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Abstract
Degradation of organicmatter (OM) is generally considered to be primarily governed by biotic factors
in aquatic environments. However, a number of abiotic processes also play key roles inmediating
OM-degradation. Sunlight can act as a principal abiotic driver of the degradation of terrestrial organic
matter, but its importance for freshwater ecosystems and possible interactions with biotic drivers
remains poorly understood.We carried out twomicrocosm experiments which focused on the role of
sunlight onmicrobial and invertebrate-mediatedOMdegradation using two species of plant leaves
and the aquatic invertebrateAsellus aquaticus. Results indicated that sunlight was the primary driver of
leafmass loss during the early stages of decomposition, whereasmicrobial communities had a
negligible effect. Sunlight was observed to strongly affect invertebrate behavior as invertebrates
avoided direct illumination. This alteration of behavior resulted in a reduction in the consumption of
a leaf surrogate (DECOTAB) byA. aquaticus. Together, these results indicate that sunlight has the
potential to strongly influence structural and functional attributes of shallow freshwater systems, and
hence serve as an appraisal to consider sunlight as a significant direct and indirect physical driver
governingOMdegradation in shallow aquatic systems.

1. Introduction

Riparian leaves fuel aquatic foodwebswith organicmatter (OM) that serves as a food source for a diverse array of
microorganisms andmacroinvertebrates. The relative importance of key factors that govern the degradation of
OMremains a central issue. In freshwater ecosystems, OM-degradation is typically considered to be primarily
governed by biotic factors such asmicrobial decomposition and invertebrate consumption (Odumand de la
Cruz 1963), inwhich key abiotic factors such as water current (physical abrasion) and temperature (promoting
detritivore activity) are also considered to contribute to the overall process (Throop andArcher 2009). Despite
the importance of detritivores forOMdegradation,many studies have difficulties reconcilingOMdegradation
rates with the composition of aquatic invertebrate communities (e.g. Gonçalves et al 2006, Lagrue et al 2011,
Hunting et al 2016), suggesting other (abiotic) variables also contribute toOM-degradation in freshwater
ecosystems. Studies in terrestrial environments, coastal areas and high altitude streams have provided increasing
evidence that sunlight can act as a principal abiotic driver ofOMdegradation (Austin andVivanco 2006, King
et al 2012, Loayza‐Muro et al 2014, Baker et al 2015, Bornman 2015), where itmay affect OMdirectly by
photodegradation or indirectly through facilitation ofmicrobial degradation (Brandt 2007, Baker et al 2015).
Yet, its relative importance for freshwater ecosystems remains poorly understood. Provided that sunlight is able
to penetrate to the sediment in shallow freshwater bodies and fringe areas of lakes, where substantial amounts of
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OMaccumulate (Morris et al 1995), it is conceivable that sunlight could potentially affect OMdegradation in
aquatic systems.

A number of attributes of freshwater systems can be expected to interact with sunlight. Firstly, effects of
sunlight likely depend on the chemical composition of leaves. Effects of sunlight on leaf decomposition in
terrestrial systems have been observed to depend on variability among leaves, inwhich decomposition rates were
observed to vary among plant species varying in leaf surface area and chemical constituents thatmay differ in
their ability to absorb light (Hättenschwiler andVitousek 2000, Cornwell et al 2008, Pan et al 2015). Secondly, it
is known that sunlight can directly impairmicrobial communities through detrimental effects onDNAand
extracellular enzymes (Santos et al 2013), or indirectly affectOM-associatedmicrobial communities via
photodegradation ofOM into smaller palatable or harmfulmolecules depending onOMsubstrate (Mopper and
Zhou 1990, Scully et al 1996,Obernosterer and Benner 2004,Hunting et al 2013a). This can be particularly
relevant as besides their direct role in decomposingOM (Amado et al 2007), microbial communities also form
an essential link towards invertebrates feeding on theOMby enhancing palatability and provisioning of
nutrients (Graça et al 1993, Graça 2001,Danger andRobson 2004, Vonk et al 2016, Zhai et al 2018). Several
invertebrates can detect resulting differences in food quality and select themost palatable food (Canhoto and
Graça 2008,Hunting et al 2013a), and adverse effects of sunlight onOM-associated biofilms have been observed
to impair invertebrate growth (Franken et al 2005, Albarino et al 2008). Thirdly, a potentialmechanism thatmay
underlie interaction effects between sunlight and leaf degradation is a behavioral response of invertebrates to
sunlight. One of the few studies addressing the effect of solar radiation on invertebrate behavior provides clear
indications that survival and performance of terrestrial isopods is negatively affected by sunlight (Morgado et al
2015). Likewise, aquatic invertebrates seem to avoid direct exposure to sunlight and take refuge inmacrophyte
rich areas (Loayza‐Muro et al 2013, 2014), and hence avoidance behavior triggered by sunlightmight potentially
disrupt the relation between invertebrate feeding activity andOM-degradation. However, direct effects of
sunlight on aquatic invertebrate behavior has not yet been tested, and inherently indirect behavioral effectsOM-
degradation decomposition remain unknown.

Here, we used a simplified aquaticmicrocosm experiments to begin to assess the significance of sunlight for
leaf degradation in shallow aquatic systems in relation to themetabolic activity of the associatedmicrobial
community and consumption by a dominantmacroinvertebrate. To this end, we performed an outdoor
incubation to determine the impact of sunlight on leaf diskmass loss and activity and resource niche breadth of
the leaf-associatedmicrobial community using both labile and recalcitrant leafmaterial. In addition, we
performed a laboratory incubation to determine the impact of sunlight on behavioral responses of the aquatic
invertebrateAsellus aquaticus.

