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Abstract

Biodiversity loss in aquatic ecosystems is accelerating, yet whether the effects of differ-
ent biodiversity facets on biogeochemical processes are consistent or environmentally
contingent remains poorly understood. Benthic invertebrate bioturbators drive nutri-
ent exchange at the sediment—water interface of shallow aquatic ecosystems, but how
sediment trophic status modulates the effects of their richness, identity, and composi-
tion on benthic—pelagic nutrient cycling is unclear. We conducted a factorial microcosm
experiment using three functionally and phylogenetically distinct species—Campsurus
melanocephalus (Ephemeroptera), Heteromastus similis (Polychaeta), and Heleobia australis
(Gastropoda)—assembled as monocultures, bicultures, and tricultures across a gradient
of sediment organic matter concentration ((OM]) representative of natural variability in
a neotropical coastal lagoon. Species richness produced a consistent, saturating enhance-
ment of NHj fluxes that was independent of sediment trophic status, while species identity
strongly differentiated monoculture effects in a pattern that was likewise stable across
the [OM] gradient. In contrast, although biculture compositions did not differ from one
another across the [OM] gradient, the overall magnitude of biculture-mediated NHj3 fluxes
increased with sediment trophic status, suggesting that multispecies assemblage effects
are more responsive to environmental context than those of single species. These findings

reveal that biodiversity facets diverge not only in how strongly they affect ecosystem
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functioning, but also in how sensitive their effects are to environmental variation. We
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1. Introduction

Biodiversity’s role in ecosystem functioning represents one of ecology’s fundamental
inquiries [1]. Despite initial controversy, meta-analytical and quantitative syntheses have
established that biodiversity substantively influences the magnitude and the stability of
individual and multiple ecosystem processes [2—6]. Two primary mechanistic explanations
have emerged for these biodiversity—ecosystem function relationships: the sampling effect,
wherein species-rich communities are statistically more likely to contain functionally domi-
nant taxa [7-9], and complementarity effects, wherein niche partitioning and facilitation
enable diverse communities to utilize environmental resources more efficiently [10,11].

Research efforts examining biodiversity—ecosystem function relationships have been
asymmetrically distributed across ecosystems, community types and ecosystem processes,
with terrestrial plant communities and primary productivity receiving disproportionate
attention [12]. Additionally, the cross-habitat effects of biodiversity loss have been consider-
ably underexplored, constraining our understanding of how biodiversity loss or alteration
within a given habitat or ecosystem may scale up to adjacent habitats or ecosystems [13].
Concomitantly, biodiversity loss proceeds at an accelerated rate in aquatic ecosystems,
particularly affecting higher trophic levels and consumer communities [14-17]. This dis-
crepancy underscores the imperative to expand biodiversity—ecosystem function research
beyond terrestrial primary producers to encompass aquatic ecosystems [18,19]. Such expan-
sion is particularly important for regenerative ecosystem processes, including nutrient cy-
cling, which are strongly mediated by consumer communities in aquatic ecosystems [20,21].

Lentic ecosystems present ideal systems for investigating biodiversity effects on cross-
habitat ecosystem processes [22], particularly through the mechanism of bioturbation—the
modification of sediment physical properties through organism movement and foraging
activities [23-25]. Bioturbation mediates regenerative processes, facilitates nutrient translo-
cation between ecosystem compartments and constitutes a crucial component of aquatic
nutrient cycling [26,27] and carbon fluxes within and between aquatic environments and
the atmosphere [28-30]. Benthic invertebrates, with their immense taxonomic, functional
and phylogenetic diversities, represent quintessential ecosystem engineers that drive this
bioturbation process [31-34]. Their relatively low functional redundancy [27,35] allows re-
searchers to distinguish between taxonomic and functional diversity effects, providing cru-
cial insights into biodiversity’s multifaceted importance for ecosystem functioning [36,37].

Empirical evidence demonstrates that benthic invertebrate diversity significantly influ-
ences nutrient flux across the sediment-water interface [38-42]. However, these biodiversity
effects can be strongly context-dependent, varying among diverse ecological settings [43,44].
Particularly understudied is how environmental characteristics, specifically resource avail-
ability or trophic status, interact with bioturbator diversity to affect nutrient cycling [45].
Research across various ecological communities indicates that resource availability can
either amplify or nullify biodiversity effects on ecosystem processes [46—49]. Yet, limited in-
formation exists regarding how sediment trophic status, an important component of habitat
structure and heterogeneity of the sedimentary environment, might modulate the magni-
tude and directionality of benthic bioturbator diversity effects on nutrient recycling [50].

This knowledge deficiency is particularly relevant given that benthic sedimentary
habitats exhibit substantial heterogeneity in trophic status both across systems [51] and
within individual ecosystems [52]. Littoral sediments typically contain higher organic
content than profundal limnetic regions due to macrophyte and riparian inputs [53,54],
while point-source pollution can create pronounced spatial heterogeneity in sediment
trophic status [55,56]. Previous studies have demonstrated that individual bioturbator
species’ effects on nutrient cycling vary in response to sediment organic content [45,50],
suggesting that sediment trophic status may similarly influence interspecific interactions
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among bioturbators. This expectation is mechanistically plausible because sediment organic
matter represents both a basal resource for deposit-feeding invertebrates and a major
driver of microbial activity, oxygen demand, and redox conditions within sediments.
Changes in sediment [OM] may therefore alter the behavior, vertical distribution, feeding
activity, and bioirrigation intensity of bioturbator species [57-59]. Consequently, sediment
trophic status may modify not only the effects of individual species, but also the strength
and direction of species interactions that emerge in multispecies assemblages, ultimately
influencing nutrient fluxes across the sediment—water interface [50]. However, whether
sediment trophic status modulates the effects of multiple bioturbator biodiversity facets
(i.e., species richness, species identity, and species composition) on nutrient fluxes remains
poorly understood. Addressing this gap would improve our understanding of the spatial
variability of biodiversity effects and strengthen the extrapolation of laboratory findings to
broader ecological scales [60-62].

