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Abstract Leaf litter decomposition is a key process
in stream ecosystems, the rates of which can vary with
changes in litter quality or its colonization by
microorganisms. Decomposition in streams is increas-
ingly used to compare ecosystem functioning glob-
ally, often requiring the distribution of litter across
countries. It is important to understand whether litter
sterilization, which is required by some countries, can
alter the rates of decomposition and associated
processes. We examined whether litter sterilization
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with gamma irradiation (25 kGy) influenced decom-
position rates, litter stoichiometry, and colonization by
invertebrates after weeks of instream incubation
within coarse-mesh and fine-mesh litterbags. We used
nine plant species from three families that varied
widely in litter chemistry but found mostly consistent
responses, with no differences in decomposition rates
or numbers of invertebrates found at the end of the
incubation period. However, litter stoichiometry dif-
fered between irradiated and control litter, with greater
nutrient losses (mostly phosphorus) in the former.
Therefore, the effects of irradiation on litter chemistry
should be taken into account in studies focused on
stoichiometry but not necessarily in those focused on
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decomposition rates, at least within the experimental
timescale considered here.

Keywords Betulaceae - Breakdown - Coordinated
networks - Fagaceae - Litterbags - Moraceae -
Sterilization - Stream ecosystems

Introduction

The process of leaf litter decomposition is considered
a good indicator of stream ecosystem functioning and
integrity (Gessner & Chauvet, 2002; von Schiller
et al., 2017) and is increasingly a focus of continental
and global studies assessing the ecological conse-
quences of climate change (Boyero et al., 2011),
organic pollution (Woodward et al., 2012), land-use
change (Ferreira et al., 2018), and biodiversity loss
(Handa et al., 2014). These studies have been
conducted through the coordinated work of multiple
researchers and have generally involved incubating
particular selected combinations of leaf litter in
streams distributed worldwide, providing answers to
globally relevant questions that are otherwise difficult
to address (Boyero & Pearson, 2017).

While coordinated global studies are successful in
producing comparable results based on a single
protocol (Boyero et al., 2021a), they are not without
methodological challenges. For example, litter col-
lected from a single location and distributed globally
may risk the spread of infectious diseases such as
fungal pathogens (Bjelke et al., 2016), which clearly
should be avoided. In addition, the microorganisms
contained in the litter could influence decomposition
through, for example, home-field advantage mecha-
nisms (Fanin et al., 2021). While an alternative to the
collection and distribution of litter is the use of
standard, non-natural substrates such as cotton strips
(Tiegs et al., 2019), this is only possible when the
focus is on microbial decomposition because these
substrates are not processed by invertebrates, which
are major agents of litter decomposition (Boyero et al.,
2021c).

Different countries have their own restrictions
when importing plant material, with some allowing
import without any particular permit and others
requiring that the plant material goes through some
process of sterilization. One option for litter
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sterilization is subjecting it to high temperatures, but
this procedure can alter decomposition rates through
effects on nutrient leaching, microbial activity, and
detritivore feeding (Correa-Araneda et al., 2020; Pérez
et al., 2021). Another method, widely used in exper-
iments examining microbially mediated decomposi-
tion and detritivore feeding preferences (e.g.,
Suberkropp et al., 1983; Gulis & Suberkropp, 2003;
Matulich & Martiny, 2015), is subjecting litter to
gamma irradiation. However, there has been no
assessment of the potential effects of this sterilization
method on litter decomposition rates and stoichiom-
etry, which hinders comparisons across experiments.
It is well known that gamma irradiation can alter soil
chemical properties, particularly nitrogen (N) levels,
although it has less effect than other sterilization
methods such as autoclaving or fumigants (McNamara
et al., 2003).

