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Abstract:
1. Studies on the effects of human-driven forest disturbance usually focus on either biodiversity or carbon dynamics but much less is known about ecosystem processes that integrate trophic levels. Herbivory is one fundamental ecological process for ecosystem functioning that remains underexplored and is poorly quantified in human-modified tropical rainforests.
2. Here, we present the results of the largest study to date on the impacts of human disturbances on herbivory. We quantified the incidence and severity of herbivory caused by chewers, miners and gall-formers in 199,869 canopy leaf blades from 1,102 trees distributed across 20 forest plots located along a gradient of human disturbance in the Amazon. 
3. We found that chewers dominated herbivory incidence, yet were not a good predictor of the other forms of herbivory either at the stem or plot level. Herbivory severity was correlated with disturbance intensity, being greater at more disturbed sites. 
4. Synthesis. Although our large-scale study of canopy herbivory in Amazonian forests suggests that human disturbance increases the severity of leaf herbivory, effects were weak. Additionally, we found no effect of human disturbance in incidence of leaf herbivory. These results combined indicate that herbivory is a relatively resilient process to human impacts.
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Introduction
Tropical rainforests are important reservoirs of biodiversity (Bradshaw, Sodhi & Brook 2009), and provide a myriad of ecosystem services that are vital to humanity such as sequestration and storage of carbon (Berenguer et al. 2014), and rainfall generation (Spracklen, Arnold & Taylor 2012). Amazonia, the largest tropical rainforest in the world, holds between 7,000 and 16,000 tree species (Ter Steege et al. 2013) and stores approximately 86 Pg C (Saatchi et al. 2007). Despite their great importance, many of the remaining Amazonian forests are under threat from human activities (Barlow et al. 2016) such as selective logging and others causing wildfires (Aragão et al. 2018; Brancalion et al. 2018). The impact of disturbances in Amazonian forests is substantial (Barlow et al. 2016), even though part of it can be offset by the recovery of degraded forests and regrowth of secondary forests (e.g. Nunes et al. 2020). While much effort has gone into understanding how human disturbances affect either biodiversity or carbon dynamics in these disturbed or regenerating forests (Balch et al. 2015; Berenguer et al. 2015; Robinson et al. 2015; Barlow et al. 2016; Lennox et al. 2018) much less is known about ecosystem processes that integrate trophic levels, such as herbivory.
Herbivory is a fundamental ecosystem process across the world, involving over half of all terrestrial species (Zangerl et al. 2002). It acts as an important pathway for energy flow from plants to upper trophic levels (Coley, Barone & Barone 1996; Agrawal 2000; Hempson, Archibald & Bond 2015) and has a strong influence on both the quantity and the quality of organic material transferred to the soil, thus affecting nutrient cycling (Bardgett & Wardle 2003). Yet despite its importance, our understanding of herbivory rates in tropical forest systems remains limited. For example, although it was believed that tropical ecosystems experiences higher rates of herbivory than temperate ones (Coley et al. 1996), such patterns have not been confirmed by more recent assessments (Landsberg & Ohmart 1989; Adams et al. 2009; Moles et al. 2011a; b; Rasmann & Agrawal 2011). 
[bookmark: move1742610]Currently, there are at least three key knowledge gaps that limit our understanding of herbivory patterns in tropical rainforests. First, no studies have examined how herbivory rates respond to human disturbance, even though these could be crucial for refining important estimates of both carbon and nutrient cycling across much of the remaining tropical forest biome (Metcalfe et al. 2014). There are strong a priori reasons to think that herbivory may change due to human influence, given disturbance can alter insect densities (Knight & Holt 2005), resource quantity (McNaughton et al. 1989), resource quality (Coley, Bryant & Chapin 1985), plant defences (Coley 1987; McIntyre et al. 1999) and top-down control of herbivores (Maas, Clough & Tscharntke 2013; Mitchell et al. 2015; Morante-Filho et al. 2016). Second, many studies focus on leaf loss from chewing invertebrates (e.g. Hódar and Zamora 2004, Fagan et al. 2005, Unsicker et al. 2006, Pennings et al. 2007, Wolf et al. 2008, Silva et al. 2012), but do not consider other forms of invertebrate-mediated herbivory that are prevalent in tropical forests, such as miners and gall-formers. This could be an important omission, as both of these groups have severe impacts on trees, shrubs and crops elsewhere (Valladares, Salvo & Cagnolo 2006; Cocco et al. 2015; Kozlov et al. 2017). Finally, few studies measure herbivory in tropical canopy leaves (Bixenmann et al. 2016; Darrigo, dos Santos & Venticinque 2018a), most likely due to the difficulty of accessing such heights.
[bookmark: move533162394][bookmark: _Hlk40867105][bookmark: _Hlk33443397]To address these knowledge gaps, we assessed herbivory in 199,869 canopy leaf blades from 1,102 tree individuals and 268 species, in eastern Amazonia in the Tapajós River region, south of Santarém state. We recorded both herbivory incidence (i.e. the proportion of leaves or leaflets affected by herbivores) and herbivory severity (i.e. proportion of damage-inflicted leaf area), and distinguished between three different types of herbivory – chewers, miners and gall formers. Trees were located in 20 forest plots distributed along a gradient of human disturbance, including: undisturbed primary forests, logged primary forests, logged-and-burned primary forests and secondary forests. Specifically, we ask: (i) How prevalent are the different forms of herbivory? (ii) Do herbivory forms correlate at the stem or plot level?; (iii) Do herbivory incidence and severity caused by chewers, miners and gall-formers vary along a gradient of forest disturbance?; and (iv) Can plot-level herbivory be predicted by environmental variables reflecting forest condition, disturbance intensity, soil fertility and landscape composition?