2.Materials andmethods

2.1. Experimental setup
Wecarried out twomicrocosm experiments at theUniversity of Leiden. These experiments focused on the role
of sunlight on decomposition of two different leaf types throughmicrobial activity as compared to sterile
(formaldehyde-treated) leaves (experiment 1), as well as invertebrate-mediated leaf decomposition (experiment
2). The set up allows for obtaining a relativemeasure for the importance of sunlight for leaf degradation in
relation tomicrobialmetabolic activity and consumption of a dominantmacrodetritivore, yet it is important to
note thatOMdegradation also depends on season (e.g. leaf toughness) and various other variables (e.g.
temperature, latitude) that could not be captured in this study.

2.2. Experiment 1: Effects of sunlight onOMdegradation andOM-associatedmicroorganisms
The experiment was conducted between 8 and 13 September 2016 in a total of 32 200-ml polyethylene
containers filled eachwith 175 ml of demineralizedwater towhichwe added an undefinedmicrobial
community sourced froma ditch near LeidenUniversity (N52.1601144°, E4.4970097°) (2 ml ditchwater per
microcosm). The experiment included two plant species, whichwere exposed to shaded/unshaded conditions
andmicrobial breakdown/nomicro-organisms, resulting in a total of eight treatments. To investigate how
effects ofmicrobes and sunlight varywith leaf recalcitrance, we used two plant species that are known to vary in
chemical constituents, in particular phenol concentration: the stinging nettleUrtica dioica and the oakQuercus
robur.Mature leaves of both species were picked fromplants surrounding theUniversity of Leiden in September
2016. Phenolic compounds of both leaf species were extracted from10 leaf disks using 50 ml of 70%aqueous
acetone and an extraction time of 100 min. Total phenolics were determined using Folin-Ciocalteu reagents
(Ragazzi andVeronese 1973). Prior to this assay, 10-μl extracts were put in open aliquots in a flow cabinet to
allow vaporization of acetone. Phenolics were subsequently resuspended in 10-μl deionizedwater and assayed.
Absorbancewasmeasured at 740 nm (Nanodrop,ND1000). Since recalcitrant compounds typically strongly
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absorb in theUV region of the light spectrum, we alsomeasuredUV-absorption at 280 nm (BIO-RAD
SmartSpec™Plus spectrophotometer) of extracts of the usedOMsources. Together with data on tannin and
lignin content derived from the literature (see table 1 for references), it was apparent thatU. dioicawas a
relatively labileOM source compared to themore recalcitrantQ. robur (table 1). Leaf disks (diameter 0.5 cm)
were prepared from fresh green leaves of both species.Microcosms received three fresh leaf disks of a particular
species andwere exposed to unshaded or shaded (coveredwithAluminum foil) conditions for a period of seven
days. An additional set of identicalmicrocosmswas used to test forOMdecomposition in the presence of
microbial activity and nomicrobial activity (1 ml of 37% formaldehyde permicrocosms per day). Formaldehyde
might degradewhen exposed to sunlight, yet we do not expect this affected abiotic decomposition of leaf disks.
Effectiveness of formaldehyde in inhibitingmicrobial growthwas confirmed using Biolog® Ecoplates as
described below.Oxygen levels weremonitored over the course of the experiment and did not go below 90%
saturation (Hach hq 40d electronicmultiparameter). After seven days, disks were retrieved, dried at 60 °C for six
days andweighed using amicrobalance with 0.001 mgprecision.Mass loss was determined comparing themass
loss of dried leaves after the experimental periodwith the average initial drymasses of 10 freshly cut leaf disks at
the onset of the experiment consideringmass loss as percentage of the initialmass loss. Initialmeanmass of the
leaf disks were determinedwith a separate set of leaf disks, and proved to be 0.74 mg and 1.25 forU. dioica andQ.
robur, respectively. To detect differences in leaf diskmass loss (two levels: with andwithoutmicrobes) and the
direct effect of sunlight (two levels: full sun and shaded), we used a two-wayANOVA and a TukeyHSD test to
determine pairwise differences computed in PAST.Homogeneity of variances was evaluated via Levene’s test.
Normality of themodel residuals was confirmed usingQQ-plots.

To investigate the effect of leaf traits and sterilizationwith formaldehyde on themetabolic diversity of
microbial communities,microbial communities were sampled from a single leaf disk permicrocosm for each of
the treatments by vortexing for 30 s in 50 ml demineralizedwater. Oneml of leaf-associatedmicroorganism
suspensionwas distributed over the Biolog® Ecoplates (Biolog Inc,Hayward, California, USA) to assess
microbial utilizations of environmentally relevant substrates. The Biolog Ecoplate contains 31 of themost useful
carbon substrates (e.g. carbohydrates and amino acids), replicated 3 times (Garland andMills 1991). Eachwell of
the Ecoplate contains a single carbon substrate and a tetrazolium that turns purple uponmicrobial respiration
and dehydrogenation of the respective carbon source. The approach is limited as it is confined to a culturable
fraction of themicrobial community and it does not include e.g. recalcitrant substrates nor specific substrates
typical of the plant leaves used in this study. It is thus impossible to directly relate the carbon substrates
utilization to actualmicrobial density and community structure, as well as their relativemetabolic activity and
how theywould function under natural conditions, yet the number of utilized substrates offers a proxy of the
metabolic or functional diversity of amicrobial community (Hunting et al 2013b, Zhai et al 2016), or the
resource breadth utilized by the bacterial community (Hunting et al 2015, 2017). Plates were incubated for 96 h
at 18 °C and absorbance wasmeasured at 590 nmusing a BIO-RADSmartSpec™Plus spectrophotometer.
Microbial functional diversity was evaluated consideringmicrobial resource niche breadth. Traditional
measures ofmicrobial functional diversity express functional diversity asmetabolic diversity or overall
functional diversity, reflecting the average number of substrates utilized and among treatment variation.
Substrate identities of individual replicates are lost using this approach and thereby does not provide insights
intowithin treatment variation in substrate utilization required to assess the breadth of resources utilized.

