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Backgroud. The cultivation of cocoa in the tropics is developed mainly in the agroforestry system (AFS).
In the Brazilian Atlantic Rainforest, this system is known as cabrucas and represents a high potential for
biodiversity conservation and economic development. Studies of litter dynamics in AFS riparian zones are
rare and therefore relevant to explaining the global importance of these areas for carbon balance and
ecosystem services. The tree structure and composition of the cabrucas have been widely altered in time
and space due to management practices. These modifications can change the litter supply pattern and
affect the stream and aquatic communities' ecological process. Our objective was to estimate litter input
and stock in riparian zones of cabruca cocoa agroforestry systems under management (MC) and
abandonment (AC), and secondary forest (SF).

Methods. To estimate the litter dynamics, we evaluated the terrestrial production of litter (terrestrial
input TI), the litter input for streams (litterfall/vertical - VI and lateral input - LI), and the litter stock in the
stream bed (benthic stock - BS). Each compartment was sampled in specific collectors every 30 days
from August 2018 to July 2019. Monthly, the litter was removed in the TI, VI, and LI compartments and
the samples separated into fractions: leaf, branch, reproductive material, and miscellaneous.

Results. Terrestrial input was similar in all areas. However, the vertical input total was twice high in MC
and AC than in the secondary forest, while lateral input was three times high in MC cocoa than in other
areas. The benthic stock total was higher in SF than AC and three times higher than MC. We highlight the
high contribution of reproductive parts in different inputs and stock of MC, the leaf in vertical input, and
benthic stock in AC and branch and miscellaneous in SF. A pronounced temporal pattern was observed
on litter input and stock at SF and AC by species phenology, while MC showed low temporal pattern
variation by cocoa management. Despite differences in litter input and stock between areas related to
vegetation structure, spatial and temporal patterns of litter input and stock in AC were closer to SF than
MC. Therefore, we reinforce the importance of cabruca cocoa AFS for the conservation of landscape
compared to other anthropic land uses.
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29 Abstract

30 Backgroud. The cultivation of cocoa in the tropics is developed mainly in the agroforestry 

31 system (AFS). In the Brazilian Atlantic Rainforest, this system is known as cabrucas and 

32 represents a high potential for biodiversity conservation and economic development.  Studies of 

33 litter dynamics in AFS riparian zones are rare and therefore relevant to explaining the global 

34 importance of these areas for carbon balance and ecosystem services. The tree structure and 

35 composition of the cabrucas have been widely altered in time and space due to management 

36 practices. These modifications can change the litter supply pattern and affect the stream and 

37 aquatic communities' ecological process. Our objective was to estimate litter input and stock in 

38 riparian zones of cabruca cocoa agroforestry systems under management (MC) and abandonment 

39 (AC), and secondary forest (SF).

40 Methods. To estimate the litter dynamics, we evaluated the terrestrial production of litter 

41 (terrestrial input TI), the litter input for streams (litterfall/vertical - VI and lateral input - LI), and 

42 the litter stock in the stream bed (benthic stock - BS). Each compartment was sampled in specific 

43 collectors every 30 days from August 2018 to July 2019. Monthly, the litter was removed in the 

44 TI, VI, and LI compartments and the samples separated into fractions: leaf, branch, reproductive 

45 material, and miscellaneous. 

46 Results. Terrestrial input was similar in all areas. However, the vertical input total was twice 

47 high in MC and AC than in the secondary forest, while lateral input was three times high in MC 

48 cocoa than in other areas. The benthic stock total was higher in SF than AC and three times 

49 higher than MC. We highlight the high contribution of reproductive parts in different inputs and 

50 stock of MC, the leaf in vertical input, and benthic stock in AC and branch and miscellaneous in 

51 SF. A pronounced temporal pattern was observed on litter input and stock at SF and AC by 

52 species phenology, while MC showed low temporal pattern variation by cocoa management. 

53 Despite differences in litter input and stock between areas related to vegetation structure, spatial 

54 and temporal patterns of litter input and stock in AC were closer to SF than MC. Therefore, we 

55 reinforce the importance of cabruca cocoa AFS for the conservation of landscape compared to 

56 other anthropic land uses. 

57

58
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60 Introduction

61 Tropical ecosystems are notable for their biodiversity (Wright 2005), and Atlantic Rainforest 

62 corresponds to one of the most threatened tropical forests in the world (Winbourne et al. 2018, 

63 Taubert et al. 2018). High species richness, high endemism degree, and fragmentation make the 

64 Atlantic Rainforest biome a priority area for global biodiversity conservation (Canale et al. 2016, 

65 Martini et al., 2007). However, deforestation and the expansion of agriculture are substantial 

66 threats to terrestrial ecosystems (Bawa et al. 2004) and consequently to aquatic ecosystems. 

67 Small forest streams (forest streams) are sustained by terrestrial plant litter (Tonin et al. 2019, 

68 Naiman et al. 2005, Vannote et al. 1980), and therefore highly sensitive to forest changes 

69 (Ferreira et al. 2018).

70 Changes in the structure and composition of forests for productive purposes can influence 

71 organic matter supply to streams (Wild et al. 2019, Ferreira et al. 2018, Delong and Brusven, 

72 1994). Besides interfering in the contribution streams as dynamic components of the terrestrial 

73 carbon cycle (Tiegs et al. 2019, Stufin et al. 2015), and the provision of ecosystem services such 

74 as quality water and food (Ferreira et al. 2018). Thus, studies involving the litter dynamics in 

75 riparian zones (areas defined by Gregory et al. 1991 as an ecotone between terrestrial and aquatic 

76 ecosystems) of productive tropical systems are rare. These works could help understand the 

77 effects of anthropogenic changes on carbon cycling and climate change (Boyero et al. 2011, 

78 Stufin et al. 2015, Wright, 2005) and aquatic biota and ecological processes in streams (Ferreira 

79 et al. 2018).

