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Abstract 22 

Landscape changes lead to direct and negative effects on zoochoric seed dispersal. The 23 

disruption of seed dispersal processes can significantly alter the long-term carbon storage 24 

potential in tropical forests. An important question is how landscape structure changes tree 25 

carbon stocks in different types of tropical vegetation and how variation is mediated by the 26 

dispersal mode of animal (zoochoric) or abiotic (non-zoochoric) seeds. We focused on tree plots 27 

at 126 sites in Brazil spanning four types of forest and savanna vegetation, and calculated carbon 28 

stored in zoochoric, non-zoochoric, and large frugivore-dispersed species. Our results showed 29 

that carbon stocks in zoochoric species and non-zoochoric species differ significantly among 30 

vegetation types, with rainforest having higher stocks in zoochoric species and semideciduous 31 

seasonally dry tropical forests having higher values in non-zoochoric species. A greater area of 32 

native vegetation promotes higher proportions of carbon stocks dispersed by large frugivore 33 

species, whereas a higher mean shape index reduces this proportion. This study highlights that 34 

seed-dispersal type underpins the variation in carbon stocks between vegetation types and that 35 

the maintenance of habitat of large dispersers and connectivity are key for retaining carbon 36 

stocks in zoochoric species, particularly in rainforest and cerrado sensu stricto.   37 

Keywords: ecosystem functioning, ecosystem services, dispersal syndrome, fragmentation, 38 

habitat loss.  39 



1. INTRODUCTION 40 

In the Anthropocene, deforestation, fragmentation, and edge effects are the main drivers 41 

of carbon emissions (Achard et al. 2014; Baccini et al. 2012; Berenguer et al. 2014; Magnago et 42 

al. 2017, Pearson et al. 2014).  These activities directly influence the landscape structure 43 

(organization and arrangement), creating landscape configurations with higher forest isolation, 44 

less forestry cover, and with different compositions, including agriculture, pastures, and urban 45 

infrastructure (Souza et al., 2020). These reduce the potential of landscapes to store carbon 46 

(Coelho et al. 2020; De Paula et al. 2011). In the remaining forest, fragmentation and edge 47 

effects usually create a hotter and less humid microclimate (Laurance et al. 2011, Murcia 1995), 48 

which leads to higher mortality of large tree species and thereafter to alterations in species 49 

composition, principally replacing late successional tree species with hardwood to softwood 50 

pioneer species (Laurance 1998, 2002, Matos et al. 2021). The combination of these factors is 51 

capable of releasing 425±92.0 Tg C year–1 pantropically (Baccini et al. 2017). Other ecological 52 

processes, such as seed dispersal, can also be negatively impacted by changes in landscape 53 

structure, leading to changes in tree recruitment patterns (Terborgh et al. 2008; Emer et al. 2018). 54 

Change to the processes in the plant life cycle can significantly alter the long-term carbon 55 

storage potential in tropical rainforests (Bello et al. 2015, Brodie 2016, Brodie 2017, Osuri et al. 56 

2016, Peres et al. 2016). 57 

In tropical forests, most woody plant species (from 60 to 88%) depend on animal-plant 58 

interactions for dispersal (Howe & Smallwood 1982; Jordano 2000). Fruit size and seed mass are 59 

the main modulators of plant-disperser interaction networks (Donantti et al. 2011, Howe 2016, 60 

Valenta & Nevo 2020). These prevent some dispersal interactions, such as those of small 61 

vertebrates with large fruits (Fuzessya et al. 2018, Howe 2016, Leishman et al. 2000), promoting 62 



dispersal by large vertebrates that have the ability to process fruits (Fuzessy et al. 2018, Valenta 63 

& Nevo 2020). Dependence on animal species for dispersal thus makes this interaction very 64 

fragile, especially in the face of anthropogenic land-use change and overhunting.  65 

The decline or extinction of seed dispersers Influences the recruitment of tree populations 66 

