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22 Abstract

23 1. Restoration of tropical riparian forests is challenging, since these ecosystems are the
24 most diverse, dynamic, and complex physical and biological terrestrial habitats. This
25 study tested whether biodiversity can predict ecosystem functions in a human-
26 impacted tropical riparian forest.

27 2. We explored the effects of severa biodiversity components (taxonomic or functional
28 groups) on different ecosystem functions associated with restored riparian forests

29 3. Overdll, 49% of the biodiversity components showed positive effects on ecosystem
30 functions, each component to a different degree. In general, our results showed that
31 both taxonomic and functional biodiversity had strong effects on ecosystem functions
32 indicating that floral and faunal biodiversity enhanced the multifunctionality of these
33 restored riparian tropical forests.

34 4. These findings indicate that in restored riparian forests, recovery of biodiversity is
35 followed by improvement in important ecosystem functions that are the basis for
36 successful restoration. Future research and policy for restoration programs must focus
37 on restoring elementary faunal and floral components of biodiversity in order to
38 promote ecosystem multifunctionality.

39
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42 1 Introduction

43 The process of habitat loss and fragmentation is the main driver of the current
44 worldwide decline in biodiversity (Fahrig, 2003). Alterations in biodiversity and ecosystem
45  services, largely driven by global environmental change, are also contributing to this decline
46  (Foley et al., 2005). As a result, the number and persistence of many species will depend not
47  only on habitat protection but also on habitat restoration, defined as the process of facilitating
48  recovery of ecosystems following disturbance (Pedrini et a., 2020).

49 Tropical forests have many unique properties related to their high rates of primary
50 productivity and biodiversity, which distinguish them ecologically from other ecosystems
51 worldwide (Brockerhoff et al., 2017). These properties include the development of biological
52  structures in vertical and horizontal layers of living and dead plants, a complex process at
53 multiple vertical levels, the ability for self-renewal in the face of constant land-use changes
54  and anthropogenic disturbances, restoring ecological functions (Martins et al 2017). These
55 forests are comprised of multiple ecological functions that are driven by variable
56  environmental conditions and operate at multiple spatial scales (Gardner et al., 2009). For
57 instance, patches of forest, especialy riparian forests, have a strong influence on micro- and
58  regional climates (Allen, 2016; Burdon et al., 2020).

59 Natural terrestrial ecosystems are valued for their ability to simultaneously maintain
60 multiple functions and services, i.e., ecosystem multifunctionality (Allan et al., 2013).
61 Biodiversity is by no means the only, or even the primary driver of ecosystem functioning,
62 which is also influenced by many biotic and abiotic environmental factors that operate at
63 different scales (Cardinale et al., 2011), but maintenance of biodiversity is a fundamental
64 strategy for enhancing ecosystem services (Cardinale et al., 2011). For this reason, it is
65 essential to understand how biodiversity affects different ecological processes and ecosystem

66 functionsin order to successfully restore patches of disturbed habitats (Allan et al., 2013).
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67 The relationship between biodiversity and ecosystem functioning (hereafter BEF) has
68 emerged as one of the most exciting and controversial research areas in ecology over the last
69 two decades (see Manning et al., 2018 for areview). Faced with the prospect of a massive and
70 irreversible loss of biodiversity, ecologists have begun to investigate the potential
71 consequences of current land-use changes on biodiversity and the functioning of natural and
72  managed-novel ecosystems (Loreau et al., 2002). Biodiversity can substantially ater the
73 structure and functioning of ecosystems and BEF studies has suggested that biodiversity loss
74  may impair the functioning of natural ecosystems, diminishing the number and quality of
75 services they provide (Bavanera et a. 2013; Cardinale et a. 2006, Cardinale et al. 2011,
76  Hooper et al. 2012).

77 While research in the last few decades has provided many insights into BEF
78 relationships, our current understanding of how biodiversity loss influences ecosystem
79 functions and services amid myriad anthropogenic disturbances is neither precise nor
80 complete (Cardinale et al., 2012; Hooper et al., 2012; Naeem et al 2012). To extend the BEF
81 theory to restoration, researchers must gather data on ecological attributes that are easy to
82 obtain, cost effective, and easily applicable, such as land use and canopy height, usually used
83 to evaluate wildlife support (Palmer & Filoso, 2009). Still, no study has shown that species
84 richness of planted trees directly increases long-term functional benefits in ecologically
85 restored riparian forest sites (i.e., without weeding and replanting). As restored plant
86 communities mature, their BEF relationships could be affected by trait-based changes in
87 composition and abundance that cannot be evaluated in short-term experiments. Thus, to
88 evaluate the success of forest restoration projects, understanding the long-term relationships
89 between BEF is essentia, insofar as it affects the ability of ecosystems to simultaneously
90 provide multiple functions and services, in other words, the ecosystem multifunctionality

91 (Hector & Bagchi, 2007).
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92 The scales a which experimental research is conducted to understand which
93  mechanisms underpin BEF relationships fail to match the scales at which biodiversity changes
94  occur (i.e., local and landscape levels). However, models developed in short-term local
95 studies could then be embedded into spatialy explicit meta-community and ecosystem
96 models that incorporate habitat heterogeneity, dispersal, and abiotic drivers to predict
97 relationships between BEF at the landscape level (Hooper et a., 2012). Another fruitful
98 approach may be to use data from BEF experiments to assign parameters from local models
99  of species interactions, based on functional traits, that predict how biodiversity has an impact
100 on broader scales of ecosystem processes. Real-world experiments assessing different biotic
101 and abiotic variables and ecosystem functions at different scales appears to be a better and
102  more robust approach to disentangle the complexity involved in ecosystem multifunctionality
103  (Steur et al., 2020).
104 Tropical riparian forests are among the most diverse, dynamic, and complex
105 biophysical habitats in terrestrial environments (Burdon et al., 2020). As interfaces between
106 terrestrial and aguatic systems, they encompass sharp environmental gradients, complex
107  ecological processes, and unique communities (Little et al., 2015; Pollock & Beechie, 2014).
108 Riparian forests are recognized as important sources of “ecosystem services’, as they support
109 watershed protection, wildlife enhancement, and ecosystem maintenance (Surasinghe &
110  Baldwin, 2015). These forests usually support higher biodiversity and structural complexity
111  than their surroundings (Bunnell & Houde, 2010). Consequently, deforestation of riparian
112  areas may cause a significant decay in habitat quality in adjacent ecosystems (Surasinghe &
113 Baldwin, 2015). Additionally, re-establishment of disturbed riparian forests is currently
114  considered the “best management practice’ for restoring aguatic ecosystems to their natural or