Here, we explored the effects of gamma irradiation
(25 kGy) on litter decomposition and stoichiometry,
as part of a global study (‘DecoDiv’) in which
members of the GLoBE collaborative network
(www.globenetwork.es) assessed the role of plant
phylogenetic diversity on instream litter decomposi-
tion using 9 species from 3 families that were collected
in different locations around the world (Boyero et al.,
2021b, c). Litter provided for use at different locations
in Australia was required by import regulations to be
subjected to gamma irradiation on entry. Here, we
took advantage of this situation to examine the influ-
ence of irradiation on decomposition rates, nutrient
stoichiometry, and colonization by invertebrates. We
tested the null hypotheses that (i) the above variables
do not differ between irradiated and non-irradiated
litter, and that (ii) this lack of differences holds for
plant families with different physical structure and
chemical composition (Lopez-Rojo et al., 2021).

Material and methods
Leaf litter

For the DecoDiv study, leaf litter of 9 plant species
was collected from several locations worldwide: Alnus
acuminata Kunth. (collected in Ecuador), Alnus
glutinosa (L.) Gaertn. (Spain), Alnus incana (L.)
Moench (Sweden), Ficus insipida Willd (Costa Rica),
Ficus natalensis Hochst. (Kenya), Ficus dulciaria
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Dugand (Ecuador), Fagus sylvatica L. (France),
Quercus prinus L. (United States), and Castanea
sativa Mill. (Portugal). After being air-dried in local
laboratories, litter of each species was stored in
separate cartons, which were delivered to Spain,
where they were collated and posted to the collabo-
rators in 26 participating countries (Boyero et al.,
2021c). We complied with the import requirements of
each country, which in most cases involved complet-
ing import forms, but in Australia also required
gamma irradiation (25 kGy) of the litter, following
procedures described in https://www.agriculture.gov.
au. All litter dispatched to Australia was irradiated (by
Steritech, Dandenong, Victoria), following which one
batch was returned to Spain to conduct the present
experiment alongside a batch of material that had
remained in Spain. The leaf litter remained within the
original envelopes during transport to Australia and
back to Spain, avoiding potential contact with
microorganisms. No significant fragmentation of
leaves caused by long-distance travel was observed.

Field and laboratory work

In Spain, we incubated the irradiated batch and the
original (control) batch in a permanent, first-order
stream located in the Agiiera river catchment (N
43°12.745' W 3°16.256’; 350 m a.s.1.) between April 3
and 23, 2018. The climate in the region is temperate
oceanic, with mean temperature of 14 °C and annual
precipitation of 826 mm. Riparian vegetation in the
catchment comprises native mixed forest dominated
by Quercus robur L., A. glutinosa, Corylus avellana
L., and C. sativa. Mean = SE of stream wetted width
during the incubation period was 1.31 + 0.10 m;
water depth 13.87 &+ 2.42 cm; current velocity
0.24 £ 0.05 m s_l; pH 7.34 £+ 0.06; water tempera-
ture 10.39 £ 0.95 °C; conductivity 74.98 + 3.45 puS
em™'; dissolved inorganic  nitrogen  (DIN)
528.86 + 46.37 pg L™'; and soluble reactive phos-
phorus (SRP) 8.69 + 3.83 ug L.

Litter was incubated in coarse-mesh (5 mm) and
fine-mesh (0.4 mm) litterbags, which quantified total
and microbial decomposition, respectively. There
were 3 replicates per plant species, treatment (irradi-
ated or control), and mesh type (108 litterbags in total),
with each litterbag initially containing ca. 0.85 g of
litter, weighed precisely. Litterbags were anchored to
the stream substrate using steel rods and stones and

were left for 21 days, which was equivalent to 218
degree-days (dd). During the incubation period, the
study site was visited weekly to ensure that litterbags
were submerged and environmental conditions did not
change greatly. Upon retrieval, litterbags were placed
in individual zip-lock bags and transported to the
laboratory on ice. The litter was rinsed with filtered
stream water to remove attached sediment and inver-
tebrates, oven-dried (70 °C, 72 h), and weighed. A
subsample was then weighed, incinerated (500 °C,
4 h), and re-weighed to estimate final ash-free dry
mass (AFDM). Another subsample was used to
determine final N content (using a Perkin Elmer series
I CHNS/O elemental analyzer) and phosphorus
(P) content (measured spectrophotometrically after
autoclave-assisted extraction; APHA, 1998). Inverte-
brates were preserved in 70% ethanol until they were
sorted under a stereo-microscope and identified to the
lowest taxonomic level possible, counted, and
assigned to feeding groups using available literature
(e.g., Tachet et al., 2000). Initial litter stoichiometry
was not measured on the experimental litter due to
lack of material, but multiple litter traits of the studied
species are provided in Lopez-Rojo et al. (2021).