Table 1.Characteristics of leaf disks used in this study. UV
absorption and phenol contentweremeasured in this study, other
characteristics were derived fromother studies and the TRY
database.

Urtica dioica Quercus robur

UV absorption (A280) 0.096 0.236

Phenolic content (A470) 0.084 0.348

Leaf tannin content (%)a 0.93 12

Leaf lignin content (%)b 3.5–4.4 23.5–28.0

Leaf nitrogen content (%)c 4.1–4.3 1.8–2.2

Leaf carbon content (%)c 38–40 47.5–50.1

Leaf C:N ratioc 9.4 24.1

a Data derived from literature (Salminen et al 2004, Adhikari et al

2016).
b Data derived from literature (Sariyildiz andAnderson 2003, Bacci
et al 2009).
c Data derived fromTRYdatabase (www.try-db.org; accessed
September 2018).
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Therefore, we determined the breadth of resources utilized by themicrobial communities by consideringwithin
treatment variability, in whichwe usedGower distances as a preferred distancemeasure for functional diversity
as it allows for ecological variables and functional diversitymeasures to be both continuous or categorical (e.g.
ability to utilize a specific substrate; Villéger et al 2008). To this end, we produced a treatment-constrained
dendrogrambased onGower distances, and determined the square root of the nearest nodes of theGower-
distances between the replicates. These distances provide ameasure of within treatment variability of the
breadth of resources utilized and overcomes the problem that substrate identity is lost.We performed a
permutationalmultivariate analysis of variance (PERMANOVA, 9999 randomizations) to detect differences
between treatments in the obtainedmultivariate resource niche breadth.

2.3. Experiment 2: Interacting effects of sunlight and invertebrate behavior
To investigate the significance of sunlight for litter degradation in relation to activity of dominant
macroinvertebrates, we carried out an experiment with andwithoutmacroinvertebrates under shaded and
unshaded conditions using solar lamps in standardized conditions in the laboratory. Prior to the experiment,
individualAsellus aquaticuswere collected from a pond near Leiden, Alphen aan denRijn (N52.1276577°,
E4.6688508°). To assess the single and combined effects on decomposition, we usedDecomposition and
COnsumption TABlets, DECOTABs (Kampfraath et al 2012, Van der Lee et al 2019; www.DECOTAB.org), that
embed a homogenized and standardizedmixture of particulateOM (POM) as a standardize substrate to
determine detritivore consumption rate. DECOTABswere preparedwith cellulose (25%agar and 75%
cellulose) following the procedures as described byKampfraath et al (2012), andDECOTABmass loss was
determined by subtracting themass of dried (3 days at 60 °C)DECOTABs after the experimental period from
dried freshly preparedDECOTABs (mean±1 SD = 81.3±3.1 mg, n = 25, accuracy 0.001 mg). Each
microcosm contained 150 g sand and 300 ml ElendtM4medium consisting of K2HPO4 (1.27 mM); KH2PO4

(1.27 mM); NaHCO3 (1.27 mM); (NH4)2SO4 (1.27 mM); NaCl (1.27 mM); Hepes (1.27 mM), with added yeast
extract (0.5 gl−1); Tryptone (0.5 gl−1) 100Xminerals (1%); 100XCaCl2 (1%) and 40% sodium lactate (0.5%).
TwoDECOTABswere added to eachmicrocosm (one on a side shadedwithAluminum foil, and one on an
unshaded side). Collected invertebrates were variable in size, with insufficient invertebrates of comparable sizes
to cover the entire experiment. Therefore, to obtain a comparable invertebrate bodymass in eachmicrocosm,
twelve individuals ofAsellus aquaticus of different sizes (two small 2–3 mm, sixmedium 3–4 mm, and four large
>4 mm)were added to eachmicrocosm. Both the treatment with andwithoutA. aquaticuswere replicated six
times.Microcosmswere exposed for 16 days to 160WUV-mercury vapor lamp (Arcadia-D3, Redhill, UK:
160W; luminous flux 1900 lm) that emits UV radiation of the following intensities: UV-B 1.75Wm−2 at
310 nm;UV-A 10Wm−2 at 365 nm; andPAR<1Wm−2: Light spectrumprovided infigure S1 is available
online at stacks.iop.org/ERC/1/101002/mmedia. Although these lamps do not provide an exact representation
of natural intensities over the entire solar spectrum, the relative intensities of particularlyUV radiation are
commonly registered in temperate areas (e.g. Kelly et al 2003). A control experiment without invertebrates was
run (n=10) to assess the effect of illumination on biofilm formation on theDECOTABs as described above.
During the experiment, visual observationswere carried out daily to checkwhetherA. aquaticus individuals
developed a preference for the shaded or unshaded part of themicrocosm. A number of individuals (<5) died
during the initial stages of the experiment and replacedwith an individual from the same batch of the same size.
After 16 days, DECOTABSwere retrieved, dried at 60 °C for 5 days andweighed. Differences inDECOTABmass
loss were tested using a non-parametric Kruskal-Wallis test because residuals were not normally distributed
(Levene’s test for homogeneity).

3. Results

ForU. dioica, a difference in leaf diskmass loss was found between treatments, inwhich leaf disks exposed to
sunlight degraded faster than leaf disks in shaded conditions (ANOVA: F=6.139, p=0.029;figure 1), but
therewas no significant impact ofmicroorganisms or an interaction effect between sunlight exposure and
presence ofmicroorganisms.Microbial resource niche breadth in nettle was higher under shaded conditions
compared to unshaded conditions (PERMANOVA: F=3.11, p=0.030) (figure 2), inwhich the number of
substrates utilized in shaded conditions ranged 14–21, while in the illuminated it ranged 1–10 substrates. For
oak, we found no effect of the interaction between sunlight and the presence ofmicroorganisms (ANOVA:
F=0.9443, p=0.351) on leaf diskmass loss (ANOVA: F=1.36, p=0.266; figure 1), and no effects of
sunlight were observed onmicrobial resource niche breadth (figure 2). No substrates were utilized inmicrobial
samples obtained from leaves that were incubatedwith formaldehyde.