115 semi-natural states (Sweeney et al., 2002).
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116 To assess whether BEF analyzed at different scales (taxonomic biodiversity,
117  functional biodiversity) might predict ecosystem multifunctionality (decomposition; leaf and
118 miscellaneous litter production; nitrogen and phosphorus content in the litter; pH and
119  phosphorus content of the soil; and litter and soil fertility), we studied restored fragments of
120 tropical riparian forest, within a highly heterogeneous landscape. We tested the effect of (1)
121  anima and plant species richness, abundance, and diversity (taxonomic biodiversity level);
122 (2) richness and abundance of functional groups (functional biodiversity level).

123 2 Materialsand Methods

124 2.1 Study sites and restoration overview

125 The study was conducted in five patches of riparian forest that represent a
126  chronosequence of restoration. The patches are in different areas (hereafter referred as sites)
127  surrounding the reservoir of the Volta Grande hydroelectric power plant (HPP) on the Rio
128  Grande River in southeastern Brazil (20°01'54" S, 48°1317" W) (Table S1). Theregion has a
129 tropical climate with dry winters and rainy summers - AW following Képpen classification
130 (Alvares et al., 2013), with a well-defined dry season between May and October and a rainy
131  season from November to April. The mean annual temperature ranges from 22 °C to 24 °C
132  and the mean annual precipitation reaches 1,500 mm.

133 The study sites are in a highly anthropogenic matrix formed mainly by grassland and
134  sugarcane plantations. Four of the five sites have been reforested and have different ages (10
135 and 20 years) and widths (30 and 100 m), and one site is a 30-year-old, 400-m-wide and
136 naturally restored secondary forest, here considered as a reference site. Most of the original
137  riparian vegetation in the study area was removed and flooded during the construction of the
138  reservoir in 1974. Between 1994 and 2004, 10-month-old nursery-grown seedlings of 35 tree
139  species, raised from seeds obtained in nearby forest remnants, were planted in a single

140 replanting project along the shores of the reservoir, with aspacing of 3 x 2m.
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141 2.2 Experimental design

142 At each of the five sites, we installed four randomly plots, each 1600 m? Biodiversity
143  and environmental samplings were performed monthly between March 2013 and January
144  2014. Details of sampling methods for plants, vertebrates, invertebrates, and ecological
145  processes can be found in the Supplementary Material.

146 The selected ecosystem functions, al of which are important for ecosystem
147  multifunctionality (Maes et a., 2012), included: litter (leaf and miscellaneous) production
148 and decomposition; litter nitrogen and phosphorus concentrations; soil pH and available
149  phosphorus; and indexes of litter-quaity and soil-fertility. Details for sampling of ecosystem
150  functions can be found in the Supporting Information.

151 To disentangle the effects of distinct predictors on ecosystem functions, we divided
152  them into two levels: taxonomic biodiversity (animal and plant species richness, including
153  seed rain; abundance; and diversity) and functional biodiversity (animal and plant functional
154  groups), for atotal of 67 variables (Figure 1).

155 2.3 Statistical Analysis

156 2.3.1 Sitedissmilarities according to land use and biodiver sity

157 In order to understand the degree of dissimilarity of the study sites in terms of
158 biodiversity components, we performed principal components analyses (PCA) with the
159 package vegan for software R (R Development Team, 2016). In these analyses, sites were
160 ordinated in relation to: (1) richness and abundance of animals and plants, (3) animal and
161  plant diversity (Shannon and evenness indexes), and (4) richness and abundance of functional
162  groups (for animals and plants). Prior to the PCA, we ran correlation analyses for each of the
163 four groups (with the package pych for R) and removed the variables that were highly
164  correlated (r > 0.8).

165 2.3.2 Ecosystem multifunctionality analysis
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166 To understand whether ecosystem functions can be predicted by biodiversity and
167 environmenta features, we fitted two models, structured according to different levels of
168 sampling (Figure 1): taxonomic biodiversity and functional components.

169 Because of the large number of predictor variables, we performed a variable-selection
170  procedure that identifies the most important variables and minimizes prediction risk, resulting
171 in a highly interpretable model to predict forest multifunctionality under a restoration
172  scenario. We utilized the least absolute shrinkage and selection operator analysis (lasso;
173  Tibshirani (1996), a shrinkage method that applies the L; penalty to least-squares regression,
174  thereby performing a subset selection. First, we determined how the variables varied along the
175  coefficients; in this step, the variables that did not change were eliminated. Then, we selected
176  the minimum lambda to obtain the mean cross-validated error and the coefficient for each
177 variable. The resulting fitted model minimizes prediction error, making it useful for both
178 inference and planning. The lasso analysis was executed with the package glnnet for R
179  (Friedman et a., 2010). We conducted all statistical analyses using the R programming
180 language (R Development Team, 2016).

