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Abstract

Food webs in small, forested streams rely heavily on litterfall for energy, but the role of fruitfall remains understudied. We
conducted a field experiment comparing the decomposition of two fruits with hard pericarps (Astrocaryum vulgare and Bac-
tris gasipaes) and five with soft pericarps (Genipa americana, Mangifera indica [non-native], Mauritia flexuosa, Syzygium
cumini [non-native], and Talisia esculenta). Whole and cut fruits were incubated in fine- and coarse-mesh litter bags for
62 days to simulate undamaged and vertebrate-damaged fruitfall. We expected that fruits with thin pericarps or cut fruits
would decompose faster than hard-pericarp fruits, because both macroinvertebrates and microbes could access the soft tissue.
This expectation was partially confirmed; cut fruits generally decomposed faster and supported higher invertebrate richness,
while hard-pericarp fruits resisted decomposition regardless of treatment. In the whole fruit experiment, 785 invertebrates
were recorded, dominated by Endotribelos (Diptera: Chironomidae; 96%). Abundance was highest in S. cumini and low-
est in A. vulgare, with higher values in coarse-mesh bags. A. vulgare had 17X more remaining mass than other fruits, with
no mesh-size effects, indicating strong resistance to decomposition. In the cut-fruit experiment, 2715 invertebrates from
14 families were recorded, with A. vulgare again showing the highest remaining mass (34X more than other species). The
remaining mass did not differ between mesh types, emphasizing microbial activity. Richness was highest in G. americana
and A. vulgare and lowest in M. indica. Intact pericarps limited invertebrate access, as richness increased in cut fruits. Both
whole and cut fruits can complement leaf litter as an energy source in Amazonian stream food webs.
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Introduction relatively continuous energy source for detritivores in head-

water streams (Boyero et al. 2021; Cereghetti et al. 2025).

Densely shaded forest stream food webs use riparian-pro-
duced organic matter as an energy source because there is
often little instream primary production (Sanchez-Hernan-
dez 2023). Most studies have focused on the importance of
decomposing leaf litter, because this input is large and a
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Consequently, the consumption of microbially processed
leaf litter by macroinvertebrates is well documented in both
temperate and tropical streams (Boyero et al. 2016; Marks
2019; Rabelo et al. 2024). Comparative research shows that
leaf litter decomposition rates vary widely among riparian
species (Sena et al. 2024). These variations in processing
rates occur in response to several variables, including leaf
traits, water temperature, nutrient concentrations, and the
effects of bacteria, fungi, and invertebrates on leaf process-
ing (Graca et al. 2015; Boyero et al. 2016). In addition, leaf
decomposition may increase seasonally as nutrient-rich
fruits and flowers from riparian sources increase (Rezende
et al. 2017).

However, decomposition rates of fruitfall in tropical
streams are not well understood. Leaf-litter traits such as
thickness, secondary chemical compounds, lignin, and phe-
nol content, and degree of fragmentation alter the rate at
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which fungi and bacteria decompose leaf litter (Graga et al.
2015; Boyero et al. 2016; Gongalves et al. 2017; Marks
2019). We expected that several of the same traits that
influence leaf decomposition (Garcia-Palacios et al. 2016;
Ramos et al. 2021) would also likely influence the rate of
decomposition of instream fruits. For example, the durabil-
ity of the fruit pericarp (i.e., outer cover) was expected to
initially limit fruit decomposition by limiting microbial and
macroinvertebrate access to the soft, fleshy fruit tissue, simi-
lar to the way that greater leaf thickness and hardness slow
leaf decomposition. In temperate streams, several riparian
fruits and seed pods seasonally increase litter inputs and
can affect leaf decomposition rates (Madureira and Ferreira
2022; Arcusa et al. 2024; Pereira et al. 2024). In tropical
streams such as the Amazon, riparian leaf litter represents
58% to 82% of allochthonous organic matter, while repro-
ductive parts (flowers, fruits, and seeds) account for up to
8% (Tonin et al. 2017).

Although the input of riparian fruit is often relatively
low in some streams, many fish species consume fruit sea-
sonally (Kubitzki and Ziburski 1994; Correa et al. 2018;
Araujo et al. 2020; Ferreira et al. 2024). In contrast to the
detailed studies of fishes feeding on tropical fruits, there
are few studies of macroinvertebrates associated with fruit
processing (Covich and McDowell 1996; Larned et al. 2001;
Covich et al. 2024) or fruit use as food (Coat et al. 2009) and
microhabitats (Roque et al. 2005). Relative to leaf fall, asyn-
chronous tropical fruit production among different riparian
species can provide complementary food supplements for
detritivores, frugivores, and omnivores because the nutri-
ent and caloric content of these fruits is typically higher
than that of leaf litter (e.g., Coat et al. 2009). The direct
consumption of ripe, fleshy fruits and the microbes associ-
ated with them are potentially important dietary supplements
at different times of the year (Genini et al. 2009; Morel-
lato et al. 2013). Differences in toughness, sugar content,
mineral nutrients (nitrogen and phosphorus), and second-
ary compounds can slow or accelerate fruit decomposition.
Deposition and access to damaged fallen fruit increase when
monkeys and birds drop partially eaten fruits from overhang-
ing riparian trees (Sabino and Sazima 1999). Feeding by
these vertebrates on overhanging riparian fruit alters fruit
availability to the benthos when fish aggregate in response to
increased local fruit availability (Sabino and Sazima 1999;
Nogueira et al. 2023).

Most previous food-web studies on fruitfall in tropical
streams have focused on consumption by fishes and their
roles in seed dispersal (e.g., Kubitzki and Ziburski 1994;
Araujo et al. 2020; Nogueira et al. 2023). Recent results
indicate several fishes prefer fleshy fruits (Correa et al. 2018;
Araujo et al. 2020), perhaps because there is a greater diver-
sity of fleshy-fruit species for vertebrate species to select
from in tropical ecosystems with high rainfall and stable
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warm temperatures (Chen et al. 2017; Nascimento et al.
2020; Ramirez et al. 2021). Coat et al. (2009) reported that
fruitfall in the Grande-Anse River, Guadeloupe, included
breadfruit, guavas, and mangos that had a higher nutri-
tional value (C:N =16.3) than the other forms of detritus
(C:N=28.1) in this Caribbean food web. Direct field obser-
vations (Resh and Szalay 1995; Fraiola 2006; Covich et al.
2024) have also documented the importance of fruitfall
among several species of tropical freshwater macroinverte-
brates in different contexts. In addition to the use of decom-
posing fruit for food, the dominant genus of chironomids
(Endotribelos Grodhaus, 1987) we observed was previously
found to use palm fruit (Syagrus romanzoffiana (Chamisso)
Glassman) as its habitat (Roque et al. 2005, 2009). These
chironomid larvae likely occur widely in other decompos-
ing fruitfall because they are well adapted to low dissolved
oxygen concentrations (Roque and Trivinho-Strixino 2008).
Globally, land-use changes have modified natural for-
ests, especially in the tropics (Leal et al. 2020; Firmino
et al. 2021; Martins et al. 2021; De Matos et al. 2022). In
riparian forests, centuries of human occupation and horticul-
tural practices have left a strong legacy: people selectively
removed native vegetation while retaining fruit-producing
trees and introducing non-native species that often persisted
after abandonment (Clement 2006). As a result, present-day
riparian forests throughout the Amazon and other tropical
regions frequently contain a mixture of native and exotic
fruit trees (Vila-Ruiz et al. 2014; Jung et al. 2018; Levis
et al. 2018; Nascimento et al. 2022). Mango (Mangifera
indica)L..), for instance, introduced in the sixteenth century,
is now one of the most common riparian species in both
urban and rural watersheds (Celentano et al. 2014; dos San-
tos 2020). In some altered landscapes, non-native fruit trees
such as M. indica and Syzygium cumini (L.) Skeels. represent
up to 15% of riparian woody species (Santos et al. 2016).
This combination of native and non-native species creates
“legacy riparian forests” with complex spatial and temporal
patterns of fruit input to streams. While native fruits may
be adapted to local consumers and decomposition pathways,
exotic fruits may differ in nutritional content, chemical
defenses, or pericarp toughness, potentially altering micro-
bial colonization, decomposition rates, and shredder survival
(De Matos et al. 2022). Consequently, the balance between
native and exotic inputs can be crucial for sustaining freshwa-
ter food webs, because fruitfall contributes to organic matter
processing, nutrient cycling, and the maintenance of water
quality (Ferreira et al. 2023; Golgher et al. 2023). However,
the loss of native riparian forests through deforestation and
replacement by plantations threatens this balance (Dala-Corte
et al. 2020; Rojas-Castillo et al. 2024). Understanding how
native versus non-native fruits are processed in streams is
therefore essential to predict the consequences of vegetation
change and climate stressors on tropical stream functioning