Here, we conducted a laboratory microcosm experiment to examine whether and
how sediment trophic status modifies the effects of bioturbator biodiversity on nutrient
flux (ammonia—NH3) across the sediment-water interface. Specifically, we addressed
three questions. First, does bioturbator species richness (i.e., effects of species number on
ecosystem functioning) affect NHj flux, and does this effect vary across sediment trophic
status levels? Second, does species identity (i.e., species-specific effects on ecosystem func-
tioning) affect NHj3 flux, and are these effects dependent on sediment trophic status? Third,
does species composition (i.e., effects of species interactions on ecosystem functioning)
affect NHj flux, and does sediment trophic status alter these effects? NH3 was selected
as the response variable because it is a sensitive indicator of microbial mineralization
of organic nitrogen and represents a key nutrient for primary production in coastal la-
goons. In addition, NHj3 flux across the sediment-water interface is strongly influenced
by benthic bioturbators [33,38,43], whose reworking and bioirrigation activities can en-
hance organic matter decomposition and promote nutrient transfer from sediments to the
overlying water [57-59]. We hypothesized that sediment [OM] would modulate the effects
of invertebrate bioturbator species richness, species identity, and species composition on
benthic—pelagic nutrient exchange.

2. Materials and Methods
2.1. Study Site Characterization

The sediment, water, and benthic macroinvertebrate organisms utilized in this experi-
ment were sampled in Imboassica lagoon, a freshwater coastal lagoon situated within the
urban area of Macaé municipality on the northern coast of Rio de Janeiro State (22°24/35" S
and 41°49'10” W) in Brazil. The Imboassica lagoon exists within the geomorphological
domain of an alluvial sedimentation plain, with genesis dating to the Tertiary period [63].
This ecosystem exemplifies a quintessential neotropical coastal lagoon segregated from
the marine environment by a sand barrier [64]. The lagoon encompasses approximately
3.26 km?, with a mean depth of 1.09 m [65]; has been characterized as a eutrophic and
highly productive coastal lagoon [66]; and contains sediment characterized by substantial
organic matter concentrations [67]. Both its inorganic constituents (clays, silts, and fine
sand) and organic composition demonstrate pronounced spatial heterogeneity [68]. Given
its location within the urban perimeter, the Imboassica lagoon is subjected to multiple
anthropogenic perturbations, including untreated domestic effluent discharge [69]. These
anthropogenic activities have been promoting increasing burial rates of carbon, nitrogen
and phosphorus in the sediment of Imboassica lagoon during the past several decades [67].

https://doi.org/10.3390/limnolrev26030039


https://doi.org/10.3390/limnolrev26030039

Limnol. Rev. 2026, 26, 39

4 0f 20

2.2. Benthic Invertebrate Species Studied

For this study, we used 3 functionally different benthic invertebrate species that are the
most abundant at the studied site and have distinct modes of bioturbatory activities within
the sediment. The species pool we used was therefore ecologically representative of the
local benthic community while also encompassing functionally contrasting bioturbation
strategies, allowing us to test whether sediment trophic status modulates biodiversity
effects across a biologically meaningful range of bioturbator functional traits. Nymphs of
Campsurus melanocephalus (Ephemeroptera, Polymitarcidae) can be functionally categorized
as tube filter feeders [70]. C. melanocephalus constructs tubes within the sediment that
exhibit morphological variability, predominantly assuming U or J configurations, with
variable depth penetration. The organism generates water flow through these tubes via
corporeal undulations, thereby satisfying respiratory requirements while simultaneously
filtering particulate organic matter and microorganisms. C. melanocephalus nymphs attain
lengths of up to 3 cm and facilitate water circulation through their tubes via metachronal
undulations of abdominal gills [70]. This behavioral adaptation enhances oxygen dif-
fusion into deep, anoxic sediment strata while facilitating nutrient exchange across the
sediment-water interface [71,72].

The species Heteromastus similis (Polychaeta, Capitellidae) is distinguished by its con-
struction of semi-permanent, irregular tubes within the sediment and its consumption of
detrital material transported from oxic surface layers to deeper sediment horizons. Rep-
resentatives of the family Capitellidae are functionally classified as sub-surface deposit
feeders [28]. Mature H. similis specimens measure approximately 1 mm in diameter and
may reach lengths of 15 cm [73], though specimens collected from the Imboassica lagoon
typically range from 3 to 5 cm. Capitellidae family members possess physiological adap-
tations enabling tolerance to elevated sulfide concentrations and hypoxic conditions [74],
facilitating exploration of deep sediment strata without necessitating active water circula-
tion [75]. Their feeding strategy involves consumption of organic particles, either isolated
or adhered to sediment particulates. They deposit fecal material in the form of pelleted
aggregates along their tubes or on the sediment surface, rendering them significant translo-
cators of organic and inorganic constituents between discrete sediment strata without
inducing substantial alterations to sediment oxidation-reduction dynamics [76,77].