DECOTABmass loss was higher under shaded conditions than under unshaded conditions (Kruskal-Wallis:
H-Chi-square=9.9; p=0.002;figure 3A). This was confirmed by daily visual observations, wherewe observed
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Figure 1. Leaf disk decomposition (mean±standard error) forUrtica dioica (stinging nettle) andQuercus robur (oak) after exposure
tomicroorganisms and nomicroorganisms (with formaldehyde) under shaded and unshaded conditions. Asterisks indicates
significant difference at a=0.05.

Figure 2.The effect of shaded and unshaded conditions onmicrobial resource niche breadth (mean±standard error) forUrtica
dioica (stinging nettle) andQuercus robur (oak). Asterisks indicate significant differences at a=0.05. ns: not significant.

Figure 3.The effect of shaded andunshaded conditions onDECOTAB consumption byAsellus aquaticus. Asterisks indicate significant
differences at a=0.05.
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thatA. aquaticus avoided unshaded conditions and preferred shaded conditions. The control experiment
without invertebrates to assess the effect of illumination on biofilm formation on theDECOTABs revealed a
reduced (Wilcoxon signed rank test:V=0, p=0.002)number of substrates used by themicrobial community
in the illuminated area compared to the shaded area (figure 3B).

4.Discussion

Sunlight was observed to be the primary driver of the initial stages of leaf degradation in our aquatic
experimental incubations, while themicrobial community contributedminimally. This corroborates earlier
observations on abiotic controls on early stages of leaf degradation, which often seems governed by various
abiotic drivers such as photodegradation and autolysis in the first days after abscission, whilemicrobial
decomposition becomes progressivelymore important during later stages of degradation (Baldy and
Gessner 1997,Whittaker et al 2014). Photo-degradationwas observed to bemost pronounced in nettle, which
showed a significantly higher degradation rate as compared to oak leaves. This is likely due to differences in leaf
chemistry, as nettle is known to be less recalcitrant than oak and contains less lignin and phenols (e.g.
Feeny 1970,Otles andYalcin 2012). The importance of leaf chemical composition forOMdegradation in
general is well known for both aquatic and terrestrial systems, and effects of sunlight on leaf breakdownhave
been observed to depend on leaf quality and toughness in terrestrial systems (e.g. Cornelissen 1996, Biasi et al
2016). Since our studywas conducted in summer using freshly collected leaves, our resultsmimic
decomposition of green leaf input during storm events which do not necessarily reflect the texture and chemical
composition of the bulk of senescent leaves that enters the aquatic foodweb during autumn. This is important
considering leaf chemistry is known to be a driver of leaf decomposition by affecting leaf palatability and
colonization potential of leaf-associatedmicrobial communities (Feeny 1970, Vonk et al 2016, Biasi et al 2016).
Despite this, the observed differences between two leaf species that vary inmultiple quality attributes seem to
hint that leaf chemical composition can interact with sunlight andmicroorganisms to collectively drive leaf
degradation. This encourages future studies considering leaf chemistry in examining the relative contribution of
sunlight in leaf degradation in aquatic systems.

Sunlight was found to negatively affect leaf-associatedmicrobial communities. Sunlight is known to impair
microorganisms through detrimental effects onDNAand extracellular enzymes (e.g. Santos et al 2013), inwhich
indirect effects of sunlight can also affectOM-associatedmicrobial communities via photo-oxidation ofOM
and its degradation into smaller palatable or harmfulmolecules depending onOMsubstrate (Mopper and
Zhou 1990, Scully et al 1996,Obernosterer and Benner 2004, Albarino et al 2008,Hunting et al 2013b). Adverse
effects of shorter wavelengths (e.g. UV-A andUV-B) onmicrobial communities arewell described, but also
photosynthetically active radiation (PAR) has been observed to adversely affectmicrobial community structure
and performance, suggesting synergistic effects ofUV-B, UV-A and PARon leaf associated communities (Muela
et al 2000). Effects of sunlight on leaf-associatedmicrobial communities also appeared to co-vary with leaf type,
hinting that leaf quality (e.g. phenolic content) also seems to negatively affectmicrobial resource niche breadth.
The observed negative effects of sunlight onOM-associatedmicrobial communities also likely reduce overall
microbial respiratory activity andmicrobial biomass production, which itselfmay already retardmicrobially-
mediatedOMdegradation (Tlili et al 2017) and growth of invertebrates that consumemicrobially-conditioned
OM (Zhai et al 2018).

Invertebrate behaviorwas observed to be strongly affected by sunlight.A. aquaticus avoided areas in the
microcosms that were exposed to solar lamp illumination. This resulted in higherOMdegradation rates in the
shaded areas.While performance of terrestrial isopods has been observed to be negatively affected by sunlight
(Morgado et al 2015), the results presented here provide afirst clue that invertebrates in aquatic ecosystems avoid
direct exposure to sunlight. This corroborates previous observations of invertebrates usingmacrophytes as a
physical refuge to avoid direct exposure to sunlight in high altitude streams (Loayza-Muro et al 2013, 2014).
Invertebrates can be very important for overall OM-degradation rates as they can consume large amounts of
OM,whilemacrofaunal locomotive activity is also known to affect ecosystem functioning by altering sediments,
particulateOMavailability andmicrobial activity through, for instance, the introduction of oxygen (Mermillod-
Blondin 2003, Nogaro et al 2009,Hunting et al 2012). Sunlight-induced avoidance behaviormay thus feed
through to changes in ecosystemprocesses, as a preference for shaded conditions could be expected to translate
to reduced leaf consumption and bioturbation activities in irradiated sediments.

