction networks, was assessed through the following nine 759 

response parameters estimated per plot: 760 

(i) Abundance (plants and pollinators). The sum of all individuals in each plot. Due to a 761 

highly left-skewed distribution, the variable was log-transformed for flowering plants before 762 

analysis. As pollinator samples were collected from the canopy and understory of canopy-bearing 763 

plots, we obtained the mean pollinator abundance whenever canopy samples were present. 764 

(ii) Effective Shannon diversity (eH) (plants and pollinators), or the rarefied exponent of 765 

the Shannon entropy (q = 1), corresponds to the effective number of species 105. To better account 766 

for species relative abundances and the doubled pollinator samples in canopy-bearing plots, 767 

communities underwent abundance-based rarefaction in all plots using the i.NEXT package 106, and 768 

the asymptotic eH value for each community was estimated. 769 

(iii) Resource density (RD) (plants only), measured as the estimated amount of floral 770 

resources produced by all individuals in the 2500 m2 area of the plot, considering plant abundance, 771 

diversity, and floral size, calculated as:  772 

𝑅𝐷 = ∑ (log(ܨ ௜ܵ × ܽ௜ × ௜)௡௜=1ݏ )݊   773 

 774 

where ni is the number of flowering species on the plot’s area, FS is the floral size of species 775 

i, a is the abundance of species i in the plot, and s is the flower abundance scaling factor (see above) 776 

of species i. FS was calculated as the diameter of the flower’s perianth base, which applied for 777 

tubeless, dialipetalous flowers, as well as composite influences (where FS corresponded to the 778 

diameter of the floral head). In the case of tubular flowers, FS was measured as the product between 779 

corolla diameter (outermost diameter of the tube) and corolla depth (tube length). FS was used as 780 
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a proxy for the amount of floral resources, as floral size is positively correlated with the amount of 781 

resources offered 107. 782 

(iv) Functional evenness (FEve) and (v) functional dispersion (FDis)  (plants and 783 

pollinators), measured using a distance-based multivariate trait framework in the FD package 108. 784 

After a principal component analysis (PCoA) ordination, a minimum spanning tree was constructed 785 

for all species in the community using Euclidean distances. FEve corresponded to the homogeneity 786 

of the trait-weighted abundances among branches 109. A high evenness (FEve → 1) indicates that 787 

the functional space is regularly filled by species with even abundances. As for FDis, the Euclidean 788 

distance of all species to a common centroid weighted by species’ relative abundance is calculated. 789 

A high dispersion (FDis → 1) thus indicates high average trait dissimilarity within a community 790 

108. FDis and FEve were estimated with all plant traits (corolla length and width, presence of 791 

bilaterality, morphology of the pollination unit, and the presence or absence of different floral 792 

rewards), except for pollination syndrome, as it is an amalgamation of other floral traits that may 793 

introduce redundancy. As for pollinators, only body size and relative functional feeding length 794 

were used, as these are the only common traits across all pollinator species studied. The entire pool 795 

of species (understory and canopy species) was assessed for pollinators. 796 

(vi) Interaction diversity (networks). Measured as the effective Shannon diversity (eH) of 797 

interactions, similarly to pollinators and plants. For this, an interaction adjacency matrix was 798 

constructed for each chronosequence plot, and eH was estimated for each plot’s network using 799 

network entries (unique interaction pairs).  800 

(vii) Linkage density (networks). Measured as the marginal totals-weighted diversity of 801 

interactions per species in the network, indicating how many partners from the other level, on 802 

average, species in the network interact with 110. 803 

(viii) Interaction specialization (interactions). Measured as H2’, a network-level metric of 804 

niche discrimination, indicating how exclusive, on average, interactions are in a network while 805 

accounting for network size 111. H2’ was estimated for each plot’s network separately, including all 806 

pollinator groups.  807 

(ix) Community similarity to old growth (plants, pollinators, and interactions): measured 808 

as the similarity of the community in each chronosequence plot to the OG median (reference pre-809 

disturbance state) by calculating the inverse Euclidean distance (1/1-ED) from each plot to the OG 810 

centroid in a non-metric multidimensional scaling (NMDS, Bray-Curtis distance) dimensionality 811 