H. australis (Gastropoda, Hydrobiidae) inhabits the sediment surface, primarily con-
suming recently deposited detrital material, and is frequently observed in association with
aquatic macrophytes, feeding on periphyton [78]. This ecological niche, characteristic of
other Hydrobiidae family representatives, is constrained to the sediment surface primarily
due to sensitivity to oxygen-depleted conditions, thus functionally categorized as a surface
deposit feeder [75]. Adult H. australis specimens reach maximum lengths of 5 mm and
constitute the predominant benthic invertebrate species in the Imboassica lagoon [67,68].

2.3. Field and Laboratory Procedures

Sediment and benthic invertebrates were collected using core samplers according to
protocols established by Ambiihl and Biihrer (1975) [79], focusing on the central region of
Imboassica Lagoon. This sampling location was selected because its high sediment [OM]
provided the necessary starting condition to generate the experimental trophic gradient in
the sediment (see below). This location also harbors well-developed benthic populations
and higher benthic invertebrate species diversity [67,80]. The experiment used only the
upper 10 cm of sediment, which corresponds to the stratum where benthic organisms are
most concentrated and where microbial activity is expected to be most intense [81].

A portion of the collected sediment was carefully sorted in the field using sieves, and
the target benthic invertebrate species were transferred to species-specific polystyrene ther-
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mal containers containing native sediment and lagoon water. In the laboratory, organisms
were maintained under constant aeration for acclimatization until the beginning of the
experiment. A second portion of the remaining sediment was sieved in the laboratory
through a 1 mm mesh to remove macrofauna, shell fragments, and particulate material
that, according to Reise (2002) [75], may inhibit macroinvertebrate movement and distri-
bution within the sediment. The sieved sediment was then homogenized and subjected
to freeze-thaw cycling to eliminate remaining infauna, including small individuals and
resistant resting stages as eggs or cysts. This procedure generated the defaunated natural
sediment used as the base sediment in the experimental treatments, while allowing the
comprehensive elimination of metazoans [38]. We acknowledge that freeze—thaw cycling
may also reduce most of the sediment microbial community. However, potential effects
on microbial activity were minimized by the subsequent sediment stabilization period,
during which microbial activity and biogeochemical gradients were allowed to partially
re-establish before the incubations, as detailed in Section 2.4.

A third portion of the remaining sediment was used to produce the organic matter-
free mineral fraction later used to manipulate sediment [OM]. To obtain this mineral
fraction, sediment was incinerated at 550 °C for 4 h to eliminate organic matter and
subsequently washed with distilled water to remove residual ash and soluble compounds.
This procedure yielded an organic matter-free mineral fraction while retaining the original
sediment granulometry as much as possible. The experimental sediments were therefore
prepared by mixing, when applicable, this organic matter-free mineral fraction with the
previously sieved, homogenized, and freeze-thawed natural sediment (see below).

2.4. Experimental Design and Setup

The experiment was designed to test how sediment [OM] modifies the effects of ben-
thic invertebrate species richness, identity, and composition on NHj3 fluxes in microcosms
containing a sediment-water interface. For this, the three target species, H. similis, C.
melanocephalus, and H. australis, were assembled as monocultures, bicultures, and tricul-
tures across three experimental levels of sediment [OM]. The design also included controls
without animals for each sediment [OM] level, consisting of microcosms with only sed-
iment and lagoon water, to estimate diffusional NHj fluxes. Monocultures consisted of
the three single-species treatments, and bicultures consisted of all three possible pairwise
species combinations. Each monoculture and biculture treatment was established with
three replicates per sediment [OM] level, whereas the triculture treatment, consisting of the
single three-species combination, was established with nine replicates per sediment [OM]
level. Controls were also established with three replicates per sediment [OM] level. In
total, the experiment consisted of 90 microcosms. This balanced design ensured equivalent
replication of the main biological factors within each sediment [OM] level. Species richness
was represented by the same number of fauna-containing microcosms across monocul-
ture, biculture, and triculture treatments, while species identity within monocultures and
species composition within bicultures were represented by all possible treatments with
equal replication. Thus, species richness, identity, and composition effects, as well as their
interaction with sediment [OM], could be evaluated under a fully balanced experimen-
tal structure [82-85].

The sediment [OM] factor was manipulated by diluting the previously sieved, homog-
enized, and freeze-thawed natural sediment described above with the organic matter-free
mineral sediment fraction. To determine the appropriate proportions of mineral sediment
addition relative to natural sediment dry weight, sediment water content was estimated
from wet-dry weight differences. A wet-to-dry conversion factor was then applied to cal-
culate the required amount of mineral fraction to be added, enabling controlled dilution of
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sediment [OM] to the target levels. Three sediment [OM] conditions were established: un-
altered prepared natural sediment, representing the highest sediment [OM] condition
(High); prepared natural sediment mixed with 50% mineral sediment on a dry weight
basis, representing the intermediate sediment [OM] condition (Medium); and prepared
natural sediment mixed with 75% mineral sediment on a dry weight basis, representing the
lowest sediment [OM] condition (Low). This methodology generated an effective sediment
[OM] gradient within the spatial [OM] variability observed in Imboassica Lagoon [67,86].
Importantly, establishing this gradient experimentally by diluting a common natural sed-
iment avoided potential confounding effects that would arise from collecting sediments
with contrasting [OM] from different areas of the lagoon. In such a field-based approach,
variation in sediment [OM] would likely be accompanied by uncontrolled differences in
other sediment properties, such as grain-size structure, microbial community composition,
and other local physicochemical conditions. Because the mineral fraction used for dilution
was obtained from the same sediment and processed to retain its original granulometry
as much as possible, our approach allowed sediment [OM] to be manipulated while mini-
mizing changes in grain-size structure. This is an important methodological advantage,
given that sediment granulometry can influence the effects of invertebrate bioturbation. In
addition, establishing the [OM] gradient through sediment dilution, rather than through
organic matter addition, avoids some limitations of enrichment-based methods. Organic
matter addition often involves material in different degradation states, and therefore with
qualitative differences from endogenous sediment organic matter, potentially generating
hostile physicochemical conditions for invertebrate fauna [45]. This effect would be par-
ticularly pronounced in Imboassica Lagoon, which is characterized by elevated mean
sediment [OM] [67].