(Redford 1992; Terborgh et al. 2008), and thus the composition of hardwood tree species (Bello 67 

et al. 2015; Culot et al. 2017). Following the overhunting and extirpation of large frugivores, 68 

large seeds may not be dispersed or are only dispersed rarely by the remaining secondary 69 

dispersers in the community, affecting seedling recruitment of these tree species (Donoso et al. 70 

2017). Furthermore, seed size of tropical tree species has a positive correlation with individual 71 

longevity, wood density, and total height, all characteristics linked to carbon storage in above-72 

ground biomass (Doughty et al. 2016, Moles & Westoby 2006). Consequently, the future carbon 73 

storage capacity of tree communities with large seeds becomes fragile due to the extinction of 74 

their major seed dispersers, potentially leading to long-term erosion of carbon stored in the tree 75 

community (Bello et al. 2015, Brodie 2016, Peres et al. 2016).  76 

The plant-disperser relationship is mediated by environmental conditions and the 77 

community of animals present in the ecosystem (Nathan & Muller-Landau, 2000). For example, 78 

forest ecosystems have characteristics that contribute to more species being dispersed by 79 

animals, such as fleshy fruits (Galetti et al. 2011), refuge for reproduction, and security against 80 

predators (Keuroghlian & Eaton 2008). The opposite happens in ecosystems with more sparse 81 

vegetation, such as savannas and Caatinga, which facilitate dispersion by abiotic means, such as 82 

wind, while dispersal by animals is directed toward small and medium-sized seeds (<10mm) 83 

(Leal et al. 2017).  84 



Savanna ecosystems tend to have patches larger than forest ecosystems (e.g., Atlantic 85 

Forest), although much of their native vegetation is covered in anthropic areas (Strassburg et al. 86 

2017).  Forest ecosystems have higher plant species diversity than more open savannas and dry 87 

forests (Mittermeier et al. 2011). Furthermore, they present arboreal species with higher tree 88 

heights, while savanna areas are dominated by small to medium tree species (IBGE 2012). Due 89 

to human pressure, all tropical forest biomes are highly fragmented and isolated (Rezende et al. 90 

2018). Given these different characteristics, in terms of both tree composition and landscape 91 

structure, it is expected that carbon storage services will also reflect these differences. 92 

Here, we focus on how landscape structure affects carbon storage in tree species with 93 

distinct dispersal characteristics in different vegetation types (forest and savanna formations). 94 

We hypothesize that: (a) forest vegetation types have proportionally more carbon stored in the 95 

biomass of species dispersed by animals than savanna vegetation formations, due to floristic 96 

differences and different landscape characteristics; and (b) changes in landscape structure related 97 

to increasingly severe deforestation and fragmentation have a more negative impact on carbon 98 

storage in tree species dispersed by animals, as habitat disruption negatively affect frugivores, 99 

especially the large ones.  100 

2. MATERIALS AND METHODS 101 

2.1. Study area 102 

We selected 126 forest sites classified as Atlantic Forest (65 areas), Cerrado (43 areas), or 103 

Caatinga (18 areas), according to their geographic distribution and sampled between 1990 and 104 

2018. Subsequently, we classified sites according to the vegetation type: 43 areas of cerrado 105 

sensu stricto (CE), 18 of seasonally dry tropical forest deciduous (SDTF_D), 59 of seasonally 106 



dry tropical forest semideciduous (SDTF_SD), and 6 of rainforest (RF) (Figure 1, S1, S2, and 107 

Table S1) (in M). 108 

The Atlantic Forest, one of the world's biodiversity hotspots (Mittermeier et al. 2011), 109 

currently occupies between 11% and 28% of its original area (Rezende et al. 2018). Its main 110 

vegetation types include rain forest (RF) and semi-deciduous seasonally dry tropical forest 111 

(SDTF-SD) (Morellato and Haddad 2000). It is characterized by medium to large trees, and 112 

woody and epiphytic vines (IBGE 2012). Animals are of fundamental importance for this biome, 113 

as they disperse 89% of tree species (Almeida-Neto et al., 2008). The Cerrado is a savanna 114 

ecosystem that presents a wide physiognomic variation, ranging from open fields to dense 115 

forests, such as the Cerrado sensu stricto (Oliveira & Marquis 2002; Ribeiro & Walter 2008). 116 