80 It is argued that agricultural products in tropical forests must prioritize practices favorable to 

81 biodiversity (Martin et al. 2020). Agroforestry-based systems (AFSs) correspond to potential 

82 models that associate economic development with the conservation of tropical biodiversity 

83 (Scrhot et al. 2011, Cassano et al., 2009). In the Northeast of Brazil, a high remnant part of the 

84 Atlantic Rainforest is found in the cocoa AFS, where cocoa is grown (Theobroma cacao L.) 

85 (Piasentin et al. 2014). The agroforestry system for cocoa cultivation is inserted under forest 

86 trees' shade (dominant and codominant strata) and is surrounded by natural vegetation. 

87 Therefore, the cocoa agroforestry system may be causing less impact to related natural resources 

88 (Johns 1999, Sambuichi, 2002) when compared to other cultivation systems. The higher trees 

89 diversity of the agroforestry system (Sambuichi et al. 2012; Piasentin et al. 2014), is a 

90 consequence of diversity and natural heterogeneity of forests (Rolim and Chiarello 2004) 
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91 representing high value for the conservation of local biodiversity (Schroth et al. 2011, Cassano et 

92 al. 2009, Faria et al. 2007). Also, the cabrucas represents an important ecological corridor among 

93 the remnants of the Atlantic Forest, enhancing the protection of biological communities (Faria et 

94 al.2007, Cassano et al., 2009).

95 The management cabruca system carried out by farm owners seems to be the factor that most 

96 influences this agroforestry arboreal communities attribute (Deheuvels et al. 2014, Sambuichi 

97 2002). Recently, cabruca's tree component has shown a high degree of mischaracterization about 

98 native forests (Sambuichi 2002, Rolim and Chiarello 2004). The increase in market demand has 

99 generated pressures on production. Adopting more intensive management practices with the 

100 reduction of shade has been used (Deheuvels et al. 2014, Piasentin et al.2014, Johns, 1999), 

101 triggering new confirmations of cabruca in time and space (Sambuich et al. 2012, Rolim et al. 

102 2017). On the other hand, the introduction of witches' broom in the late 80s and the decrease in 

103 commodity prices discouraged some owners, and several productive areas were abandoned 

104 (Rolim et al. 2017). Abandoned cabrucas have a high capacity to regenerate tree species' richness 

105 after abandonment (Sambuich et al. 2007). The remaining forest nearby works as seed sources 

106 favoring the recovery of the forest in abandoned cabrucas (Rolim et al. 2016). Therefore, the 

107 evaluation of cabrucas after the discontinuation of management practices is essential to 

108 understand the potential of these areas to restore ecological processes and ecosystem services 

109 provided by AFS cacao cabruca in the maintenance of tropical biodiversity.

110 Several studies report that ecological processes such as the high incorporation of organic matter 

111 in the soil in forests are maintained in AFSs cacau cabruca (Costa et al. 2018, Barreto et al. 2011, 

112 Fontes et al. 2014, Gama-Rodrigues et al.2010, Beer et al.1998). Nevertheless, differences in 

113 cabruca vegetation structures may affect the litter deposited amount in the riparian zone (Wild et 

114 al. 2019, Delong and Brusven, 1994) as well influence the litter input amount to streams 

115 (Gonçalves Júnior et al. 2014), and that may be especially true for AFS cocoa cabruca. Although 

116 all effects, there are few studies on AFS riparian zones of cocoa. Research shows that replacing 

117 the cabruca agroforestry systems in Northeast Brazil may change the carbon and nitrogen cycling 

118 of streams (Costa et al. 2017, Souza et al. 2017). According Costa et al (2018), the AFS cocoa 

119 cabruca presented the higher C input to streams and the higher CO2 export from soils. The 

120 authors inferred that these variations were probably due to the vegetation cover. Thus, the current 
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121 study aims to fill this inference cited in Costa et al (2016 and 2018) and assist with information 

122 to manage these important productive systems.

123 To understand the vegetation influences, it is essential to understand the role of the riparian 

124 zones of the AFS cacao cabruca and how the management implemented in these AFS areas can 

125 cause changes in the supply and stock of organic matter/litter the streams. It also checks how 

126 abandoned farming areas behave about the transition of environmental quality due to the 

127 successional stage. Information on ecological processes in riparian zones of this AFSs cacau 

128 cabruca is unprecedented and of great relevance for understanding the effects of carbon stock 

129 (Barreto et al. 2011), water production (Ferreira et al. 2018), and the consequences of 

130 biodiversity loss in ecosystems impacted by anthropogenic activities (Bawa et al, 2004). It was 

131 bearing in mind that the decomposition process in streams has been highlighted in the global 

132 carbon cycle's contribution (Stufin et al 2015, Boyero et al 2011, Battin et al 2009). Besides, 

133 streams terrestrial litter represents energy resources that support the trophic webs of aquatic 

134 ecosystems.

135 We aimed to assess the influence of different structural formations of AFS riparian plants under 

136 management and abandonment and secondary forest conditions on litter production (inputs 

137 terrestrial, vertical, and lateral) and litter stock in the riparian zone of streams. Therefore, this 

138 work was based on the premise that; i) Cabruca cocoa AFS areas tend to be more productive than 

139 native forest areas (Fontes et al. 2014); ii) Streams that run through a landscape of more 

140 productive areas tend to receive a higher amount of litter input (Gonçalves Júnior et al. 2014, 

141 França et al. 2009) and litter stock in streambeds (Webster et al. 1994, Lisboa et al. 2015); and 

142 iii) Tropical riparian systems are driven by precipitation and temperature due to litter 

143 productivity control (Tonin et al. 2017); iv) Variations in productivity pattern may occur due to 

144 the phytophysiognomies differences (Seena et al. 2017). Our first hypothesis is that cabruca 

145 cocoa AFS areas (managed and abandoned) will be more productive than secondary native forest 

146 areas, mainly in leaves litter part by the dominance of this fraction in the total litter. Our second 

147 hypothesis would be altered litter input to streams, riparian forests, and litter stock on streambeds 

148 over year among vegetation systems by phytophysiognomies differences.