Processing of decomposing fruits by macroinvertebrates in a Central Amazonian stream food...

Page3of13 35

(Mendoza et al. 2017; Zingel et al. 2024; Hughes et al. 2023).
Our objective was to determine how rates of decomposition
of riparian fruits vary among riparian species and the dif-
ferences in macroinvertebrate colonization. Specifically,
we hypothesized that (1) fruits with softer pericarps would
decompose more rapidly than those with harder, more ligni-
fied tissues, (2) cut fruits would decompose faster than whole
fruits because fragmentation increases microbial access and
invertebrate entry, and (3) species identity would shape mac-
roinvertebrate colonization, with higher richness and abun-
dance expected in fruits with soft tissues and higher nutri-
tional quality. To test this, we selected seven common fruit
species from Central Amazonian riparian forests, including
five natives (A. vulgare, B. gasipaes, M. flexuosa, G. ameri-
cana, and T. esculenta) and two widely introduced species
(M. indica and S. cumini). These species differ markedly in
pericarp traits (hard versus soft), providing an ecologically
realistic basis for testing our hypothesis.

Material and methods
Study area

The Barro Branco stream is a first-order blackwater tribu-
tary of the Cuieiras River, located in the Ducke Reserve
(10,000 ha), Central Amazon near Manaus (02°55’ S, 59°53'
W). The region lies between two contrasting large rivers: the
Rio Negro, an acidic, nutrient-poor blackwater river with very
low conductivity and inorganic nutrients, and the Rio Ama-
zonas, a nutrient-rich whitewater river carrying high sedi-
ment loads from the Andes (Sioli, 1984; Furch, 1984). Small
blackwater streams such as Barro Branco are characterized by
low nutrient concentrations, acidic waters, and high dissolved
organic carbon, reflecting their dependence on riparian litter
inputs (Martins et al. 2014). The climate is humid equatorial,
with mean annual precipitation of 2286 mm and temperature
of 27 °C (Mendonga et al. 2005; Ferreira et al. 2023). The
Barro Branco stream is characterized by acidic pH (4.6 +0.1),
high dissolved oxygen levels (6.6 +0.1 mg/L), low electric
conductivity (10.7+0.4 pS/cm), and an average water tem-
perature of 24.5+0.5 °C (Martins et al. 2014).

Fruit species

The seven fruit species selected represent common riparian
inputs in Central Amazonian streams and include both native
and non-native taxa. Among the natives, the palms Astrocar-
yum vulgare (tucumd) and Bactris gasipaes (pupunha) are cul-
turally and economically important, providing fruits for local
consumption and regional markets (Pinedo-Vasquez et al. 1990;
Clement et al. 2010). Mauritia flexuosa (buriti) is another
widely distributed palm, whose fruits are locally consumed and

traded, while its multiple uses support the livelihoods of river-
ine communities (Santos and Coelho-Ferreira 2012). Genipa
americana (jenipapo) produces edible fruits used in beverages
and jellies and is also valued for medicinal purposes and as a
source of natural dyes (Nascimento et al. 2024; Saliba et al.
2024). Talisia esculenta (pitomba) is consumed throughout
Brazil, with fruits rich in phenolic compounds of nutritional
and economic relevance (Saliba et al. 2024). The non-native
species include Mangifera indica (manga), one of the world’s
most cultivated tropical fruits, widely traded in Amazonian
markets and with potential ecological impacts through its litter
inputs (CABI 2018a; Galan Satico 2015), and Syzygium cumini
(jameldo), a naturalized tree whose fruits are consumed and
used in traditional medicine, but which is also considered inva-
sive in many tropical regions (Ayyanar and Subash-Babu 2012;
Qamar et al. 2022; CABI 2018Db).

Procedures

We conducted two experiments between November 2022 and
January 2023 in the Barro Branco stream using whole fruits and
cut fruits (simulating monkey and bird effects). In the whole
fruit experiment, we used whole fruits of A. vulgare, B. gasi-
paes, M. indica, M. flexuosa, S. cumini, and T. esculenta. In
the cut-fruit experiment, we used cut fruits of A. vulgare, B.
gasipaes, G. americana, M. indica, M. flexuosa, and T. escu-
lenta. S. cumini was only included in the whole fruit experiment
because its relatively soft pericarp and small fruit size caused
it to disintegrate when cut, making it unsuitable for retention
in the coarse mesh litter bags. In contrast, G. americana has
large fruits, and using whole fruits in the experiment may result
in higher organic matter content compared with other species.
The whole and cut fruits were dried at room temperature and
then weighed on precision balances (accuracy=0.01 mg). To
determine the initial mass, ten pieces of each fruit species were
used to calculate a correction factor (CF). The CF was calcu-
lated using the formula CF=mean ODMi/mean ADMi; where
ODM i is the oven-dried (60 °C for 72 h) mass and ADMi is
the air-dried mass. We oven-dried fruits after removal from the
streams to determine the final mass.

In the whole-fruit experiment, we used 72 litter bags (3 bags
per species X 2 removal dates X 2 mesh sizes X 6 species), with
3 bags per species removed at 15 and 62 days. In the cut-fruit
experiment, we used 144 litter bags (3 bags per species x4
removal dates X 2 mesh sizes X 6 species), each containing fruit
from a single species. Three bags per species were collected at
4, 15, 30, and 62 days. Litter bags were removed, individually
placed in plastic bags, and transported in insulated containers
to the laboratory, where they were placed in a refrigerator (4
°C) until the time of processing. Microbial decomposition was
inferred indirectly from fine-mesh litterbags, which excluded
macroinvertebrates and thus isolated microbial activity (Boy-
ero et al., 2011; Pérez et al., 2025).
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In the Laboratério de Citotaxonomia e Insetos Aquéticos—
LACIA at the Instituto Nacional de Pesquisas da Amazonia—
INPA, located in Manaus about 26 km (~40 min by car) from
the study stream, fruits were washed over a 120-um mesh sieve,
and all retained invertebrates were preserved in 70% ethanol for
identification at low taxonomic level using Amazonian taxo-
nomic keys (Hamada and Ferreira-Keppler 2012; Hamada et al.
2019). Taxon richness was defined as the number of distinct
taxa (genus or family when genus-level identification was not
possible) recorded per litterbag, while abundance corresponded
to the total number of individuals of all taxa combined. Both
metrics were calculated separately for each litter bag.