181 3 Results

182 3.1 General resultsfor biodiversity

183 During the sampling period, we captured 58,858 individual animals of 268 species,
184  including 16 mammals, 122 birds, 23 amphibians and reptiles, 28 species of cavity-nesting
185  bees and wasps, 79 species of ants, and 451 morphospecies of soil invertebrates. We sampled
186 127 tree species for atotal of 1006 individuals. From these taxa, we classified 24 functional
187  groups including richness and abundance of carnivores, herbivores, frugivores, granivores,
188 invertebrate and vertebrate insectivores, decomposers, nectarivores, pioneer and secondary
189 trees, and floral syndromes.

190 3.2 Sitedissimilarities according to land use and biodiver sity
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191 Site dissmilarities were well defined by the differences in land use (SFigure 1a).
192  Altogether, the richness and abundance of different biodiversity groups explained 69% of site
193 dissmilarities (SFigure 1a). Diversity effects strengthened with time as a consequence of
194  restoration. Overall, sites 1 (30 years old), 2 and 3 (20 and 10 yo, respectively) were related to
195 higher richness and abundance of trees, seeds, and birds (axis 2). In contragt, sites 4 (20 yo)
196 and 5 (10 yo) were associated with decreases in the richness and abundance of invertebrates
197 (eg., wasps) and vertebrates (e.g., mammals) (axis 2). Site dissimilarities according to the
198  Shannon diversity and evenness of general groups (SFigure 1b) suggested that sites 1 and 2
199 are more similar to each other, while sites 3, 4, and 5 are closer to each other.

200 The richness and abundance of functional groups explained 69% of site dissimilarities
201  (SFigure 1c). In general, sites 1, 2 and 3 were related to increases in the richness and
202 abundance of pioneer and secondary trees, frugivores, and omnivores on axis 2 (42%
203  explanation). On the other hand, sites 4 and 5 were more similar to each other, being related
204  to decreases in richness and abundance of the functional groups, on both axes.

205 3.3 Ecosystem multifunctionality analysis

206 A total of 56 (out of 118) predictor variables influenced at least one of the nine
207  ecosystem functions analyzed. Around 40% of were positive. This percentage of explanation
208 varied for each ecosystem function and scale of sampling. For instance, leaf-litter production
209 and the contents of nitrogen and phosphorus in litter were, on average, positively affected by
210  more than 50% of the predictor variables, on al scales of sampling. Litter decomposition rate
211  and litter quality were positively affected by 48% and 42% of the predictors, respectively. The
212  remaining four ecosystem functions (pH, miscellaneous litter production, litter quality, and
213  soil fertility) were positively explained by less than 40% of the predictors, e.g., soil fertility

214  wasexplained by only 28% of the predictor variables.
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215 The summary results for the lasso analyses are presented in Figures 2 and 3,
216  distinguished according to the two fitted models. In these figures, the x axis displays the
217  lasso-selected predictor variables, and the y-axis represents the coefficient estimates for each
218 variable. Only those coefficients with values different from O were displayed on the plot next
219 to the coefficient estimate point. A negative coefficient implies a negative effect on the
220 response variable (i.e., the ecosystem function), and a positive coefficient, a positive effect.
221  Below, we described each model fitted according to the scale of sampling.

222 3.4 Effects of biodiversity model on ecosystem functions

223 In general, the species richness and abundance of distinct taxonomic groups had 50%
224 positive effects on ecosystem functions. The taxonomic biodiversity variables with the most
225  positive effects on the ecosystem function were richness of trees and wasps, affecting six of
226  the nine ecosystem functions. The Shannon index of above-ground invertebrates negatively
227  affected eight of the nine ecosystem-function variables.

228 Of the 22 predictor variables selected by lasso in the taxonomic biodiversity model, 12
229 had a positive effect on litter decomposition rates (Figure 2). Evenness of vertebrates,
230 abundance of birds, and richness of soil arthropods had the three most-positive effects on
231  decomposition. On the other hand, the abundance of bees, frogs and wasps and the richness of
232  vertebrates (for example) negatively affected litter decomposition (Figure 2).

233 Overall, the richness and abundance of different taxa (Figure 2) showed positive
234  effects on leaf litter and miscellaneous litter production. Therefore, 55% of the predictors of
235 taxonomic biodiversity components showed a positive effect on leaf and miscellaneous litter
236  production. On the other hand, some taxonomic-biodiversity predictors (e.g., richness of
237  birds, frogs and bees, and abundance of bees) had small influences on leaf and miscellaneous
238 litter production. On average, the Shannon diversity and evenness of below-ground

239 invertebrates had a positive effect on the rates of leaf and miscellaneous litter production,

10
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240  while the Shannon diversity of above-ground invertebrates had only a small effect on litter
241  production (Figure 2).

242 Most of the taxonomic-biodiversity predictors (13 of 24; 54%) had a positive effect on
243  nitrogen content in leaf litter. These predictors included the richness of vertebrates, reptiles
244  and frogs and the abundance of trees, wasps, birds, and soil arthropods, among others. In
245  contrast, we observed small effects of the richness of wasps, ants, trees, and reptiles on
246  nitrogen content in litter, as well as the abundance of frogs, bees and mammals, and the
247  Shannon diversities of invertebrates and below-ground invertebrates on nitrogen content in
248  litter (Figure 2).

249 Additionally, we found that 14 (of 27; 52%) of the predictor variables at the
250 taxonomic biodiversity level had positive effects on phosphorus content in litter. Among
251 these, the richness of vertebrates, trees, reptiles, and frogs showed higher -values. On the
252 other hand, the abundance of birds, Shannon diversity, and evenness of below-ground
253 invertebrates, and the richness of ants showed small effects on phosphorus content in litter
254  (Figure 2).

255 Only six predictors of taxonomic biodiversity (of 25; 24%) had a positive effect on
256  soil pH. The Shannon index of invertebrates, the abundance of reptiles, and the evenness of
257  vertebrates had the most positive impact on the pH. In contrast, the abundance of trees had the
258  most negative impact (Figure 2).