After the sediment [OM] treatments were prepared, they were stabilized before the
start of the experiment. Ten days before incubation, each prepared sediment [OM] treat-
ment was placed in separate aquaria (40 x 40 x 30 cm), forming a sediment layer of
approximately 10 cm. The sediments were then covered with previously filtered Imboas-
sica Lagoon water (GF/C 1.2 um, Whatman, Maidstone, UK) to stabilize and re-establish
the microbial community and biogeochemical gradients [38,87]. The aquaria were kept
aerated and in the dark until the start of the experiment. Hours before incubation began,
acrylic core microcosms (20 cm height x 4 cm diameter) were inserted into the stabilized
sediments, establishing a 10 cm sediment and a 9 cm overlying water column in each
microcosm with minimal disturbance of the vertical structure. The overlying water column
was then drained and gently replaced with filtered Imboassica Lagoon water (GF/F 0.7 um,
Whatman), to reduce the remaining nutrients from the stabilization period.

The biological treatments were then assembled according to the experimental design.
The total biomass of benthic macroinvertebrates in each fauna-containing microcosm was
standardized at 300 mg wet weight, which is near the average benthic community biomass
observed per unit area at the study site [80]. Biomass partitioning among species followed
a substitutive design, adhering to a factorial replacement series protocol [82,83], in which
species-specific biomass within treatments was proportionally divided by the number of
constituent species. Live individuals of each species were weighed to 0.1 mg precision after
removing excess water with absorbent paper and were immediately distributed into the
microcosms. Throughout the experiment, microcosms were maintained under continuous
aeration, in the dark, and at a constant temperature (25-27 °C), minimizing O, and nutrient
stratification and preventing photosynthetic nutrient uptake. Water samples of 20 mL
were collected at the beginning of the experiment and after 48 h of incubation, filtered
(GE/F 0.7 um, Whatman), and frozen for later determination of NHj3 concentrations.
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2.5. Analytical Chemistry Protocols and Nutrient Flux Calculation

Dissolved ammonia/ammonium concentrations in the water samples were deter-
mined using the indophenol blue colorimetric method as described by Koroleff (1978) [88].
The concentrations of OM, total carbon (TC), total nitrogen (TN) and total phosphorus (TP)
were determined for each experimental level of sediment trophic state. Sediment [OM] was
estimated gravimetrically by loss on ignition, based on the difference between sediment dry
weight and sediment weight after calcination at 550 °C for 4 h [89]. TC and TN sediment
concentrations were determined from dried and homogenized sediment samples using
a Carlo Erba elemental analyzer, based on high-temperature combustion of the sample
and subsequent quantification of the combustion products. TP sediment concentration
was determined after acid digestion of dried sediment samples, followed by colorimetric
blue-method quantification of phosphorus in the digest. All sediment OM, TC, TN, and TP
concentrations were determined in triplicate and expressed as % of sediment dry weight.

NH; fluxes across the sediment-water interface were calculated from the change
in dissolved NHj concentration during the 48 h incubation. For each microcosm, the
difference between final and initial NH3 concentration was multiplied by the overlying
water volume and then divided by the sediment surface area of the microcosm and by the
incubation time, yielding fluxes expressed as pmol m~2 h™! according to the formula:

NHj flux = [(NHzfinal — NHa.initia1) X V]/(A X t)

where NH3-£,) and NH3-jnitia are the final and initial NH3 concentrations in the overlying
water, respectively, expressed as pmol L1 V is the overlying water volume in liters;
A is the sediment surface area of the microcosm in m?%; and ¢ is the incubation time in
hours. To estimate NHj fluxes mediated by faunal bioturbation, the flux calculated for
each fauna-containing microcosm was corrected by subtracting the mean flux obtained
from the corresponding control microcosms established at the same sediment [OM] level.
Because NHj fluxes were corrected by subtracting the mean flux of sediment-only controls
within each sediment [OM] level, corrected fluxes represent the net contribution of faunal
bioturbation to NHj release beyond the background flux generated by the sediment itself.
Therefore, any subsequent effect of sediment [OM] detected on corrected NHj fluxes reflects
variation in the bioturbation-mediated component of NHj release across the sediment
trophic gradient, rather than differences in basal sediment NHj diffusion alone. Thus,
positive corrected fluxes indicate increased NHj release associated with benthic fauna
relative to sediment-only controls, whereas negative values indicate lower NHj release or
greater NHj retention relative to controls.

2.6. Statistical Analysis

To evaluate the individual and interactive effects of the benthic invertebrate biodi-
versity facets and sediment [OM] levels on NHj3 fluxes, we used a set of complementary
analysis of variance models. This approach was adopted because species richness, species
identity, and species composition represent different biodiversity facets that are most appro-
priately evaluated at different levels of experimental design. Species richness effects were
assessed across the three richness levels, whereas species identity effects were evaluated
among monocultures and species composition effects among bicultures.

