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ARTICLE INFO ABSTRACT

Keywords: Stream ecosystems are highly vulnerable to changes in land use and vegetation in their catchments for two
Anthropogenic impacts reasons: firstly, they receive inputs of nutrients, contaminants and sediments through runoff; and secondly,
Eutrophication

terrestrial leaf litter is the major basal resource supporting their food webs. Leaf litter decomposition by mi-
croorganisms and detritivores is thus a key stream ecosystem process, and a valuable functional indicator of
impacts associated to agriculture and other alterations of human origin. Here, we investigated the joint effects of
land use changes associated to agriculture (low, medium and high intervention areas: LI, MI and HI, respectively)
in a tropical lowland catchment in Panama, through a decomposition experiment using three leaf litter types
differing in nativeness (Ficus insipida, native to the study area; Alnus acuminata, native to Panama but not present
in the study area; and Musa balbisiana, exotic to Panama). Lowland tropical areas are often poor in litter-
consuming detritivores, and we accordingly observed a high contribution of microorganisms to total decom-
position (>60% on average). However, only in the presence of detritivores, decomposition of Alnus discriminated
among different degrees of agricultural intervention, being higher at the LI area. Leaf litter of the native Ficus
showed higher microbial decomposition than the other types, possibly in relation to a home-field advantage
effect. Despite the scarcity of detritivores in tropical lowland streams compared to tropical highland or temperate
streams, our study indicates that their activity reflects impacts of land use change on these streams and they
should therefore be included in assessments of anthropogenic impacts.

Leaf litter breakdown
Functional indicators
Panama

Pesticide toxicity
Tropical latitudes

1. Introduction surface (Graeber et al., 2015), and tropical biomes are among the most

impacted because of their very high rates of land conversion (Gibbs

Agriculture is a major cause of land transformation globally, ever
since human population growth and food production dramatically
increased as a result of the Industrial Revolution (Taylor and Rising,
2021). Such changes in land use have produced significant alterations in
ecosystems and biodiversity (Raven and Wagner, 2021), so much that
they are considered a primary cause of the sixth mass extinction (Lewis,
2006). Agricultural land nowadays occupies ca. 40% of the Earth’s land
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et al., 2010), with tropical deforestation contributing enormously to
global warming (Roe et al., 2019). While tropical forests cover ca. 10%
of the Earth’s land surface, they are of prime global importance because
they store and process large amounts of carbon and host up to two-thirds
of the world’s biodiversity (Lewis, 2006).

The conversion of forests into agricultural land often occurs associ-
ated to the introduction of exotic plant species (Boscutti et al., 2018).
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These can be either crop species (Maracahipes-Santos et al., 2020), or
invaders that occupy the niche of removed native plants (Waddell et al.,
2020). Impacts of exotic plants on ecosystems can thus add up to those of
land use changes, with possible interactive effects of both factors, which
may be additive but could also be synergistic or antagonistic (Jackson
et al., 2016). Stream ecosystems are particularly affected by the above
factors because they often rely on terrestrial plant litter inputs to support
their food webs (Wallace et al., 1997) and also because they receive
inputs of nutrients, contaminants and sediments associated to agricul-
ture (Cornejo et al., 2019b). As a result of land conversion to agriculture,
tropical stream communities can be impacted (Cornejo et al., 2019b)
and ecosystem functioning altered (Cornejo et al., 2020b). Similarly,
exotic plants can affect stream communities and key ecosystem pro-
cesses (Ferreira et al., 2018), but the simultaneous effects of both factors
on stream ecosystems is unknown in the tropics and elsewhere, to our
knowledge.

Here, we investigated the combined effects of land use change
associated to agriculture and the presence of exotic plant species on
stream ecosystem functioning in a tropical catchment, by means of the
key process of leaf litter decomposition (von Schiller et al., 2017), which
represents a functional indicator of ecosystem integrity (Molla et al.,
2017; Pérez et al., 2021b), being sensitive to nutrient enrichment (Fer-
reira et al., 2015; Gulis and Suberkropp, 2003), pesticides (Cornejo
et al., 2020a; Rasmussen et al., 2012), and other stressors associated to
agricultural intervention (Bruder et al., 2016; Cornejo et al., 2020b). We
measured not only total decomposition, but also microbial and
detritivore-mediated litter decomposition, given that the relative
contribution of these two processes is often a good indicator of how the
stream ecosystem is impacted by environmental change (Gessner and
Chauvet, 2002).. We measured decomposition experimentally in
streams affected by several degrees of agricultural intervention within
the study catchment (low, medium and high; LI, MI and HI, respectively)
using litter from three riparian plant species: one native species wide-
spread in the study catchment; one species native to Panama but not
present in the study catchment; and one exotic species. Additionally, we
examined the assemblages of microbial decomposers and litter-
consuming detritivorous invertebrates, in order to detect biological
changes associated to functional changes, as well as whole invertebrate
assemblages, which can provide additional information about the
impact of the studied stressors (Cornejo et al., 2019b).