reduction, resulting in a similarity value ranging from zero to one, with one meaning that a plot lies 812 
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on the OG forest centroid. By including the distance of OG plots to their own centroid, we can also 813 

assess the variability in species composition among OG forests. To build the occurrence matrices 814 

for the NMDSs, the abundance of plant morphotypes, pollinator species, and unique interaction 815 

pairs between plants and pollinator species were converted to proportions per plot. For the plant 816 

community NMDS, two dimensions (k2) were used. For pollinators, three dimensions (k3) were 817 

used to keep stress below acceptable levels (< 0.2), and the increased dimensionality was supported 818 

by a Procrustes analysis (correlation with k2 = 0.85, p = 0.001). For interaction networks, four 819 

dimensions (k = 4) were used (correlation with k2 = 0.71, p = 0.001). 820 

 821 

Resistance and recovery time 822 

In order to examine the reassembly of floral resources, pollinators and interaction networks, we 823 

assessed the recovery of the ten response parameters listed above by (i) estimating their resistance 824 

to disturbance, and (ii) estimating their recovery rate and the amount of time necessary to reach 825 

pre-disturbance OG levels. We used the resistance-resilience framework built by Metz et al. 26 and 826 

Poorter et al. 19. Resistance, here defined as the proportion of a biodiversity parameter that remains 827 

after disturbance in relation to a pre-disturbance state, was calculated as the negative exponential 828 

of the Kullback–Leibler divergence 26:  829 

 830 𝑅 = exp(−|ln( ఝ0ఝೃ೐೑)|), 831 

 832 

where R is the parameter’s resistance, ߮0   and ߮ோ௘௙   are the medians of the parameter in the 833 

active disturbance and in the reference state (OG), respectively. R ranges from 0% to 100%, with 834 

100% meaning that the median of the parameter in disturbances equals the reference state. 835 

Resistance was calculated separately for pastures and cacao plantations. With this formula, 836 

resistance can also be calculated for parameters that are higher in active disturbances than in the 837 

reference state, or equivalent, which can occur in a system with disturbance-tolerant species 26. 838 

Next, recovery trajectories and the time necessary for full recovery were estimated by fitting a 839 

negative exponential function, which is suitable for variables that recover non-linearly (e.g., as 840 

observed in saturating recovery curves along recovery 19,26): 841 

(ݐ)߮ 842  = ߮0 + (߮ோ௘௙ − ߮0)(1 − ݁−ఒ௧) 843 
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 844 

where, ߮(ݐ) is the value of the response parameter at time t, ߮0 is the parameter’s median in 845 

agricultural plots, ߮ோ௘௙ the parameter’s median in old-growth plots, and ߣ is the parameter’s 846 

constant recovery rate. The equation models recovery as a saturating curve, with the difference 847 

between ߮ோ௘௙ and ߮0 decreasing at a constant rate of 26 ߣ. Additionally, it allows ߮0 to be both 848 

higher or lower than ߮ோ௘௙, and asymptotically reach ߮ோ௘௙ in both ways. 849 

Full recovery time was then estimated as the predicted number of years required for the 850 

response parameter to reach either 90% (if ߮0  below ߮ோ௘௙) or 110% (if ߮0  above ߮ோ௘௙) of the 851 

OG median (see above)26, which suggests that the parameter has reached a value within the 852 

expected range for OG forests. For each model, we obtained 95% confidence intervals via 853 

bootstrapping (1000 permutations), and the two legacies (cacao plantations and pastures) were 854 

analyzed separately. If no significant recovery rate was found (estimate p > 0.05) and the 855 

distribution of the parameter in OG did not differ from those in agricultural plots or the 856 

chronosequence (1–38 years) (both tested via t-tests), the time until full recovery was set to zero. 857 