Prior to analysis, NHj flux data were logjp-transformed to improve compliance
with the assumptions of analysis of variance. Model assumptions were evaluated on
the transformed data. Normality was assessed by visual inspection of Q-Q plots and by
Shapiro-Wilk tests applied to model residuals, whereas homogeneity of variances was
assessed by residual-versus-fitted plots and Levene’s tests. No severe departures from
ANOVA assumptions were detected after transformation. The effects of sediment [OM] and
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species richness were first tested using a two-way factorial ANOVA including sediment
[OM], species richness, and their interaction as fixed categorical factors. In this model,
sediment [OM] had three levels (Low, Medium, and High), and species richness had three
levels, corresponding to one, two, and three species, represented by monocultures, bicul-
tures, and tricultures, respectively. Because the experimental design provided the same
number of fauna-containing microcosms for each richness level within each sediment [OM]
level, this model allowed richness effects and richness x sediment [OM] interactions to be
tested under a balanced structure.

Species identity effects were tested in a separate ANOVA restricted to monoculture
treatments. In this model, sediment [OM], species identity, and the sediment [OM] x species
identity interaction were included as fixed factors. This analysis tested whether NH3 flux
differed among the three single-species treatments and whether species-specific effects
varied across the sediment [OM] gradient. Species composition effects were evaluated
in an analogous ANOVA restricted to biculture treatments, with sediment [OM], species
composition, and the sediment [OM] X species composition interaction included as fixed
factors. This model tested whether NHj3 flux differed among the three pairwise species
combinations and whether these compositional effects depended on sediment [OM].

Whenever significant effects were detected by ANOVA, Tukey’s HSD post hoc tests
were used to identify differences among factor levels. All analyses were performed in
Statistica version 10.0 for Windows, using a significance level of « = 0.05.

3. Results

The sediment dilution procedure produced the expected gradient in sediment trophic
status. Organic matter content was highest in the unaltered natural sediment, intermediate
in the 50% mineral sediment dilution treatment, and lowest in the 75% mineral sediment
dilution treatment. The same decreasing pattern was observed for TC, TN, and TP contents,
confirming that the experimental manipulation generated sediments with progressively
lower organic and nutrient contents from the High to the Low trophic status levels (Table 1).

Table 1. Mean =+ standard deviation (n = 3) of sediment organic matter, total carbon, total nitrogen,
and total phosphorus contents across the three experimental * sediment trophic status levels (High,
Medium and Low). All values are expressed as percentages of sediment dry weight.

Variable High Medium Low
Organic matter 10.03 + 0.42 4.48 £+ 0.26 2.61 £0.12
Total carbon 2.65 +0.21 1.07 £ 0.09 0.33 £ 0.02
Total nitrogen 0.25 £ 0.012 0.13 £ 0.007 0.07 £ 0.003
Total phosphorus 0.053 & 0.003 0.029 £ 0.001 0.013 £ 0.001

* The High trophic status corresponds to unaltered natural sediment, whereas the Medium and Low trophic status
levels correspond to sediments diluted with 50% and 75% organic matter-free mineral sediment on a dry-weight
basis, respectively.

Bioturbation-mediated NHj3 fluxes varied with both sediment trophic status and bio-
turbator species richness, but no interactive effect between these factors was detected
(Table 2; Figure 1). The factorial ANOVA showed significant individual effects of sediment
trophic status and species richness, whereas the sediment trophic status x species rich-
ness interaction was not significant (Table 2). Overall, bioturbation-mediated NHj fluxes
increased along the sediment trophic status gradient, with higher values in the High sedi-
ment [OM] treatment than in the Low treatment. Across all sediment trophic status levels,
monocultures showed lower NHj fluxes than bicultures and tricultures, while bicultures
and tricultures did not differ from each other according to Tukey post hoc comparisons.
This pattern indicates a consistent saturating effect of bioturbator species richness on NH3
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flux, with an increase from one to two species but no further increase from two to three
species, regardless of sediment trophic status.

Table 2. Summary of the factorial analysis of variance testing the individual and interactive effects
of sediment trophic status and bioturbator species richness on NHj flux across the sediment-water
interface. df and MS represent degrees of freedom and mean squares, respectively. * Indicates
significant statistical effects (p < 0.05).

Source of Variation Df MS F p
Intercept 1 289.952 27,186.57 <0.0001 *
Trophic status (TS) 2 0.107 9.99 0.0001 *
Richness (R) 2 0.094 8.78 0.0004 *
TS x R 4 0.004 0.33 0.85
Error 72 0.011

1 1 species
3 2 species
EE 3 species

S 2.2
iAZ.O— b b _;)_; b a é 2
Z " a a
3~ 184 I [ T ]
s E
?g %1.6—
[ o
S 1.4
839
2 1.2~
m
1.0 T T T
Low Medium High

Sediment trophic status

Figure 1. Bioturbation-mediated NHj flux as a function of bioturbator species richness (mono-,
bi-, and tricultures) across sediment trophic status (Low, Medium, and High organic matter con-
centrations). Bioturbation-mediated fluxes were calculated by subtracting the mean NHjs flux of
sediment-only controls from the flux observed in each fauna-containing microcosm within the same
sediment trophic status level. For each sediment trophic status level, one-species treatments corre-
spond to the mean of all monocultures (three species x three replicates; total n = 9), two-species
treatments correspond to the mean of all bicultures (three pairwise species combinations x three
replicates; total n = 9), and three-species treatments correspond to the triculture treatment (one three-
species combination X nine replicates; total n = 9). Error bars represent standard errors. Different
letters above bars indicate significant statistical differences of NH3 flux among species richness levels
within each sediment trophic status level (p < 0.05; Tukey post hoc test).