149

150

151
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152 Materials & Methods

153 Study area

154 The study was conducted in three riparian zones from different small watersheds (Fig. 1): 

155 secondary forest - SF (E 485415 / N 8397615), abandoned cabruca cocoa AFS - AC (E 481551 / 

156 N 8364478), and managed cabruca cocoa AFS - MC (E 448466 / N 8363187). All sites are 

157 located in the Atlantic Rainforest, southern Bahia, northeast Brazil, and have an Af-type climate 

158 according to Köppen classification (hot and humid with no defined dry season) with an annual 

159 average ranging between 1100 to 2200mm. The studied streams are second-order according to 

160 the Strahler classification system (Strahler 1952). The rainfall from 1 August 2018 to 30 July 

161 2019 was obtained from the website of the Real-Time Climate Monitoring Program of the 

162 Northeast Region (PROCLIMA; http://proclima.cptec.inpe.br/) for the municipalities of Itacaré, 

163 Ilhéus, and Barro Preto. The daily precipitation for the three cities were described in Fig. 2.

164 The secondary forest (SF) is located in a Conservation Unity (Serra do Conduru State Park – 

165 License 2017-013654/TEC/PESQ-0014). The vegetation is formed by a mosaic with different 

166 development stages, including secondary forests. It has a uniform canopy, above 25 m height, 

167 with few emerging individuals, epiphytes, large vines, and a dense understory (Costa et al. 2018, 

168 Martini et al. 2007). The predominant litter of the riparian zone were the following 

169 species: Henrietta succosa (DC.), Symphonia globulifera L.f., Protium 

170 heptaphyllum (Aubl.), Cordia trichotoma (Vell) Arráb. Ex Setud., Brosimum 

171 rubescens Taub., Sloanea obtusifolia (Moric.) Schum., Andira spp, Albizia 

172 polycephala Durraz., Centrolobium robustum (Vell.) Mart., Inga affinis DC., Byrsonima 

173 sericea DC, Luehea divaricata Mart. & Zuc., Senna multijuga (Rich.) H.S. & Barneby, Pimenta 

174 pseudocaryophyllus (Gomes) Landrum, Scheffera morototoni (Aubl.) Maguire et 

175 al., Mimosa sp, Xylopia brasiliensis Spreng., Himtanthus bracteatus Spreng., Tapirira 

176 obtusa (Benth.) J.D.Mitch., Miconia sp and lianas and were based on the description by Martini 

177 et al. 2007 for that same area of study. The monthly and annual average precipitation was 94 ± 

178 43 mm and 1135 mm (database for the municipality of Itacaré) (Fig. 2)

179 The AC area has 73.38 ha and is located in the agroforestry farming system (Santa Cruz). The 

180 watershed showed a slope of around 5% and medium shading 70 % formed by old cocoa trees 

181 (since the abandoned of 20 years ago of the extractive area) among other species (like jackfruit, 

182 erythrina, imbaúba, and jequitibá trees; Argôlo 2009), distributed in a disorganized way. The 
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183 monthly and annual average precipitation was 87 ± 41 mm and 1075 mm (database for the 

184 municipality of Ilhéus) (Fig. 2). The predominant litter was of the riparian zone following 

185 species: Theobroma cocoa L. Artocarpus heterofophyllus Lam., Spondias 

186 mombin L., Miconnia sp, Tapirira obtusa (Benth.) J. D. Mitch, 

187 Ziziphus joazeiro Mart, Vataireopsis araroba (Aguiar) Ducke, Nectandra membranacea (Sw.) 

188 Griseb, Dialium guianense (Aubl.) Sandwith, Eritrina sp, Inga sp, Lecythis 

189 pisonis Cambess, Mimosa sp e Bauhinia forficata Link and lianas and were based on the 

190 description of same study area of Costa et al. 2016, Souza et al. 2017 and Costa et al. 2018.

191 The managed cabruca (MC) area is located at agroforestry farming system (Nova Harmonia) 

192 with a total area of 89.80 ha, distributed in cocoa production, a forest patch in its central portion, 

193 and two areas in the regeneration process (Santos et al. 2016). The cocoa area management only 

194 consists of pruning (every six months and the biomass is disposed of in the soil), cutting 

195 vegetation, and few liming events for soil correction. The planting has a 3x3m spacing and is 

196 intercropped with introduced shade trees (erythrina). The monthly and annual average 

197 precipitation was 87±41 mm and 1039 mm (database for Barro Preto's municipality) (Fig.2). The 

198 predominant litter was of the riparian zone following species: Theobroma cocoa 

199 L., Eritrina sp, Clitoria fairchildiana R. A. Howa, Cordia trichotoma (Vell.) Arrab. ex 

200 Steud., Senna multijuga (Rich.) H. S. Irwin & Barneby, Artocarpus heterophyllus L., Spondias 

201 mombin L., Ficus sp and lianas and were based on the description of same study area of Costa et 

202 al. 2018 and Santos et al. 2016.

203

204 Litter production input and benthic stock

205

206 The methodology for collecting the litter input and stock was presented in several studies (Tonin 

207 et al. 2017, Bambi et al., 2016, Gonçalves Júnior et al. 2014, França et al. 2009). To understand 

208 the litter dynamics, the samples were collected in different compartments in a stretch of 100 m in 

209 each riparian zone and the sample design adopted for each of them was described in the 

210 supplemental information (Fig S1). The compartments evaluated the terrestrial production of 

211 litter (terrestrial input TI), the litter input for streams (litterfall/vertical - VI and lateral input - 

212 LI), and the litter stock in the stream bed (benthic stock - BS). Samples were collected every 30 

213 days from August 2018 to July 2019. 
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214 The litter production was estimated by the TI deposited directly on the soil of the riparian zones. 