Materials and methods
Study Area
This study was conducted during the dry season of 2015 in a region of eastern Amazonia, which encompasses the municipalities of Santarém, Belterra and Mojuí dos Campos (hereafter Santarém), in the state of Pará, Brazil (Figure S1).  Data were sampled across 20 plots (10×250 m, 0.25 ha) distributed along the following four forest classes: undisturbed primary forests (n=5), logged primary forests (n=5), logged-and-burned primary forests (n=5), and secondary forests recovering after agricultural abandonment (n=5). Forest classes were defined using a combination of field assessments of evidence of previous human disturbance (e.g. logging debris, charred stems) and an analysis of canopy disturbance, deforestation and regrowth in a 20-years chronosequence of satellite images (for more information about forest classification see Gardner et al. 2013). Plots were located in evergreen non-flooded forests and were placed at least 100 m from forest edges, to avoid edge effects, and >1.5 km apart, to avoid spatial autocorrelation.
[bookmark: MendeleyTempCursorBookmark1]
Herbivory sampling
[bookmark: move525743929]To assess foliar herbivory, we first selected all the trees and palms species of diameter at breast height (DBH) ≥ 10 cm that contributed to 80% of the basal area of each plot. This criterion was based on Grime’s "mass-ratio hypothesis" which suggests that ecosystem properties are determined by the characteristics of dominant plants (Grime 1998). From the selected species in each study plot, we sampled three individuals whenever possible – often species were only represented by doubletons or singletons. In each individual, a branch fully exposed to sunlight was sampled by a tree climber. In each branch, we assessed herbivory incidence and severity in all leaves (n = 198,756). We defined herbivory incidence as the number of leaves affected by each form of herbivory (i.e. chewers, miners, and gall-markers) divided by the total number of leaves present in a given branch – constituting therefore a proportion. Herbivory severity was defined as the proportion of leaf area affected by each type of herbivory. 
[bookmark: move5257454971]To measure herbivory severity caused by chewers, we randomly selected 30 of the chewed leaves per individual branch and scanned them (summing up a total of 188,138 scanned leaves). Using a graphics software (Photoshop CS, Adobe Systems Incorporated, San José, CA, USA), we manually drew the outline of all leaves with damaged edges, so we could recreate the original leaf area (i.e. prior to damage). Then, using imagery software (ImageJ, NIH, MD, USA, version 1.49u), we first calculated leaf area considering herbivory (i.e. including all holes; Ah, cm2). We then adjusted the image to fill the damaged area in order to estimate the leaf original area (i.e. prior herbivory; Anh, cm2). The difference between leaf area prior (Anh) and post (Ah) herbivory was divided by the original leaf area (Anh) to calculate the proportional loss of leaf area (H), as described in Metcalfe et al. 2014). To measure the severity of damage caused by miners and gall-formers, each leaf was visually assessed and assigned to one of the following damage classes (according to the percentage of the area of the leaf lamina that was affected): intact leaves, 0.01–1, 1–5, 5–25, 25–50, 50–75 and 75–100% (following Alliende 1989). For compound leaves we considered leaflets as leaves, surveying incidence and severity for each leaflet. When not specifying between incidence and severity, we refer to “herbivory levels” solely.