259 For the phosphorus content in soil, 11 of 25 (44%) of the taxonomic predictors had
260 positive effects (e.g., richness and abundance of mammals, diversity of invertebrates, and
261 overall diversity of animals). Otherwise, the Shannon diversity of trees and abundance of
262  vertebrates had negative effects on the phosphorus content in the soil (Figure 2).

263 In general, soil fertility and litter quality were affected by taxonomic-biodiversity

264  predictor variables (Figure 2). Thus, the richness of trees had a larger effect on litter quality

11
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265  than on soil fertility. The richness of soil arthropods, wasps, and frogs had positive effects on
266  soil and litter quality. The abundance of birds, trees, vertebrates, mammals, frogs, and overall
267 animas aso had positive effects on soil and litter quality. The Shannon diversity of
268 invertebrates and below-ground invertebrates, and the Shannon diversity of overall animals
269 positively affected soil fertility. The evenness of vertebrates, trees, and above- and below-
270  ground invertebrates also had positive effects on soil fertility and litter quality.

271

272 3.5 Functional-biodiversity effects on ecosystem functions

273 Of the 22 predictors of functional biodiversity selected to explain decomposition, we
274  found that 95% had a positive effect on at least two functions (from 2 to 7 of the 9) (Figure 3).
275  The abundance of functiona groups, such as pioneer and secondary trees, floral syndromes,
276  herbivores, and insectivorous invertebrates had positive effects on decomposition (Figure 4).
277  Also, the richness of decomposers, frugivores, granivores, nectarivores, and of seeds in seed
278  rain had positive effects on decomposition. The abundance of some functional groups, such as
279  granivores, omnivores, and frugivores had low values, suggesting small effects on
280  decomposition (Figure 3).

281 The magjority of the predictor variables at the functional biodiversity level (14 of 25)
282 had positive effects on litter production, and half (11 of 22) on miscellaneous litter
283  production, although the sizes of ther effects differed. For example, the abundance of
284  vertebrate insectivores had a stronger effect on leaf production than on miscellaneous litter
285  production. Conversely, the abundance of insectivorous invertebrates had a positive effect on
286  miscellaneous litter production and a negative effect on leaf-litter production. Also, the
287 richness of granivores and frogs, the abundance of insectivorous invertebrates, and the
288  Shannon diversity of vertebrates had positive effects on leaf litter, but negative effects on

289  miscellaneous litter production. In contrast, lower rates of miscellaneous litter production

12
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290 were associated with deviations in the Shannon diversity of invertebrates, evenness of below-
291 ground and above-ground invertebrates, and richness of secondary trees (Figure 3).

292 Many of the functional-group predictors (10 of 19) had positive effects on nitrogen
293 content in litter (SFigure2). The abundance of herbivores, insectivorous vertebrates,
294  invertebrates, frugivores, granivores, and pioneer trees as well as the richness of seeds,
295 herbivores, pioneer trees, and insectivorous invertebrates had positive effects on nitrogen
296 content in litter. On the other hand, the abundance of decomposers and the richness of
297 secondary trees, nectarivores, and granivores had small effects on nitrogen in litter. For
298  phosphorus content in litter, nine of 21 (43%) predictors had a positive effect. Thus, the
299  abundance of granivores, pioneer trees, floral syndromes, nectarivores, and omnivores and the
300 richness of insectivorous vertebrates, herbivores, and decomposers had positive effects. In
301 contrast, the abundance of secondary trees and decomposers and the richness of secondary
302 trees, among other predictors, had small effects on phosphorusin litter (Figure 3).

303 Increases in the abundance of omnivores, frugivores, and granivores, as well as the
304 richness of carnivores, decomposers, insectivorous invertebrates, frogs, seed rain, floral
305 syndrome, and wasps, and the evenness of invertebrates had positive effects on phosphorus
306 content in soil. In contrast, the richness of secondary trees, nectarivores, birds, omnivores, and
307  herbivores had small effects on soil pH and phosphorus content (Figure 3).

308 The abundance of nectarivores, carnivores, decomposers, omnivores, vertebrate
309 insectivores, and secondary and pioneer trees showed positive effects on soil fertility and litter
310 quality. Likewise, the richness of seeds, carnivores, vertebrate and invertebrate insectivores,
311 granivores, frugivores, herbivores, and omnivores positively influenced soil fertility and litter
312 quality. The richness of most functional groups had a small or null effect on soil fertility and

313 litter quality (except for the groups listed above, which showed positive effects). Additionally,

13
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314 the Shannon diversity of animals, evenness of above-ground invertebrates, and evenness of
315 treeshad positive effects on litter quality (Figure 3).

316 4 Discussion

317 Our results showed that biodiversity effects seem to be remarkably consistent across
318 different groups of organisms and among trophic levels and functional groups. This
319 consistency indicates the existence of general underlying principles that dictate how the
320 organization of biologica communities’ influences ecosystem functioning (Hooper et al.,
321 2012). We found exceptions to this pattern for some BEF; however, there was substantial
322  variability in the response of ecosystem functions under different environmental conditions.
323 In general, we found that for each sampling scale, half of the predictors, on average, had
324  strong positive effects on the ecological processes studied, while the other half caused small
325 or null effects. According to (Turnbull et al., 2016), positive BEF relationships arise from
326  phenotypically and genetically based differences or trade-offs in species characteristics, as no
327 one species or only a few species perform or contribute to different ecosystem functionsin the
328 same way. These findings offer opportunities to explore the boundaries that constrain
329 Dbiodiversity effects on ecosystem multifunctionality.