The Cerrado sensu stricto is characterized by savanna woodland grassy vegetation of low to 117 

medium size. About 70% of the tree species in this biome require plant-animal interactions for 118 

dispersal (Salazar et al. 2012).  Caatinga is a little known biome that occupies 10.7% of Brazilian 119 

territory (Silva et al., 2017). It presents a long period of drought, which determines the 120 

prevalence of the seasonally dry deciduous tropical forest (SDTF-D; Silva et al. 2017). Abiotic 121 

dispersion syndrome is prevalent in this biome, being responsible for the dispersal of 70% of tree 122 

species (Leal et al. 2017). 123 

 Tree community data were obtained from the Minas Gerais Forest Inventory (Scolforo & 124 

Carvalho 2008) and the Federal University of Lavras – CONFLORA, which constitutes a robust 125 

set of data used in other publications (Scolforo et al. 2015; Terra et al. 2017). These areas have 126 

an extensive history of degradation, due to the strong anthropogenic pressure from different soil 127 

management practices such as pasture, agriculture, mining, and urban infrastructure (MapBiomas 128 

2018).  129 



 130 

Figure. 1. Study area and location of the sampled sites in Minas Gerais State, Brazil. Cerrado 131 

sensu stricto (CE), rainforest (RF), seasonally dry tropical forest deciduous (SDTF_D) and 132 

seasonally dry tropical forest semi-deciduous (SDTF_SD). 133 

We used a systematic sampling methodology for individual plots within sites of sizes 134 

ranging from 300, 400, and 1,000 m² according to the area of vegetation sampled. The total area 135 

sampled within a site ranged from 0.04 to 34.7 ha, with an average of 8.027 ha (Table S2). 136 

Within each plot, all tree species with diameter at breast height (DBH) <5 cm were sampled. 137 

Tree height data were obtained using a telescopic rod with a height of 5 m maximum. This 138 

method consists of placing the rod at the side of the tree and then extending it until it reaches the 139 



height of the tree, and then the reading is done at the observer's line of sight (Scolforo et al. 140 

2006). We adopted the APG III plant classification system and validated the names on the 141 

website “Flora do Brasil” (Flora do Brasil 2018).   142 

2.2. CHARACTERIZATION OF COMMUNITY DISPERSION MODES 143 

 All tree species were classified into two major dispersal modes: zoochoric (species 144 

dispersed by animals) and nonzoochoric (species dispersed abiotically). This classification was 145 

based on characteristics related to fruit and seed morphology of the species: the presence of aril, 146 

pulp, elaiosome, viscous material, and colored coating (Barroso et al. 1999; Van der Pijl 1982). 147 

We consider dispersal to be the movement of seeds away from the parent plant, including 148 

consumption where the seeds are ingested and may occasionally be predated (Howe 2016, Howe 149 

& Smallwood 1982). Within zoochoric, the subset of tree species dispersed by large frugivores 150 

(mammals or birds) with large body mass (Figure. S3), based on the categorization of the 151 

dispersal mode per Bello et al. (2015), were termed ‘large-bodied frugivores’. 152 

 Seed diameter data for each species were collected from the literature (Bello et al. 2015), 153 

herbarium consultations, and the Species Link online platform (http://splink.cria.org.br/) (see 154 

Table S3). In previous studies on the Atlantic Forest (Bello et al. 2015; Galetti et al. 2013), the 155 

authors used the throat diameter of the largest frugivores to classify tree species according to 156 

their degree of threat. They classified all tree species that had a seed?? diameter <12 mm, as 157 

species that are dispersed by large frugivorous species (or threatened species), so we assumed 158 

this value for our investigation (Figure S4). 159 

2.3. ESTIMATE OF BIOMASS AND CARBON STOCK 160 



To estimate the above-ground biomass (AGB) of each individual tree, we used the 161 

allometric equation proposed by Chave et al. (2014) (Equation 1), where ρ is wood density 162 