Environmental variables
To further explore if herbivory could be predicted by human-induced forest disturbance, soil fertility or landscape composition we selected four environmental variables of interest. We assessed plot-level aboveground biomass as a proxy of forest condition, as undisturbed forests tend to hold more biomass than those that have been disturbed (Berenguer et al. 2014) or are recovering after agricultural abandonment (Lennox et al. 2018). Across all 20 plots, all trees and palms ≥10cm DBH were measured and identified to species level, then we used an equation for tropical moist forests (Chave et al. 2014) that incorporates DBH, height and species-specific wood density to estimate the aboveground dry biomass of each individual. In each plot, we summed all individuals’ biomass and scaled it up to the hectare to obtain plot-level biomass (Mg ha-1). The second variable of interest was plot-level wood density, a trait that has shown to be a good continuous predictor to account for disturbance intensity as per Berenguer et al. (2018). To estimate wood density across all live trees on our 20 plots, we used values from the Global Wood Density Database (Zanne et al. 2009) filtering only by South America tropical regions. As a proxy of soil fertility, we used plot-level soil pH. We collected composite soil samples at three depths (0–10, 10–20, and 20–30 cm) in five sampling points across each plot, with each sampling point separated by 50 m. (for details, see Durigan et al. 2017). Finally, as a proxy of landscape composition, we measured the amount of primary forest surrounding each study plot using the 2014 Terraclass land cover maps (INPE-TerraClass, 2017), which provide a close temporal match to the year of our field sampling (2015). For that, we delimited a 1-km buffer around each plot using its geographic coordinates, then measured the amount of forest in each buffer, based on the ‘forest’ category determined by TerraClass.
To avoid collinearity we tested correlation of these four environmental variables of interest (i.e. plot biomass, plot-level wood density, soil pH and the amount of surrounding primary forest). Due to the high correlation of the variables (r = 0.69-0.81, see supplementary information S2), we chose a single variable, wood density, as it is a strong predictor of forest disturbance (Berenguer et al. 2018) and also directly links to plant growth strategies that may influence leaf palatability (Farji-brener 2001).

Statistical analysis
To investigate whether herbivory incidence varied between the three forms – chewing, mining and galling– we ran a Kruskal-Wallis test, disregarded of forest disturbance. Then, to assess which form varied from each, we run a multiple comparison test (kruskalmc function, package “pgirmess”). To assess whether one form of herbivory could represent other(s), we tested the correlation between the levels of each of the three different forms at both the stem at plot level. We use Pearson’s correlation tests through the ‘ggpairs’ function of the R package GGally (Schloerke et al. 2018). To explore if correlation patterns at both stem and plot levels were held across the disturbance gradient, we also tested spearman correlation values along the forest classes.
To investigate whether the intensity and severity of each herbivory type varied along our disturbance gradient, we used general linear mixed-effect models (GLMM) with site and stem id as random factors, with the best fitting probability distribution selected through the function fitdistr (R package fitdistrplus; Delignette-Muller and Dutang 2015) for each response variable (see supplementary information, table S3). To test whether either incidence or severity in each herbivory form varied across the gradient, we tested the herbivory as a function of forest classes against its null model by running an analysis of variance (ANOVA). After, we used pairwise interactions through ‘Test Interactions’ function (R package phia) to check if variance of herbivory was significant between each forest disturbance classes.
To examine how the three different forms of herbivory (i.e. chewers, miners, and gall-markers) responded to environmental factors, we used mean plot severity of each herbivory form. We then built linear models with a Gaussian distribution to understand the variance of responses to plot-level wood density, our proxy of forest disturbance. For model selection we used the ‘dredge’ function from the R package ‘MuMIn’ that tests models against the null form, and ranked them by their AICc-based model weight (Burnham & Anderson 2002). We considered as best models all those that ranked with Akaike Information Criterion below 2 (AIC ≤ 2, Zuur et al., 2009).

Weighting herbivory
We developed a weighted herbivory metric to assure plot level herbivory estimates accounted for the abundance and size of species. For that, we first calculated mean severity at the species level in each plot, rather than by stem.  We then multiplied the mean herbivory severity found for each tree species by its contribution to plot basal area. Finally, we tested the weighted herbivory as a function of plot-level wood density. For that, we again used generalized linear models and AICc-based model selection. All analyses were carried out in Rstudio (linked to R version 3.6.1 GUI 1.68 Mavericks build).