330 4.1 Dissimilaritiesin study sitesaccording to different scales of diversity

331 The richness and abundance of different biodiversity groups were important predictors
332  to define the similarities of ecosystem functions between reforested sites (e.g., tree density
333 and the size and age of sites). The restored sites are located in areas with diverse land uses,
334  including monocultures of sugarcane, soybean, and rubber trees, which in many cases are the
335 dominant matrices. Previous studies in the same area, have suggested that landscape
336 configuration has a strong effect on the loca biodiversity and consequently on some

337  ecosystem functions (Araljo et al. 2018; Londe et al. 2020).

14
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338 Studies including planting experiments have demonstrated that larger and older areas
339 have experienced persistent positive diversity—productivity relationships (Tilman et al., 2006;
340 Van Ruijven & Berendse, 2010), while smaller and younger reforested patches have
341 commonly lost this relationship, or it is considerably weakened (Roscher et al., 2012). In
342  restored plant communities, however, species loss and gain are non-random, and changes in
343  composition can be more critical for ecosystem function than loss or gain in species richness
344  per se(Zavaletaet al., 2010).

345 Our findings indicated that many important ecosystem functions were highly affected
346 by the presence of different groups at the levels of taxonomic biodiversity and functional
347  Dbiodiversity, which may indicate that the community shows complementarity in functional
348 redundancy. At present, we know little about the biological mechanisms that are responsible
349 for complementarity among species, besides, some studies showed that species loss has
350 adverse effects on a range of ecosystem functions and services (Balvanera et al., 2006;
351 Cardinae et al., 2006), but that relatively few species are needed to sustain the overall health
352 of the environment (Cardinale et al., 2006), suggesting a high degree of functional
353  redundancy (Schoolmaster et a., 2020).

354 Our first question was whether taxonomic biodiversity had any effect on ecosystem
355  functioning in reforested riparian areas. We expected that an increase in biodiversity would
356 have apositive effect on the ecosystem functions. We found that an increase in overall animal
357  (of al the taxonomic groups sampled) and tree species richness and abundance, the diversity
358 index, and evenness had positive effects on 54% of the ecosystem functions. For example,
359 richness and abundance of mammals, abundance of birds, richness of arthropods in the soil,
360 and richness of trees all had positive effects on a minimum of five and a maximum of six of

361 the nine ecosystem functions studied. However, there were exceptions, where some
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362  biodiversity taxa had minimal or null effects (e.g., bird richness, overall vertebrate abundance,
363  and bee abundance).

364 We found that plant species richness and abundance had positive effects on a large
365 number of processes in the restored ecosystems, athough they did not show any effect on
366 nitrogen and phosphorus in litter or on soil fertility. This could be explained by the more
367  dystrophic soil of the forest patch with the highest species richness and abundance, compared
368  with the reforested patches (Szefer et al., 2017). There is growing evidence that the quality of
369 ledf litter is related to the ecological role played by functional groups of species (Szefer et a.,
370 2017) and to variation in soil N and P availability (Kozovits et a., 2007; Hobbie, 2015).
371  Severd soil physical parameters can affect the relationship between soil fertility and plants,
372 such as the percentage of clay minerals, soil aggregate stability, and soil compaction
373  (Bardgett et a., 2014). All these physical parameters influence soil hydrological regimes and
374  consequently the exchange of chemical elements (Horn & Gra, 1998; Cheng & Heidari,
375 2019), especially P and N, which are directly related to floral parameters; and can affect the
376  productivity of the ecosystem. On the other hand, soil fertility was positively affected by a
377  few components of the biodiversity level, such as the richness of mammals, the abundance of
378  decomposers, and the richness of seeds in seed rain.

379 The association of vegetation structure indicates a possible relationship between soil
380 chemical characteristics and the rapid decomposition of organic matter in tropical riparian
381 forests (Soares et a., 2020). In fact, the effects of biodiversity on decomposition seem to be
382 remarkably consistent across different groups of organisms, among trophic levels, and across
383 the various ecosystems that have been studied. When we evaluated the effects of biodiversity
384  on the rate of organic-matter decomposition in litter, we found considerable variation in the
385 predictive power of different taxonomic groups. However, as expected, the trend was more

386 pronounced for certain taxa. For example, the abundance of birds, richness of soil arthropods,
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387 and richness and abundance of trees were positively related to the litter decomposition rate.
388 This consistency indicates that there are general underlying principles that dictate how the
389 organization of communities influences this function in the restored forests studied here.
390 According to (Cardinale et al., 2011), limited evidence suggests that, on average, a declinein
391 plant diversity may reduce decomposition rates and the efficiency by which biologically
392 essentia elements are recycled back into their inorganic forms. The lack of a direct and strong
393 relationship between the tree diversity and soil processes such as decomposition may also be a
394  result of oversimplifying the data analysis. Trees support other components of diversity in the
395 system, such as understory herbaceous plants and soil microorganisms, among other actors
396 that mediate the litter decomposition process. Explanatory models that include
397 multitaxonomic diversity reveal a significant indirect effect of trees on decomposition (Fujii
398 etal., 2017).

399 Another important ecosystem function, the amount of litterfall produced by forests,
400 also could be increased by augmenting biodiversity, since litterfall has components of both
401 plant and animal origin. However, in this study, the composition of the taxonomic groups that
402 most affected the components in litterfall (the quantity of leaves and fruits, seeds, branches,
403 etc.) did not show large differences between positive and negative effects, which is consistent
404  with other studies (Fayle et a., 2015; Oliver et a., 2015; Huang et a., 2017). This pattern was
405 expected, since the different groups that comprise biodiversity exhibit behaviors and
406 participate in functional groups that relate differently to the resources offered by the forest.
407  Therefore, some groups will be more related to leaves and other groups will be more related
408 to branches, fruits, and seeds. However, in our study, the variables that explained litter
409 production, at the biodiversity level, showed some unexpected results, with essential
410 components explaining little or amost nothing of ecological processes (e.g., richness and