(g.cm-3), H is tree height (m) and D is the diameter at breast height (measured in cm at 1.3 m):  163 

                                                   𝐴𝐴𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒: 0.0673 𝑥𝑥 (𝜌𝜌𝜌𝜌²𝐻𝐻)0.976                                                     164 

(1) 165 

Wood density values were obtained from the Global Wood Density Database (Zanne et 166 

al., 2009).  As height was not taken for all trees sampled, we estimate the missing values by 167 

building diameter-height models for each vegetation type (Table S3). The models were built 168 

using the nls2 function (Grothendieck 2013) in R software (R Core Team 2020) and selected 169 

based on the Akaike Information Criterion (AICc) (Akaike 1973).   170 

The total AGB stock was calculated as the sum of the AGB values for all trees in each 171 

plot. For all sites, the biomass was estimated at 1 hectare. Tree species can vary in their amount 172 

of carbon stored in biomass, and these changes can be influenced by climatic gradients, edaphic 173 

changes, and age (Bordin et al. 2021). However, data on this are rare, and the 50% assumption is 174 

accepted for the different tropical biomes (IPCC 2003). Thus, we assumed that the amount of 175 

carbon corresponds to 50% of the estimated biomass. Individuals classified up to genus, family, 176 

or morphospecies (7.9% of the total individuals sampled) were not considered in the analyses of 177 

carbon storage of trees dispersed by animals, and species classified as dispersed by large 178 

frugivores.  179 

2.4. ANTHROPOGENIC AND ENVIRONMENTAL VARIABLES 180 

 Landscape configuration and composition variables were obtained by processing the 181 

database provided by the online platform MapBiomas (2018), which contains information on 182 

http://g.cm/


land cover and land use. We obtained the map in matrix format (30x30 m pixels) from the 183 

MapBiomas Project website, using data from 2004 because most of the vegetation community 184 

sampling took place at this time. The map was converted to a vector format, and 4x4 km square 185 

format buffers were generated, having as a central point the geographical coordinates of each 186 

sampled community. Several studies showed that different biodiversity and ecological 187 

parameters can be affected at different landscape scales (Walz 2011, Hagen et al. 2012, Martin et 188 

al. 2016; 'the scale of effect'). We selected the 4 km buffer size because: (i) most variation in tree 189 

structure and home ranges of large vertebrates is contained within these limits (Rocha-Santos et 190 

al. 2016, Thornton et al. 2011); (ii) most landscape studies used 4 km buffers (Matos et al. 2017, 191 

Ehlers Smith et al. 2017, Chen et al. 2021); and (iii) the buffer size for large seed dispersion 192 

was >1.6 km in Atlantic Forest Landscapes (Safar et al. 2022). Landscape variables were 193 

calculated using the V-late extensions (Lang & Tiede, 2003) and Patch Analyst (Rempel et al., 194 

2012). All map processing and variables were obtained using the ArcGIS 10.5 program.  195 

For each buffer, we calculated five variables related to landscape configuration: i) 196 

distance to nearest neighbour - returns the average distance value of the forest class considering 197 

all forest fragments within the buffer; ii) mean patch size - obtained by summing the size of 198 

forest/savanna patches divided by the number of forest/savanna patches; iii) edge density - 199 

returns the sum of all edges (ha) of the forest/savannah class divided by the total area (ha) of the 200 

landscape; iv) number of patches - a total number of forest/savanna class patches within the 201 

buffer; and v) mean shape index - values close to 1 indicate the forest/savanna patch has a 202 

circular shape and higher values higher denote a more irregular patch shape. We also calculated 203 

one composition-related variable: vi) native vegetation area – the sum of all areas of the 204 

forest/savanna class (Table S4). The normality of these variables was assessed graphically and 205 



through the Shapiro-Wilk test (Figure S5). Given non-normality, we used Spearman correlation 206 

coefficient to assess the correlation between landscape variables. Edge density was strongly 207 

correlated with the number of patches and distance to the nearest neighbour, so it was excluded 208 