Bioturbation-mediated NHj fluxes differed among species identities when analyses
were restricted to monocultures, but did not vary significantly among sediment trophic
status levels, and no trophic status x species identity interaction was detected (Table 3a;
Figure 2A). Species identity had a significant effect on NHj3 flux, whereas sediment trophic
status and the trophic status x species identity interaction were not significant (Table 3a),
indicating that differences among monocultures were consistent across the sediment [OM]
gradient. Across all sediment trophic status levels, H. australis monocultures showed lower
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NH; fluxes than C. melanocephalus and H. similis monocultures, while the latter two species
did not differ from each other according to Tukey post hoc comparisons.
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Figure 2. Bioturbation-mediated NHj flux as a function of (A) species identity and (B) species com-
position across different sediment trophic states (Low, Medium, and High). Bioturbation-mediated
fluxes were calculated by subtracting the mean NHj flux of sediment-only controls from the flux
observed in each fauna-containing microcosm within the same sediment trophic status level. In (A),
colors represent the three species used in monoculture treatments, with each bar representing the
mean of one species monoculture within a given sediment trophic status level (three replicates per
bar). In panel (B), diagonally striped bars represent pairwise species combinations using the same
colors assigned to the corresponding species in panel A, with each bar representing the mean of
one biculture composition within a given sediment trophic status level (three replicates per bar).
Error bars represent standard errors. In (A), different letters above bars indicate significant statistical
differences of NHj flux among species identities within each sediment trophic status level (p < 0.05;
Tukey post hoc test). In (B), different letters above brackets indicate significant statistical differences
of NHj flux among sediment trophic status levels, irrespective of species composition (p < 0.05;
Tukey post hoc test). Species name abbreviations are Cm = C. melanocephalus; Ha = H. australis and
Hs = H. similis.

In contrast, when analyses were restricted to bicultures, sediment trophic status signif-
icantly affected bioturbation-mediated NHj fluxes, whereas species composition showed
a marginal but non-significant effect, and the trophic status x species composition inter-
action was not significant (Table 3b; Figure 2B). Thus, unlike the pattern observed for
monocultures, biculture-mediated NHj3 fluxes varied along the sediment trophic status gra-
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dient, with higher fluxes under High sediment trophic status. However, the three biculture
compositions showed similar NH3 fluxes within each sediment trophic status level.

Table 3. Summary of the factorial analysis of variance testing the individual and interactive effects of
sediment trophic status with (a) bioturbator species identity and (b) bioturbator species composition
on NHj flux across the sediment—-water interface. Species identity and composition were tested by
comparing species monocultures and bicultures within their respective species richness levels. df and
MS represent degrees of freedom and mean squares, respectively. * Indicates significant statistical
effects (p < 0.05).

Source of Variation df MS F P

(a) Species monocultures

Intercept 1 89.837 8427.65 <0.0001 *
Trophic status (TS) 2 0.024 2.24 0.14
Species identity (SI) 2 0.131 12.30 0.0004 *
TS x SI 4 0.002 0.23 091
Error 18 0.011

(b) Species bicultures

Intercept 1 100.483 20,861.32 <0.0001 *
Trophic status (TS) 2 0.048 10.03 0.001 *
Species composition (SC) 2 0.017 3.50 0.052
TS x SC 4 0.007 1.50 0.243
Error 18 0.005

4. Discussion

Our results show that sediment trophic status and bioturbator biodiversity both
influence NHj fluxes across the sediment-water interface, but that different facets of
biodiversity differed in their individual effects and in their apparent sensitivity to sediment
[OM]. Species richness produced a consistent, saturating increase in bioturbation-mediated
NH3 fluxes, with higher fluxes in bicultures and tricultures than in monocultures, but with
no further increase from bicultures to tricultures. Species identity also affected NHj3 fluxes
among monocultures, indicating that the three bioturbator species were not functionally
equivalent in their individual effects on benthic—pelagic nutrient exchange. However,
neither the richness effect nor the identity effect varied significantly across sediment
trophic status levels. In bicultures, sediment trophic status increased NHj fluxes, whereas
species composition showed only a marginal effect and did not interact significantly with
sediment [OM]. Therefore, our initial hypothesis that sediment [OM] would modulate
the effects of multiple facets of bioturbator biodiversity was only partially supported.
More broadly, these findings suggest that biodiversity facets may differ not only in how
strongly they affect ecosystem functioning, but also in how their effects are expressed across
environmental contexts.

Understanding whether biodiversity effects are consistent or context-dependent is
central to biodiversity—ecosystem functioning research, because environmental variation
can alter the mechanisms through which species affect ecosystem processes [43,44,90,91].
Resource availability is especially relevant in this regard because it can modify the
balance between dominance, complementarity, facilitation, and competition among
species [7-11,46-49,92]. Evidence from aquatic and benthic systems shows that disturbance
regimes, flow conditions, habitat structure, and abiotic context can alter the magnitude
and detectability of biodiversity effects on ecosystem functioning [50,93-96]. Spatial hetero-
geneity can further modify biodiversity—function relationships by changing the range of
microhabitats, resource patches, and functional opportunities available to organisms [97].
In sedimentary aquatic habitats, this issue is particularly important because sediment
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organic matter is spatially heterogeneous both among ecosystems and within individual
water bodies [51-56]. Such variation may influence microbial activity, oxygen demand,
redox gradients, resource availability for deposit feeders, and behavioral responses of ben-
thic fauna [32,45,57-59]. Our experiment contributes to this broader discussion by showing
that sediment [OM] can affect the magnitude of NH3 fluxes mediated by bioturbation,
while some biodiversity effects, especially richness and identity effects, remain relatively
consistent across a realistic gradient of sediment trophic status.