Data analyses

We calculated the fruit decay coefficient (k) using the negative
exponential model: k= —(In [final mass/initial mass]/time).
Mass was expressed in grams and time in days (Petersen and
Cummins 1974). Remaining mass (%) was calculated using
the formula: RM (%) =(FM/IM) x 100, where IM is the ini-
tial dry mass of the fruit and FM is the final dry mass after
removal from the litter bags. For both the cut-fruit and whole-
fruit experiments, to evaluate the effects of fruit species and
litter bag mesh size on remaining mass, invertebrate richness,
and abundance, we fitted generalized linear models (GLMs).
Remaining mass (proportional data) was analyzed using a
GLM with a quasibinomial distribution and logit link. Rich-
ness and abundance (count data) were analyzed with GLMs
assuming a quasi-Poisson distribution and log link to account
for overdispersion relative to the Poisson assumption.

Model significance was assessed with type III likelihood-
ratio tests using the car package (Fox and Weisberg 2019).
When significant main effects or interactions were detected,
post hoc pairwise comparisons were performed with estimated
marginal means (EMMs) and Tukey’s adjustment, using the
emmeans package (Lenth 2024). Model assumptions were
verified by inspection of residuals, dispersion parameters, and
goodness-of-fit diagnostics. All analyses were conducted in R
version 4.4.1 (R Core Team 2024).

Results

Whole-fruit experiment

Remaining mass

In the whole fruit experiment, the fruit decomposition
rate (k) ranged from —0.063 (M. flexuosa) to —0.007 d~!
(A. vulgare) in coarse mesh bags (see Table S1) and from
—0.050 (B. gasipaes) to —0.007 d~! (A. vulgare) in fine

mesh bags. At the end of the experiment, the remaining
mass of A. vulgare (65.8 +8.3%) was up to 17 times higher
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than that of the other fruit species (Fig. land Table 1).
Overall, the remaining mass was slightly higher in fine
mesh bags (19.5% +21.5%) compared with coarse mesh
bags (15.4% +24.0%). A significant interaction effect
was observed between fruit species and litter bag mesh
size on the remaining mass (Table 1). For A. vulgare, the
remaining mass was similar for both mesh sizes, whereas
for other fruit species, the remaining mass was up to three
times higher in the fine mesh bags (Fig. 1).

Invertebrate abundance

We recorded a total of 785 invertebrates from eight
families in the orders Coleoptera, Diptera, Plecoptera,
Trichoptera, and Decapoda (Supplementary Table S2).
Endotribelos (Diptera: Chironomidae) comprised 96% of
the collected invertebrates and was the dominant taxon
across all fruit species. After 62 days, the mean abun-
dance of invertebrates was higher in S. cumini (18.0+37.8
individuals; Fig. 2 and Table 1) and lower in A. vulgare
(11.2+21.1 individuals). Invertebrate abundance was
similar in coarse (7.9 +22.3 individuals) and fine mesh
bags (5.2 + 6.6 individuals). A significant interaction effect
was found between fruit species and litter bag mesh size
on invertebrate abundance (Table 1). A. vulgare showed
higher abundance in fine mesh bags. For M. indica, M.
flexuosa, B. gasipaes, and T. esculenta, abundances were
similar between mesh types. In contrast, G. americana had
higher abundance in coarse mesh (Fig. 2).

Invertebrate richness

At the end of the experiment (62 days), invertebrate rich-
ness was higher in M. indica but similar across litter bag
mesh sizes (Fig. 3and Table 1). However, a significant
interaction effect between fruit species and litter bag mesh
size on invertebrate richness was observed (Table 1). Spe-
cifically, mean richness was higher in coarse mesh bags
for M. flexuosa and S. cumini. Conversely, mean richness
was higher in fine mesh bags for A. vulgare, M. indica, B.
gasipaes, and T. esculenta. For M. indica, richness was
similar between mesh types (Fig. 3).

Cut-fruit experiment

Remaining mass

In the cut-fruit experiment, the fruit decomposition rate (k)
ranged from —0.109 (M. indica) to —0.011 d~!' (A. vulgare)

in the coarse mesh bags (see Table S1) and from —0.076
(M. indica) to —0.012 d™' (A. vulgare) in the fine mesh
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Fig. 1 Remaining dry mass (%) of whole-fruits in coarse (c) and fine (f) mesh litterbags in an Amazonian stream. AV, Astrocaryum vulgare; BG,
Bactris gasipaes; M1, Mangifera indica; MF, Mauritia flexuosa; SC, Syzygium cumini; TE, Talisia esculenta

Table 1 Summary of statistical

ary ot DF 7 P Tukey
results (generalized linear
models and Tukey tests) for Remaining mass (%)
remaining mass, invertebrate Spp 5.24 909.67 <0.001 AV >SC=MF=TE=MI=BG
abundance, and richness in the
whole-fruit experiments Mesh 1.24 22.39 <0.001 Fine > coarse
Spp:Mesh 5.24 30.62 <0.001
Abundance
Spp 5.24 8.09 0.151 SC=MI=TE=AV=BG=MF
Mesh 1,24 0.20 0.991 Coarse =fine
Spp:Mesh 5.24 19.73 0.001
Richness
Spp 5.24 13.80 0.017 MI>AV=BG=MF=SC=TE
Mesh 1.24 0.99 0.840 Coarse =fine
Spp:Mesh 5.24 13.34 0.020

The bold values indicate statistically significant effects (P < 0.05)

Spp, fruit species; Mesh, litter bag mesh size; AV, Astrocaryum vulgare; BG, Bactris gasipaes; M1, Man-
gifera indica; MF, Mauritia flexuosa; SC, Syzygium cumini; TE, Talisia esculenta

bags. Significant differences were observed in the remain-
ing mass between fruit species at the end of the 62-day
experiment (Table 2). The remaining mass of A. vulgare
(mean + SD: 23.1+5.2%) was up to 34X higher than that

of other fruit species (Fig. 4and Table 2). The remain-
ing fruit mass did not differ significantly between coarse
(6.8 +10.8%) and fine mesh bags (5.7 + 8.2%). However,
a significant interaction effect was found between fruit

@ Springer
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Fig.2 Invertebrate abundance on whole fruits in coarse (c) and fine (f) mesh litterbags in an Amazonian stream. AV, Astrocaryum vulgare; BG,
Bactris gasipaes; M1, Mangifera indica; MF, Mauritia flexuosa; SC, Syzygium cumini; TE, Talisia esculenta

species and litter bag mesh size on the remaining mass
(Table 2). For A. vulgare and S. cumini, the remaining
mass was up to 1.3x higher in coarse mesh bags, whereas
for T. esculenta and M. indica it was up to 2X higher in
fine mesh bags. In addition, for B. gasipaes and G. ameri-
cana, the remaining mass was 10 and 16 times higher in
fine mesh bags, respectively (Fig. 4).