from the analysis (Table S5). 209 

2.5. DATA ANALYSIS 210 

First, we use generalized linear model analysis to test whether there are differences in 211 

seed size between vegetation types. We used a family of distributions of Gaussian errors seeking 212 

the best fit of the model, considering the non-normality of the seed diameter data. Second, to 213 

investigate how vegetation types differed in the proportion of carbon stored in all species 214 

dispersed by animals (zoochoric species), non-zoochoric species and species dispersed by large 215 

frugivorous species (tree species with seed diameter 12 mm), we used logistic regression models 216 

with beta error distribution family (proportion of continuous data), using the ‘betareg’ function 217 

(Ferrari & Cribari-Neto 2004).  218 

We built generalized linear mixed models (GLMM) to investigate which explanatory 219 

variables (distance to nearest neighbor (m), mean patch size (ha), mean shape index, native 220 

vegetation area (ha), and number of patches) predict the proportion of carbon in three categories:  221 

carbon stored in all species dispersed by animals, carbon stored in non-zoochoric species and 222 

carbon stored in zoochoric trees dispersed by large frugivore species (tree species with seed 223 

diameter mm). We also incorporated an interaction term ‘vegetation types’ with four levels 224 

(Cerrado sensu stricto, Rain Forest, Seasonally Dry Tropical Forest deciduous, and Seasonally 225 

Dry Tropical.Forest semideciduous). This addition allows us to explore potential differences in 226 

two aspects: (i) the relationship of each explanatory variable across all vegetation types; and (ii) 227 

the main effects specific to each vegetation type. For these models, we applied logistic regression 228 



with the beta error distribution family using the function 'glmmTMB'.  We tested overdispersion 229 

using the “simulateResiduals” function of the package “DHARMa” (Figure S6). 230 

To control the effects of spatial autocorrelation in all models tested, we constructed a 231 

distance matrix (DM) for each response variable (total carbon (Mg ha – 1), carbon stored in 232 

animal dispersed species (%), carbon stored in dispersed by large frugivore species (%) and 233 

carbon stored in non-zoochoric species (%)) using the functions 'dnearneigh' and 'nb2listw' 234 

(Bivand & Wong 2018). For each of these response variables, a global model consisting of a 235 

response variable and six explanatory variables was constructed, including five landscape 236 

variables (distance to nearest neighbor (m), mean patch size (ha), mean shape index, native 237 

vegetation area (ha) and number of patches) and the distance matrix. These combinations were 238 

classified according to AICc, and models with 2 ≤ ΔAICc ≥ 7 have statistical support and, based 239 

on the analysis of the set of models under study, we defined as the best models those with ΔAICc 240 

≤ 4 (Burnham et al. 2011). Inference by multiple models was made using the “model.avg” 241 

function based on the models that presented ΔAICc ≤ 4 values. We used the multcomp packages 242 

(Hothorn et al. 2008), lme4 (Bates et al. 2015), lmerTest (Kuznetsova et al. 2017), MuMIn 243 

(Barton 2018), betareg (Cribari-Neto & Zeileis 2010) and ggplot2 (Wickham 2016). 244 

3.  RESULTS 245 

3.1.  CARBON STORAGE BY DISPERSAL MODE ACROSS VEGETATION TYPES 246 

A total of 298,859 individuals comprising 1,316 tree species were sampled in our 126 247 

forest and savanna communities (see Table S6). From the total of sampled species, 891 were 248 

classified as zoochoric and 425 as non-zoochoric (dispersed abiotically). Among all vegetation 249 

types, the majority of zoochoric species were found in the semideciduous SDTF (74%), Rain 250 

Forest (71%), and cerrado sensu stricto (63%). However, only 49% of the species were 251 



zoochoric in the deciduous SDTF. The seed diameter of the zoochoric species ranged from 0.3 to 252 

63.8 mm with an average of 7.4 mm and showed a wide variation between vegetation types 253 

(Figure 2). The vegetation type with the highest richness of species dispersed by large frugivores 254 

was semi-deciduous SDTF with 118 species (11%), followed by rainforest with 72 species 255 