Data analysis

We examined the effect of litter irradiation on the
following variables for litter incubated in coarse-mesh
and fine-mesh litterbags: (1) decomposition, measured
as proportional litter mass loss (LML), calculated as
the difference between initial and final AFDM divided
by initial AFDM (with initial AFDM previously
corrected for leaching losses; Lopez-Rojo et al.,
2021); (2) nutrient stoichiometry, measured through
carbon (C):N, C:P, and N:P molar ratios at the end of
the experiment; and (3) invertebrate colonization,
measured through the abundance (number of individ-
uals per g of litter) and taxonomic richness (number of
taxa per litterbag) of all invertebrates and of litter-
consuming detritivores found at the end of the
experiment (in coarse-mesh litterbags only).

All statistical analyses were performed in R 4.0.4.
(R Core Team, 2020). We examined the null hypoth-
esis of no differences between control and irradiated
litter in the above variables using linear mixed-effect
models (‘lme’ function, nlme R package; Pinheiro
et al., 2020), with irradiation (control or irradiated),
plant family (Betulaceae, Moraceae or Fagaceae), and
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their interaction as fixed factors, and species as a
random factor. Models included the variance function
structure varldent, which allowed different variances
for each irradiation or plant family treatment; the need
for this term was identified in initial data exploration
and confirmed by comparison of the Akaike Informa-
tion Criterion (AIC) of models with and without this
component. The normal distribution of residuals was
inspected with plots and histograms, and no deviation
was evident. When the interaction between treatment
and family was significant, we used pairwise compar-
isons (‘lsmeans’ function, [smeans R package,
adjust =‘Tukey’) to identify differences between
control and irradiated litter within families.

Results

We found no effects of irradiation on decomposition
for any plant family in coarse-mesh and fine-mesh
litterbags (Table 1). Litter decomposed by 28% on
average (i.e., 1.3% d ' or0.13% ddfl) in coarse-mesh
litterbags (Fig. 1A) and 10% (0.5% d™!' or 0.05%
dd™") in fine-mesh litterbags (Fig. 1B). In contrast,
irradiation caused effects on litter stoichiometry, with
differences among families for some variables. The
C:N ratio was higher in irradiated compared to control

litter, regardless of the family, with increases of 32%
and 8% on average in coarse-mesh and fine-mesh
litterbags, respectively (Fig. 1C, D). Similarly, the
C:P ratio increased with irradiation (104% and 25% on
average for coarse-mesh and fine-mesh litterbags,
respectively), but the change differed across families,
being greatest for Moraceae (Fig. 1E, F). The N:P
ratio also increased with irradiation (62% and 13% on
average for coarse-mesh and fine-mesh litterbags,
respectively). There were differences in the N:P ratio
among families in coarse-mesh litterbags, with Betu-
laceae showing the greatest contrast (Fig. 1G, H).

There were no differences between irradiated and
control litter in invertebrate abundance, detritivore
abundance, detritivore richness, or among plant fam-
ilies (Fig. 2A, B, D), but invertebrate richness was
29% higher in control than in irradiated litter on
average (Table 2; Fig. 2C). Thirty-six invertebrate
taxa, including 13 litter-consuming detritivores, were
found within coarse-mesh litterbags at the end of the
experiment (Table S1).