215 The ten collectors' average quantified it installed 1 m from the ground (n = 10, total area - 2.5m², 

216 1 mm of mesh) distributed at 20 m equidistant, five on each bank of the stream (Fig S1). The VI 

217 (litterfall) evaluated the litter that fell directly from the riparian vegetation canopy. Along the 

218 sampled section, 27 buckets (total area - 1.9 m²) were installed, perpendicular to the stream, and 

219 placed at 1 m from the water surface. The buckets were arranged in three sections, approximately 

220 30 m apart, and in each section, a set of 9 buckets was installed, with about 1m between them. 

221 The LI evaluated the indirect litter input to stream by stored in riparian zone soil through lateral 

222 route, moved by gravity action, bank slope, runoff, wind, or animals' action. It was estimated by 

223 ten nets (1 mm mesh) arranged at ground level (total area - 1.5 m²) with five on each margin (Fig 

224 S1). The total litter input for the streams was considered by the sum of the lateral and vertical 

225 inputs (Table S1). The BS represented the litter accumulated in the streambed and was estimated 

226 using the Surber® sampler (total area - 0.45m² and 0.25 mm mesh), with five sampling units 20 

227 m equidistant (Fig S1).

228

229 Experimental procedure

230 Monthly, the litter was removed in the TI, VI, and LI compartments accumulated in collectors 

231 (nets and buckets). In the laboratory, the samples were sorted and separated into fractions: leaf, 

232 branch (corresponding to woody parts with dimensions less than 25 cm), reproductive material 

233 (flower and fruit), and miscellaneous (unidentified plant material and traces of animal material). 

234 After screening, the material was dried in an oven at 60° C for 72 hours and then weighed. The 

235 TI, VI, and BS were expressed in g.m-2 (subsequently estimated by day - g.m-2.d-1), calculated 

236 considering the litter mass deposited in the collectors (M g). These results were corrected by the 

237 sampler area (A m-2) and the exposure time (T = difference in days between the previous and the 

238 current collection), using the following formula: TI, VI, and BS = M / A / T.

239 The lateral input was calculated according to Elosegi, and Pozo (2005) and Pozo et al. (2009) by 

240 dividing twice the litter mass collected in a sampler (M g-1) by the width of the collector (Lcolr 

241 m-1) multiplied by the average channel width (LACnal m-1). These results were corrected by the 

242 number of days (T) of exposure to express the results per unit area of the riverbed (g.m-2), using 

243 the following form: LI = 2M / Lcol x Lchanel / T. The data on the litter dynamics were expressed 

244 g.m-2 (subsequently estimated by day - g.m-2.d-1). The annual productivity of riparian zones 
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245 corresponded to the sum of the average monthly production of litter over the year studied (Table 

246 S1). The portion of the litter stored in the soil that input in the stream through the LI was 

247 measured by the difference between the total production of TI (which corresponds to 100%) and 

248 the total production of LI.  

249

250 Statistical Analysis

251 We compare the leaf litter by litterfall and lateral input to streams, as also the terrestrial input and 

252 stock (benthic deposition in streambed) among secondary forest (SF), abandoned cabruca (AC), 

253 and managed cabruca (MC) areas by non-parametric bootstrapped confidence intervals. In a non-

254 parametric bootstrapped analysis, the statistical differences were observed when the confidence 

255 intervals of different areas (SF, AC, and MC) do not overlap. Bootstrapped was robust against 

256 violations of common parametric assumptions, such as normal distribution and homogeneity of 

257 variances observed on inputs and stocks, and a simple and straightforward method that facilitates 

258 the interpretation of results (Efron and Tibshirani 1993; Johnson 2001). Ordinary non-parametric 

259 bootstrapped 95% confidence intervals were calculated using the BCa method using boot 

260 function and package and were based on 1,000 bootstrap replicates (Davison and Hinkley 1997; 

261 Canty and Ripley 2016).

262 Generalized additive mixed models (GAMM) was used to explore the seasonal patterns in litter 

263 input (litterfall, lateral and terrestrial) and stock of the different litter fractions (leaves, branch, 

264 reproductive part, and miscellaneous) from 12 months as a predictor from a normal distribution 

265 (identity-link function) with sites as a random component of the models. In non-linear 

266 relationships, the additive models are suitable and a powerful tool to better represent reality. The 

267 amount of smoothing in an additive model is expressed as effective degrees of freedom (edf). 

268 High values of edf, lower were linearity on a curve and the variation over time (edf of 1 indicate 

269 a linear effect). The additive mixed models were fitted using the ‘by’ command in the ‘mgcv’ 

270 package in R. The validation was used to estimate the optimal amount of smoothing (Wood 

271 2017). In this way, based on previous studies, the GAMMs could be the better approach from 

272 seasonal testing (Tonin et al. 2017, 2019). In this way, the temporal patterns of each response 

273 variable among sites may have proceeded visually. The residual spread within models among 

274 temporal sampling was measure using the varIdent function. Additional analytical protocol, 

275 details of residual tests, and model validation are available in Zuur et al. (2009). 
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276

277 Results

278 Litter annual productivity and fractions

279 In secondary forest (SF), the annual terrestrial input (TI) was 743.47 g.m-2.year-1 (7.43 t.ha-

280 1.year-1). The lateral input (LI) was 215 g.m-2.year-1 (29%), while vertical input (VI) was 436.57 

281 g.m-2.year-1. The annual benthic stock (BS) was 4,591.76 g.m-2.year-1. In abandoned cabruca 

282 cocoa (AC) the annual TI was 961.84 g.m-2.year-1 (9.61 t.ha-1.year-1). The LI that reached the 

283 stream was 130.24 g.m-2.year-1 (13%), and VI was 852, 6 g.m-2.year-1 while annual BS was 

284 3.160,4 g.m-2.year-1. In managed cabruca (MC), the annual TI corresponded to 691 g.m-2.year-1 

285 (6.91 t.ha-1.year-1). The LI was 307.33 g.m-2.year-1 (44%), VI was 532.32 g.m-2.year-1, while the 

286 annual BS was 1.395,84 g.m-2.year-1.