Invertebrate abundance

We recorded a total of 2715 invertebrates from 14 fami-
lies across the orders Coleoptera, Diptera, Ephemeroptera,
Trichoptera, and Decapoda (Supplementary Table S2).
Endotribelos (Diptera: Chironomidae) constituted 98%
of the collected invertebrates and was the predominant
taxon across all fruit species. At the end of the 62-day
experiment, the mean abundance of invertebrates differed
significantly among fruit species (Fig. Sand Table 2). The
higher mean abundances were observed for G. americana
(14.2 +£28.0 individuals) and A. vulgare (11.2 +21.1 indi-
viduals). Invertebrate abundance was significantly higher
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in fine mesh bags (5.9 +16.3 individuals) compared with
coarse mesh bags (0.8 + 2.4 individuals). A significant
interaction effect was not observed between fruit spe-
cies and litter bag mesh size on invertebrate abundance
(Table 2). Invertebrates were more abundant in A. vulgare
in fine mesh bags, while G. americana had higher values
in coarse mesh bags; the difference exceeded 17 individu-
als in both cases. In contrast, other species exhibited simi-
lar abundances across mesh types. (Fig. 5).

Invertebrate richness

At the end of the experiment (62 days), invertebrate richness
varied significantly among fruit species (Fig. 6and Table 2).
Higher mean richness was observed in G. americana (1.0+0.6
species) and A. vulgare (0.8 +0.6 species), while M. indica
had the lower mean richness (0.1 +0.3 species). Richness was
similar between coarse mesh bags (0.4 +0.7 species) and fine
mesh bags (0.6 +0.7 species). In addition, the interaction effect
between fruit species and litter bag mesh size on invertebrate
richness was not significant (Table 2).
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Fig. 3 Invertebrate richness on whole-fruits in coarse (c) and fine (f) mesh litterbags in an Amazonian stream. AV, Astrocaryum vulgare; BG,

Bactris gasipaes; M1, Mangifera indica; MF, Mauritia flexuosa; SC, Syzygium cumini; TE, Talisia esculenta

Table 2 Summ'flry of statistical DF 7 P Tukey
results (generalized linear
models and Tukey tests) for Remaining mass (%)
remaining mass, invertebrate Spp 5.76 1422.42 <0.001 AV>BG=GA=MI=SC=TE
abundance, and richness in the
cut-fruit experiment Mesh 1.76 14.90 0.060 Coarse =fine
Spp:Mesh 5.76 25.43 <0.001
Abundance
Spp 5.76 13.69 0.018 GA=AV>SC=BG=TE=MI
Mesh 1.76 3.71 0.491 Fine > coarse
Spp:Mesh 5.76 1.09 0.855
Richness
Spp 5.76 14.56 0.012 GA=AV>SC=BG=TE>MI
Mesh 1.76 5.63 0.218 Coarse =fine
Spp:Mesh 5,76 8.16 0.148

The bold values indicate statistically significant effects (P < 0.05)

Spp, fruit species; Mesh, litter bag mesh size; AV, Astrocaryum vulgare; BG, Bactris gasipaes; M1, Man-
gifera indica; MF, Mauritia flexuosa; SC, Syzygium cumini; TE, Talisia esculenta

Comparison of the cut-fruits x whole-fruits
experiments

At the end of the experiment, significant differences were
observed between whole and cut fruits in terms of remaining

mass, invertebrate abundance and richness. The mean remain-
ing mass of whole fruits (19.3 +£24.2%) was three times higher
than that of cut fruits (6.4+9.6%; F, ;;;=16.66; p<0.001).
Similarly, the mean abundance of invertebrates was signifi-
cantly higher on whole fruits (7.8 +17.6 individuals) compared

@ Springer
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Fig.4 Remaining dry mass (%) of cut-fruits in coarse (c) and fine (f) mesh litterbags in an Amazonian stream. AV, Astrocaryum vulgare; BG,
Bactris gasipaes; M1, Mangifera indica; MF, Mauritia flexuosa; SC, Syzygium cumini; TE, Talisia esculenta

with cut fruits (3.2 +11.1 individuals; F ;;;=2.95; p=0.048).
In addition, the mean richness of invertebrates associated with
whole fruits (1.1+1.2 species) was higher than in cut fruits
(0.5+0.7 species; F; ;,=30.80; p<0.001).

Discussion

Our results indicate that fruit decomposition in Amazonian
streams is strongly influenced by species-specific traits, sup-
porting our initial expectation that fleshy fruits with thin
pericarps decompose more rapidly than those with harder
tissues. Astrocaryum vulgare showed markedly higher
remaining mass compared with other species, reflecting
its rigid pericarp and high content of phenolic compounds
(Kahn and Millan 1992; CABI 2022; Machado et al. 2021),
which likely reduce microbial colonization and restrict mac-
roinvertebrate access. In contrast, Syzygium cumini and Gen-
ipa americana showed rapid mass loss and greater inverte-
brate colonization. Their soft mesocarps, high moisture and
sugar content, and low fiber rigidity favor microbial activity
and invertebrate entry (Bakewell-Stone 2022; Kumar et al.
2023). These traits, combined with lower concentrations of
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secondary compounds, can enhance palatability and result
in faster decomposition (Graga 2001; Martins et al. 2025).

The structural integrity of the fruit significantly influ-
enced both the decomposition rate and the composition of
the invertebrate community. Whole fruits decomposed more
slowly over 62 days and supported greater invertebrate abun-
dance and richness than cut fruits. The intact pericarp likely
acts as a physical barrier that delays microbial and shredder
activity, thereby extending resource availability. In contrast,
cut fruits decomposed faster owing to the exposed meso-
carp, which facilitates decomposer access. While cut fruits
decomposed rapidly, whole fruits created more persistent
and heterogeneous microhabitats, promoting higher species
richness. Additionally, the slower decomposition observed
in whole fruits may partly be due to the persistence of unde-
composed seeds, which could have slightly underestimated
fruit mass loss. These findings underscore the role of natural
mechanical disturbances in shaping the pace and pathways
of organic matter decomposition in tropical streams.

Our field experiment is the first to quantify processing
rates of tropical fruits and to document the differences
among species of macroinvertebrates associated with fruit-
fall. All seven types of fruits in our study decomposed
faster than most leaves of the 53 riparian species previously
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Fig.5 Invertebrate abundance on cut-fruits in coarse (c) and fine (f) mesh litterbags in an Amazonian stream. AV, Astrocaryum vulgare; BG,
Bactris gasipaes; M1, Mangifera indica; MF, Mauritia flexuosa; SC, Syzygium cumini; TE, Talisia esculenta

studied from Manaus in similar Amazonian streams (Martins
et al. 2020). Our study also provides the first observations
on the role of biotic colonization of intact and cut fruits in
a tropical stream. As expected, both whole- and cut-fruits
decomposed rapidly. Differences in decomposition among
fruit species may also be linked to fruit chemistry, since
many tropical fruits contain compounds such as flavonoids
and anthocyanins that can inhibit microbial activity (Sud-
heeran et al. 2020; Yadav et al. 2022). Although we did not
measure chemical composition or microbial groups directly,
such traits could help explain the persistence of certain spe-
cies and highlight the importance of future studies integrat-
ing decomposition experiments with chemical and microbial
analyses.”