Results
(i) Prevalence of the different forms of herbivory
Herbivory incidence was extremely variable between stems, with 0-100% of leaves affected (mean 27% ± 0.37). Chewing incidence was significantly higher (74.1% ± 25.2) than the other two forms of invertebrate-mediated herbivory (Kruskal-Wallis Chisq= 1469.8, df=2, p < 0.0001), while mining and galling incidences were statistically similar to each other (7.6% ± 10.2 and 6.8% ± 9.2, respectively; Figure 1). From all the leaves examined across all individuals, 29.1% presented no damage at all, with chewing being absent in 31.7% of the leaf blades examined, mining in 75.8%, and galling in 85.4%. 

(ii) Correlation between different forms of herbivory at the stem and plot level 
We found that both at stem (Figure 2 a-c) and plot (Figure 2 d-f) levels, chewing incidence was not correlated to either mining or galling incidence. Across all types of herbivory, correlations were stronger at the plot level, than at the stem level, although these relationships were not significant. These patterns were also found when comparing herbivory severity (Figure S5), where also show that mining and galling severity levels correlate at the plot-level.
Chewing and mining incidence were correlated in undisturbed forests (rspearman= 0.6, Figure S6c); chewing and galling correlated only in logged-and-burned forests (rspearman= 0.7, Figure S6e); while mining and galling incidences were highly correlated in primary forest classes (rspearman= 0.9, Figure S6f). Herbivory severity of chewers correlated miners in both undisturbed and secondary forests (Figure S6a), miners and gall-markers presented high correlation in logged and logged-and-burned forests (Figure S6d) and chewing and galling severity did not correlate in any disturbance class (Figure S6b).

(iii) Influence of human disturbance on herbivory levels
Incidence of herbivory did not show significant differences between forest disturbance classes, regardless of the herbivory form analysed (Figure 2a-c). However, chewing severity varied along the forest disturbance gradient (p < 0.01, Figure 2d), with logged and logged-and-burned forests presenting significantly higher levels of leaf area loss (0.079 ± 0.06 and 0.072 ± 0.07, respectively, table S4) than undisturbed (0.059 ± 0.04, table S4) and secondary forests (0.054 ±0.05, table S4). Neither damage severity caused by miners (p = 0.8) or gall-markers (p = 0.7) varied across the disturbance gradient (Figure 2e and 2f).

(iv) Influence of different environmental variables on plot-level leaf herbivory
Disturbance intensity (assessed via plot-level wood density) predicted the severity of herbivory caused by chewers (r2= 0.48; Figure 4a), miners (r2= 0.5; Figure 4b), and gall-markers (r2= 0.56’ Figure 4c) when values were adjusted for species contribution to basal area (Table 1). More disturbed forest plots, i.e. those with lower mean wood density values, lost more leaf area to herbivory than less disturbed plots (Figure 4). However, when using naive metrics of herbivory severity (i.e. without adjusting for tree species contribution to basal area), disturbance intensity did not influence herbivory severity (Figure S7).

Discussion
We present the results of a large-scale herbivory study, comprising almost 200,000 leaves sampled across 1,102 individuals distributed in 20 human-modified forest plots. Chewing incidence was quite high (74.1% ± 25.2, Figure 1) and found to be the most dominant form of invertebrate–mediated herbivory, reflecting trends observed across the Neotropics (Vasconcelos 1999; Novotny et al. 2010). Yet, although chewing is a common measure of total leaf herbivory in many studies (e.g. Schowalter, 2011), it was not a good predictor of other forms of herbivory, either at the stem or plot-level. In contrast, the incidence and severity of mining and galling were positively correlated when surveyed at the plot level. We discuss our findings by examining the influence of human-induced disturbance on herbivory, the often overseen impact of leaf miners and gall-markers on plants, and the variation in rates of herbivory between different studies. 