287 The leaf was the most representative litter fraction, with a percentage higher than 60% in the TI 

288 and VI and 70% in the LI of the secondary forest and abandoned cabruca. In the managed 

289 cabruca the percentages of TI, VI and LI corresponded to 56%, 41% and 62%. In BS, leaves 

290 values were 61% in abandoned cabruca cocoa, 57% in managed cabruca, and 38% in secondary 

291 forest. The miscellaneous fraction was the second most abundant among the compartments, with 

292 the highest percentages observed in secondary forest and abandoned cabruca cocoa of BS (43% 

293 and 22%, respectively). The branches fraction shows the highest percentages in BS (secondary 

294 forest 19% and AC 16%) and TI (secondary forest 9% and abandoned cabruca cocoa 12%). Due 

295 to occurring sporadically and transiently, the reproductive fraction shows low percentages in all 

296 contributions and study areas, but they were more frequent in areas of managed cabruca (Table 

297 S1).

298

299 Spatial variation on riparian litter inputs and stream benthic stock 

300 The total vertical input was twice times high in managed cabruca (MC; 0.51 g.m-2.d-1 – range 

301 0.08 to 0.11 for mean and 95% confidence intervals) and abandoned cabruca cocoa (AC; 0.49 

302 g.m-2.d-1 – range 0.15 to 0.31) than secondary forest (SF; 0.26 g.m-2.d-1 – range 0.08 to 0.10). 

303 The dry mass of leaf litter was three times high in abandoned cabruca cocoa than managed 

304 cabruca and secondary forest (Fig. 3a; Table S1). On the other hand, reproductive parts were 

305 three times high in managed cabruca than abandoned cabruca and four times high compared to 
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306 the secondary forest (Fig. 3a; Table S1). Finally, the dry mass of branch and miscellaneous were 

307 also similar among the input in all riparian systems (Fig. 3a; Table S1).

308 Terrestrial input total was similar in all areas with the highest values on abandoned cabruca (0.08 

309 g.m-2.d-1 – range 0.06 to 0.09) followed to managed cabruca (0.07 g.m-2.d-1 – range 0.05 to 0.10 

310 for mean and 95% confidence intervals) and secondary forest (0.06 g.m-2.d-1 – range 0.05 to 

311 0.07). Terrestrial input shows a similar dry mass of leaf litter, branch, and miscellaneous, but 

312 significantly high reproductive parts were found in managed cabruca compared to the secondary 

313 forest (Fig. 3b; Table S1). The reproductive parts in terrestrial input of abandoned cabruca AC 

314 were similar to managed cabruca and secondary forest (Fig. 3b).

315 The lateral input total was three times high in managed cabruca (0.15 g.m-2.d-1 – range 0.11 to 

316 0.23 for mean and 95% confidence intervals) followed to secondary forest (0.06 g.m-2.d-1 – range 

317 0.05 to 0.08) and abandoned cabruca (0.04 g.m-2.d-1 – range 0.03 to 0.06). Lateral input showed 

318 significantly higher leaf litter values, reproductive parts, and miscellaneous in managed cabruca 

319 than abandoned cabruca and secondary forest, but similar branches among areas (Fig.3c; Table 

320 S1). 

321 Finally, the benthic stock total was higher in secondary forest (6.85 g.m-2.d-1 – range 5.38 to 8.94 

322 for mean and 95% confidence intervals) than abandoned cabruca (4.82 g.m-2.d-1 – range 3.95 to 

323 6.23) and three times higher than managed cabruca (2.24 g.m-2.d-1 – range 1.55 to 3.48). Dry 

324 mass of leaf litter was three times higher in abandoned cabruca than managed cabruca (Fig. 3d; 

325 Table S1). The leaf litter in benthic stock of secondary forest was similar to abandoned cabruca 

326 and managed cabruca (Fig. 3d). The highest values in benthic stock for branch and miscellaneous 

327 were observed in the secondary forest than in another area. On the other hand, reproductive parts 

328 were three times higher in the secondary forest than abandoned cabruca and four times higher 

329 than managed cabruca (Fig. 3d; Table S1). 

330

331 Timing of litter inputs and stream benthic stock

332 Litterfall input has shown annual patterns on leaves productivity on secondary forest (by 

333 effective degrees of freedom – edf = 5.5; Fig. 4a) and abandoned cabruca areas (edf = 5.1; Fig. 

334 4b), and a peak among November to February in both areas representing the rainy months. On 

335 the other hand, the leaves productivity in managed cabruca was more constant over time (edf = 

336 1; values closer to 1 represent a low temporal variation; Fig. 4c). We also observed a branch 
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337 peak in October in managed cabruca area (Fig. 4f). Reproductive parts have had sinusoidal 

338 patterns over time in abandoned cabruca (low peak in October, February, and July; Fig. 4h) and 

339 managed cabruca areas (high peak in August and February; Fig. 4i). No differences in seasonal 

340 patterns were observed on miscellaneous in all riparian areas and reproductive parts in secondary 

341 forest and branch and in abandoned cabruca (Fig. 4).

342 Over time, terrestrial input has shown a sinusoidal pattern on leaf productivity than other inputs 

343 (by edf). In the secondary forest, a peak was observed in October and March (Fig. 5a) and 

344 managed cabruca, a peak in September and March (Fig. 5c). These months correspond to the 

345 least rainy periods. However, more constant leave input over time was observed in abandoned 

346 cabruca, only peak in November (Fig. 5b). We also observed a variation in input patterns for the 

347 branch of AC (Fig. 5e), reproductivity parts in managed cabruca (Fig. 5i), and miscellaneous in 

348 abandoned cabruca (Fig. 5l) and managed cabruca (Fig. 5m). On the other hand, no seasonal 

349 patterns were observed for the branch of secondary forest (Fig. 5d) and managed cabruca (Fig. 

