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Effects of two measures of riparian 
plant biodiversity on litter 
decomposition and associated 
processes in stream microcosms
Naiara López‑Rojo1*, Javier Pérez1, Ana Basaguren1, Jesús Pozo1, Juan Rubio‑Ríos2, 
J. Jesús Casas2,3 & Luz Boyero1,4

Plant litter decomposition is a key ecosystem process that can be altered by global changes such 
as biodiversity loss. These effects can be particularly important in detritus‑based ecosystems, such 
as headwater streams, which are mainly fuelled by allochthonous plant litter inputs. However, 
experiments examining effects of plant diversity on litter decomposition in streams have not reached 
consensus about which measures of biodiversity are more relevant. We explored the influence of two 
of these measures, plant species richness (SR; monocultures vs. 3‑species mixtures) and phylogenetic 
distance (PD; species belonging to the same family vs. different families), on leaf litter decomposition 
and associated processes and variables (nutrient dynamics, fungal biomass and detritivore growth), 
in a stream microcosm experiment using litter from 9 tree species belonging to 3 families. We found a 
negative effect of SR on decomposition (which contradicted the results of previous experiments) but 
a positive effect on fungal biomass. While PD did not affect decomposition, both SR and PD altered 
nutrient dynamics: there was greater litter and detritivore N loss in low‑PD mixtures, and greater litter 
P loss and detritivore P gain in monocultures. This suggested that the number of species in mixtures 
and the similarity of their traits both modulated nutrient availability and utilization by detritivores. 
Moreover, the greater fungal biomass with higher SR could imply positive effects on detritivores in the 
longer term. Our results provide new insights of the functional repercussions of biodiversity loss by 
going beyond the often‑explored relationship between SR and decomposition, and reveal an influence 
of plant species phylogenetic relatedness on nutrient cycling that merits further investigation.

Current rates of biodiversity loss are far greater than those before human dominance of  Earth1–3, as a result of 
multiple environmental changes of anthropogenic origin such as land transformation, climate change and species 
 invasions4–7. Biodiversity loss, in turn, can alter ecosystem processes such as plant litter decomposition, which 
is key for the functioning of  ecosystems8. Headwater streams are detritus-based ecosystems that are fuelled by 
allochthonous plant litter detritus inputs from the surrounding terrestrial  catchment9–11. Once in the stream, 
plant litter is decomposed by microorganisms (mainly fungi) and invertebrates (litter-consuming detritivores), 
which involves the cycling of major nutrients such as nitrogen (N) and phosphorus (P), and the production of 
microbial and invertebrate  biomass12. All these stream processes can be altered by multiple global environmental 
drivers (e.g., climate warming, eutrophication) and by terrestrial plant diversity loss, which is caused by wide-
spread forestry practices such as monospecific  plantations13.

There is evidence that plant diversity loss affects litter  decomposition14, nutrient  cycling15 and biomass 
 production16, with effects mediated by complementary resource by detritivores (i.e., complementarity effects) 
or by the presence of particular litter types that decompose faster or slower than others (i.e., selection effects)17. 
However, inconsistencies between field and laboratory studies and across  experiments18 suggest that there are 
still important gaps within this research field. A key question is whether species richness (SR; which has been 
used in most relevant studies) is the most appropriate measure of biodiversity, compared to other measures that 
consider the diversity of species  traits19,20. Trait-related biodiversity measures could be expected to have greater 
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influence on ecosystem processes than SR, because traits have direct functional  repercussions21. For example, 
phylogenetic distance (PD) is often a good predictor of species trait  variation22–25, and it has shown relationships 
with ecosystem processes such as primary  production26 and litter  decomposition27.

We experimentally explored how both plant SR and PD within litter assemblages influenced litter decom-
position and associated processes and variables (nutrient dynamics, fungal biomass and detritivore growth) in 
stream microcosms. We examined the net diversity effect (i.e., the deviation between observed decomposition 
values in litter assemblages and the values expected from the corresponding monocultures) and, when possible, 
partitioned this effect into complementarity and selection  effects17. We used leaf litter from 9 tree species belong-
ing to 3 families (Betulaceae, Salicaceae and Fagaceae), which were introduced in microcosms (with and without 
detritivores) as monocultures (SR = 1) or mixtures (SR = 3) with either low PD (3 species from the same family) or 
high PD (3 species from 3 different families). The above processes were quantified after 6 weeks, and the following 
hypotheses were examined: (1) plant SR enhances all studied processes (i.e., they have greater values in mixtures 
than in monocultures)15,28, mostly due to complementarity  effects29; (2) the difference between monocultures 
and mixtures is greater for high-PD than for low-PD mixtures; and (3) all the above patterns are more marked 
in the presence of detritivores, which often are key drivers of biodiversity-ecosystem process  relationships30–32.