(16%), SDTF deciduous with 28 species (7%), and cerrado sensu stricto with 23 species (4%). 256 

Zoochoric and non-zoochoric seed sizes differed among all types of vegetation (Table S7). 257 

 258 

Figure 2. Average seed diameter (mm) of non-zoochoric species and zoochoric species (all 259 

species dispersed by animals)  for each of the vegetation types in the study. The  boxes show the 260 

median values. The points represent the discrepancies (outliers). Cerrado sensu stricto (CE) is 261 

represented by a dark orange color, Rain Forest (RF) by a light orange color, Seasonally Dry 262 

Tropical Forest deciduous (SDTF_D) by a light purple color, and Seasonally Dry Tropical Forest 263 

Semideciduous (SDTF_SD) by a dark purple color. 264 

3.2.  AMOUNT OF CARBON AMONG VEGETATION TYPES 265 



We found significant differences among all types of vegetation in the proportion of 266 

carbon stored by zoochoric species (p <0.0001, Figure 3A, Table S8) and non-zoochoric species 267 

per hectare (p <0.0001, Figure 3B, Table S8). Deciduous SDTF had the lowest proportion of 268 

carbon stored in species dispersed by animals (14%) and the largest proportion of carbon stored 269 

in non-zoochoric species (83%), followed by cerrado sensu stricto (dispersed by animals: 37%; 270 

non-zoochoric: 55%), SDTF semideciduous (dispersed by animals: 55%; non-zoochoric: 36%) 271 

and Rain Forest (dispersed by animals: 63%; non-zoochoric: 31%). However, when looking at 272 

the proportion of carbon stored in species dispersed by large frugivores, the Rain Forest and 273 

SDTF deciduous have a similar pattern of carbon vulnerability, with 13% and 16% of carbon 274 

coming from these species (Figure 3C, S7, S8 and Table S8The other vegetation types show 275 

significant differences. SDTF semideciduous with 18% and cerrado sensu stricto with 44% of 276 

carbon stored in species dispersed by large frugivores.  .  277 

278 

Figure. 3.Average proportion of carbon stored in non-zoochoric, all zoochoric and zoochoric 279 

species dispersed by large frugivores between the different vegetation types. Cerrado sensu 280 



stricto (CE) is represented by a dark orange color, Rain Forest (RF) by a light orange color, 281 

Seasonally Dry Tropical Forest Deciduous (SDTF_D) by a light purple color, and Seasonally 282 

Dry Tropical Forest Semideciduous (SDTF_SD) by a dark purple color. Large frugivorous-283 

dispersed species with seed diameter ≥ 12 mm. Different letters are significantly different at p < 284 

0.05. Boxes show the median values. The points represent the discrepancies (outliers).  285 

3.3. IMPACTS OF ANTHROPOGENIC VARIABLES ON CARBON 286 

 The multimodel inference showed that the proportion of carbon stored in zoochoric 287 

species is not related to the variables of the landscape structure variables (Figure 4A and Table 288 

S9). However, the models showed that the RF areas with a greater distance from the nearest 289 

patch (DNN) were responsible for the highest proportion of carbon stored in non-zoochoric 290 

species (Figure 4B and Table S9). Multimodel inference also showed that the proportion of 291 

carbon stored in tree species dispersed by large frugivores was positively driven by the native 292 

vegetation area around the sampled patches and was negatively affected by the mean shape index 293 

for the type of vegetation in the RF (Figure 4C and Table S9).294 



 295 

Figure 4. Effect of environmental and distance variables on the proportion of carbon stored in (A) non-zoochoric species, (B) all 296 

zoochoric species, and  (C) dispersed by large frugivore species (species with seed diameter ≥ 12 mm).  DNN = Distance to the 297 

nearest neighbor, DM = distance matrix , MPS = mean patch size, MSI = mean shape index, NP = number of patches and NVA = 298 

native vegetation area. Rain Forest (RF) by light orange color, Seasonally Dry Tropical Forest Deciduous (SDTF_D) by light purple 299 