Discussion

Our results provided evidence of gamma irradiation
effects on leaf litter stoichiometry after 3 weeks of

Table 1 Results of linear Effect
mixed-effects models

examining differences in
instream decomposition
(proportion of litter mass
loss) and carbon (C),
nitrogen (N), and
phosphorus (P) ratios
between control and
irradiated leaf litter
incubated in coarse-mesh
and fine-mesh litterbags

@ Springer

Coarse mesh Fine mesh
af F P ar F P
Decomposition
Irradiation 1.42 3.05 0.088 1.42 0.08 0.785
Plant family 2.6 3.74 0.088 2.6 0.46 0.655
Irradiation * plant family 242 1.02 0.368 242 0.20 0.816
C:N ratio
Irradiation 1.37 12.31 0.001 1.42 9.06 0.004
Plant family 2.6 19.60 0.002 2.6 82.85 < 0.001
Irradiation * plant family 2.37 2.95 0.065 2.42 0.95 0.395
C:P ratio
Irradiation 1.37 140.13 < 0.001 1.42 36.99 < 0.001
Plant family 2.6 6.57 0.031 2.6 9.24 0.015
Irradiation * plant family 2.37 7.65 0.002 242 1.88 0.165
N:P ratio
Irradiation 1.37 90.18 < 0.001 1.42 10.27 0.003
Plant family 2.6 11.75 0.008 2.6 17.10 0.003
Irradiation * plant family 2.37 7.75 0.002 2.42 1.45 0.246
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Fig.1 Mean values + standard error of (A-B) instream decomposition (proportion of litter mass loss) and (C-H) carbon (C), nitrogen
(N), and phosphorus (P) ratios in control and irradiated litter incubated in coarse-mesh and fine-mesh litterbags

instream incubation. The C:N, C:P, and N:P ratios
were greater in irradiated than in control litter,
indicating greater losses of N and P (mostly P) during
or before instream incubation. Although we did not
examine litter stoichiometry before incubation and,
thus, cannot know exactly when nutrient losses
occurred, it is probable that they occurred in the
water. Other studies have found that changes in soil
structure induced by gamma irradiation are greater in
wet than in dry material (Howard & Frankland, 1974),
and that wet litter is more prone to freezing effects

resulting from increased leaching and reduced micro-
bial decomposition (Correa-Araneda et al., 2020;
Pérez et al., 2021). Our finding of no difference in
decomposition rates between irradiated and control
litter suggests that the loss of nutrients occurred over a
longer timeframe than leaching (see below).

Despite the changes in litter stoichiometry, we
found no effects of gamma irradiation on total or
microbial rates of litter decomposition during our
3-week instream incubation. Moreover, the number of
invertebrates colonizing litter at the end of the

@ Springer
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3.0 Table 2 Results of linear mixed-effects models examining
= A Control I:l Irradiated - differences in the abundance (number of individuals per g of
£ 5 . leaf litter) and taxonomic richness (number of taxa per lit-
- S terbag) of invertebrates and detritivores between control and
< irradiated leaf litter incubated in coarse-mesh litterbags
2
= 2.0 Effect df F P
g )
_%' 15 Invertebrate abundance
= E Irradiation 41 1.26 0.269
C
- Plant family 6 0.94 0.440
1.0 Irradiation * plant family 41 0.21 0.808
-~ 104 B T Invertebrate richness
g Irradiation 41 4.56 0.039
%, 0.8 — Plant family 6 1.06 0.404
o o Irradiation * plant family 41 0.48 0.624
- 0.6 — } Detritivore abundance
o] .
< % Irradiation 41 0.04 0.833
T o4 1 Plant family 6 0.10 0.904
g Irradiation * plant family 41 1.25 0.297
0.2 Detritivore richness
Irradiation 41 2.25 0.141
70 C Plant family 6 0.47 0.647
g ' Irradiation * plant family 41 0.38 0.685
8' 6.0 — Numerator degrees of freedom for different factors are the
e same to all fitted models: irradiation (1), plant family (2), and
& 5.0 } their interaction (2)
£
Q
2 o] E
£
3.0 — partly due to the duration of the experiment, as there
was an apparent trend for irradiated litter of Betu-
3.0 D laceae and Moraceae (but not Fagaceae) to decompose
o more than control litter in coarse-mesh litterbags
% 2.5 7 (Fig. 1A), but the trend was not supported statistically.
2 Further studies are needed to determine longer-term
g 2.0 effects of gamma irradiation on decomposition rates.
£ Most studies assessing the effects of gamma
o . « e . o .
= 1.5 — irradiation have been conducted using living plants,
g soils, or fruits of commercial interest (e.g., Mostafidi
1.0 - et al., 2020; Gorman et al., 2021). Evidence for leaf
Betulaceae = Moraceae Fagaceae litter is scarce and has suggested weak effects (e.g.,