We hypothesized that (1) microbial decomposition would increase
with agricultural intervention degree (PI < MI < HI), in direct relation to
nutrient enrichment associated with this gradient (Ferreira et al., 2015;
Smith and Schindler, 2009). We also predicted that (2) decomposition
mediated by detritivores would decrease with agricultural activity (PI >
MI > HI), in direct relation to a decrease in detritivore abundance and
diversity provoked by the higher concentration of pesticides and
increased sedimentation in more impacted streams (Cornejo et al.,
2020b; Cornejo et al., 2019b). Given that litter decomposition in tropical
streams is often predominantly microbial (Boyero et al., 2011b), we
expected (3) greater effects on microbial than on detritivore-mediated
decomposition, and thus that changes in total decomposition would
reflect changes in microbial decomposition. Finally, we predicted that
(4) plant species would differ in their capacity to reflect impacts of land
use change depending on their degree of nativeness (being greatest in
the species widespread in the study catchment and lowest in the exotic
species), due to a home-field advantage effect, although this effect could
be obscured by differences in litter traits among species (Fugere et al.,
2020; Luai et al., 2019).

2. Material and methods
2.1. Study area and site selection

Our study area was the Panama Canal catchment, which is located
between the latitudes 8° 38’ and 9° 31' N and the longitudes 79° 15" and
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80° 06' W (ANAM, 2013), in the Central Water Region of Panama
(Fig. 1), being all study sites located within a 25-km radius. The catch-
ment area is 3,338 km? and it flows into the Caribbean Sea. It includes
three climatic types (very humid tropical, humid tropical and tropical
savannah) and has an average annual precipitation of 2,700 mm, with a
rainy season from March to November and a dry season from January to
March (ACP, 2007). Agriculture is practiced in different parts of the
catchment, including crops of corn, rice, vegetables, tubers, citrus,
plantain, banana, other fruits, and coffee (ACP, 2008; Cornejo et al.,
2017).

We conducted our study in February — March 2022 on the western
part of the catchment, which contains areas with three clearly differ-
entiated degrees of intervention (Table 1): a protected area with low
intervention (LI), an area with moderate intervention (MI) and an area
with high intervention (HI). Within each of these areas, we selected
three representative stream sites (all 1st or 2nd order independent
streams), which did not differ in altitude (LI, 34 — 54 m asl; MI, 46 — 145
m asl; HI, 43 — 96 m asl) but showed differences in riparian canopy
vegetation cover (LI, > 70%; MI, 40 — 69%; HI, < 39%) and plant ri-
parian species richness (LI, > 40 species; ML, 21 — 40 species; HI, < 10
species). At each site, we selected a 100-m representative stream reach
where we characterized the habitat and water physicochemistry,
collected samples, and conducted a leaf litter decomposition experiment
as described in the sections below.

2.2. Site characterization

At each site, we visually estimated riparian vegetation cover (%) and
plant species richness. We measured in situ the pH, temperature (°C),
conductivity (uS cm™1), turbidity (mg L) and dissolved oxygen (mg L
and % saturation) using a multiparametric probe (YSI 556), and
collected two different sets of water samples that were transported to the
laboratory on ice. The first set was analysed for concentrations (mg L)
of total solids (method SM 2540B), biochemical oxygen demand (SM
5210B), total and fecal coliforms (SM 9222B, 9222 D), and nitrate and
soluble reactive phosphate (SM 4500-NO3 B and SM 4500-P B5 and E)
(Rice et al., 2012).The second set was kept at 4 °C and analysed within
24 h for pesticides (see Supplementary Methods for more information).
Based on the habitat variables we calculated the Panamanian water
quality index, ICA (Dinius, 1972; Ortega-Samaniego et al., 2022) and the
Habitat quality index (Cornejo et al., 2019a) for each site.

We sampled benthic invertebrates at each site using a 30-cm wide,
0.5 mm mesh D-net, on day 28 of the experiment described below. We
used a multihabitat sampling approach, which proportionally covered
the main habitats present at the site, with a total of twenty 0.5-m sam-
pling units (or 3 mz) per site (Barbour et al., 1999; Cornejo et al.,
2019b). Net contents were filtered through a 0.5-mm sieve and placed in
a white tray first, where coarse substrate was discarded, and then in a
500-mL bottle with 96% ethanol. Invertebrates were identified to the
lowest possible taxonomic level using available literature (Beketov
et al., 2009; Gutiérrez-Fonseca, 2010; Hawkes, 1998; Menjivar Rosa,
2010; Ramirez and Gutiérrez-Fonseca, 2014; Tomanova et al., 2006;
Pacheco-Chaves, 2010; Springer et al., 2010), and separated into litter-
consuming detritivores and other invertebrates under a stereoscopic
microscope in the laboratory. Based on these data, we calculated the
BMWP/PAN index for each site (Cornejo et al., 2019b).