color, Seasonally Dry Tropical Forest Semideciduous (SDTF_SD) by dark purple color, and explanatory variables without the effect 300 

of interaction with vegetation types by dark red. The bars show the mean effect size (Model coefficients) of each explanatory variable 301 

on the carbon stock and whiskers representing the 95% confidence interval. The asterisk (*) indicates that p < 0.05. Cerrado sensu 302 

stricto (CE) does not appear here, as the proportions of the different carbon categories are not explained by the interaction with this 303 

type of vegetation.304 



4. DISCUSSION 305 

Changes in landscape structure drive impacts on tropical forest carbon stocks (Bhan et al. 306 

2021). We tackled the key question of how seed dispersal traits (zoochoric and abiotic dispersal 307 

types) mediate the resilience of carbon stocks in deforested and fragmented landscapes across a 308 

range of vegetation types. We find that the percentage of carbon stored in trees with seed 309 

dispersed by large-bodied frugivores differs between vegetation types, with cerrado sensu stricto 310 

having the highest percentage. Using a large spatial-scale assessment, our results reveal the 311 

importance of landscape composition and configuration for maintaining carbon stocks in the 312 

biomass of trees with different dispersal traits. In particular, we found that large amounts of 313 

native habitat in the landscape maintain the highest proportions of carbon per hectare stored in 314 

species dispersed by large frugivores and that this category is negatively affected by the mean 315 

patch size. This demonstrates the fragility of ecosystem functioning maintained by plant-animal 316 

interactions in a highly fragmented landscape. 317 

4.1. CARBON STORAGE BY DISPERSAL MODE ACROSS VEGETATION TYPES  318 

  About 68% of the 1,316 species sampled are zoochoric, demonstrating the importance of 319 

maintaining plant-animal interactions for the continued functioning of the studied ecosystems 320 

and biomes (Bagchi et al. 2018, Caughlin et al. 2015, Farwig & Berens, 2012, Muñoz et al. 321 

2017). Cerrado sensu stricto, SDTF semideciduous, and Rain Forest showed the highest 322 

dependence on seed-dispersal by large-bodied animals, supporting data described in the literature 323 

(Brancalion et al. 2018, Jardim & Batalha 2009, Sansevero et al. 2011). A different pattern was 324 

found for SDTF deciduous, which showed the lowest dependence on this seed-dispersal 325 

interaction because of its predominance of abiotically dispersed tree species (see Griz & 326 

Machado 2001, Leal et al. 2017). 327 



SDTF_SD and RF show high richness and abundance of zoochoric species, but are 328 

directed toward species with small seeds (Staggemeier et al. 2016). This may be a result of the 329 

evolutionary reduction in seed size due to the loss of large frugivores over the century (Galetti et 330 

al. 2013; Jorge et al. 2013), explaining the low percentage of carbon stored in zoochoric species 331 

with large seeds and that similar percentage of carbon stored in zoochoric species with large 332 

seeds between these ecosystems. SDTF_D have the largest seed diameters directed towards non-333 

zoochoric species, which dominate in terms of richness and abundance, supporting Leal et al. 334 

(2017). CE had the highest values of zoochoric seeds, although the abundance of these species 335 

was comparatively low. Despite the low abundance, these species store most of the carbon stocks 336 

of trees, reinforcing the importance of animals for the dispersal of these species in the CE and 337 

that CE presents a more moderate loss of animal dispersers when compared with RF and 338 

SDTF_SD (Carvalho et al., 2023). 339 

4.2. PROPORTION OF ABOVE-GROUND CARBON AMONG VEGETATION TYPES 340 

AND DISPERSAL MODES 341 

The proportion of carbon stored in zoochoric and non-zoochoric species was different 342 

among all vegetation types. SDTF_D had lower species richness and lower abundance of all 343 

types of zoochoric tree species (all zoochoric and zoochoric dispersed by large-bodied 344 

frugivores), shifting the largest amount of carbon stocks to non-zoochoric tree species. This 345 

finding is supported by the ecology of seed dispersal for SDTF_D, where abiotic seed dispersal 346 