Here we observed that leaf diskmass loss andmicrobial resource niche breadthwere strongly governed by
sunlight, and invertebrates were observed to avoid direct illuminationwith solar lamps, and this alteration of
behavior resulted in reduced invertebrate contributions to leaf degradation. This hints that sunlight has the
potential to strongly influence structural and functional attributes of shallow aquatic foodwebs, and hence this
study serves as an appraisal to consider sunlight as a potentially significant physical driver affectingOM
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degradation and (metabolic) activities ofmicroorganisms and invertebrates.We used a limited number of
species and a simplified setting, and hence it remains uncertainwhether patterns observed here reflect those
occurring in natural systemswheremany important drivers ofOMdegradation (e.g. chemical composition) are
highly variable. However, sunlight can penetrate clear waters and has even been observed to alter shallow
sedimentOMand their associatedmicrobial communities (Morris et al 1995, Albarino et al 2008), and therefore
our results suggest that sunlightmay bemore important as driver andmodifier ofOMdegradation in shallow
freshwater bodies than previously anticipated. Natural ecosystems are spatially heterogeneous, inwhichOMcan
be directly exposed to sunlight, but also can provide shading for invertebrates, and hence results presented in this
studymight overestimate the effect of sunlight on invertebrate behavioral responses and inherent effects onOM
consumption. Ultimately, the degradation ofOM is a complex interplay between resource diversity,microbial
and invertebrate diversity and activity, and community responses to physico-chemical variables that largely
influence its spatio-temporal properties. The relative contribution of sunlight likely also depends on latitude and
altitude (as conceptually depicted infigure 4), which strongly dictates both sunlight intensity and the relative
abundance and contributions ofmacroinvertebrates. The relative contribution of biota toOMdegradation is
likely equally dependent, although our current understanding of biodiversity effects onOMdegradation
remains ambiguous. Diverse communities ofmicroorganisms andmacroinvertebrates have often been
predicted and observed to positively influence litter degradation, suggesting close links between functional
diversity and the functioning of aquatic ecosystems (Gessner et al 1999). However, these links are scarcely
observed in natural environments where plant litter degradation ultimately relies on complex interactions
betweenmicrobial and invertebrate diversity and various abiotic factors. A disparity betweenOM-degradation
in streams that are exposed to sunlight or shaded due to dense riparian canopy cover has indeed been observed
(Lagrue et al 2011), suggesting sunlight could potentially overrule diversity effects on ecosystem functioning.

Acknowledgments

The authors are grateful toDrNadja Brun for assistance during the experiments and comments on the
manuscript, RoelHeutink andDrMartinaVijver for logistic support, andDrBenjaminAshton for comments
on themanuscript.

Author’s contributions

EHconceived the study. SdJ performed the experiments. EH, SdJ,MS analyzed the data. EH andMSdrafted the
manuscript, and SdJ contributed to revisions of themanuscript.

Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships that could
have appeared to influence thework reported in this paper.

Figure 4.Conceptual figure showing relative importance of solar radiationmediatingOMdegradation, depending on key attributes of
freshwater ecosystems.

7

Environ. Res. Commun. 1 (2019) 101002



ORCID iDs

EllardRHunting https://orcid.org/0000-0002-8794-3452

References

Adhikari BM, Bajracharya A and Shrestha AK 2016Comparison of nutritional properties of Stinging nettle (Urtica dioica)flourwithwheat
and barleyflours Food Science&Nutrition 4 119–24

AlbarinoR, VillanuevaVDandCanhotoC2008The effect of sunlight on leaf litter quality reduces growth of the shredderKlapopteryx
kuscheli Freshwater Biology 53 1881–9

AmadoAM,Cotner J B, Suhett A L, de Assis Esteves F, Bozelli R L and Farjalla V F 2007Contrasting interactionsmediate dissolved organic
matter decomposition in tropical aquatic ecosystemsAquat.Microb. Ecol. 49 25–34

AustinAT andVivanco L 2006 Plant litter decomposition in a semi-arid ecosystem controlled by photodegradationNature 442 555–8
Bacci L, Baronti S, Predieri S andDiVirgilioN 2009 Fiber yield and quality offiber nettle (Urtica dioica L.) cultivated in Italy Ind. Crops Prod.

29 480–4
BakerNR, Allison SD and Frey SD 2015Ultraviolet photodegradation facilitatesmicrobial litter decomposition in aMediterranean climate

Ecology 96 1994–2003
BaldyV andGessnerMO1997Towards a budget of leaf litter decomposition in a first-order woodland streamComptes Rendus de

l’Académie des Sciences-Series III-Sciences de la Vie 320 747–58
Biasi C, Cerezer C and Santos S 2016 Biological colonization and leaf decomposition in a subtropical streamEcologíaAustral 26 189–99
Bornman J F 2015 Solar ultraviolet radiation and ozone depletion-driven climate change: effects on terrestrial ecosystems Photochemical &

Photobiological Sciences 14 88–107
Brandt LA 2007 Effects of ultraviolet radiation on litter decomposition depend on precipitation and litter chemistry in a shortgrass steppe

ecosystemGlobal Change Biol. 13 2193–205
CanhotoC andGraçaMAS 2008 Interactions between fungi (aquaticHyphomycetes) and invertebratesNovel Techniques and Ideas in

Mycology. Fungal Diversity Research Series edKR Sridhar et al (HongKong: University ofHongKong) pp 1–22
Cornelissen JHC1996An experimental comparison of leaf decomposition rates in awide range of temperate plant species and types Journal

of Ecology 84 573–82
CornwellWK et al 2008 Plant species traits are the predominant control on litter decomposition rateswithin biomesworldwide Ecology