Results
Net diversity effects on decomposition (quantified through litter mass loss, LML) and fungal biomass (quantified 
through lipid  ergosterol33) were not significantly affected by PD, either in microcosms with or without detriti-
vores (Table 1, Table S3). The net diversity effect on decomposition was mostly negative (i.e., LML was higher in 
monocultures than in mixtures), and significant only in the presence of detritivores (Fig. 1A). In contrast, the net 
diversity effect on fungal biomass was positive (i.e., there was more ergosterol in mixtures than in monocultures), 
and the effect was significant only for low-PD mixtures (Fig. 1D). When net diversity effects on decomposition 
and fungal biomass were partitioned into complementarity and selection effects, there were again no differences 
between of PD treatments on any of the two variables (Table 1, Table S3), but they again showed different patterns: 

Table 1.  Results of linear mixed-effects models testing for the effect of diversity, detritivore presence and 
their interaction on the response variables. Diversity levels were low-PD and high-PD treatments for net, 
complementarity and selection effects on decomposition (measured through leaf mass loss, LML) and fungal 
biomass (measured through ergosterol); and monocultures versus low-PD versus high-PD treatments for the 
change in litter and detritivore nitrogen (N) and phosphorus (P) and detritivore growth. df numerator and 
denominator degrees of freedom, F F-statistic value, p p value.

Variable Effect df F p

Net (LML)

Diversity 1,4 0.256 0.639

Detritivore presence 1,49 3.340 0.073

Diversity: Detr. presence 1,49 0.086 0.769

Complementarity (LML)

Diversity 1,4 0.040 0.854

Detritivore presence 1,49 3.110 0.084

Diversity: Detr. presence 1,49 0.080 0.777

Selection (LML)

Diversity 1,4 0.364 0.578

Detritivore presence 1,49 0.042 0.837

Diversity: Detr. presence 1,49 1.110 0.297

Net (Ergosterol)

Diversity 1,4 0.496 0.519

Detritivore presence 1,28 0.021 0.884

Diversity: Detr. presence 1,28 1.086 0.306

Complementarity (Ergosterol)

Diversity 1,4 0.860 0.406

Detritivore presence 1,28 0.095 0.759

Diversity: Detr. presence 1,28 0.144 0.706

Selection (Ergosterol)

Diversity 1,4 1.098 0.353

Detritivore presence 1,28 5.298 0.029

Diversity: Detr. presence 1,28 0.015 0.900

Change in litter N

Diversity 2,12 1.985 0.179

Detritivore presence 1,13 0.658 0.418

Diversity: Detr. presence 2,13 0.749 0.474

Change in litter P

Diversity 2,12 1.353 0.295

Detritivore presence 1,13 4.955 0.027

Diversity: Detr. presence 2,13 0.068 0.933

Detritivore growth Diversity 2,12 0.049 0.951

Change in detritivore N Diversity 2,12 14.538 < 0.001

Change in detritivore P Diversity 2,12 1.429 0.279
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for decomposition, complementarity was negative (Fig. 1B) and selection was positive in low-PD (with and 
without detritivores) and high-PD mixtures (with detritivores: Fig. 1C); for fungal biomass, there was positive 
complementarity (significant in low-PD mixtures without detritivores and high-PD mixtures with detritivores; 
Fig. 1E) and negative selection (except for low-PD mixtures with detritivores; Fig. 1F). Diversity effects were thus 
almost entirely driven by complementarity effects in the presence of detritivores, with important contribution 
of selection effects in their absence (Table S4). 

Nutrient dynamics in litter showed differences between monocultures and mixtures, albeit not significant 
(Table 1, Table S3). Litter N concentration tended to increase in monocultures and decrease in mixtures, although 
the change in litter N was only significant for low-PD mixtures in the presence of detritivores (Fig. 2A). Litter P 
concentration decreased in the presence of detritivores in monocultures and low-PD mixtures, with no change 
in high-PD mixtures; and there was an increasing trend from monocultures to high-PD mixtures both in the 
presence and absence of detritivores (Fig. 2B). Detritivore growth was highly variable and showed no differences 
between treatments (Fig. 3A, Table 1). Detritivores decreased their N proportional content, and the decrease was 
higher in mixtures than in monocultures (Fig. 3B, Table 1). In contrast, detritivores increased their P propor-
tional content in monocultures and low-PD mixtures and showed a similar but nonsignificant trend in high-PD 
mixtures (Fig. 3C, Table 1); the pattern shown was opposite to that in P litter concentration. 