411  abundance of invertebrates and trees).
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412 The genera effect of species richness differed amongst the studied functions and
413  hiogeochemical cycles (such as phosphorus and nitrogen content). Certain taxa seemed to be
414  more important in explaining BEF. For example, the positive relationship of mammal and tree
415  species richness with nitrogen and phosphorus concentrations in soil was expected, but the
416 null effect of decomposer richness on these two elements was not. Balvanera et a. (2006), in
417 ametaanalysis of biodiversity effects on ecosystem function, did not find similar results for
418 hiogeochemical cycles, which may occur if complementarity, facilitation, and insurance
419 effects increase the community-level use of limiting resources (Hooper et a., 2012). The
420 presence of certain groups such as legume trees may be more determinant for nutrient cycling
421 than is species richness (Vitousek & Howarth, 1991). However, changes in vegetation
422  composition may cause a discrepancy between biogeochemical cycles (Pasut et al., 2020).
423  Anima bodies, feces, and fruits processed by animals are available to become soil organic
424  matter along with litter directly produced by plants. Also, large-bodied seed dispersers such as
425  peccaries and primates ingest, digest, and defecate large amounts of fruit pulp and seeds, as
426  well as grasses and leaves (Fragoso & Huffman, 2000; Stevenson & Guzméan-Caro, 2010),
427  moving plant matter across the landscape and processing it in ways that make it availableto a
428  wider range of invertebrates, fungi, and microorganisms.

429 The richness of soil arthropods was another biodiversity component that was
430 positively related to litter production. Many arthropods that nest in forest soil, such as ants,
431 termites, and coleopterans, use the forest canopy as a substrate for foraging (Souza-Campana
432 etal., 2017; Dambros et a., 2018). A large part of the soil fauna, in our study, was composed
433  of leaf-cutting ants and termites, as is typical in neotropical forests (Fujii et a., 2017), which
434  could be acting to increase the quantity and quality of some organic materia in the litter.
435 Other components of biodiversity, such as bird and bee richness, were also strongly

436  associated with litter production. This could be an indirect result, since the richness of birds
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437  and bees is linked with forest structure, with more-structured forests supporting more bird
438 species (Casas et al., 2016; Rhoades et al., 2018). Litter production in more-structured forests
439  exceedsthat in less-structured forests (Capellesso et a., 2016; Souza et al., 2019). This result
440 may reflect the success of the restoration process at the sites evaluated here. Also, birds are
441  predators of invertebrates that consume litter, and predation on these invertebrates can
442  increase the amount of litter (Stratford & Sekercioglu, 2015). At the study sites, various
443  species of insectivorous birds (ground, understory, and canopy) were recorded (Mafia & de
444  Azevedo, 2020). As expected, the abundance of plants was directly proportional to leaf litter
445  production.

446 The number of taxonomic-biodiversity variables related to pH and phosphorus content
447  in the soil was smaller than expected. For pH, only the diversity of invertebrates is among
448  those expected to affect pH, since many are decomposers. We expected that plant diversity
449  would affect pH, but we failed to find such an effect, probably because the soil of the most
450 mature and diverse forest is more dystrophic and acidic than the eutrophic soil in the
451  restoration patches. This weak association of biodiversity with soil pH has been reported
452  previously. Dawud et al., (2017) found a positive effect of diversity and a negative effect of
453  species composition on topsoil pH. Soil pH is an important factor in maintaining nutrient
454  cycling (such as N) and is related to the activity of soil biota (Maly et a., 2014; Fujii et al.,
455  2017). Also, pH in topsoil is regulated by the input, quality, and decomposition of litter
456 (Vesterda et a., 2008). Indeed, some authors have suggested that functional groups of trees
457  are more important than biodiversity per se (Dawud et al., 2017) and have emphasized the
458 importance of additive effects of diversity on the abundance and community structure of soil
459  microbial and macrofaunal communities (Scheibe et al., 2015; Wandeler et al., 2016). While

460 these studies reported only weak or absent effects of species diversity on pH or nutrients in
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461 the soil, they supported strong relationships between tree diversity and soil fauna (Fujii et al.,
462  2017).

463 Litter nutrients are important for maintaining ecological processes and are strongly
464  related to biodiversity, as the primary and secondary decomposition of organic material and
465 the primary productivity are dependent on plants and animals (Kerdraon et al., 2020). We
466  found positive effects for most predictor variables of taxonomic biodiversity, such as richness
467  and abundance of trees, for both nutrients (P and N) and soil arthropods, which were good
468 predictors for nitrogen content in litterfall. Among the positive effects, we first discuss the
469 role of the faunal diversity in decomposition and nutrient (N and P) content in both the litter
470 and the soil. The overall richness and abundance of animals and trees had strong positive
471  effects on phosphorus in soil. The principal forms of phosphorus in soils are associated with
472  cacium (Ca) or magnesium (Mg) in phosphates (relatively unweathered environments), and
473  with clays and iron (Fe) and aluminum (Al) oxides, in old, highly weathered tropical
474  landscapes (Spain et a 2018). The low solubilities of these phosphates and oxides make P a
475  relatively immobile element in its inorganic form. Thus, the concentration of exchangeable
476  phosphorus in highly weathered P-depleted soils is determined mostly by biological recycling
477  processes, especialy those related to organic-matter degradation (Tiessen, 2015). Tree
478  diversity, in part, is important for maintaining the nitrogen and phosphorus pools in restored
479  tropical forest (Zeugin et al., 2010), although this relationship depends on the initial site
480 conditions (Redondo-Brenes & Montagnini, 2006) which makes robust generalizations
481  difficult.