As expected, the mesh size of the bags affected the
remaining mass, which varied among fruit species. Talisia
esculenta, Mangifera indica, Bactris gasipaes, and Genipa
americana had a significantly higher remaining mass in fine-
mesh bags. This pattern could result because: (1) macroin-
vertebrates play a key role in processing these fruits owing
to their general ability to break down larger materials or (2)
fine mesh bags retain particles more effectively, which could
lead to an underestimation of mass loss in this treatment. No
significant differences were observed between mesh types

in Astrocaryum vulgare, supporting the hypothesis that its
hard pericarp physically limits shredder access, resulting in
predominantly microbial-driven decomposition. Invertebrate
abundance was affected by the interaction of litterbag mesh
size and fruit species. A. vulgare showed higher abundance
in fine-mesh bags, suggesting that predator exclusion and
microhabitat stabilization may favor colonization by small-
bodied detritivores (Lecerf 2017). Conversely, the higher
invertebrate abundance in G. americana in coarse-mesh bags
may reflect the greater water circulation, oxygenation, and
biofilm development typically associated with larger mesh
size, which can enhance microbial activity and invertebrate
colonization (Boulton and Boon, 1991), such as Endotribe-
los. In contrast, invertebrate richness was more influenced
by the fruit species. In the whole-fruit experiment, M. flexu-
osa and S. cumini had higher richness in coarse mesh bags,
while A. vulgare, M. indica, B. gasipaes, and T. esculenta
had higher richness in fine mesh bags.

The dominance of Endotribelos in all species during
fruit decomposition experiments corroborates previous
studies. Roque et al. (2005) demonstrated that Endotribe-
los larvae are primary colonizers of fallen fruits in Atlan-
tic Forest streams. These larvae are likely favored by the
nutrient-rich, sheltered conditions within fruit tissue. These

@ Springer
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Fig. 6 Invertebrate richness on cut-fruits in coarse (c) and fine (f) mesh litterbags in an Amazonian stream. AV, Astrocaryum vulgare; BG, Bac-
tris gasipaes; M1, Mangifera indica; MF, Mauritia flexuosa; SC, Syzygium cumini; TE, Talisia esculenta

larvae can inhabit various substrates, including macrophytes
and detritus, but especially submerged fallen fruits in low-
order streams in the Atlantic Forest and the Amazon region
(Roque and Trivinho-Strixino 2008). Roque et al. (2009)
found that densities of this frugivorous chironomid decline
in riparian areas with degraded forest cover, highlighting
their reliance on intact forest cover. -->

Our findings demonstrate that riparian fruits can serve
as an important energy source, but often neglected, com-
ponent of detrital energy flow in tropical streams. Although
leaf litter is a more continuous input, fruitfall contributes
nutrient-rich, labile carbon that supports microbial growth
and drives secondary production. The contrasting decom-
position patterns observed among fruit species reinforce the
idea of functional complementarity in food webs (Poisot
et al. 2013). Fruits that decompose slowly, such as A. vul-
gare palm, remain in the stream for a long time; these fruits
may provide sustained habitat and food for specialist detri-
tivores. Conversely, species such as S. cumini decompose
rapidly, releasing nutrients in short pulses. Together, these
complementary resource dynamics enhance the temporal
and trophic heterogeneity of stream ecosystems. This func-
tional complementarity increases the temporal and trophic

@ Springer

heterogeneity of detrital pathways, with implications for car-
bon retention, nutrient turnover, and higher-level consumers.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00027-026-01267-6.

Acknowledgements APC thanks the Instituto Nacional de Pesquisas
da Amazonia for their logistical support and hospitality. We are grate-
ful to the Brazilian National Council for Scientific and Technological
Development (CNPq) for granting a research productivity fellowship to
NH (307134/2025-3). RTM received a Postdoctoral Fellowship (PDS)
from CNPq (process no. 101112/2024-6). We additionally acknowl-
edge support from the POSGRAD Program of FAPEAM and the INCT
ADAPTA 1II funded by CNPq—Brazilian National Research Council
(409202/2024-0) and CAPES—Coordination for the Improvement of
Higher Education Personnel. This research was further supported by
grants from CNPq, including the Universal Research Project (process
no. 403758/2021-1) and the Scientific Expeditions—Amazon+10 Initi-
ative (process no. 400700/2024-7). Support for APC from the Fulbright
Commission in Brazil is gratefully acknowledged.

Author contributions RTM, RBPG, ISR, and APC were responsible
for the study’s conceptual design and data collection. RTM, RBPG, and
APC prepared the initial draft of the manuscript. RTM, RBPG, ISR,
NH and APC contributed to the revision process and approved the final
version for submission.

Funding The Article Processing Charge (APC) for the publication
of this research was funded by the Coordenacdo de Aperfeicoamento


https://doi.org/10.1007/s00027-026-01267-6

Processing of decomposing fruits by macroinvertebrates in a Central Amazonian stream food...

Page 110f13 35

de Pessoal de Nivel Superior - Brasil (CAPES) (ROR identifier:
00x0ma614). Conselho Nacional de Desenvolvimento Cientifico e
Tecnolégico, 101112/2024-6, 307134/2025-3, Fulbright Association

Data availability Data are provided within the manuscript or supple-
mentary information files.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Araujo JM, Correa SB, Anderson J, Penha J (2020) Fruit preferences
by fishes in a Neotropical floodplain. Biotropica 52:1131-1141

Arcusa SG, Ferreira V, Coimbra N (2024) Invasion of temperate ripar-
ian forests by Acacia dealbata affects macroinvertebrate commu-
nity structure in streams: invasion effects on stream macroinver-
tebrates. Limnetica 44:1-12

Ayyanar M, Subash-Babu P (2012) Syzygium cumini (L.) Skeels: a
review of its phytochemical constituents and traditional uses.
Asian Pac J Trop Biomed 2:240-246

Bakewell-Stone P (2022) Syzygium cumini (black plum). CABI Com-
pendium 52426. CABI International. https://doi.org/10.1079/cabic
ompendium.52426

Boulton AJ, Boon PI (1991) A review of methodology used to measure
leaf litter decomposition in lotic environments: time to turn over
an old leaf? Aust J Mar Freshw Res 42:1-43

Boyero L, Pearson RG, Gessner MO, Barmuta LA, Ferreira V, Graga
MAS, Dudgeon D, Boulton AJ, Callisto M, Chauvet E, Helson
JE, Bruder A, Albarifio RJ, Yule CM, Arunachalam M, Davies
JN, Figueroa R, Flecker AS, Ramirez A, Death RG, Iwata T, Mat-
hooko JM, Mathuriau C, Gongalves JF Jr, Moretti MS, Jinggut T,
Lamothe S, M’Erimba C, Ratnarajah L, Schindler MH, Castela J,
Buria LM, Cornejo A, Villanueva VD, West DC (2011) A global
experiment suggests climate warming will not accelerate litter
decomposition in streams but might reduce carbon sequestration.
Ecol Lett 14:289-294

Boyero L, Pearson RG, Hui C, Gessner MO, Pérez J, Alexandrou MA,
Graga MAS, Cardinale BJ, Albarifio RJ, Arunachalam M, Bar-
muta LA, Boulton AJ, Bruder A, Callisto M, Chauvet E, Death
RG, Dudgeon D, Encalada AC, Ferreira V, Figueroa R, Flecker
AS, Goncalves JF, Helson J, Iwata T, Jinggut T, Mathooko J,
Mathuriau C, M’Erimba C, Moretti MS, Pringle CM, Ramirez
A, Ratnarajah L, Rincon J, Yule CM (2016) Biotic and abiotic
variables influencing plant litter breakdown in streams: a global
study. Proc R Soc B 283:20152664. https://doi.org/10.1098/rspb.
2015.2664