The positive effect of species richness on NHj fluxes is consistent with previous
evidence that benthic invertebrate diversity can enhance nutrient exchange and other
ecosystem processes at the sediment-water interface [38-40,98-101]. However, the shape
of this response was clearly saturating: increasing richness from one to two species in-
creased NHj fluxes, but adding a third species did not produce a further increase. This
pattern suggests that the main functional increase occurred when assemblages shifted from
single-species effects to multispecies assemblages, whereas two-species assemblages were
already sufficient to generate fluxes comparable to those observed in tricultures. Such
a saturating response is compatible with partial functional complementarity among species,
but also with some degree of functional redundancy once key bioturbation modes are
represented in the assemblage. The species used in this experiment differ markedly in
their functional roles, including tube construction and bioirrigation by C. melanocephalus,
subsurface deposit feeding and sediment translocation by H. similis, and surface deposit
feeding by H. australis [70-78]. These differences likely increased the range of sediment
layers, particles, and microhabitats influenced by multispecies assemblages. Nevertheless,
the absence of a further increase from bicultures to tricultures indicates that the relationship
between richness and nutrient flux was not linear and that the measured process may
become functionally saturated at relatively low levels of bioturbator richness.

The absence of a sediment [OM] X species richness interaction is also important.
Because sediment [OM] affects both the quantity of organic resources and the physico-
chemical conditions under which benthic organisms operate, we expected richness effects
to vary across the sediment trophic gradient. Instead, the richness effect was consistent
across Low, Medium, and High sediment [OM] conditions. This result suggests that,
within the range of sediment [OM] tested here, the mechanisms by which multispecies
assemblages generated higher NHj; fluxes than monocultures were robust to variation in
sediment trophic status. In other words, sediment [OM] increased the overall magnitude of
bioturbation-mediated NHj3 fluxes but did not change the relative difference among rich-
ness levels. This distinction is important because the fluxes analyzed here were corrected
by the corresponding sediment-only controls. Therefore, the positive effect of sediment
trophic status on corrected fluxes cannot be attributed simply to greater basal NHj; diffusion
from more organic-rich sediments. Rather, it indicates that the net contribution of faunal
activity to NHj3 release increased under higher sediment [OM]. Thus, sediment trophic
status modulated the average effect of bioturbation itself, even though this modulation was
not expressed as a significant richness x sediment [OM] interaction.

Species identity strongly affected NHj3 fluxes in monocultures, indicating that the three
bioturbator species were not functionally interchangeable in their effects on benthic—pelagic
nutrient exchange. Although we did not directly quantify the specific behavioral mech-
anisms underlying these differences, the result is consistent with the broader view that
bioturbator effects on benthic—pelagic nutrient flux depend on species-specific traits related
to sediment use, feeding activity, particle reworking, and bioirrigation [26,27,31-34,100,102].
Thus, our findings reinforce that species identity is an important biodiversity facet for pre-
dicting how benthic macroinvertebrates influence nutrient fluxes across the sediment-water
interface. In our experiment, H. australis monocultures produced lower NHj3 fluxes than
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monocultures of C. melanocephalus and H. similis. This pattern is consistent with their
contrasting modes of sediment use. H. australis is mainly associated with the sediment sur-
face and is functionally categorized as a surface deposit feeder, whereas C. melanocephalus
constructs tubes and actively ventilates them, and H. similis explores deeper sediment
layers as a subsurface deposit feeder [70-78]. Species that move, feed, or irrigate deeper
sediment layers are expected to have stronger effects on solute transport, redox coupling,
and microbial processes across the sediment—water interface than species whose activity is
mostly restricted to the sediment surface [32,34,57-59,100,102].

Although species identity affected NHj fluxes, these identity effects did not vary
significantly across the sediment [OM] gradient. This indicates that differences among
monocultures were relatively stable across sediment trophic status levels. This result con-
trasts with the expectation that increasing sediment [OM] would amplify differences among
species by altering resource availability, oxygen demand, or the need for bioirrigation. One
possible interpretation is that species-specific bioturbation modes imposed relatively consis-
tent constraints on NHj fluxes across the tested [OM] range. For instance, surface activity
by H. australis may remain less effective at enhancing sediment-water nutrient exchange
regardless of sediment [OM], whereas tube-building or deeper sediment exploration by C.
melanocephalus and H. similis may maintain higher fluxes across the same gradient. Thus, in
monocultures, functional identity appeared to dominate over environmental modulation
by sediment trophic status.

The pattern observed in multispecies treatments adds an important nuance. In bi-
cultures, sediment trophic status significantly affected NHj fluxes, with higher fluxes
under the High sediment [OM] condition, whereas species composition showed only
a marginal effect and did not interact significantly with sediment [OM]. Together with the
richness analysis, in which bicultures and tricultures consistently showed higher fluxes
than monocultures across the sediment [OM] gradient, this pattern suggests that mul-
tispecies assemblages maintained a functional advantage over monocultures under all
sediment trophic conditions, while the absolute magnitude of their bioturbation-mediated
NHj3 release increased in more organic-rich sediments. Because corrected fluxes subtract
the corresponding sediment-only controls, this increase reflects a stronger net faunal con-
tribution to NHj release, not simply greater nutrient availability in the sediment. Thus,
the individual effects of species were relatively insensitive to sediment [OM], whereas
the realized effects of multispecies assemblages appeared more responsive to sediment
trophic status. This does not provide formal evidence of complementarity or non-additive
interactions, which would require comparing observed mixture effects with expected effects
derived from monocultures within each sediment [OM] level. However, it is consistent
with the idea that interactions among species, or the combined expression of different
bioturbation modes, can make assemblage-level effects more responsive to environmental
context than single-species effects [45,103-107].