482 Plant species richness can increase finel'root biomass and length, facilitating P uptake
483 from the different soil layers. Tree species richness also has a positive effect on soil organic
484  carbon and litter decomposition, increasing the bioavailable P content (Wu et al., 2019). The

485 acquisition of P in neotropical forests also seems to be favored by the presence of N-fixing
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486 legume trees, even in the N-richer but P-limited soils (Houlton et al., 2008). It has previously
487  been observed that the activity of phosphatases is favored by increasing N availability in the
488  soil. Furthermore, the amount and rate of nutrient cycling are partly affected by herbivores
489  through litterfall dung (Fonte & Schowalter, 2005). Insect herbivores can increase soil N and
490 P fluxes by as much as 30% in tropical rainforests, through their fragmentation activity
491  (Schowalter et a. 2011). Defecation by monkeys and other vertebrate herbivores, with further
492  processing by dung beetles, contributes to improving soils and ultimately affects nutrient
493  storage in these forests (Neves et al., 2010). Soil fertility depends on nutrient mineralization,
494  and soil organic matter increases with plant richness; the expected richness of tree species
495 determined, in this study, the greater fertility of the soil and the amount of litter produced.
496  The richness and abundance of other animal groups such as nectarivores also had positive
497  effectson soil fertility.

498 Shannon diversity and evenness also positively affected the ecosystem functions. We
499 found positive responses and some consistency for BEF. For example, the diversity index of
500 the overall fauna was a good predictor of important ecosystem functions, such as
501 decomposition, N in litter, and P in soil. Moreover, Shannon diversity of the overall animal
502  group and below-ground animals improved different ecosystem functions by more than 50%.
503  Although we had expected that the diversity of trees (Shannon index) would have a positive
504 effect on litter decomposition, the effect was small. The lack of a direct and strong
505  relationship between tree diversity and soil processes such as litter decomposition may also be
506 a matter of oversimplifying the data analysis. Trees are important in supporting other
507 components of diversity in the system, such as understory herbaceous plants and soil
508 microorganisms, among other actors that mediate the litter decompasition process. When
509 explanatory models include multitaxonomic diversity, a significant indirect effect of trees on

510 decomposition is revealed (Fujii et al., 2017). A modeling study by (Loreau & Hector, 2001)
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511 demonstrated a negative effect of plant litter diversity on litter decomposition, as a larger
512  number of litter types should increase the probability that decomposers will not consume at
513 least part of them. The same model predicted a positive effect of decomposer diversity on
514  decomposition rates, due to partitioning of resources between different decomposers.
515 Nevertheless, we found only a small effect of below-ground invertebrates on litter
516  decomposition, although the diversity of the overall invertebrates positively influenced it.

517 4.2 Functional-diversity effects on ecosystem multifunctionality

518 We found that specific functional groups of organisms were essential to maintain the
519 functions in the restored sites. Carnivores, herbivores, and pioneer trees positively affected
520 most of the ecosystem functions (six of nine). Likewise, decomposers, insectivorous
521  vertebrates, and nectarivores showed a positive effect on five of the nine ecosystem functions.
522  Numerous well-known studies have posited that species identity and biodiversity are
523  surrogates of functional-trait effects on ecosystem functioning (see Hattenschwiler et al, 2018;
524  Szefer et a., 2017). However, according to (Schoolmaster et al., 2020), these surrogates
525  should not be assumed to be “causal” athough significant biodiversity—ecosystem function
526  correlations are spurious associations that arise from common-cause confounding in mis-
527  specified trait-based ecosystem function models. Residual effects of species identity, while
528 causaly related (i.e, elements of species composition), also indicate incomplete trait
529  information.

530 We observed that functional-group diversity had strong effects on certain ecosystem
531 functions, in particular those associated with litter decomposition, litter quality, and N and P
532  cycling. Our results agreed with several BEF experiments that have shown that functional-
533  group diversity is a good predictor of ecosystem multifunctionality (Temperton et al., 2007;
534  Fujii e a., 2017). For example, we found a positive effect of the richness of carnivorous and

535 herbivorous animals on litter quality and litter-P. Most measures of nitrogen increased with

22


https://doi.org/10.1101/2021.09.08.459375

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.08.459375; this version posted September 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

536 the abundance of pioneer trees, since many of them are legumes, able to fix atmospheric
537  nitrogen and therefore increase nitrogen stocks (Houlton et al., 2008; Oelmann et al., 2007,
538 Temperton et al., 2007). Indeed, we found positive effects of the richness and abundance of
539 pioneer trees on N and P contents in the litter, as well as a positive effect of the abundance of
540 secondary trees. Likewise, important functional groups such as herbivores and decomposers
541  had positive and strong effects on almost 70% of the functions. According to (Dawud et al.,
542  2017), functional groups are important in ecosystem multifunctionality, indicating that
543  supporting a large degree of heterogeneity in specific characteristics of some taxonomic
544 groups (those that can be captured by functional-trait diversity) may enhance ecological
545  functions.

546 Increasing evidence shows that the critical means by which species influence
547  ecosystem functions is through their functional traits (e.g., phenotypic attributes that represent
548 niche exploitation; (Diaz et a., 2007). While functional diversity may theoretically increase
549  with species richness in some contexts (Hooper et al., 2005), measures of taxonomic
550 biodiversity (particularly species richness) have proved to explain little of the variance in
551  ecosystem functions compared to indices of functional traits. Indeed, we found that certain
552  functional groups had stronger effects on certain BEF. These components included the
553 presence or relative abundance of certain functional trophic groups, such as herbivores,
554  carnivores, and pioneer trees (i.e., legumes), and also an element that encompasses a
555  functional-trait value or importance to the BEF (e.g., pollination syndromes). These are
556  hereafter jointly termed (variation in) functional composition.

557 We found important effects of certain functional groups that clearly affect litterfall
558  production. The abundance of insectivorous and nectarivorous vertebrates and seed eaters that
559 travel through the canopy and manipulate parts of the plants contribute to the fall of leaves,

560 seeds, and branches. Also, the abundant herbivores such as ants, termites, and beetles have a
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561 similar role as the above functional groups. However, here, the functional groups that
562  determined soil fertility were less abundant than the groups that determined litter quality.