predominates, with wind and gravity as the main agents (Leal et al. 2017).  347 

4.3. VARIABLES THAT DRIVE ABOVE-GROUND CARBON 348 

The proportion of carbon in all zoochoric species in vegetation types that occur in very 349 

deforested and degraded landscapes (about 9.52% of the remaining vegetation area in the study 350 



area), such as SDTF_SD and RF, were not influenced by the variables we tested. This is 351 

probably because they have already gone through a process of directing zoochoric carbon toward 352 

species dispersed by small frugivores (Galetti et al. 2013), especially given high rates of loss of 353 

large frugivores (Bogoni et al. 2018). For SDTF_D, the landscape structure variables also did not 354 

significantly influence carbon in all zoochoric species, probably due to this vegetation presenting 355 

a reasonable area (~63% of native vegetation) of natural landscape (Souza et al. 2020). 356 

Furthermore, non-zoochoric dispersion predominates in their interactions, allowing dispersion to 357 

occur even with the landscape fragmented (Leal et al. 2017).  358 

When looking at the relationship between landscape variables and non-zoochoric carbon, 359 

there is a positive relation with distance among forest patches in RF. RF areas with isolated 360 

patches in the landscape have a low percentage of frugivorous seed dispersers, resulting in a 361 

predominance of wind-dispersed tree species in the remaining patches (Molina et al. 2023; Jesus 362 

et al. 2012). 363 

A higher proportion of carbon stored in zoochoric species dispersed by large frugivores is 364 

found in landscapes with large coverage of native vegetation, but in small forest patches. This 365 

result seems to reflect the anthropic action that has transformed natural landscapes (Souza et al. 366 

2020) and restricted habitats for large frugivores (Galetti et al. 2021). For RF, in addition to the 367 

native vegetation area (NVA) and mean patch size (MPS), there is also the effect of the mean 368 

shape index, demonstrating that despite having a low proportion of carbon stored in species 369 

dispersed by large frugivores, it is concentrated in small patches with irregular shapes leading to 370 

a greater edge effect. This is a worrying pattern, as there is a negative relationship between edge 371 

effects and animal-dispersed seeds (Jesus et al. 2012). This reveals that, if in the long term this 372 

edge effect persists, the tendency is for species dispersed by large frugivores to become extinct 373 



and if they cannot be replaced, the carbon stored in their biomass will be emitted into the 374 

atmosphere (also see Bello et al. 2015 and Osuri et al. 2015).  375 

These conclusions are based on using a 4 km buffer, because this scale comprises 376 

variation in tree structure and large vertebrate home ranges (Rocha-Santos et al. 2016, Thornton 377 

et al. 2011), but there is the potential that the strength of some of our findings may vary if we 378 

used buffers at smaller or larger scales (i.e., variation in'scale of effect') (Teng et al. 2020). 379 

Future work should investigate the optimal spatial scales for understanding such scales of effect. 380 

 381 

5. CONCLUSIONS 382 
 383 

Given the rapid fragmentation of tropical forests, we highlight the importance of 384 

conserving the largest area of native vegetation and landscape connectivity between patches. 385 

This will conserve zoochoric species, including species dispersed by large frugivores, as well as 386 

carbon storage in these species.  By contrast, conserving isolated patches will lead to greater 387 

carbon storage in non-zoochoric species, which store less carbon in aboveground biomass. 388 

Our study demonstrates the sensitivity of plant-animal interactions in areas that are 389 

currently under pressure from landscape conversion, such as the cerrado sensu stricto and Rain 390 

Forest. Covering about 9.48% (EC) and 0.38% (RF), respectively, it is precisely in these areas 391 

where 57% of the carbon stored in zoochoric species dispersed by large-bodied frugivores can be 392 

emitted into the atmosphere if these animals cannot be protected. These findings demonstrate the 393 

importance of turning our attention from conservation to understanding the ecological processes 394 

that are lost in different types of vegetation in the face of landscape changes in tropical 395 

ecosystems. 396 

 397 
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