Letters 11 1065–71
Danger AR andRobsonB J 2004The effects of land use on leaf-litter processing bymacroinvertebrates in anAustralian temperate coastal

streamAquat. Sci. 66 296–304
Feeny P 1970 Seasonal changes in oak leaf tannins and nutrients as a cause of spring feeding bywintermoth caterpillars Ecology 51 565–81
FrankenR JM,Waluto B, Peeters ETHM,Gardeniers J J P, Beijer J A J and SchefferM2005Growth of shredders on leaf litter biofilms: the

effect of light intensity Freshwater Biology 50 459–66
Garland J L andMills A L 1991Classification and characterization of heterotrophicmicrobial communities on the basis of patterns of

community-level sole-carbon-source utilizationAppl. Environ.Microbiol. 57 2351–9
GessnerMO,Chauvet E andDobsonM1999Aperspective on leaf litter breakdown in streamsOikos 85 377–84
Gonçalves J F Jr, GraçaMA andCallistoM2006 Leaf-litter breakdown in 3 streams in temperate,Mediterranean, and tropical Cerrado

climates Journal of theNorth American Benthological Society 25 344–55
GraçaMAS,Maltby L andCalowP 1993 Importance of fungi in the diet ofGammarus pulex andAsellus aquaticus I: feeding strategies

Oecologia 93 139–44
GraçaMAS 2001The role of invertebrates on leaf litter decomposition in streams–a review Int. Rev. Hydrobiol. 86 383–93
Hättenschwiler S andVitousek PM2000The role of polyphenols in terrestrial ecosystemnutrient cyclingTrends in Ecology&Evolution 15

238–43
Hunting ER,WhatleyMH, van derGeestHG,Mulder C, KraakMH, Breure AMandAdmiraalW2012 Invertebrate footprints on detritus

processing bacterial community structures and spatiotemporal redox profiles Freshwater Science 31 724–32
Hunting ER,White CM, vanGemertM,MesD, StamE, van derGeestHG,KraakMHS andAdmiraalW2013aUV radiation and organic

matter composition shape bacterial functional diversity in sediments Frontiers inMicrobiology 4 317
Hunting ER, FrankenO,Knopperts F, KraakMH,Vargas R, RölingWF and van derGeestHG2013b Substrate as a driver of sponge

distributions inmangrove ecosystemsMarine Ecology Progress Series 486 133–41
Hunting ER, VijverMG, van derGeestHG,Mulder C, KraakMH, Breure AMandAdmiraalW2015Resource niche overlap promotes

stability of bacterial communitymetabolism in experimentalmicrocosms Frontiers inMicrobiology 6 105
Hunting ER, Vonk J A,Musters C JM,KraakMHandVijverMG2016 Effects of agricultural practices on organicmatter degradation in

ditches Sci. Rep. 6 21474
Hunting ER, BarmentloH, SchramaM,VanBodegomP, Zhai Y andVijverM2017Agricultural constraints onmicrobial resource use and

niche breadth in drainage ditchesPeerJ 5 e4175
Kampfraath AA,Hunting ER,Mulder C, BreureAM,GessnerMO,KraakMHandAdmiraalW2012DECOTAB: amultipurpose standard

substrate to assess effects of litter quality onmicrobial decomposition and invertebrate consumption Freshwater Science 31 1156–62
KellyD J, BothwellML and Schindler DW2003 Effects of solar ultraviolet radiation on streambenthic communities: an intersite

comparison Ecology 84 2724–40
King J Y, Brandt LA andAdair EC 2012 Shedding light on plant litter decomposition: advances implications and newdirections in

understanding the role of photodegradationBiogeochemistry 111 57–81
LagrueC, Kominoski J S, DangerM, Baudoin J, Lamothe S, LambrigotD and Lecerf A 2011 Experimental shading alters leaf litter breakdown

in streams of contrasting riparian canopy cover Freshwater Biology 56 2059–69
Loayza-MuroR,De BaatML, Palomino E J, Kuperus P, KraakMHS, AdmiraalW andBreeuwer J A J 2014Metals and altitude drive genetic

diversity of chironomids inAndean streams FreshwBiol. 59 56–63
Loayza‐MuroRA,Duivenvoorden J F, KraakMHandAdmiraalW2014Metal leaching, acidity, and altitude confine benthic

macroinvertebrate community composition inAndean streams Environ. Toxicol. Chem. 33 404–11
Mermillod-Blondin F 2003 Influence ofmacroinvertebrates on physico-chemical andmicrobial processes in hyporheic sedimentsHydrol.

Processes 17 779–94
Mopper K andZhouX 1990Hydroxyl radical photoproduction in the sea and its potential impact onmarine processes Science 250 661–4