350 5f), reproductivity parts of secondary forest (Fig. 5g) and abandoned cabruca (Fig. 5h), and 

351 finally, for miscellaneous of secondary forest (Fig. 5j). 

352 Lateral input shows patterns in leaves productivity in the management cabruca area (edf = 1.9; 

353 Fig. 6c), with peaks among January to March, less rainy period. No differences among areas on 

354 the timing of litter inputs for branch, reproductivity parts, and miscellaneous litters parts (Fig. 

355 6). 

356 The leaves in the benthic stock in the secondary forest peaked in April, the month preceding the 

357 least rainy season (Fig. 7a), and the abandoned cabruca showed the lowest peak in November 

358 (the rainiest period) and the highest peak in February (the least rainy period). (Fig. 7b). No 

359 seasonal pattern was observed for managed cabruca leaves (Fig. 7c). We also found a temporal 

360 variation on reproductivity parts in managed cabruca (Fig. 7i) and miscellaneous in secondary 

361 forests (Fig. 7j). On the other hand, it was not observed seasonal patterns for the branch in all 

362 areas (Fig. 7d, e, and f). The reproductivity parts were significant only in the secondary forest 

363 and abandoned cabruca (Fig. 7g and 7h) and miscellaneous in abandoned and managed cabruca 

364 (Fig. 7l and 7m). 

365

366 Annual productivity
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367 The annual productivity in the riparian zone of abandoned cabruca managed cabruca, and the 

368 secondary forest was 18.14, 12.24, and 11.80 t. ha ˉ¹ano ˉ¹, respectively. In AC and managed 

369 cabruca, 56% of the litter was brought directly into the soil (TI) while 44% was directly in the 

370 streams (VI), while in the forest, the percentages of TI and VI were 63% and 37%. From litterfall 

371 to the soil in the managed cabruca, 66% of the litter input to streams was from the lateral 

372 contribution. This contribution corresponded to only 16% in abandoned cabruca and 37% in 

373 secondary forest. The litter stock at the secondary forest was three times higher than at managed 

374 cabruca. Abandoned cabruca has already stocked twice the litter compared to managed cabruca 

375 (Fig. 8)

376

377 Discussion

378 Management on regeneration and conservation of Atlantic Rainforest riparian zones

379 Our results highlight that the abandoned cabruca cocoa AFS (AC) has a higher vertical input of 

380 leaves and reproductive parts than secondary forest (SF). The presence of pioneer species could 

381 explain this due to the ecological succession process (Sambuichi et al. 2012, Sambuichi and 

382 Haridasan 2007, Rolim and Chiarello 2004) and an increased presence liana species (Schnitzer 

383 and Bongers 2011). These results were corroborated by spatial and temporal patterns of litter 

384 input and stock in abandoned cabruca and got closer to secondary forest behavior instead of 

385 managed cabruca cocoa AFS (MC). Therefore, abandoned cabruca or cabruca cocoa with poor 

386 anthropic management may present highly favorable conditions for the regeneration of tropical 

387 forests (Rolim et al. 2016). These areas can be used as strategic conservation areas for tropical 

388 forest remnants in Atlantic Rainforest riparian zones (Scroth et al. 2011, Sambuich et al. 2012, 

389 Cassano et al. 2009, Faria et al. 2007). 

390 Our findings demonstrated the similarity in the litter stock capacity between secondary forest and 

391 abandoned cabruca reiterates the importance of streams for the metabolization of terrestrial 

392 carbon and its consequent contribution to the global carbon cycle (Tiegs et al. 2019, Battin et al. 

393 2009, Stufin et al. 2015). Besides, it demonstrates the positive effect of SAF cacao cabruca on 

394 the carbon stock, mainly due to the high litter input and its potential to mitigate CO2 (Costa et al. 

395 2018, Gama- Rodrigues et al. 2010, Sambuichi et al. 2012). The effect of management in 

396 managed cabruca for a high contribution of the reproductive fraction may be resultant from 

397 exotic species (e.g., Artocarpus heterophyllus, Spondias mombin, and particularly in this 
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398 study Clitoria fairchildiana,) used in providing shade for cacao trees (Sambuichi et al. 2012, 

399 Sambuichi and Haridasan 2007). However, how those anthropic alterations may preserve the 

400 plant community structure, the ecosystem functioning was little changed (Rezende et al. 2017a). 

401 Therefore, cabruca cocoa AFS may be an important strategy for conserving riparian zones on the 

402 landscape compared to other anthropic land uses. 

403 Finally, a high and similar temporal variation on litter input and stock by species phenology in 

404 secondary forest and abandoned cabruca also corroborates the poor management of cabruca 

405 cocoa AFS with an important conservation strategy by Atlantic Rainforest riparian zones. On the 

406 other hand, litter input and stock on managed cabruca showed low temporal variation due to the 

407 most intensive anthropic management effect. The low temporal variation on managed cabruca 

408 could explain the perennial biology of cocoa with the release of new leaves at least three times a 

409 year (Almeida and Valle 2007, Mello and Gross 2013). The most intensive anthropic 

410 management effect may change the plant riparian communities structure affecting the ecosystem 

411 functioning over time (P. Bambi et al., unpublished manuscript, Ferreira et al. 2018, Delong and 

412 Brusven 1994). Anthropic management may also increase the temporal variation on reproductive 

413 material and leaf of terrestrial input. 

414 In general, the dynamic litter changes are primarily caused by the absence of a natural riparian 

415 zone traditionally replaced by the cultivation system itself when establishing cocoa plantations 

416 on streams banks (Piasentin et al. 2014). The riparian zones with natural vegetation are essential 

417 for the structural and functional integrity of streams (Ferreira et al. 2018). Moreover, the results 

418 highlight that the tree configuration of cabruca had ecological implications for the functioning of 

419 AFSs streams on the amount of litter by input and stock. Other consequences may consider 

420 changes in litter quality, nutrient cycling, and community structure at the stream. 