Does human disturbance increase leaf herbivory?
Herbivory levels could be higher in disturbed forests as these are dominated by pioneer plant species (Laurance et al. 2006), which tend to be more palatable to invertebrates due to lower leaf thickness and less amounts of phenolic compounds (Coley 1983). Our results provided some support for this expectation, and all three forms of herbivory we assessed were related to our proxy of the degree of human modification (Berenguer et al. 2018). Early successional species (i.e. pioneers) tend to have lower wood density, higher specific leaf area, and higher leaf nitrogen and phosphorus content than late‐successional species (Wright et al. 2010; Boukili & Chazdon 2017; Hogan et al. 2018). Thus, in addition to being an indicator of human modification, low plot-level wood density levels might also directly influence herbivory via the inverse correlation to acquisitive plant leaf functional traits commonly found in pioneers. 
Results from the analysis based on forest disturbance classes were less clear – mining and gall-based herbivory were not different across forest classes, and leaf chewing severity was higher in the two degraded primary forest types (Figure 3d) but lower in secondary forests. The lack of effects on the gall- and mine-based herbivory may in part be explained by the high level of variation found within each disturbance category, including different recovery times since the disturbance event, different disturbance intensities and different disturbance extents. The low level of chewing severity in secondary forests is surprising, as these regenerating forests are dominated by palatable pioneer species (Tabarelli, Peres & Melo 2012; Guimarães, Viana & Cornelissen 2014; Leal, Wirth & Tabarelli 2014). It is possible that these pioneer plant species compensate for higher damage by having a faster turnover rate of leaves, which would reduce rate of herbivory detected at the leaf level (Agrawal 2000). It is possible that certain ecological niches remain unfilled (c.f. Elton 1958) during the succession process – i.e. those of herbivores that can make the most of more palatable species – although this delayed colonisation of herbivores seems unlikely given the richness of other invertebrate taxa in these forests (Solar et al. 2015). Finally, predation pressure on herbivores from vertebrate or parasitoids could play a role. Although insectivorous birds are generally less abundant in human-modified forests (Moura et al. 2016), leaf gleaning insectivorous birds actually increase in richness in highly disturbed forests (Barlow & Peres 2004). Furthermore, parasitoids that have strong effects on herbivores (Hawkins, Cornell & Hochberg 1997) are mostly generalists (Lewis et al. 2002) and are well adapted to human modified environments, including forest of differing management intensities (Gossner et al. 2014) and landscape heterogeneity (Molina, Poggio & Claudio 2019).

Beyond chewers: the importance of other forms of herbivory
Most studies to date rely on leaf area lost by chewers. Although some authors advocate that gall-markers and miners can be considered as chewing herbivores given that they also use their mandibles to grind leaf tissue (Schoonhoven et al. 2005), there are at least three reasons why these internal feeders should be separated from external chewers in assessments of herbivory. One key difference is methodological, as many of the commonly used approaches employed to assess herbivory across tree communities involve quantifying leaf area lost (e.g. Vasconcelos 1999, Sobek et al. 2009, Souza et al. 2013, Metcalfe et al. 2014, Visakorpi et al. 2018), and do not quantify internal feeders. They also differ biologically, in terms of their physiological impact. Besides the direct damage on foliar tissues, miners and gall-formers cause substantial morphological and physiological changes on host plants (Giron et al. 2016), including suppressing photosynthesis (Nabity, Zavala & DeLucia 2009) and stimulating the premature abscission of damaged leaves (Blundell & Peart 2000). For instance, leaf galling damage was found to consistently reduce photosynthesis in leaves, even in their unaffected areas (Aldea et al. 2006). They also differ ecologically, as top-down processes, that are known to play an important role on regulating insect herbivory in tropical forests (Zvereva, Paolucci & Kozlov 2020), differ for each group (Vidal & Murphy 2018). For example, external feeding habits (e.g. chewers) have increased predation risk due to the exposure and vulnerability at the leaf surface (Schmitz, Beckerman & O’Brien 1997; Kaplan, McArt & Thaler 2014), while miners are less attacked by predators than external feeders (Hawkins et al. 1997). The result for miners is consistent with a metanalysis conducted by Vidal and Murphy (2018), which revealed stronger top-down forces than bottom-up for chewers and gall-markers, while miners were equally affected by both processes. 
Given these methodological, physiological and ecological differences, we believe that there are good reasons to treat internal feeding (gall-markers and miners) differently from external feeding herbivores when assessing herbivory levels. Crucially, although these groups affect a much lower leaf area, it seems likely that studies only measuring the plant material removed may miss key potentially disproportionate energetic costs for the host plant from other forms of leaf herbivory, and may fail to understand the relatively importance of top-down and bottom-up controls (Vidal & Murphy 2018) . Finally, although they belong to internal feeding guilds, we did not assessed sap-sucking insects (e.g. aphids), which are not thought to be common in tropical forests. We also did not account for vertebrate leaf herbivory, such as that caused by arboreal leaf-feeding mammals and birds.