If no significant recovery rate was found, and the distribution of the parameter in OG overlapped 858 

with agricultural plots but not with the chronosequence (1-38 years), recovery was deemed as 859 

indeterminate and potentially involving an alternate state (e.g., 112).  860 

In special cases, the negative exponential function could not be fit to the data because the 861 

recovering parameter saturated beyond the OG median (floral resource FDis, and network 862 

specialization, diversity, and linkage density). In these cases, the median of the parameter at the 863 

end of the chronosequence (>30 years of recovery) was used as the reference instead of the OG 864 

median, and recovery was also deemed potentially to involve an alternate state. However, the 865 

spread of the data was taken into consideration. If the parameter distribution across the 866 

chronosequence (1-38 years) overlapped with that of OG, the alternate-state scenario was 867 

discarded, and the saturation point above OG was considered a data artifact. In one case (pollinator 868 

alpha diversity), the model did not converge because the data exhibited a non-asymptotic U-shaped 869 

distribution (decreasing towards early regeneration, then increasing towards late regeneration). 870 

Therefore, a quadratic polynomial model was fitted. In this case, the time to full recovery was 871 

defined as the point at which predicted values reached OG levels after the initial decrease. One plot 872 

was excluded from the network data (cacao regeneration, 9 years) because it was a strong outlier. 873 
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The removal of the outlier did not significantly affect the results and helped greatly reduce 874 

estimated standard errors (Fig. S2). 875 

 876 

Recovery of community composition  877 

 With the occurrence matrices built and the NMDS reductions obtained in step (ix) of section 878 

2.3.1, we assessed the recovery trajectory of community and interaction composition by dividing 879 

plots into seven categorical recovery stages: PA (active pastures), CA (active cacaos), early PR or 880 

early CR (generations, 1 – 15 years), late PR or late CR (16 – 38 years), and OG. After the 881 

dimension reduction and the resulting two main NMDS axes, permutational multivariate analyses 882 

of variance (PERMANOVAs) were performed to test whether recovery stages and recovery 883 

legacies [(ex-)cacao plantations, (ex-)pastures, and OG] vary in species and interaction 884 

composition.  885 

 886 

Recovery niche breadth 887 

To complement our understanding of how species composition recovered over time, we 888 

calculated the recovery breadth (RNB) for all plant and pollinator species, as well as for the ASVs 889 

(interactions) found in pollen loads. A species’ RNB is the abundance-weighted standard deviation 890 

of a species along the recovery gradient in relation to its recovery optimum (or the point in the 891 

recovery gradient where the species is most abundant), with a low RNB (RNB → 0) indicating that 892 

a species occurs only at a single point in the recovery gradient, and a high RNB (RNB → 1) 893 

indicating that a species’ abundance is equally distributed along the recovery gradient. RNB was 894 

calculated as: 895 

𝑅ܰܤ =  √∑ ௜ݔ)௜݌ − ∑2(ݔ ௜݌  896 

where ݌௜ is the species’ abundance at the position i of the recovery gradient, ݔ௜is the value of 897 

the recovery gradient on that position and ݔis the mean abundance-weighted niche position (i.e., 898 

recovery optimum). To obtain positions in the recovery gradient, we did not use recovery age, 899 

which excludes old-growth forests, but rather created a recovery index (RI). The RI was created as 900 

a comprehensive index that summarizes biotic and abiotic conditions in the plot to reflect its 901 
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recovery status, rather than relying solely on recovery years. With this approach, OG plots could 902 

be included in the analysis, and recovery could be expressed as a forest’s structural and abiotic 903 

characteristics. The index was derived from plot aboveground biomass (t/ha), yearly average 904 

temperature and humidity, mean tree height (m), and mean stem circumference (cm), all sourced 905 

from Escobar et al. 66 and Newell et al. 113. RI was derived through a principal component analysis 906 

(PCA), following Landim et al. 114 and Peres-Neto et al. 115. The number of retained axes from the 907 

PCA was determined using a permutation test on the correlation matrix of the eigenvalues of plot 908 

variables. One component (PC1) was sufficient (Fig. S3a) and significantly correlated with plot 909 

recovery age (r = 0.72, p < .001) and aboveground biomass (r = 0.83, p < 0.001), thereby largely 910 

representing the recovery gradient. RI was scaled to range from 0 to 1 prior to analysis.  911 