Several mechanisms may explain why sediment trophic status affected biculture
fluxes but not monoculture fluxes. Multispecies assemblages can increase the spatial and
functional extent of sediment reworking by combining different modes of sediment use,
feeding, burrowing, and bioirrigation [26,27,32,34,98-102]. Under higher sediment [OM],
this broader functional activity may interact with increased organic substrate availability,
microbial biomass, or stronger redox gradients, resulting in greater NHj release to the
water column. In contrast, monocultures may be constrained by the particular behavior and
sediment-use pattern of a single species. Species interactions may also alter the functional
expression of traits, because the realized effects of a species on sediment properties can
depend on the presence, density, or dominance of other species [45,105-107]. However,
because we did not directly measure organism movement, burrow structure, oxygen
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profiles, microbial activity, or mineralization rates, these mechanisms should be interpreted
as plausible explanations rather than direct evidence. Future studies combining biodiversity
manipulations with direct measurements of bioturbation intensity, bioirrigation, oxygen
penetration, and microbial processes would help clarify how species interactions and
sediment trophic status jointly affect nutrient regeneration.

An important methodological aspect of our study is that sediment [OM] was manipu-
lated by diluting a common natural sediment with an organic matter-free mineral fraction
obtained from the same sediment, rather than by collecting sediments from different areas
of the lagoon or by adding external organic matter. This design reduces confounding effects
that would arise if natural sediments with different [OM] also differed in granulometry,
microbial community composition, contaminant history, or other local physicochemical
properties. It also avoids some limitations of organic enrichment approaches, in which
added organic matter may differ qualitatively from endogenous sediment organic mat-
ter and may create artificial physicochemical conditions for benthic fauna [45]. Because
sediment granulometry can influence the movement and bioturbation effects of inver-
tebrates, minimizing changes in grain-size structure strengthens the interpretation that
differences among treatments were primarily associated with sediment [OM]. At the same
time, our manipulation maintained the [OM] gradient within the range of spatial vari-
ation observed in Imboassica Lagoon [67,86], increasing the ecological relevance of the
experimental conditions.

Some limitations should nevertheless be considered. First, the experiment lasted 48 h,
which is appropriate for measuring short-term nutrient flux responses but may not cap-
ture longer-term changes in species interactions, sediment structure, microbial succession,
or feedback between nutrient release and primary producers. Biodiversity effects can
strengthen, weaken, or change direction over time as ecological interactions develop and
as organisms modify their environment [60,61]. Second, our experiment manipulated sedi-
ment [OM] at the microcosm level, but did not incorporate fine-scale spatial heterogeneity
within individual microcosms. In natural sediments, organisms encounter organic matter
patches that vary over centimeters or less, and such microheterogeneity can influence
foraging behavior, burrowing, and bioturbation intensity [45,97,108]. Third, we focused
on NHj flux as a key indicator of benthic—pelagic nutrient exchange, but bioturbation can
simultaneously affect multiple processes, including oxygen consumption, phosphorus re-
lease, dissolved organic carbon flux, methane dynamics, microbial production, and organic
matter processing [24,28-30,33,40,57-59,109]. Therefore, the degree to which sediment
[OM] modulates biodiversity effects may differ among ecosystem processes.

Despite these limitations, our results have broader implications for understanding
biodiversity effects in shallow aquatic ecosystems. Coastal lagoons and shallow lakes are
systems in which benthic—pelagic coupling is often strong because the sediment surface is
large relative to water volume and because biological activity in the sediment can rapidly
influence water-column nutrient availability [22,52,64]. In such systems, changes in benthic
biodiversity may alter not only local sediment processes but also nutrient availability
for pelagic producers. Our findings indicate that losing bioturbator species may reduce
NH; fluxes, especially when assemblages are reduced from multispecies communities to
single-species assemblages. At the same time, the consequences of biodiversity loss may
depend on which species remain, because species identity strongly influenced fluxes in
monocultures. Thus, biodiversity loss can affect benthic—pelagic nutrient exchange through
both reductions in species richness and changes in functional identity.
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5. Conclusions

Our study highlights the importance of considering multiple facets of biodiversity
when evaluating ecosystem functioning in environmentally heterogeneous habitats. Species
richness, identity, and composition are often treated as alternative or competing expla-
nations for biodiversity effects, but our results show that they provide complementary
information. Richness captured the overall saturating increase in NHj3 fluxes from monocul-
tures to multispecies assemblages, identity revealed strong differences among individual
species, and composition suggested that differences among bicultures were weaker than
differences among monocultures, at least under the conditions tested here. Sediment [OM]
altered the magnitude of bioturbation-mediated fluxes but did not strongly modulate
biodiversity effects through statistical interactions. Therefore, the functioning of benthic
ecosystems appears to depend jointly on the environmental template provided by the
sediment and on the biological structure of the bioturbator assemblage. We conclude that
predicting benthic—pelagic nutrient exchange in shallow aquatic ecosystems requires inte-
grating biodiversity facets with the trophic context of the sediment. Future studies should
extend this approach to more complex natural communities and combine biodiversity
manipulations with direct measurements of bioturbation intensity, bioirrigation, oxygen
penetration, and microbial processes to better link biodiversity effects with the mechanisms
operating in real lake ecosystems.
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