2.3. Litter decomposition experiment

We conducted the experiment using three riparian tree species
widespread in Panama, including one native and widespread in the
study catchment [Ficus insipida Willd., (Moraceae)], one native to Pan-
ama but not present in the study catchment [(Alnus acuminata Kunth.
(Betulaceae)], and one exotic [(Musa balbisiana L. (Musaceae)]; here-
after Ficus, Alnus and Musa. Litter quality was assessed through specific
leaf area [SLA; the ratio of leaf area (mm?) to leaf dry mass (DM; mg)],
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Fig. 1. Location of the nine study sites (51-S9) located in three areas with different degree of agricultural intervention (low intervention, LI; medium intervention,
MI; and high intervention, HI) within the Panama Canal catchment, located in the central part of Panama.

which was quantified by cutting 20 discs from different air-dried leaves
of each species using a 17-mm diameter cork borer, avoiding main leaf
nerves, and weighing them to the nearest 0.01 mg; and nitrogen (N)
concentration (%), obtained from unpublished data (L. Boyero, unpubl.)
and the literature (Lopez-Rojo et al., 2021; Ramu et al., 2017). Litter of
Alnus had the highest quality (SLA = 10.8 + 1.9 mm? mg™}; N = 2.40 +
0.08%), followed by Musa (SLA = 13.3 = 0.5 mm?® mg™}; N 1.17 +
0.58%) and Ficus (SLA = 10.7 + 1.1 mm? mg™; N = 1.09 + 0.09%).

We collected recently senesced litter from the riparian forest floor at
the study catchment (Ficus) or the Parque Internacional La Amistad
(8.9°N, —82.6°W; Alnus), or dry leaves from plants at the study catch-
ment (Musa). Once in the laboratory, litter was air dried and cut in ca. 5
x 5 cm fragments, excluding the basal petiole insertion. We used extra
leaf litter to estimate litter mass loss (LML) due to leaching of soluble
compounds, by introducing this leaf litter in glass jars with 400 mL of
filtered (100 pum) stream water from the experimental site for 48 h, with
water replacement at 24 h (1 g per species and replicate; n = 3). Leaf
litter from each replicate was oven-dried (70 °C, 72 h) and weighed to
estimate the relationship between initial air DM and post-leaching oven
DM (Lopez-Rojo et al., 2021).

We prepared 540 sets of leaf fragments (20 per species and site),
weighed them individually (1.00 + 0.05 g), hooked them on safety pins
in groups of 20 (same species), and introduced each group within a fine-
mesh (0.5 mm) or coarse-mesh (10 mm) bag (20 x 15 cm). Fine-mesh
bags preclude the entrance of invertebrates and thus allow the quanti-
fication of microbial decomposition, and coarse-mesh bags serve to
quantify total decomposition, with detritivore-mediated decomposition
being estimated later (see below). On February 1, 2022, we deployed the
litterbags at the nine studied sites, attached in pairs (fine- and coarse-
mesh) with nylon rope to stakes that were hammered into the stream
substrate. We collected one third of the bags on day O to estimate litter
mass handling losses (which were observed to be negligible); and the
other two thirds on days 14 and 28, respectively. Litterbags were
collected by placing a net immediately downstream and introducing
them into ziplock bags, which were transported to the laboratory on ice.
In the laboratory, litter was carefully rinsed using filtered (100 pm)
stream water on a 500-pm sieve to remove sediments and invertebrates.
Then it was oven dried (70 °C, 72 h), weighed to estimate final DM,

incinerated (500 °C, 4 h) and re-weighed to estimate final ash-free dry
mass (AFDM). Decomposition was quantified through proportion of
LML, which was calculated as the difference between initial and final
AFDM (g) divided by initial AFDM (g), with initial AFDM being cor-
rected by the proportion of LML due to leaching. Microbial and total
decomposition were quantified through LML in fine- and coarse-mesh
litterbags, respectively, and detritivore-mediated decomposition was
calculated as the difference in LML between paired coarse- and fine-
mesh bags. Leaf litter ash content (%) was used as a proxy for sedi-
ment deposition.