8

Environ. Res. Commun. 1 (2019) 101002

https://orcid.org/0000-0002-8794-3452
https://orcid.org/0000-0002-8794-3452
https://orcid.org/0000-0002-8794-3452
https://orcid.org/0000-0002-8794-3452
https://doi.org/10.1002/fsn3.259
https://doi.org/10.1002/fsn3.259
https://doi.org/10.1002/fsn3.259
https://doi.org/10.1111/j.1365-2427.2008.02016.x
https://doi.org/10.1111/j.1365-2427.2008.02016.x
https://doi.org/10.1111/j.1365-2427.2008.02016.x
https://doi.org/10.3354/ame01131
https://doi.org/10.3354/ame01131
https://doi.org/10.3354/ame01131
https://doi.org/10.1038/nature05038
https://doi.org/10.1038/nature05038
https://doi.org/10.1038/nature05038
https://doi.org/10.1016/j.indcrop.2008.09.005
https://doi.org/10.1016/j.indcrop.2008.09.005
https://doi.org/10.1016/j.indcrop.2008.09.005
https://doi.org/10.1890/14-1482.1
https://doi.org/10.1890/14-1482.1
https://doi.org/10.1890/14-1482.1
https://doi.org/10.1016/S0764-4469(97)84824-X
https://doi.org/10.1016/S0764-4469(97)84824-X
https://doi.org/10.1016/S0764-4469(97)84824-X
https://doi.org/10.1039/C4PP90034K
https://doi.org/10.1039/C4PP90034K
https://doi.org/10.1039/C4PP90034K
https://doi.org/10.1111/j.1365-2486.2007.01428.x
https://doi.org/10.1111/j.1365-2486.2007.01428.x
https://doi.org/10.1111/j.1365-2486.2007.01428.x
https://doi.org/10.2307/2261479
https://doi.org/10.2307/2261479
https://doi.org/10.2307/2261479
https://doi.org/10.1111/j.1461-0248.2008.01219.x
https://doi.org/10.1111/j.1461-0248.2008.01219.x
https://doi.org/10.1111/j.1461-0248.2008.01219.x
https://doi.org/10.1007/s00027-004-0718-5
https://doi.org/10.1007/s00027-004-0718-5
https://doi.org/10.1007/s00027-004-0718-5
https://doi.org/10.2307/1934037
https://doi.org/10.2307/1934037
https://doi.org/10.2307/1934037
https://doi.org/10.1111/j.1365-2427.2005.01333.x
https://doi.org/10.1111/j.1365-2427.2005.01333.x
https://doi.org/10.1111/j.1365-2427.2005.01333.x
https://doi.org/10.2307/3546505
https://doi.org/10.2307/3546505
https://doi.org/10.2307/3546505
https://doi.org/10.1899/0887-3593(2006)25[344:LBISIT]2.0.CO;2
https://doi.org/10.1899/0887-3593(2006)25[344:LBISIT]2.0.CO;2
https://doi.org/10.1899/0887-3593(2006)25[344:LBISIT]2.0.CO;2
https://doi.org/10.1007/BF00321203
https://doi.org/10.1007/BF00321203
https://doi.org/10.1007/BF00321203
https://doi.org/10.1002/1522-2632(200107)86:4/5<383::AID-IROH383>3.0.CO;2-D
https://doi.org/10.1002/1522-2632(200107)86:4/5<383::AID-IROH383>3.0.CO;2-D
https://doi.org/10.1002/1522-2632(200107)86:4/5<383::AID-IROH383>3.0.CO;2-D
https://doi.org/10.1016/S0169-5347(00)01861-9
https://doi.org/10.1016/S0169-5347(00)01861-9
https://doi.org/10.1016/S0169-5347(00)01861-9
https://doi.org/10.1016/S0169-5347(00)01861-9
https://doi.org/10.1899/11-134.1
https://doi.org/10.1899/11-134.1
https://doi.org/10.1899/11-134.1
https://doi.org/10.3389/fmicb.2013.00317
https://doi.org/10.3354/meps10376
https://doi.org/10.3354/meps10376
https://doi.org/10.3354/meps10376
https://doi.org/10.3389/fmicb.2015.00105
https://doi.org/10.1038/srep21474
https://doi.org/10.7717/peerj.4175
https://doi.org/10.1899/12-075.1
https://doi.org/10.1899/12-075.1
https://doi.org/10.1899/12-075.1
https://doi.org/10.1890/02-0658
https://doi.org/10.1890/02-0658
https://doi.org/10.1890/02-0658
https://doi.org/10.1007/s10533-012-9737-9
https://doi.org/10.1007/s10533-012-9737-9
https://doi.org/10.1007/s10533-012-9737-9
https://doi.org/10.1111/j.1365-2427.2011.02637.x
https://doi.org/10.1111/j.1365-2427.2011.02637.x
https://doi.org/10.1111/j.1365-2427.2011.02637.x
https://doi.org/10.1111/fwb.12245
https://doi.org/10.1111/fwb.12245
https://doi.org/10.1111/fwb.12245
https://doi.org/10.1002/etc.2436
https://doi.org/10.1002/etc.2436
https://doi.org/10.1002/etc.2436
https://doi.org/10.1002/hyp.1165
https://doi.org/10.1002/hyp.1165
https://doi.org/10.1002/hyp.1165
https://doi.org/10.1126/science.250.4981.661
https://doi.org/10.1126/science.250.4981.661
https://doi.org/10.1126/science.250.4981.661


MorgadoR, FerreiraNG,CardosoDN, Soares AMand Loureiro S 2015Abiotic factors affect the performance of the terrestrial isopod
Porcellionides pruinosus Applied Soil Ecology 95 161–70

MorrisD P, ZagareseH,WilliamsonCE, Balseiro EG,Hargreaves BR,Modenutti B,Moeller R andQueimalinos C 1995The attenuation of
solarUV radiation in lakes and the role of dissolved organic carbon Limnol. Oceanogr. 40 1381–91

Muela A, Garcia-Bringas JM,Arana I and Barcina I 2000The effect of simulated solar radiation onEscherichia coli: the relative roles of UV-
BUV-A and photosynthetically active radiationMicrob. Ecol. 39 65–71

NogaroG,Mermillod-Blondin F, ValettMH, François-Carcaillet F, Gaudet J P, LafontM andGibert J 2009 Ecosystem engineering at the
sediment-water interface: Bioturbation and consumer-substrate interactionOecologia 161 125–38

Obernosterer I and Benner R 2004Competition between biological and photochemical processes in themineralization of dissolved organic
carbon Limnol. Oceanogr. 49 117–24

OdumEP and de la Cruz AA 1963Detritus as amajor component of ecosystemsAIBS Bull. 13 39–40
Otles S andYalcin B 2012 Phenolic compounds analysis of root stalk and leaves of nettleThe ScientificWorld Journal 2012 564367
PanX, Song YB, LiuG F,HuYK, YeXH,CornwellWK, Prinzing A,DongMandCornelissen JH 2015 Functional traits drive the

contribution of solar radiation to leaf litter decomposition amongmultiple arid-zone species Sci. Rep. 5 13217
Ragazzi E andVeroneseG 1973Quantitative analysis of phenolics compounds after thin-layer chromatographic separation J. Chromatogr 77