Only species with a total abundance of five or more individuals were included. After obtaining 912 

recovery optima and RNB values for each species of flowering plant, pollinator, and ASV, both 913 

variables were plotted as density graphs, and the means of each group were compared (ANOVA 914 

and post-hoc Tukey test) to examine which group (plants or pollinators) more closely approached 915 

the niche optima and breadth distribution of interactions (ASVs) and was thus driving recovery 916 

more strongly. 917 

 918 

Recovery pathways and drivers 919 

Apart from examining recovery trajectories, we sought to identify recovery pathways and the 920 

direct and indirect drivers of plant-pollinator interactions by employing Structural Equation Models 921 

(SEMs) using the lavaan package 116. SEMs are multivariate inferential tools that allow the 922 

integration of causal direct and indirect effects between variables within a defined path structure 923 

117. With this framework, we could simultaneously examine the direct effects of plot variables (e.g., 924 

recovery) on floral resource availability and the pollinator community, as well as the subsequent 925 

cascading effects on interaction networks.  926 

The exogenous variables in the SEMS were the plot recovery index (RI, see above), 927 

connectivity, and elevation a.s.l.. Plot connectivity, which plays a role in forest recovery by 928 

determining the efficiency of colonization by plant and pollinator species originating from forest 929 

sources 118, was measured using the same approach used for RI. The variables used for deriving 930 

connectivity were the forest cover in 100m, 500m, and 1000m buffers around the plot, distance to 931 

the nearest forest’s edge, as well as the proportion of active and regenerating pastures and cacao 932 
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plantations in a 1000m buffer, measured using Landsat and Sentinel Imagery and sourced from 933 

Landim et al. 114 and Escobar et al. 66. This connectivity index captured both small-scale plot 934 

connectivity and landscape-scale habitat selection 114. Again, the first component was sufficient, 935 

and connectivity was moderately correlated with RI (r = 0.65, p < 0.001). Elevation a.s.l. (m) was 936 

included in the set of response variables as it may also serve as an abiotic barrier to species 937 

dispersal, thereby affecting colonization and recovery processes 119. 938 

The endogenous variables in the model were floral resource availability, pollinator community 939 

parameters, and interaction network structure parameters. As all floral resource parameters were 940 

moderately correlated (r = -0.55 to 0.71; Fig. S4a), we employed the same multivariate approach 941 

described above to derive the floral resource recovery index (FRRI). One component was sufficient 942 

(Fig. S4b), and FRRI was significantly correlated with all floral resource parameters (Fig. S4a). As 943 

for pollinator community parameters, abundance (log-transformed), alpha diversity (rarefied eH), 944 

functional dispersion (FDis), and community similarity to OG (simOG) were included in the 945 

model. As for the interaction network structure, interaction diversity (H’), specialization (H2’), and 946 

similarity to OG (simOG) were included. Functional evenness (FEve) and network linkage density 947 

were excluded from the models due to correlations with other parameters within their respective 948 

groups, resulting in poor model fits. All variables were rescaled to range from 0 to 1 prior to 949 

analysis. 950 

The causal paths tested in the SEMs are summarized in Fig. 1. FRRI and all pollinator 951 

community parameters were hypothesized to be affected by exogenous plot variables, and all 952 

pollinator variables were hypothesized to be affected by FRRI. These paths allow testing whether 953 

pollinator recovery is a direct result of exogenous variables or an indirect result via floral resources, 954 

and which parameter drives pollinator community reassembly (Fig. 1a). All network parameters 955 

were hypothesized to be affected by FRRI and by pollinator abundance, diversity, and functional 956 

dispersion (Fig. 1b), which allows testing whether network structure is driven by resource 957 

availability (directly or indirectly via exogenous variables) or by different parameters of the 958 

pollinator community (directly or indirectly via resource availability). Network similarity simOG 959 

was also hypothesized to vary as a function of pollinator simOG. 960 

An SEM was fit to the entire pooled pollinator community and interaction network to assess 961 

the overall recovery of plant-pollinator interactions as a process. Five other SEMs were fit for each 962 

major pollinator group individually to assess taxon-specific processes: stingless bees, orchid bees, 963 

moths, nocturnal bees, and other bees (leafcutter, plasterer, honey, mason, and sweat bees). H2’ 964 
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was not included in the models for orchid, nocturnal, and other bees due to the limited network size 965 

in several plots. Network simOG was not included for nocturnal or sweat bees due to a lack of 966 

interactions in OG (sweat bees) or outside OG (nocturnal bees), which hinders the calculation of 967 

similarity values. Due to low alpha diversity in several plots, pollinator community simOG could 968 

not be estimated for nocturnal and sweat bees, and FDis could not be estimated for nocturnal bees. 969 