Understanding variation in rates of herbivory
Across the Amazon, herbivory levels present a great variation between seedlings and understorey trees; while incidence is much less reported, severity ranges from 1% until 50% of leaf area loss (Benitez-Malvido, García-Guzmán & Kossmann-Ferraz 1999; Vasconcelos 1999; Poorter et al. 2004; Massad et al. 2013; Metcalfe et al. 2014; Julião et al. 2017; Darrigo, dos Santos & Venticinque 2018b). Our results are towards the low end of the range with an average 7% of leaf loss removed by chewers. This large variation in herbivory levels both within and between studies can be due to a number of factors, including plot altitude and topography (Metcalfe et al. 2014; Julião et al. 2017), as well as human-driven disturbances to the system (Massad et al. 2013). Another source of variation may be related to the different methods used to assess herbivory incidence and severity. For example, although time consuming and difficult to implement at scale, studies that track herbivory through time using marked leaves deliver more accurate levels of leaf herbivory (Lowman 1984; Aide 1993), usually providing estimates three to five times higher than those based on discrete measurements (Lowman 1984, 1995). Yet single-census assessments of herbivory levels are the most widely used and time- and cost-effective method of herbivory sampling – and tracking leaves becomes even more complex when assessing forest canopies. Herbivory research could advance if it can identify reliable scaling factors that allow comparisons to be made between different methods. 
The forest strata can also explain some of the differences in herbivory rates. Most studies on Neotropical forests examining herbivory damage have focused on seedlings or understorey trees (e.g. Angulo-Sandoval et al. 2004, Eichhorn et al. 2007), with very few collecting leaves from the canopy (e.g. Fáveri et al. 2008, Ruiz-Guerra et al. 2010, Weissflog et al. 2018). Nonetheless, there is some evidence that herbivory patterns seem to be similar between understorey studies and our canopy research. For example, studies in Western Amazonia found that between 0.6-10% of all sampled individuals of seedlings and understorey trees presented galls (Vasconcelos 1999; Julião et al. 2017), while we found an incidence of 7%. In the same region, the incidence of miners and chewers were found in 1.5% and 73% of understorey trees, respectively (Vasconcelos 1999). While we found a higher incidence of miners in canopy leaves (7.6%), the incidence of chewers was very similar to those of understorey trees (74%). The percentage of leaves presenting a complete absence of herbivory signs were also similar between understorey and canopy trees  - while in understorey trees 24% of leaves were undamaged (Vasconcelos 1999), we found that 29% of canopy leaves did not present any sign of herbivory.
Comparisons of herbivory can also be confounded by stem age and longevity. First, leaf life spans can vary between six months and five years across Amazonian species (Reich et al. 1991, 2004; Chavana-Bryant et al. 2019), and tend to be longer in the understorey than in the canopy (Reich et al. 2004) and shorted in pioneer species (Galia Selaya et al. 2008) compared to old-growth species. Although a 5-year old leaf has more time to accumulate herbivory damage, the scale of this effect is unclear as most herbivory occurs when leaves are developing (Coley 1983). For instance, if leaves are short lived, then a 5% loss of leaf matter results in a much greater net loss of nutrients to herbivores, thus, such differences in leaf longevity probably have relevant effect on the impact of herbivory, reflecting on both the carbon and nitrogen cycle. Variation between understorey and canopy herbivory can also be affected by the ontogenetic differences in leaf traits (Damián et al. 2018): and mature leaves in younger individuals can be more palatable than mature leaves in older individuals of the same species, as the former tend to be less thick and tough than the latter, thus making it easier for herbivore attack (Fortunel et al. 2020). Thus, our static sampling approach may be an underestimate of the actual levels of of herbivory in disturbed forests compared to old-growth. 