2.4. Processing of invertebrate and aquatic hyphomycete samples

Invertebrates collected from coarse-mesh bags were preserved in
70% ethanol, and identified and separated as above, recording the
abundance and taxonomic richness for detritivores and total in-
vertebrates per bag. Five leaf discs of Ficus and Musa were incubated in
200 mL glass flasks, which were previously filled with 40 mL of filtered
water from the corresponding stream with constant aeration (Alnus was
excluded from this analysis for logistical reasons). After 48 h, the
resulting conidial suspensions were transferred to 45 mL centrifuge
tubes, fixed with 2 mL of 37% formalin, and two drops of trypan blue
were added. A 10 mL aliquot of the suspension was filtered (Millipore
SMWP 5 mm pore size) for conidial identification and counting. Filters
were stained with trypan blue and conidia identified (Descals et al.,
1977; Ingold, 1975), counting 100 fields under x 200 magnification in
an OLYMPUS DP72 microscope. Sporulation rates were expressed as
number of conidia per g of leaf DM per day of incubation time.

2.5. Data analyses

Statistical analyses were performed in R software, v. 4.2.1 (R Core
Team, 2022). We first explored bivariate scatterplots and Pearson cor-
relations to select the most relevant and uncorrelated environmental
variables (r > 0.70) to be used in further analyses (Fig. S1; Zuur et al.,
2009); these variables were suspended solids, TUpax, NO3 concentra-
tion, total phosphorus and riparian vegetation cover (%), with other
variables discarded. We used Principal Component Analysis (PCA; rda
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Table 1
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Location and physicochemical characterization of the nine study sites (§1-S9) located in three areas with different degree of agricultural influence: low intervention, LI;

medium intervention, MI; and high intervention, HI); BDL = Below detection level.

Land use category LI Low intervention

MI Medium intervention

HI High intervention

D s1 S2 S3 S4 S5 S6 S7 S8 S9
Site location
Latitude (°N) 9.08233 9.13467 9.14961 8.90992 8.97947 8.96720 9.03729 8.99470 8.97898
Longitude (°W) —79.66442  -79.72239  —79.73170 —80.06747  —79.98559  —79.96469 —79.87689  —79.91990  —79.88531
Altitude (m a.s.l.) 54 35 34 145 90 46 96 93 43
Habitat characterization
Stream width (m) 6.5 8.5 7.8 7.3 6.2 9.9 9.7 8.4 6.4
Water depth (cm) 130.0 128.0 120.0 157.0 149.0 185.0 170.0 161.0 137.0
Current velocity (m/s) 0.1 0.2 0.4 0.5 0.4 0.7 0.3 0.2 0.2
Sediment deposition (%) 20.0 30.0 10.0 40.0 50.0 30.0 90.0 70.0 80.0
Riparian vegetation cover (%) 90.0 80.0 80.0 60.0 40.0 60.0 10.0 30.0 10.0
HQI (Habitat quality index) 166.0 180.0 190.0 87.0 81.0 90.0 44.0 45.0 41.0
Physicochemical variables
Temperature (°C) 23.8 23.9 24.1 24.6 28.2 27.7 25.7 25.6 26.2
pH 7.1 7.1 7.4 7.2 7.1 7.3 7.2 7.4 7.1
Turbidity (NTU) 1 2.8 1.9 5.3 5.2 3.2 5.0 5.00 9.8
Dissolved O, (mgL™) 7.6 6.8 7.7 5.7 6.8 7.6 5.9 7.5 3.3
Dissolved O, (% sat.) 89.9 80.9 91.2 68.1 87.1 96.3 72.1 91.9 40.7
N-Nitrate ((ugL™) BDL BDL BDL BDL BDL BDL 1355 1355 1581
Total P (ng'l) 80 BDL BDL BDL BDL 120 BDL 130 BDL
ICA (Panamanian water quality 83 80 87 82 84 83 76 77 60
index)
Biological variables
Total coliforms 8.3 54 8.4 35 20 25 5.2 7.9 8.3
Fecal coliforms 2 2 0.4 4 1 3 0.9 0.6 6.4
BMWP/PAN index 88 73 74 42 47 43 27 39 2
Pesticides
Ametryn (ng’l) BDL BDL BDL BDL BDL BDL 0.11 0.11 0.13
Atrazine (ng’l) BDL BDL BDL BDL BDL BDL BDL 0.11 BDL
Bifenthrin (ng"l) BDL BDL BDL BDL BDL BDL BDL BDL 0.14
TUmax —5.45 —5.89 0.10

function of vegan package) to explore variation among sites, in terms of
habitat and physicochemical variables that could indicate stream
impairment because of agriculture (Fig. S2). We explored the correlation
between the ICA index and the habitat quality index, riparian vegetation
cover and BMWP/PAN index, in order to corroborate the established
agricultural intervention gradient.