421

422 Spatial and Annual patterns on riparian litter inputs and stream benthic stock

423 Although we hope that both cabruca areas would be more productive in biomass deposition 

424 (Fontes et al. 2014, Dawoe et al. 2010) than the secondary forest, the abandoned cabruca was the 

425 most productive area with higher vertical litter input compared to other areas. High productivity 

426 in abandoned cabruca may be explained by riparian vegetation phytophysiognomy (Gonçalves et 

427 al. 2014, Rezende et al. 2017a) and successional stage by plant community recovery (Sambuichi 

428 et al. 2007, Rolim et al. 2016). High productivity in abandoned cabruca may increase the carbon 
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429 stock in soil compared to other areas (Gama-Rodrigues et al. 2010, Costa et al. 2018) and the 

430 rapid dynamics of nutrient cycling (Nair et al. 1999). 

431 However, abandoned cabruca exhibited a similar pattern to the secondary forest in terms of 

432 balance with low total litter input and high retention capacity compared to managed cabruca by 

433 intensive management (Rolim et al. 2016). The intensive management may promote a plant 

434 species loss in cabruca (Piasentin et al. 2014, Sambuichi et al. 2012, Rolim and Chiarello 2004) 

435 due to the replacement of native shade tree species with high commercial value (Cassano et al. 

436 2009, Piasentin et al. 2014). On the other hand, vertical input (VI) was twice as high in managed 

437 cabruca and abandoned cabruca compared to the secondary forest and other tropical areas under 

438 antrophic uses like riparian forest logging (P. Bambi et al., unpublished manuscript, Delong and 

439 Brusven 1994). Usually, the riparian vegetation near the stream is preserved (Ferreira et al. 

440 2018). An increase of light availability through adjacent deforestation may also increase the plant 

441 productivity of vertical input (Rezende et al. 2017a). High VI increases the stream productivity 

442 and the supply of litter to the consumer community (P. Bambi et al., unpublished manuscript). 

443 Vertical input (VI) has shown variations in leaves productivity in secondary forest and 

444 abandoned cabruca with higher inputs in rainy periods (November/2018 and February/2019), 

445 while managed cabruca presented low seasonality. Terrestrial input (TI) has shown a sinusoidal 

446 pattern in leaves productivity over time in secondary forest and managed cabruca, with higher 

447 inputs observed from September/2018 to March/2019, with fewer rainy months. Periods with 

448 rainfall concentration and intensity may represent a mechanism that explains the annual 

449 variations on the studied system (Lemes da Silva et al. 2017, Wantzen et al. 2008), despite the 

450 low seasonality of our areas (Martini et al. 2007). High rainfalls intensity also increase the leaves 

451 and branches input (Afonso et al. 2000, França et al 2009, Rezende et al. 2017a) by mechanical 

452 removal (Rezende et al. 2016, Gonçalves Júnior et al. 2014). 

453 On the other hand, in managed cabruca, the seasonality was markedly represented for 

454 reproductive parts in vertical (VI) and terrestrial (TI) inputs. Vertical input shows the high peak 

455 in August/2018, February, and June/2019 in managed cabruca and terrestrial input higher peaks 

456 in September/2018. These peaks in managed cabruca may be justified by management and 

457 phenology of the shade species used in cocoa cultivation (Rolim et al. 2017, Piasentin et al. 

458 2014, Sambuich et al. 2012). Consequently, high input of flowers and fruits in the tropical 
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459 streams may imply an acceleration in the decomposition process due to high nutritional quality 

460 and a possible increase in decomposers community (Rezende et al. 2019).

461 An increase in lateral input (LI) in managed cabruca could also be due to the cultivation 

462 management, including mowing and soil cleaning (Sambuichi et al. 2012, Mello and Gross 

463 2013). The soil cleaning may facilitate leaching and transport from detritus to stream through 

464 runoff (Wantzen et al. 2008, Afonso et al. 2010). The high slope at the morphology of stream 

465 margins of managed cabruca also increases the LI (Lisboa et al. 2015, Wantzen et al. 2008). On 

466 the other hand, the high presence of root biomass and low slope at the morphology of stream 

467 margins in secondary forest and abandoned cabruca may increase the litter retention in the soil of 

468 riparian zones and minimize the transport to stream (Tank et al. 2010). In this case, cocoa's 

469 intensive management may change the stream ecosystem functioning by an increase in LI. 

470 Lateral input shows annual patterns on leaves productivity in managed cabruca, with a peak from 

471 January to March. In Atlantic Rainforest, the beginning of summer (the period of most 

472 significant rain) tends to increase input (Tonin et al. 2017) due to runoff increase (Wantzen et al. 

473 2008, Lisboa et al. 2015).  

474 Despite the highest LI on managed cabruca, the total benthic stock (BS) was higher in the 

475 secondary forest than abandoned cabruca and three times higher than managed cabruca. The 

476 benthic stock reflects the ecosystem functioning, relating retention, transport, breathing, and the 

477 consequent stability in the ecosystem's energy balance (Elosegi and Pozo 2005, Tank et al. 

478 2010). High BS in secondary forest suggests that the stock does not vary only according to input, 

479 because although the stream of managed AFS had a higher litter input, it did not have a high 

480 amount of stored litter (Bambi et al. 2016, Lisboa et al. 2015, França et al. 2009). Also, BS 

481 accumulation may be related to low decomposition coefficients and downstream transport 

482 (Gonçalves Júnior et al. 2014). The high amount of miscellaneous in the secondary forest stream 

483 represents organic matter's processing in the system itself. In small order streams, litter retention 

484 in the system favors processing in smaller fractions in the headwater streams instead of litter 

485 being transported downstream in the form of coarse particles (Bilby and Linkes, 1980).

486 On the other hand, the predominance of the cacao leaf in BS of cabruca cocoa AFS vegetation 

487 tends to be the potential energy source for the food base of the aquatic ecosystems of these areas. 