[bookmark: _Hlk40866550]Implications and Conclusions
Our large-scale study of canopy herbivory in one of the most biodiverse biomes of the world suggests human disturbance has positive effect on the rates of leaf herbivory. However, these effects were weak, and the effect sizes were small - the difference between minimum and highest stem-level chewing severity was just an increase of 0.01 proportion of damage-inflicted leaf area in logged and logged-and-burned forests. These results suggest that the ecological process of leaf herbivory is relatively resilient to human-driven disturbance despite very high levels of community turnover in the components of this process – i.e. the plants (Barlow et al. 2016), the predators (Moura et al. 2016), and the invertebrate groups (de Castro Solar et al. 2015). However, these snapshot assessments of herbivory incidence also highlight some important areas for new research, as (i) leaf based measures of severity may not reveal the true physiological burden faced by the trees, as it does not include variation in rates of leaf production in different forests, and it remains unclear if the energetic losses resulting from external-feeding chewers compare with the impacts of gall forming and mining guilds; (ii) the top down control of herbivory remains poorly assessed, despite global efforts to look at the impacts on external feeders (Howe, Lövei & Nachman 2009) and regional assessments (see review in Boesing et al. 2017), and (iii) it is not clear if herbivory patterns will be maintained under a changing climate or under higher intensities of human-driven disturbance. 
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Figure 1: Comparison between the incidence of herbivory caused by chewers, miners and gall formers. Different letters represent significant differences at p <0.05. Black dots stand for outliers while light grey for actual data distribution, red asterisks represent mean values.
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Figure 2: Correlation tests between the stem (upper panel) and plot-level (lower) of incidence of leaves affected by chewers, miners and gall formers. Dots colored according to forest classes, scaling from where lighter to darker green representing the gradient forest classes according to legend.


[image: https://lh4.googleusercontent.com/NP7JVbmPGbuy-pedPGdPAgrdD-IB99L2ryTbJ4HPnt_nUIKIOIh2aJTWAwNEuH8XPytfkxt1hRvNtjVgwuwpWp9VS8ig0MJykAzYPTsZeFar1MDscGLYuNpDM5_aboo5ZC4zP15V]Figure 3: Herbivory a-c) incidence and d-f) severity across four forest disturbance classes. Lighter green boxes represent herbivory data of more intensively disturbed forest classes. Invertebrate-mediated herbivory forms are represented per columns: chewing (a and d), mining (b and e) and galling (c and d). Notice that severity plots’ y-axes are not on the same scale as herbivory levels of different forms vary in range.
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Figure 4: Plot-level adjusted severity of each form of herbivory, chewing (a), mining (b) and galling (c), regressed against wood density. Wood density selected model is represented as a black line and shaded area around it that displays the confidence interval at 95%. Each plot contains the linear model estimated coefficients (beta) with standard errors (SE) at the scale of the identity link function and variance explained (r²). Dots colored according to forest classes, scaling from where lighter to darker green representing the gradient forest classes according to legend.

Table 1: AICc-based model selection of each invertebrate-mediated herbivory form per plot in both its naive and plant species dominance weighted tested as a function of wood density. Linear Models include Wood Density (WD) and null (~1). We also show model r-squared (r2), the number of predictor variables (K), AICc differences (Δ), Akaike weights (ω) and estimated coefficients with standard errors at the scale of the identity link function.
	Herb Form
	Model
	AICc
	dAICc
	wi
	LL
	r2
	Intercept(SE)

	Naive Chewing
	~1 (null)
	-47.5
	0
	0.75
	26.1
	0.03
	0.67 (0.12)

	 
	Wood Density
	-45.29
	2.21
	0.25
	26.39
	0
	0.76 (0.02)

	Adjusted Chewing
	Wood Density
	-118.19
	0
	0.99
	62.85
	0.48
	0.11 (0.02)

	 
	~1 (null)
	-108.04
	10.16
	0.01
	56.37
	0
	0.03 (0)

	Naive Mining
	Wood Density
	-30.51
	0
	0.55
	19
	0.15
	0.64 (0.18)

	 
	~1 (null)
	-30.07
	0.43
	0.45
	17.39
	0
	0.33 (0.02)

	Adjusted Mining
	Wood Density
	-131.29
	0
	1
	69.4
	0.5
	0.07 (0.01)

	 
	~1 (null)
	-120.11
	11.18
	0
	62.41
	0
	0.01 (0)

	Naive Galling
	~1 (null)
	-44.99
	0
	0.67
	24.85
	0
	0.18 (0.02)

	 
	Wood Density
	-43.57
	1.42
	0.33
	25.54
	0.07
	0.33 (0.13)

	Adjusted Galling
	Wood Density
	-161.25
	0
	1
	84.37
	0.56
	0.04 (0.01)

	 
	~1 (null)
	-147.65
	13.6
	0
	76.18
	0
	0.01 (0)
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