563 For some functional groups, the effect on BEF proved to be a cross-effect, for example
564  the richness of floral syndromes, which can be related to the richness of plants. Other
565 functional groups, where a positive effect on BEF was expected, had negative effects, such as
566 the abundance of decomposers and decomposition. The functional groups that were more
567 positively related to pH and phosphorus content in soil were the abundance of decomposers
568 (asaresult of organic-matter degradation processes), the richness of pioneer trees, abundance
569  of frugivores (manipulation of the fruits that fall to the ground, while at the same time these
570 frugivores may defecate while eating the fruits). These functional groups were consistent and
571  expected. Several investigators have reported correlations between soil properties, such as pH
572  or phosphorous content, with forest properties, such as above-ground biomass or species
573 distributions (Condit et al., 2013; Schaik & Mirmanto, 2013). Pioneer trees may grow several
574  meters in a year, improving soil fertility by accelerating soil organic-matter accumulation,
575 enhancing P concentration, and lowering pH (Diemont et al., 2006; Vleut et al., 2013). The
576  abundance of frugivores (animal feces; seeds and fruits that may fall to the ground) may
577 increase the supply of nutrients and organic-matter content to the soil, leading to more
578 favorable soil physical and chemical conditions for environmental restoration.

579 5Concluson

580 Restored patches must meet two broad conservation objectives: representativeness and
581 persistence (Noss et al., 2012). The first objective attempts to represent the variety of
582  populations, species, or ecosystem functions of each region; while the second attempts to
583 promote the persistence of these elements over the long term (Margules & Pressey, 2000).
584  Our findings indicate that the restored sites represents the natural variation in taxonomic

585 biodiversity that was ailmost as important for ecosystem functioning as the natural variation in
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586 functional biodiversity, but each component display specific responses. Therefore, estimating
587 if taxonomic biodiversity is a better predictor than functional biodiversity for ecosystem
588 functionsisworth evaluating. In our study, both these approaches were essential in explaining
589 the ecosystem multifunctionality. However, the relative importance of taxonomic biodiversity
590 versus functional composition depended strongly on the type of ecosystem function.

591 The scales at which we conduct experimental research to understand the mechanisms
592  that underpin BEF relationships fail to match the scales at which biodiversity changes actually
593  occur (in landscapes and local-level ecosystems). Community and functional ecology will
594  need to interface more broadly with other disciplines in order to determine how diversity
595 relates to ecological processes over evolutionary time at ecosystem scales. Although these
506 challenges will not be easily met, the field of BEF research now has all the necessary tools to
597  takethese next important steps.
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903 Figure 1. Conceptual framework indicating the level of distinct studied components:
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905  ecosystem functions (used as response variables).
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Figure 2: Taxonomic biodiversity components effects (taxonomic biodiversity model) on
distinct ecosystem functions (decomposition, leaf in the litter, other litter production,
Nitrogen, Phosphorous in the litter, pH, Phosphorous in the soil, soil fertility and litter
fertility). W-axis represents -coefficient from lasso analysis. Values greater than O indicate
positive effect (dark circles) and lower than O negative effect (light circles). Central line
represents O values.

Figure 3: Functiona Biodiversity models on the ecosystem functions (decomposition, leaf in
the litter, other litter production, Nitrogen, Phosphorous in the litter, pH, Phosphorousin the
soil, soil fertility and litter fertility). W-axis represents -coefficient from lasso analysis.
Values greater than O indicate positive effect (dark circles) and lower than O negative effect
(light circles). Central line represents O values.

Supporting Figure 1. Representation of the first two principal components showing sites
dissmilarities according to (a) ecosystem functions and predictors variables at local and
landscape levels (see hierarchies in Figure 1); (b) Richness and abundance of distinct groups
(biodiversity level); (c) Shannon and Evenness diversity indexes of distinct groups
(biodiversity level) and; (d) Richness and abundance of functional groups (biodiversity level)
(A = abundance, Arthro = Arthropods, Carniv = Carnivores, E = Evenness Index, Frugiv =
Frugivores, G = Ground, Graniv = Granivores, Herbiv = Herbivores, Invert = Invertebrates,
Ominv = Omnivores, R = Richness, Second = Secondary, Sh = Shannon Diversity Index,

Sindr = Syndrome, Vert = Vertebrates).

Supporting Figure2. Graphic representation of the positive effects (green arrow pointing
northeast) and negative effects (red arrows pointing southwest) of biodiversity, local and

landscape variables on the ecosystem functions in arestored areain Southeastern Brazil.
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Ecosystem function (response variables)

Decomposition| Leaf Litter Production| Other Litter Production|
Nitrogen Litter| Phosphorous Litter| Soil pH| Soil Phosphorus|
Litter Fertility Index| Soil Fertility Index

]

ﬁodiversity level (predictor variables) \

AAnimal | RAnt | ABee|RBee | ABird|RBird | AFrog|RFrog
AMammal|[RMammal | AReptile|RReptile| RSeed
ASoilArthro|RSoilArthro | ATree|RTree | AVert|RVert | AWasp|RWasp

EAnimal|ShAnimal | EAboveGInvert|ShAboveGinvert
EBelowGInvert|ShBelowGInvert | Elnvert|Shinvert
Etree|ShTree | EVert|ShVert

ACarniv|RCarniv | ADecomp|RDecomp | AFloralSindr|RFloralSindr
RFrugiv|AFrugiv| AGraniv|RGraniv| AHerbiv|RHerbiv
Alnvertinsectiv|RInvertinsectiv| ANectarEeaters|RNectarEaters

AOmniv|ROmniv | APioneerTree|RPioneerTree
N\ _ASecondTrees|RSecondTrees| AVertinsectiv| RVertinsectiv| /
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