To examine how leaf litter decomposition of the different plant
species responded to the agricultural influence gradient, we used linear
mixed-effects models [Ime function and restricted maximum likelihood
(REML) estimation on the nlme package (Pinheiro et al., 2020)], with
microbial (hypothesis 1), detritivore-mediated (hypothesis 2) and total
decomposition (hypothesis 3) as response variables, and intervention
degree (LI, MI and HI) and litter type (Ficus, Alnus and Musa) as cate-
gorical predictors. We included the interaction between agricultural
influence and litter type in the models to test whether litter type
mediated the agricultural influence on decomposition (hypothesis 4).
We included stream sites as random component, due to the nested
sampling design, and examined the improvement of model fit after
including this component with the Akaike Information Criterion cor-
rected for sample size (AICc). We inspected residuals from each model to
ensure there were no visual patterns or violation of linear model
assumptions.

Finally, we investigated the variation in the abundance and taxon
richness of detritivore and total invertebrates in coarse-mesh bags (14
and 28 d) and benthic samples, using linear mixed-effects models and
confidence intervals, with site as random factor; agricultural influence

(LI, MI and HI) was a fixed factor in both cases, and litter type (Ficus,
Alnus and Musa) was also a fixed factor for coarse-mesh bags.

3. Results
3.1. Site characteristics

Study sites located in the three intervention areas showed a gradient
in sediment deposition and turbidity (LI < MI < HI), and in dissolved
oxygen, riparian vegetation cover and the habitat quality index (LI > MI
> HI), variables that were correlated with the ICA (Fig. S1). There were
no clear differences in other variables such as width, depth, current
velocity, temperature, pH or coliforms (Table 1). Nitrates were below
detection level at LI and MI sites, and total P at two sites in each area.
Three pesticides were detected, including two herbicides (ametryn and
atrazine) and one insecticide (bifenthrin), all at HI sites (Table 1). The
first axis of the PCA separated LI and MI sites from HI sites, based on
riparian vegetation cover, suspended solids and nitrates; and the second
axis separated sites with higher pesticide toxicity (mostly site S9 at HI)
and higher P concentration (sites S1 at LI, S6 at MI, and S8 at HI; Table 1,
Fig. S2). The habitat quality index and riparian vegetation cover
correlated with the ICA, which supported the studied agricultural
intervention gradient (Fig. 2), with particularly clear differences be-
tween HI sites and the less impacted sites at MI and PI.

In benthic samples, we collected a total of 1,140 invertebrates, which
belonged to 38 families, 12 orders and 5 classes (Table S1, Fig. S3). The
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Fig. 2. Correlation between the Panamanian water quality index (ICA) and the
habitat quality index, riparian vegetation cover and BMWP/PAN index, in
streams located in three areas with different degrees of agricultural intervention
[sites S1-S3: low intervention, LI; S4-S6: medium intervention, MI; and S7-S9:
high intervention, HI).

most common families, which accounted for > 60% of invertebrates in
benthic samples, were Ephemeroptera: Leptophlebiidae (19%), Tri-
choptera: Philopotamidae (16%), Diptera: Chironomidae (14%), Tri-
choptera: Hydropsychidae (10%) and Coleoptera: Elmidae (5%). The
BMWP/PAN scores reflected the agricultural intervention gradient and
also correlated with the ICA (Fig. 2).

3.2. Litter decomposition

After 14 d of instream incubation, the proportion of LML ranged from
0.16 to 0.52 in fine-mesh bags (microbial decomposition) and from 0.13
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to 0.66 in coarse-mesh bags (total decomposition), considering all litter
types (Fig. S4); after 28 d, it ranged from 0.22 to 0.79 in fine-mesh bags
and from 0.22 to 0.91 in coarse-mesh bags (Fig. 3). Microbial decom-
position represented 92% and 86% of total decomposition at 14 d and 28
d, respectively (on average for all sites and litter types), being
detritivore-mediated decomposition a relevant fraction only at LI sites
for Alnus (33-37% of total decomposition).

Microbial decomposition differed among litter types, and the effect
was evident already at 14 d of exposure (Table 2), being decomposition
higher in Ficus than in the other two species (Fig. 3). At day 28, there was
a significant interaction between intervention area and litter type
(Table 2), but post-hoc tests did not show any clear differences among
areas for any of the litter types (Fig. 3). Detritivore-mediated decom-
position did not differ among areas or litter types at day 14, but at day 28
there was a significant intervention area by litter type interaction, with
differences between areas (LI > MI = HI), being evident only for Alnus
litter (Fig. 3). For total decomposition, differences among litter types
were evident from day 14, and there was again a significant interaction
between both factors (Table 2), with higher decomposition at LI and MI
than for HI for Alnus only (Fig. 3).