369–75
Salminen J P, Roslin T, KaronenM, Sinkkonen J, Pihlaja K and Pulkkinen P 2004 Seasonal variation in the content of hydrolyzable tannins,

flavonoid glycosides, and proanthocyanidins in oak leaves J. Chem. Ecol. 30 1693–711
Santos A L,Oliveira V, Baptista I, Henriques I, GomesNC,Almeida A, Correia A andCunhaÂ 2013Wavelength dependence of biological

damage induced byUV radiation on bacteriaArch.Microbiol. 195 63–74
Sariyildiz T andAnderson JM2003Decomposition of sun and shade leaves from three deciduous tree species, as affected by their chemical

compositionBiol. Fertil. Soils 37 137–46
ScullyNM,McQueenD J and LeanDR1996Hydrogen peroxide formation: the interaction of ultraviolet radiation and dissolved organic

carbon in lakewaters along a 43-75N gradient Limnol. Oceanogr. 41 540–8
ThroopHL andArcher S R 2009Resolving the dryland decomposition conundrum: some newperspectives on potential drivers Progress in

Botany 70 171–94
Tlili A, Jabiol J, Behra R, Gil-AlluéC andGessnerMO2017Chronic exposure effects of silver nanoparticles on streammicrobial

decomposer communities and ecosystem functions Environmental science&Technology 51 2447–55
Van der LeeG,Hunting ER, VonkA andKraakMHS2019Decomposition and consumption tablets (DECOTABs)Methods to Study Litter

Decomposition: A Practical Guide edMAGraça et al (Berlin/Heidelberg, Germany: Springer Science&BusinessMedia)Accepted
Villéger S,MasonNWandMouillotD 2008Newmultidimensional functional diversity indices for amultifaceted framework in functional

ecology Ecology. 89 2290–301
Vonk J A, VanKuijk B F, VanBeusekomM,Hunting ER andKraakMHS2016The significance of linoleic acid in food sources for

detritivorous benthic invertebrates Sci. Rep. 6 35785
Whittaker R J, Rigal F, Borges PA,Cardoso P, Terzopoulou S, Casanoves F andTriantis KA 2014 Functional biogeography of oceanic islands

and the scaling of functional diversity in theAzoresProc. Natl Acad. Sci. 111 13709–14
Zhai Y,Hunting ER,WoutersM, PeijnenburgW J andVijverMG2016 Silver nanoparticles, ions, and shape governing soilmicrobial

functional diversity: nano shapesmicro Frontiers inMicrobiology 7 1123
Zhai Y, BrunNR, BundschuhM, SchramaM,Hin E, VijverMGandHunting ER 2018Microbially-mediated indirect effects of silver

nanoparticles on aquatic invertebratesAquat. Sci. 80 44

9

Environ. Res. Commun. 1 (2019) 101002

https://doi.org/10.1016/j.apsoil.2015.06.012
https://doi.org/10.1016/j.apsoil.2015.06.012
https://doi.org/10.1016/j.apsoil.2015.06.012
https://doi.org/10.4319/lo.1995.40.8.1381
https://doi.org/10.4319/lo.1995.40.8.1381
https://doi.org/10.4319/lo.1995.40.8.1381
https://doi.org/10.1007/s002489900181
https://doi.org/10.1007/s002489900181
https://doi.org/10.1007/s002489900181
https://doi.org/10.1007/s00442-009-1365-2
https://doi.org/10.1007/s00442-009-1365-2
https://doi.org/10.1007/s00442-009-1365-2
https://doi.org/10.4319/lo.2004.49.1.0117
https://doi.org/10.4319/lo.2004.49.1.0117
https://doi.org/10.4319/lo.2004.49.1.0117
https://doi.org/10.2307/1293085
https://doi.org/10.2307/1293085
https://doi.org/10.2307/1293085
https://doi.org/10.1100/2012/564367
https://doi.org/10.1038/srep13217
https://doi.org/10.1016/S0021-9673(00)92204-0
https://doi.org/10.1016/S0021-9673(00)92204-0
https://doi.org/10.1016/S0021-9673(00)92204-0
https://doi.org/10.1016/S0021-9673(00)92204-0
https://doi.org/10.1023/B:JOEC.0000042396.40756.b7
https://doi.org/10.1023/B:JOEC.0000042396.40756.b7
https://doi.org/10.1023/B:JOEC.0000042396.40756.b7
https://doi.org/10.1007/s00203-012-0847-5
https://doi.org/10.1007/s00203-012-0847-5
https://doi.org/10.1007/s00203-012-0847-5
https://doi.org/10.4319/lo.1996.41.3.0540
https://doi.org/10.4319/lo.1996.41.3.0540
https://doi.org/10.4319/lo.1996.41.3.0540
https://doi.org/10.1021/acs.est.6b05508
https://doi.org/10.1021/acs.est.6b05508
https://doi.org/10.1021/acs.est.6b05508
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1038/srep35785
https://doi.org/10.1073/pnas.1218036111
https://doi.org/10.1073/pnas.1218036111
https://doi.org/10.1073/pnas.1218036111
https://doi.org/10.3389/fmicb.2016.01123
https://doi.org/10.1007/s00027-018-0594-z

	1. Introduction
	2. Materials and methods
	2.1. Experimental setup
	2.2. Experiment 1: Effects of sunlight on OM degradation and OM-associated microorganisms
	2.3. Experiment 2: Interacting effects of sunlight and invertebrate behavior

	3. Results
	4. Discussion
	Acknowledgments
	Author’s contributions
	Declaration of interests
	References