Boyero L, Gessner MO, Pearson RG, Chauvet E, Pérez J, Tiegs SD,
Tonin AM, Correa-Araneda F, Lopez-Rojo N, Graca MA (2021)
Global patterns of plant litter decomposition in streams. In:
Swan CM, Boyero L, Canhoto C (eds) The ecology of plant
litter decomposition in stream ecosystems. Springer, Cham, pp
51-71

CABI (2018a) Mangifera indica (mango). CABI Compendium 34505.
CABI International. https://doi.org/10.1079/cabicompendium.
34505

CABI (2018b) Syzygium cumini (java plum). CABI Compendium
52426. CABI International. https://doi.org/10.1079/cabicompen
dium.52426

CABI (2022) Astrocaryum vulgare. CABI Compendium 7593. CABI
International. https://doi.org/10.1079/cabicompendium.7593

Celentano D, Rousseau GX, Engel VL, Facanha CL, de Oliveira EM,
de Moura EG (2014) Perceptions of environmental change and use
of traditional knowledge to plan riparian forest restoration with
relocated communities in Alcantara, Eastern Amazon. J Ethnobiol
Ethnomed 10:1-14

Cereghetti E, Peller T, Kaeser S, Gounand I, Altermatt F (2025) Sea-
sonal dynamics of detritus flows and decomposition across eco-
system boundaries. Curr Biol 35:2139-2145

Chen SC, Cornwell WK, Zhang HX, Moles AT (2017) Plants show
more flesh in the tropics: variation in fruit type along latitudinal
and climatic gradients. Ecography 40:531-538

Clement CR (2006) Fruit trees and the transition to food production in
Amazonia. In: Balée W, Erickson CL (eds) Time and complex-
ity in historical ecology: studies in the Neotropical Lowlands.
Columbia University Press, New York, pp 165-185

Clement CR, de Cristo-Araijo M, D’Eeckenbrugge GC, Pereira AA,
Picango-Rodrigues D (2010) Origin and domestication of native
Amazonian crops. Diversity 2:72-106

Coat S, Monti D, Bouchon C, Lepoint G (2009) Trophic relationships
in a tropical stream food web assessed by stable isotope analysis.
Freshw Biol 54:1028-1041

Correa SB, Oliveira PC, Nunes da Cunha C, Penha J, Anderson JT
(2018) Water and fish select for fleshy fruits in tropical wetland
forests. Biotropica 50:312-318

Covich AP, McDowell WH (1996) The stream community. In: Reagan
DP, Waide RB (eds) The food web of a tropical rain forest. Uni-
versity of Chicago Press, Chicago, pp 433459

Covich AP, Nogueira DG, de Oliveira Roque F, Valente-Neto F, Sabino
J, Severo-Neto F, Taylor BZ, Yang C, Nassar WE, Silva V, Laps
RR (2024) Linking Neotropical riparian and stream food webs:
nocturnal foraging behavior and facilitation among decapods in
response to added palm fruit. Hydrobiologia 851:3821-3839

Dala-Corte RB, Melo AS, Siqueira T, Bini LM, Martins RT, Cunico
AM, Pes AM, Magalhdes ALB, Godoy BS, Leal CG, Monteiro-
Janior CS, Stenert C, Castro DMP, Macedo DR, Lima-Junior
DP, Gubiani EA, Massario FC, Teresa FB, Becker FG, Souza
FN, Valente-Neto F, Souza FL, Salles FF, Brejao GL, Brito JG,
Vitule JRS, Simiao-Ferreira J, Maltchik L, Casatti L, Montag L,
Rodrigues ME, Callisto M, Nogueira MAM, Santos MR, Hamada
N, Pamplin PAZ, Pompeu PS, Leitao RP, Ruaro R, Mariano R,
Couceiro SRM, Abilhoa V, Oliveira VC, Shimano Y, Moretto Y,
Suarez YR, Roque FDO (2020) Thresholds of freshwater biodi-
versity in response to riparian vegetation loss in the Neotropical
region. J Appl Ecol 57:1391-1402

De Matos TP, Dias-Silva K, Medeiros AO, Brito L, Hamada N, Martins
RT (2022) Effects of exotic fruit plants on leaf decomposition in
Amazon: a study in aquatic microcosm. Limnology 23:455-464

dos Santos TV (2020) Urban expansion and green urbanism in an
Amazonian metropolis: the production of urbanized nature in the
metropolitan region of Belém. Curr Urban Stud 8:623-644

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1079/cabicompendium.52426
https://doi.org/10.1079/cabicompendium.52426
https://doi.org/10.1098/rspb.2015.2664
https://doi.org/10.1098/rspb.2015.2664
https://doi.org/10.1079/cabicompendium.34505
https://doi.org/10.1079/cabicompendium.34505
https://doi.org/10.1079/cabicompendium.52426
https://doi.org/10.1079/cabicompendium.52426
https://doi.org/10.1079/cabicompendium.7593

35 Page120f13

R.T. Martins et al.

Ferreira V, Albarifio R, Larrafiaga A, LeRoy CJ, Masese FO, Moretti
MS (2023) Ecosystem services provided by small streams: an
overview. Hydrobiologia 850:2501-2535

Ferreira VMB, Soares BE, Leal JS, Albrecht MP (2024) Spatial fac-
tors overcome seasonality regulating the consumption of alloch-
thonous food resources by fishes from tropical lotic ecosystems.
Freshw Biol 69:783-791

Firmino VC, Brasil LS, Martins RT, Ligeiro R, Tonin A, Gongalves
JF, Juen L (2021) Litter decomposition of exotic and native plant
species of agricultural importance in Amazonian streams. Lim-
nology 22:289-297

Fox J, Weisberg S (2019) An R companion to applied regression, 3rd
edn. Sage, Thousand Oaks CA

Fraiola KMS (2006) Juvenile Epilobocera sinuatifrons growth rates
and ontogenetic shifts in feeding in wild populations. Doctoral
dissertation, Odum School of Ecology, University of Georgia,
Athens, GA

Furch K (1984) Water chemistry of the Amazon basin: the distribution
of chemical elements among freshwaters. In: Sioli H (ed) The
Amazon: limnology and landscape ecology of a mighty tropical
river and its basin. Dr W. Junk Publishers, Dordrecht, pp 167-199

Galan Saidco V (2015) Current situation and future prospects of world-
wide mango production and market. Acta Hortic 1066:69-84

Garcia-Palacios P, McKie BG, Handa IT, Frainer A, Hattenschwiler S
(2016) The importance of litter traits and decomposers for litter
decomposition: a comparison of aquatic and terrestrial ecosystems
within and across biomes. Funct Ecol 30:819-829

Genini J, Galetti M, Morellato LPC (2009) Fruiting phenology of
palms and trees in an Atlantic rainforest landbridge island. Flora
204:131-145

Golgher A, Callisto M, Hughes R (2023) Improved ecosystem services
and environmental gentrification after rehabilitating Brazilian
urban streams. Sustainability 15:3731

Gongalves JF, Couceiro SR, Rezende RS, Martins RT, Ottoni-Boldrini
BM, Campos CM, Silva JO, Hamada N (2017) Factors control-
ling leaf litter breakdown in Amazonian streams. Hydrobiologia
792:195-207

Graca MA (2001) The role of invertebrates on leaf litter decomposition
in streams—a review. Int Rev Hydrobiol 86:383-393

Graga MA, Ferreira V, Canhoto C, Encalada AC, Guerrero-Bolafio
F, Wantzen KM, Boyero L (2015) A conceptual model of litter
breakdown in low-order streams. Int Rev Hydrobiol 100:1-12