In coarse mesh bags, we collected 3,772 invertebrates belonging to
23 families, 8 orders and 2 classes (Tables S2). The most common
families (>85%) were Chironomidae (49%), Leptophlebiidae (24%),
Caenidae (7%), Hydropsychidae (4%) and Leptohyphidae (4%). Litter-
feeding detritivores were present at the LI sites (Trichoptera: Calamo-
ceratidae, Coleoptera: Ptilodactylidae and Diptera: Tipulidae), but ab-
sent at MI and HI sites, which had more generalist detritivores that are
typically classified as collector-gatherers (Chironomidae; and Hap-
lotaxida: Tubificidae at HI sites) and filter-feeders (Philopotamidae).
Invertebrate and detritivore abundances were higher in coarse-mesh
bags with Alnus than in those with the other species. In contrast, there
were no differences among intervention areas, or among benthic sam-
ples of different areas or litter types (Fig. S5, Fig. 4, Table 3, Table S5).

Aquatic hyphomycete taxon richness and sporulation rates were low
in general, with only 15 sporulating taxa identified (Table S2-54), and
no significant differences in any of these variables among intervention
areas or litter types (Table 4; Tables S3-S4; Table S6; Fig. S6). Sporu-
lation rates tended to be higher at MI sites, and taxon richness tended to
be lower in Ficus and Musa litter (which shared the same sporulating
species), but differences were not significant.

4. Discussion

In many tropical streams, leaf litter decomposition is mainly medi-
ated by microorganisms, which can be explained by the scarcity of most
litter-consuming detritivores at high temperatures (Boyero et al.,
2011a). This was reflected in our study, where microorganisms
accounted for >60% of total leaf litter mass loss on average. Litter-
consuming detritivores were poorly represented in general, but espe-
cially in streams of the medium and high intervention areas, where
typical litter consumers (i.e., several families of Trichoptera, Plecoptera
and Amphipoda) were virtually absent, and only chironomids were
observed to feed on leaf litter. This situation contrasts with highland
areas of Panama, where several families of the above orders are common
(e.g., Lepidostomatidae, Ptilodactylidae or Hyalellidae; Cornejo et al.,
2020b). Thus, in a study conducted at the Chiriqui Viejo catchment,
located in western Panama and also affected by agriculture, but located
at > 1600 m asl (compared to < 150 m asl in this study), detritivores in
the low intervention area contributed on average 81% and 60% to total
decomposition of Alnus and Ficus, respectively.

Contrary to our expectations (hypothesis 1), microbial decomposi-
tion was not influenced by agricultural intervention in our study area.
When assessed in microcosm experiments, nutrient enrichment consis-
tently enhances microbial activity, although the magnitude of effects
can vary with other environmental factors (e.g., it increases with tem-
perature; Ferreira and Chauvet, 2011). In contrast, results of field



J. Pérez et al.

Microbial
1.0

Ecological Indicators 154 (2023) 110819

Detritivore mediated Total

A

AB

0.8
0.6

2% 4%

0.2

LML (prop.)

0.0

B A A Cc B

o %o

-0.2

¢

54-6 §7-9
LI MI HI

54-6 S7-9
LI Ml HI

S4-6 S7-9 S4-6 S7-9
LI Ml HI LI Ml HI

®

LI MI HI

o »

54-6 S7-9
LI MI HI

54-6 S7-9
LI MI HI

S4-6 S7-9
LI MI HI

54-6 S7-9 S54-6 S7-9

LI MI HI

Fig. 3. Microbial, detritivore-mediated and total decomposition (mean + SE proportion of litter mass loss; LML) of three litter types after 28 d of incubation in
streams located at three study areas with different degree of agricultural influence (low intervention, LI; medium intervention, MI; and high intervention, HI).

Different letters indicate significant differences between areas (p < 0.05).

Table 2

= Ficus insipida; @ = Alnus acuminata; @) = Musa balbisiana.

Results of linear models examining variation in microbial, detritivore-mediated and total decomposition (quantified as the proportion of litter mass loss) among
degrees of agricultural intervention (LI, MI and HI), litter types (Alnus, Ficus and Musa) and their interaction; df = degrees of freedom, F = F statistic; p = p-value.