Fig. 2 Mean values + standard error of (A, B) abundance
(number of individuals per g of litter) and (C, D) taxonomic
richness (number of taxa per litterbag) of (A, C) invertebrates
and (B, D) detritivores in control and irradiated leaf litter
incubated in coarse-mesh litterbags

experiment did not differ, although there were more

taxa on average in the control than in the irradiated
litter. The lack of effect on decomposition could be

@ Springer

Howard & Frankland, 1974), but some studies have
avoided litter sterilization to prevent potentially larger
effects on litter chemistry (Seena et al.,, 2019).
However, many experimental studies have sterilized
litter using gamma irradiation with no consideration of
potential effects. In some cases, all the litter material
used in experiments is irradiated, eliminating any
confounding effects, although the possible influence
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of irradiation on the results is not discussed (e.g., Gulis
& Suberkropp, 2003; Matulich & Martiny, 2015). In
other cases, irradiated and non-irradiated litter is not
differentiated in analyses, which may confound the
experimental results (e.g., Veen et al., 2019). Other
studies have used autoclaving for litter sterilization,
reporting that it promotes initial leaching (e.g.,
Ferreira & Chauvet, 2011; Landeira-Dabarca et al.,
2019). Gamma irradiation is generally considered less
aggressive than other sterilization methods (McNa-
mara et al., 2003; Berns et al., 2008), hence its wide
use in agriculture (Zarbakhsh & Rastegar, 2019), but
its specific effects on litter physical structure and
chemistry are still not well known.

A potential mechanism explaining the greater
nutrient losses in irradiated litter found here is cell
damage, as suggested for soil samples (McNamara
etal., 2003). Notably, the effects of irradiation on plant
cells and microorganisms depend on the dose and
exposure time (Silindir & Ozer, 2009). While lower
doses than that applied here might lead to weaker or no
changes in the litter, they may not effectively remove
all the microorganisms (Mostafidi et al., 2020), some
of which (mostly endophytes) promote the subsequent
colonization by aquatic hyphomycetes (Seena &
Monroy, 2016; Koivusaari et al., 2019). Similarly,
chronic exposure to gamma irradiation accelerates
litter decomposition and leaching in forests (Wood-
well & Marples, 1968; Saas & Grauby, 1975), but
effects may be lower and less consistent for acute
exposure, as shown here.

Conclusion

We show that sterilization of various plant species
with gamma irradiation can alter the stoichiometry of
litter in streams, with nutrient losses occurring within
the typical timespan (3 weeks) of instream litter
decomposition experiments (Béarlocher, 2020). Con-
versely, we found no evidence of altered decomposi-
tion rates or colonization by litter-consuming
detritivores in that timeframe. The lack of effects on
decomposition could be partly due to the short
duration of our experiment, so longer studies are
recommended.

We suggest that gamma irradiation can be a useful
procedure for litter sterilization in large-scale studies
involving multiple countries, as long as decomposition

rate is the main response variable (Boyero et al.,
2011, 2021c). However, studies involving litter stoi-
chiometry should control for any potential changes in
litter chemistry caused by irradiation. Further studies
are needed to explore the influence of different
sterilization methods and irradiation doses on litter
chemistry, so a common methodology can be estab-
lished for large-scale studies where artificial substrates
cannot be used.
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