488 Previous studies have shown that the low litter decomposition of the soil in a cocoa system was 

489 related to a high concentration of lignin and cellulose in the cocoa leaves (Dawoe et al. 2010). 
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490 This condition can also be especially true for the decomposition of litter in aquatic ecosystems. 

491 Other studies report that higher concentrations of lignin and cellulose increase the decomposition 

492 time of litter stored in streams (Zhang et al. 2018, Lemes da Silva et al. 2017, Tank et al. 2010). 

493 Thus, changes in the litter chemistry influence colonization by aquatic invertebrates and micro-

494 organisms (Rezende et al. 2017b), and consequently, affect the functioning of aquatic 

495 ecosystems (Ferreira et al. 2018). Leaves in BS show annual patterns on secondary forest (peak 

496 in April) and abandoned cabruca (lowest peak in November and the highest peak in February), 

497 and miscellaneous in secondary forest. Tonin et al. (2017) present a bimodal tendency to litter 

498 stock with a peak in summer or winter, a negative relationship between precipitation and stock, 

499 and a positive relationship between supply and stock). In the managed cabruca, the high 

500 contribution of the material reproductive system favored the high stock value of this area. At the 

501 same time, this fraction was not registered in the secondary forest and abandoned cabruca. 

502

503 Conclusions

504 Our results point that despite the secondary forest and AFS showed similarities in terms of 

505 productivity, the litterfall to stream in AFS (abandoned and managed) was higher than the forest. 

506 However, only the stream of managed cabruca received a higher lateral input. On the order hand, 

507 a higher stock of litter occurred in the forest stream, followed by the abandoned and managed 

508 AFS. Although the management can influence the vegetation cover differences, some ecological 

509 processes such as the litter dynamics can be maintained in cabruca cocoa AFS. The high 

510 similarity of the secondary forest with the abandoned cabruca in terms of input and stock litter 

511 demonstrated the potential of these areas to provide favorable conditions for the restoration of 

512 ecological processes such as litter dynamics.

513 Although cabruca cocoa AFS is not a substitute for natural forests, these systems' structural 

514 complexity is more desirable from conservation than simplified farming systems or devoid of 

515 vegetation cover (Scroth et al., 2011). Indeed, the litter dynamics could present more marked 

516 differences if pastures or more intensified agricultural uses replaced the areas covered by cabruca 

517 cocoa AFS. These environmental changes could have effects on aquatic biota and ecosystem 

518 processes, compromising the ability of rivers to provide ecosystem services (Ferreira et al. 2018)

519 Thus, the importance of cabruca cocoa AFS contribution to the local landscape of southern 

520 Bahia, Brazil, is emphasized, which play a significant role in the conservation of regional 
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521 biodiversity (Faria et al. 2006, Cassano et al. 2009, Sambuichi et al. 2012). However, future 

522 investigations on the concentration of nutrients are necessary to elucidate the nutritional quality 

523 of this litter better and if it varies depending on the composition and structure of vegetation in 

524 these areas. Studies also assess whether the breakdown litter process and nutrient cycling in 

525 streams are affected by this agrosystem. 

526
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Figure 1
Location of the study area

(SF) Secondary Forest, (MC) Managed cabruca and (AC) Abandoned cabruca
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Figure 2
Daily precipitation in study areas

(SF) Secondary Forest, (MC) Managed cabruca and (AC) Abandoned cabruca
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Figure 3
Spatial variation of litter inputs and stream benthic stock in secondary forest,
abandoned cabruca and managed cabruca.

Black circles represent the variations mean of litterfall (a), terrestrial (b) and lateral (c)
inputs, as also litter stock (d) among litter fractions (leaves, branch, reproductive part and
miscellaneous). The variation (circles are means) and confidence intervals where upper and
lower limits of 95% was performed by nonparametric bootstrapped analysis. Different
numbers indicate significant difference among means whether lines do not overlap (different
means among areas).
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Figure 4
Seasonality of litterfall input in secondary forest, abandoned cabruca cocoa and
managed cabruca.

Leaves (a to c), branch (d to f), reproductive part (g to i) and miscellaneous (j to m). In figure
we also observe the F values, P values and the effective degrees of freedom (edf) from
GAMM analysis. Continuous lines are the smoothers from GAMM and, upper and lower dotted
lines the 95% confidence intervals from each model.
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Figure 5
Seasonality of terrestrial inputs in secondary forest, abandoned cabruca and managed
cabruca

Leaves (a to c), branch (d to f), reproductive part (g to i) and miscellaneous (j to m). In figure
we also observe the F values, P values and the effective degrees of freedom (edf) from
GAMM analysis. Continuous lines are the smoothers from GAMM and, upper and lower dotted
lines the 95% confidence intervals from each model.
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Figure 6
Seasonality of lateral input in secondary forest, abandoned cabruca and managed
cabruca

Leaves (a to c), branch (d to f), reproductive part (g to i) and miscellaneous (j to m). In figure
we also observe the F values, P values and the effective degrees of freedom (edf) from
GAMM analysis. Continuous lines are the smoothers from GAMM and, upper and lower dotted
lines the 95% confidence intervals from each model.
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Figure 7
Seasonality of litter stock in secondary forest, abandoned cabruca and managed
cabruca

Leaves (a to c), branch (d to f), reproductive part (g to i) and miscellaneous (j to m). In figure
we also observe the F values, P values and the effective degrees of freedom (edf) from
GAMM analysis. Continuous lines are the smoothers from GAMM and, upper and lower dotted
lines the 95% confidence intervals from each model.
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Figure 8

Average litter contribution (g.m-2) in terrestrial input (TI), vertical (VI) and lateral input
(LI) and in the benthic stock (BS) in riparian zone.

Secondary forest (SF - n = 12), Abandoned cabruca (AC - n = 11) and Managed cabruca (MC -
n = 11)
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