14d 28d
Response variable Factor/interaction df F P df F P
Microbial decomposition Agricultural intervention degree (AID) 6 0.84 0.477 6 0.03 0.972
Litter type (LT) 120 52.23 <0.001* 120 43.27 <0.001*
AID x LT 120 0.69 0.599 120 2.99 0.021*
Detritivore-mediated AID 6 2.50 0.142 6 1.98 0.218
decomposition LT 120 1.86 0.159 120 0.91 0.405
AID x LT 120 0.69 0.598 120 4.07 0.004*
Total decomposition AID 6 3.56 0.096 6 1.07 0.399
LT 120 57.02 <0.001* 120 65.50 <0.001*
AID x LT 120 2.82 0.028* 120 2.95 0.023*

studies are more variable, with some studies showing higher decom-
position at higher nutrient levels, and others reporting no influence
(Ferreira et al., 2015; Gulis and Suberkropp, 2003). Dissolved nutrients
are more accessible to aquatic hyphomycetes than leaf litter nutrients,
and thus eutrophic conditions that do not reach toxic levels can promote
respiration and sporulation rates and hence leaf litter mass loss (Duarte
et al., 2009; Suberkropp and Chauvet, 1995). The absence of consistent
effects in the field, however, has been attributed to nutrients not being
limiting at any study site (Royer and Minshall, 2003), or to either N or P
remaining limiting even when the other nutrient increases (Tank and
Webster, 1998). This second explanation could apply to our study
because, while nitrate was high in streams of the high intervention area,
total P was below detection levels at many sites, which may have limited
microbial activity in the most impacted sites. It is also possible that
factors other than nutrients associated with the agricultural intervention
level (e.g., pesticide concentration or sedimentation) may have coun-
teracted the effect of nutrients, rendering an overall lack of effect (Pérez
et al., 2013).

Detritivore-mediated decomposition varied across intervention areas
in the predicted gradient (hypothesis 2), which was also reflected in
total decomposition (hypothesis 3): LI differed significantly from the
other two areas for detritivore-mediated decomposition (LI > MI = HI),
and HI differed from the other two areas for total decomposition (LI =
MI > HI). Other studies have also shown a detriment in detritivore
abundance and species richness, and hence a decrease in detritivore-
mediated decomposition rates, as a result of agricultural intervention

(Cornejo et al., 2020b) or other sources of alteration (Fenoy et al., 2020;
Lecerf et al., 2006). Here, we did not find significant differences among
areas in the abundance or species richness of litter-consuming detri-
tivores in coarse-mesh bags or benthic samples, which contrasts with the
above-mentioned study conducted in a highland Panamanian agricul-
tural catchment, where detritivore abundance and richness were higher
in the low intervention area than in the medium and high intervention
areas (Cornejo et al., 2020b). These differences could be attributed to
the identities of litter-consuming detritivores found in both studies:
here, these were mostly chironomids, which are much more tolerant to
pollutants than those found in the other study, which included typical
litter-consuming detritivores such as caddisflies (genera Lepidostoma and
Phylloicus), amphipods (Hyallela), beetles (Anchytarsus) and craneflies
(Tipula). Thus, the detriment in water quality across the agricultural
gradient studied here might have not driven drastic reductions in litter-
consuming detritivore numbers as observed in other cases, although
they reduced their feeding activity as explained above.

Litter decomposition rates varied across plant species, as predicted
(hypothesis 4), although these differences were significant only for mi-
crobial decomposition. The pattern followed by total decomposition was
similar to that of microbial decomposition (hypothesis 3), but differ-
ences among species were not significant. In particular, Ficus decom-
posed (microbially) approximately 1.5 times faster than the other two
species, which decomposed at similar rates. This contrasts with the
observed gradient in litter quality (Alnus > Musa > Ficus), and could be
related to a home-field advantage effect, which consists of litter
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Fig. 4. Abundance (number of individuals) and taxon richness (number of taxa) of total invertebrates and litter-consuming detritivores collected from coarse-mesh
litterbags after 28 d of incubation, in streams located in three areas with different degree of agricultural influence (low intervention, LI; medium intervention, MI; and

high intervention, HI).

decomposing faster near its origin than at distant sites due to speciali-
zation of local decomposer assemblages to characteristics of this litter
(Bachega et al., 2016). Although this hypothesis was initially proposed
for terrestrial decomposition, assuming that plants created specific
conditions that favored the decomposition of their own litter in the soil
(Gholz et al., 2000), studies have shown a possible home-field advantage
effect also for instream decomposition, although this effect seems to be
weaker for broadleaf than for conifer species (Yeung et al., 2019) and
weaker than effects of litter traits (Fenoy et al., 2016).