All final SEMs presented good fit indicators (tser test model p = 0.12 – 0.90) (Tab S4). 970 

 971 

 972 

 973 

Fig. 1. The defined path structure for the Structural Equation Models (SEMs) used to disentangle reassembly 974 

drivers and pathways. Exogenous variables (plot variables) and different groups of endogenous variables (floral 975 

resource recovery parameters, pollinator community parameters, and interaction network parameters) are separated by 976 

groups in boxes. Arrows indicate hypothesized causal relationships. (a) and (b) describe the two different reassembly 977 

processes at play.  FRRI: floral resource recovery index, FDis: functional dispersion, simOG: similarity to old growth, 978 

H’: interaction Shannon diversity, H2’: network specialization. 979 

 980 

Trait-driven recovery 981 

 We assessed the role of species' functional traits in community recovery along the 982 

chronosequence by examining variation in quantitative and qualitative traits across plant and 983 

pollinator communities. For quantitative traits (floral length and width, and pollinator BS and 984 
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RFFL), we calculated the community-weighted mean (CWM) of each trait per plot and tested 985 

whether these traits were affected by the Recovery Index using linear regressions (residual 986 

normality and homoscedasticity were checked in all instances). For pollinators, we first calculated 987 

CWMs of both traits for the whole plot community to assess the general recovery trend, and 988 

subsequently for each major pollinator group separately [moths, stingless bees, orchid bees, and 989 

other bees that did not have high enough diversity for an individual analysis (mason, plasterer, 990 

leafcutter, nocturnal, and sweat bees)]. Pollinator trait CWMs were Z-score standardized prior to 991 

analyses to enable cross-group comparisons. 992 

 For qualitative traits, species occurrence matrices were filtered by trait category, and the 993 

effect of plot Recovery Index on the total abundance of species belonging to that category was 994 

assessed. The seven qualitative bee functional traits and the three moth functional traits listed in 995 

the section “Data collection: pollinators” were included. As in previous steps, abundance was 996 

averaged between the two strata in plots where the canopy was sampled. Abundance was log-997 

transformed in all instances to account for left-skewed distributions and outliers, and the effect of 998 

the Recovery Index on pollinator abundances was assessed with linear regressions. Zero-inflated 999 

models were employed in cases with high incidences of sampling zeros using the glmmTMB 1000 

package 120, and, in these cases, the results of the conditional model are shown. For pollinators, 1001 

zero-inflated models were used only for kleptoparasitic bees. Unlike pollinators, flowering plant 1002 

species richness was assessed as a response variable rather than abundance, because abundance 1003 

exhibited an extremely left-skewed distribution due to the dominance of several pioneer species, 1004 

particularly in early regeneration plots, whereas richness was normally distributed. The four 1005 

qualitative plant functional traits listed in the section “Data collection: flowering plants” were 1006 

included. All pollination systems were assessed, but bat- and bird-pollination were grouped 1007 

together as “vertebrates” due to the rarity of the former. As for pollination unit morphology, due to 1008 

the large number of categories, two groups were defined: restrictive flowers (i.e., those that impose 1009 

a barrier to the resource, such as a floral tube or a specific blocking mechanism, as in labiate or 1010 

orchid flowers) and non-restrictive flowers. The restrictive group included funnelform, tubulate, 1011 

papilionate, urceolate, saccate, labiate, coronate, orchid, and trapping flowers/inflorescences, while 1012 

the non-restrictive group included rotate, campanulate, crateriform, capitulate, cruciform, 1013 

cyanthiform, and spadix flowers/inflorescences. The effect of the Recovery index on flowering 1014 

plant richness was assessed with Poisson-fitted generalized linear models. Zero-inflated models 1015 
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were used for the following groups: beetle-, wind-, settling moth-, butterfly-, and hawkmoth-1016 

pollination system, as well as plants offering rare resources. 1017 
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