Hamada N, Ferreira-Keppler RLM (2012) Guia ilustrado de insetos
aquéticos e semiaquaticos da Reserva Florestal Adolpho Ducke.
Editora da Universidade Federal do Amazonas (EDUA), Manaus,
p 198

Hamada N, Nessimian JL, Querino RB (2019) Insetos aquaticos na
Amazonia brasileira: taxonomia, biologia e ecologia, 2nd edn.
Editora INPA, Manaus

Hughes RM, Pompeu PS, Callisto M, Chen K, Juen L, de Freitas Terra
B (2023) Tropical and subtropical streams: a synthesis. Water Biol
Secur 2:100188

Jung PH, Brun FGK, Brun EJ, Longhi SJ, Pastorio AP (2018) Urban
and agricultural impacts in the structure and diversity of tree veg-
etation in riparian forest. Rev Bras Cienc Agrar 13:¢5533

Kahn F, Millan B (1992) Astrocaryum (Palmae) in Amazonia: a pre-
liminary treatment. Bull Inst Fr Etud Andin 21:459-531

Kubitzki K, Ziburski A (1994) Seed dispersal in flood plain forests of
Amazonia. Biotropica 26:30—43

Kumar V, Singh CS, Bakshi S, Kumar S, Yadav SP, Al-Zamani ZAS,
Kumar P, Singh U, Meena KK, Bunkar DS, Paswan VK (2023)
Physicochemical and bioactive constituents, microbial counts, and
color components of spray-dried Syzygium cumini L. pulp powder
stored in different packaging materials under two controlled envi-
ronmental conditions. Front Nutr 10:1258884

@ Springer

Larned ST, Chong CT, Punewai N (2001) Detrital fruit processing in a
Hawaiian stream ecosystem. Biotropica 33:241-248

Leal CG, Lennox GD, Ferraz SFB, Ferreira J, Gardner TA, Thomson
JR, Berenguer E, Lees A, Hughes RM, Mac Nally R, Aragao
LEOC, de Brito JG, Castello L, Garrett RD, Hamada N, Juen L,
Leitao RP, Louzada J, Morello TF, Moura NG, Nessimian JL,
Oliveira-Junior JMB, Oliveira VHF, de Oliveira VC, Parry L,
Pompeu PS, Solar RRC, Zuanon J, Barlow J (2020) Integrated
terrestrial-freshwater planning doubles conservation of tropical
aquatic species. Science 370:117-121

Lecerf A (2017) Methods for estimating the effect of litterbag mesh
size on decomposition. Ecol Model 362:65-68

Lenth RV (2024) emmeans: estimated marginal means, aka least-
squares means. R package version 1.10.0. Available at: https://
CRAN.R-project.org/package=emmeans

Levis C, Flores BM, Moreira PA, Luize BG, Alves RP, Franco-Moraes
J, Lins J, Konings E, Pefia-Claros M, Bongers F, Costa FR (2018)
How people domesticated Amazonian forests. Front Ecol Evol
5:171

Machado A, Nascimento RP, Alves M, Reguengo LM, Mr MJ (2021)
Brazilian tucuma-do-Amazonas (Astrocaryum aculeatum) and
tucuma-do-Para (Astrocaryum vulgare) fruits: bioactive compo-
sition, health benefits, and technological potential. Food Res Int
151:110902

Madureira KH, Ferreira V (2022) Colonization and decomposition of
litter produced by invasive Acacia dealbata and native tree species
by stream microbial decomposers. Limnetica 41:201-218

Marks JC (2019) Revisiting the fates of dead leaves that fall into
streams. Annu Rev Ecol Evol Syst 50:547-568

Martins RT, Melo AS, Gongalves JF Jr, Hamada N (2014) Estima-
tion of dry mass of caddisflies Phylloicus elektoros (Trichop-
tera: Calamoceratidae) in a Central Amazon stream. Zoologia
31:337-342

Martins RT, Gongalves JF, Campos CM, Lopes A, Piedade MTF, Ham-
ada N (2020) Leaf consumption by invertebrate aquatic shredders
in the Amazon: effects of climate change and microbial condition-
ing. Limnology 21:257-266

Martins RT, Brito J, Dias-Silva K, Leal CG, Leitao RP, Oliveira VC,
Oliveira-Junior JM, Ferraz SF, de Paula FR, Roque FO, Hamada
N (2021) Low forest-loss thresholds threaten Amazonian fish and
macroinvertebrate assemblage integrity. Ecol Indic 127:107773

Martins RT, Firmino VC, Melo AS, Gongalves JF, Couceiro
SR, Hamada N (2025) Decomposition of green and senes-
cent leaves in Amazonian streams: nutrients, toughness, and
decomposers biomass. Hydrobiologia. https://doi.org/10.1007/
$10750-025-05904-3

Mendonga FP, Magnusson WE, Zuanon J (2005) Relationships between
habitat characteristics and fish assemblages in small streams of
Central Amazonia. Copeia 2005:751-764

Mendoza I, Peres CA, Morellato LPC (2017) Continental-scale patterns
and climatic drivers of fruiting phenology: a quantitative neotropi-
cal review. Glob Planet Change 148:227-241

Morellato LPC, Camargo MGG, Gressler E (2013) A review of plant
phenology in South and Central America. In: Schwartz MD
(ed) Phenology: an integrative environmental science, 2nd edn.
Springer, New York, pp 91-113

Nascimento LFD, Guimarées PR, Onstein RE, Kissling WD, Pires MM
(2020) Associated evolution of fruit size, fruit colour, and spines
in neotropical palms. J Evol Biol 33:858-868

Nascimento MN, Heijink BM, Bush MB, Gosling WD, McMichael
CN (2022) Early to mid-Holocene human activity exerted gradual
influences on Amazonian forest vegetation. Philos Trans R Soc
Lond B Biol Sci 377:20200498

Nascimento LLL, Souza GGO, Mendes JWS, Donelardy ACC,
Viturino JJF, de Carvalho NKG, Leite DOD, da Costa JGM, Rod-
rigues FFG (2024) Genipa americana L.: a review on traditional


https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1007/s10750-025-05904-3
https://doi.org/10.1007/s10750-025-05904-3

Processing of decomposing fruits by macroinvertebrates in a Central Amazonian stream food...

Page130f 13 35

uses, phytochemistry and biological activities. Chem Biodivers
21:€202400748

Nogueira DG, Valente-Neto F, Covich AP, Severo-Neto F, Souza
FL, Sabino J, de Oliveira Roque F (2023) Riparian fruit input
partially affects the distribution of stream fishes. Hydrobiologia
850:3161-3172

Pereira A, Figueiredo A, Coimbra N, Graca MAS, Ferreira V (2024)
Effects of Acacia invasion on water quality, litterfall, aquatic
decomposers, and leaf litter decomposition in streams. Freshw
Biol 69:705-723

Petersen RC, Cummins KW (1974) Leaf processing in a woodland
stream. Freshw Biol 4:343-368