Litter quality usually correlates with decomposition rates, but this
occurs mainly in the presence of detritivores (Tonin et al., 2017), when
litter traits are major decomposition drivers, at least in temperate re-
gions (Martinez et al., 2015). However, the role of litter quality for
microbial decomposition is not as straightforward, with litter traits other
than nutrient contents being potentially more important for microbial
decomposers (Fenoy et al., 2022; Lopez-Rojo et al., 2021), which can
obtain nutrients also from the water column (Krauss et al., 2011; Pérez
et al., 2018). It is possible that litter traits not measured here could have
influenced the faster decomposition of Ficus compared to the other
species, although a home-field advantage effect cannot be discarded

= Ficus insipida; @ = Alnus acuminata; @) = Musa balbisiana.

(Fenoy et al., 2016). It is also noteworthy that aquatic hyphomycete
sporulation rates associated with Ficus and Musa litter were very low,
which possibly reflected suboptimum conditions (Pérez et al., 2014).
While optimum temperatures for these microorganisms often are 10 —
15 °C (Barlocher et al., 2013), water temperature in our study sites was
24 - 28 °C, which may also have precluded finding differences in mi-
crobial decomposition among agricultural intervention areas (Pérez
et al., 2018; Rajashekhar and Kaveriappa, 2000), in contrast with the
observed variation in colder, highlands areas of Panama (Cornejo et al.,
2020b). Under these warmer conditions, other microbial decomposers
such as heterotrophic bacteria may have functionally replaced aquatic
hyphomycetes (Marks, 2019; Pascoal et al., 2005).

In conclusion, drivers of leaf litter decomposition in lowland tropical
streams seem to differ from those of tropical highland streams (Cornejo
etal., 2020b), the latter having characteristics more similar to temperate
streams in terms of the important role of litter-consuming detritivores in
the process (Boyero et al., 2011b). However, even if microbially-
mediated decomposition is predominant in lowland tropical streams,
detritivore-mediated decomposition still seems to be a better tool to
detect impacts of agriculture (and possibly other types of human
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Table 3
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Results of linear models examining variation in the abundance and taxonomic richness of litter-consuming detritivores (detr.) and total invertebrates (inv.) found in
coarse-mesh litterbags among degrees of agricultural intervention (LI, MI and HI), litter types (Alnus, Ficus and Musa) and their interaction; and those found in benthic
samples among degrees of agricultural intervention; df = degrees of freedom, F = F statistic; p = p-value.

14d 28d
Response variable Factor/interaction df F P df F P
Litterbags
Detr. abundance Agricultural intervention degree (AID) 6 0.23 0.800 6 0.37 0.707
Litter type (LT) 120 6.19 0.003* 120 5.86 0.004*
AID x LT 120 0.23 0.920 120 0.98 0.424
Detr. richness AID 6 0.84 0.476 6 1.24 0.355
LT 120 0.51 0.602 120 0.88 0.418
AID x LT 120 0.44 0.783 120 0.27 0.897
Inv. abundance AID 6 0.23 0.801 6 0.54 0.607
LT 120 3.54 0.032* 120 3.35 0.038*
AID x LT 120 0.75 0.562 120 0.44 0.778
Inv. richness AID 6 0.81 0.489 6 2.44 0.168
LT 120 0.17 0.847 120 0.56 0.562
AID x LT 120 0.72 0.578 120 0.08 0.988
Benthic samples
Detr abundance AID 6 2.56 0.157
Detr richness AID 6 2.35 0.069
Inv. abundance AID 6 1.42 0.313
Inv. richness AID 6 1.19 0.231

Table 4

Results of linear models examining variation in aquatic hyphomycete (AH) taxon richness and sporulation rate found in fine-mesh litterbags among degrees of
agricultural intervention (LI, MI and HI), litter types (Ficus and Musa) and their interaction; df = degrees of freedom, F = F statistic; p = p-value.

14d 28d

Response variable Factor/interaction df F P df F P

AH taxon richness Agricultural intervention degree (AID) 6 3.23 0.1115 6 0.53 0.6125
Litter type (LT) 66 0.53 0.4679 52 0.75 0.3909
AID x LT 66 0.54 0.5841 52 0.67 0.5161

AH sporulation rate AID 6 2.73 0.1438 6 1.14 0.3796
LT 66 3.95 0.0509 52 0.13 0.7197
AID x LT 66 0.73 0.4869 52 1.44 0.2466

intervention) in lowland tropical streams, being therefore, a comple-
mentary functional indicator of ecosystem integrity. We thus recom-
mend that standard substrates such as cotton strips or tongue depressors,
often used as bioassessment tools (Cavallet et al., 2022; Ferreira et al.,
2021), are used only in combination with natural litter in order to detect
impacts. In particular, litter of Alnus spp. (alone or in combination with
more nutrient-poor litter; Pérez et al., 20212a) seems to be an appropriate
substrate for this purpose, even in cases where the species are not native
to the study area.
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