Pérez J, Boyero L, Pearson RG, Gessner MO, Tonin A, Lépez-Rojo N,
Rubio-Rios J, Correa-Araneda F, Alonso A, Cornejo A, Albarifio
RJ, Anbalagan S, Barmuta LA, Boulton AJ, Burdon FJ, Caliman
A, Callisto M, Campbell IC, Cardinale BJ, Carneiro LS, Casas JJ,
Chara-Serna AM, Chauvet E, Col6n-Gaud C, Davis AM, de Eyto
E, Degebrodt M, Diaz ME, Douglas MM, Encalada AC, Figueroa
R, Flecker AS, Fleituch T, Frainer A, Garcia EA, Garcia G, Garcia
PE, Giller PS, Gémez JE, Gongalves JF Jr, Graga MAS, Hall
RO Jr, Hamada N, Hepp LU, Hui C, Imazawa D, Iwata T, Jun-
ior ESA, Landeira-Dabarca A, Leal M, Lehosmaa K, M’Erimba
CM, Marchant R, Martins RT, Masese FO, Maul M, McKie BG,
Medeiros AO, Middleton JA, Muotka T, Negishi JN, Ramirez
A, Rezende RS, Richardson JS, Rincén J, Serrano C, Shaffer
AR, Sheldon F, Swan CM, Tenkiano NSD, Tiegs SD, Tolod JR,
Vernasky M, Wanderi EW, Watson A, Yule CM (2025) Positive
feedback on climate warming by stream microbial decompos-
ers indicated by a global space-for-time substitution study. Glob
Change Biol 31:¢70171

Pinedo-Vasquez M, Zarin D, Jipp P, Chota-Inuma J (1990) Use-values
of tree species in a communal forest reserve in northeast Peru.
Conserv Biol 4:405-416

Poisot T, Mouquet N, Gravel D (2013) Trophic complementarity drives
the biodiversity—ecosystem functioning relationship in food webs.
Ecol Lett 16:853-861

Qamar M, Akhtar S, Ismail T, Wahid M, Abbas MW, Mubarak MS,
Yuan Y, Barnard RT, Ziora ZM, Esatbeyoglu T (2022) Phyto-
chemical profile, biological properties, and food applications of
the medicinal plant Syzygium cumini. Foods 11:378

R Core Team (2024) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna

Rabelo RS, Sena G, Gongalves JF Jr (2024) Interrelationships among
litter chemistry, plant species diversity, and litter decomposi-
tion in tropical stream environments: a review. Front Geochem
2:1346457

Ramirez N, Barrios Y, Bricefio H (2021) Correlations between mor-
phological fruit types, fruit and seed colors, and functional
groups. Biota Neotrop 21:¢20211238

Ramos SM, Graga MA, Ferreira V (2021) A comparison of decomposi-
tion rates and biological colonization of leaf litter from tropical
and temperate origins. Aquat Ecol 55:925-940

Resh VH, de Szalay FA (1995) Streams and rivers of Oceania. In:
Cushing CE, Cummins KW, Minshall GW (eds) River and stream
ecosystems. Elsevier, New York, pp 717-736

Rezende RS, Correia PR, Gongalves JF Jr, Santos AM (2017) Organic
matter dynamics in a savanna transition riparian zone: input of
plant reproductive parts increases leaf breakdown process. J Lim-
nol 76:502-511

Rojas-Castillo OA, Kepfer Rojas S, Juen L, Montag LFDA, Carvalho
FG, Mendes TP, Chua KWJ, Wilkinson CL, Amal MNA, Fahmi-
Ahmad M, Jacobsen D (2024) Meta-analysis contrasting fresh-
water biodiversity in forests and oil palm plantations with and
without riparian buffers. Conserv Biol 38:e14172

Roque FO, Trivinho-Strixino S (2008) Four new species of Endotribe-
los Grodhaus, a common fallen fruit-dwelling chironomid genus
in Brazilian streams (Diptera: Chironomidae: Chironominae).
Stud Neotrop Fauna Environ 43:191-207

Roque FDO, Siqueira T, Trivinho-Strixino S (2005) Occurrence of
chironomid larvae living inside fallen fruits in Atlantic forest
streams, Brasil. Entomol Vectores 12:275-282

Roque FO, Siqueira T, Escarpinati SC (2009) Do fallen fruit-dwelling
chironomids in streams respond to riparian degradation? Pan-Am
J Aquat Sci 4:357-362

Sabino J, Sazima I (1999) Association between fruit-eating fish and
foraging monkeys in western Brazil. Ichthyol Explor Freshw
10:309-312

Saliba ASMC, Rosalen PL, Franchin M, da Cunha GA, de Oliveira Sar-
tori AG, de Alencar SM (2024) Fruits native to South America:
a narrative review of biological properties and chemical profile.
Food Funct 15:5752-5784

Sanchez-Hernandez J (2023) Fresh perspectives on the river continuum
concept require trophic ecology approaches focused on food web
structure and energy mobilisation routes. J Anim Ecol 92:957-964

Santos RDS, Coelho-Ferreira M (2012) Estudo etnobotanico de Mau-
ritia flexuosa L. f. (Arecaceae) em comunidades ribeirinhas do
Municipio de Abaetetuba, Par4, Brasil. Acta Amazon 42:1-10

Santos OA, Couceiro SRM, Rezende ACC, Silva MDS (2016) Com-
position and richness of woody species in riparian forests in
urban areas of Manaus, Amazonas, Brazil. Landsc Urban Plan
150:70-78

Sena G, Callisto M, de Souza Rezen R, Gongalves JF Jr (2024) Local
factors drive leaf breakdown in tropical streams. Limnologica
109:126202

Sudheeran PK, Ovadia R, Galsarker O, Maoz I, Sela N, Maurer D,
Feygenberg O, Oren Shamir M, Alkan N (2020) Glycosylated
flavonoids: fruit’s concealed antifungal arsenal. New Phytol
225:1788-1798

Sioli H (1984) The Amazon and its main affluents: hydrography, mor-
phology of the river courses, and river types. In: Sioli H (ed) The
Amazon: limnology and landscape ecology of a mighty tropical
river and its basin. Dr W. Junk Publishers, Dordrecht, pp 127-165

Tonin AM, Gongalves JF Jr, Bambi P, Couceiro SR, Feitoza LA, Fon-
tana LE, Hamada N, Hepp LU, Lezan-Kowalczuk VG, Leite GF,
Lemes-Silva AL (2017) Plant litter dynamics in the forest-stream
interface: precipitation is a major control across tropical biomes.
Sci Rep 7:10799

Vila-Ruiz CP, Meléndez-Ackerman E, Santiago-Bartolomei R, Gar-
cia-Montiel D, Lastra L, Figuerola CE, Fumero Caban J (2014)
Plant species richness and abundance in residential yards across
a tropical watershed: implications for urban sustainability. Ecol
Soc 19(3):22

Yadav D, Pal AK, Singh SP, Sati K (2022) Phytochemicals in mango
(Mangifera indica) parts and their bioactivities: a review. Crop
Res 57:79-95

Zingel P, Agasild H, Tuvikene A (2024) Amazonian aquatic food webs,
their variation, and vulnerability in regard to climate and land-use
changes. In: de Souza SS, Braz-Mota S, Val AL (eds) The future
of Amazonian aquatic biota. Springer, Cham, pp 223-267

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Processing of decomposing fruits by macroinvertebrates in a Central Amazonian stream food web
	Abstract
	Introduction
	Material and methods
	Study area
	Fruit species
	Procedures
	Data analyses

	Results
	Whole-fruit experiment
	Remaining mass
	Invertebrate abundance
	Invertebrate richness

	Cut-fruit experiment
	Remaining mass
	Invertebrate abundance
	Invertebrate richness

	Comparison of the cut-fruits × whole-fruits experiments

	Discussion
	Acknowledgements 
	References