Discussion
Litter decomposition was lower in mixtures than in monocultures due to negative comple‑
mentarity. Our experiment revealed a negative effect of plant species richness on litter decomposition: 
monocultures decomposed, on average, faster than litter mixtures. This result was unexpected when compared 
with several other microcosm experiments, which have found faster decomposition of litter mixtures than 
 monocultures15,28,30,31,34. In most of the above-mentioned microcosm experiments, diversity effects occurred 
only in the presence of detritivores, suggesting that they were the key drivers of such effects, and the main 
underlying mechanism was a positive complementarity effect. Similarly, in our study, the diversity effect was sig-

Figure 1.  Net diversity, complementarity and selection effects for litter mass loss (proportion) and ergosterol 
content (µg mg litter−1) for low-PD and high-PD treatments, with (black) and without (grey) detritivores. 
Circles are means and whiskers denote upper and lower bounds of 95% nonparametric bootstrapped confidence 
intervals. Closed circles represent intervals that reject the null hypothesis (i.e., do not contain the value of zero) 
and open circles represent intervals that do not reject the null hypothesis.
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nificant in the presence of detritivores; in their absence, complementarity and selection effects presented similar 
but opposite values that counterbalanced each other (see below).

Positive complementarity can occur when different litter types offer complementary resources to consum-
ers, or when the presence of one litter type enhances the consumption of another (i.e., facilitation), and is often 
greater than the positive selection effect (i.e., when a given litter type is decomposed faster than others). For 
example, an experiment found that complementarity accounted for 66% of the diversity effect on decomposition 
on average (and up to 99%) in several litter  mixtures30. In our study, we also found that complementarity was 
the dominant mechanism behind diversity effects on decomposition in the presence of detritivores (selection 
effects were significant and positive, but only accounted for 13% of the net diversity effect on average) but, in 
this case, it was negative complementarity.

Negative complementarity was also found in a field study with a similar design to  ours25, and could indicate 
some kind of physical or chemical interference between litter types. For example, toxic compounds present in 
one species could inhibit the consumption of another that would otherwise be consumed  faster35,36. In our study, 
in the absence of detritivores, negative complementarity and positive selection were similar in magnitude (53% 
and 47% on average, respectively), resulting in a non-significant net diversity effect. This suggests that selection 
effects were more relevant for microbial than for detritivore-mediated decomposition, and indicates that the lack 
of net diversity effects on microbial decomposition found here and in other  studies15,30 could be due to different 
mechanisms operating in opposite ways, rather than to the absence of interactions between litter diversity and 
microbial decomposers.

Fungal biomass was higher in litter mixtures, mostly in those with low phylogenetic dis‑
tance. Despite the negative effect of plant species richness on decomposition, the effect on fungal biomass 
was opposite, that is, litter mixtures produced more fungal biomass than expected from monocultures. This may 
result in greater litter  conditioning37 and thus enhance detritivore-mediated decomposition in the longer term. 

Figure 2.  Proportional change in litter nitrogen and phosphorus content (mg g litter−1) for monocultures 
(Mono), low-PD and high-PD litter mixtures, with (black) and without (grey) detritivores. Circles represent 
means and whiskers denote upper and lower bounds of 95% nonparametric bootstrapped confidence intervals. 
Closed circles represent intervals that reject the null hypothesis (i.e., do not contain the value of zero) and open 
circles represent intervals that do not reject the null hypothesis.

Figure 3.  Detritivore growth and change in nitrogen and phosphorus (proportion) for monocultures (Mono), 
low-PD and high-PD litter mixtures. Circles represent means and whiskers denote upper and lower bounds of 
95% nonparametric bootstrapped confidence intervals. Closed circles represent intervals that reject the null 
hypothesis (i.e., do not contain the value of zero) and open circles represent intervals that do not reject the null 
hypothesis.
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However, this was significant only for low-PD mixtures (with and without detritivores), and driven by positive 
complementarity (which accounted for 87% of the net diversity effect on average), suggesting the existence of 
resource partitioning or facilitation among fungal species. This can occur if different species within the fungal 
assemblage differ in their enzymatic complements or activity  patterns18, or benefit from the presence of litter 
types differing in physical structure [e.g., contrasting toughness or specific leaf area (SLA)], which increase 
habitat complexity and stability. However, we cannot confirm this as we did not characterize fungal assemblages. 
Moreover, in our case, such effects did not translate into differences in microbial decomposition, such as those 
shown in terrestrial  ecosystems38, possibly due to functional redundancy of fungal  species18.

Although we did not quantify fungal species richness, other studies have found that it is positively related to 
plant (litter) species richness, in relation to a higher functional trait  diversity39,40. In our study, high-PD mixtures 
tended to have higher trait diversity than low-PD mixtures. Thus, it is possible that fungal assemblages growing 
on our high-PD mixtures were more diverse than those growing on low-PD mixtures, and more diverse fungal 
assemblages generally show slower production due to increased interspecific competitive  interactions18. In high-
PD assemblages, positive complementarity was the dominant mechanism (82% of the net diversity effect) only 
in the presence of detritivores, which most likely mediated this complementarity effect. In the absence of detri-
tivores, positive complementarity and negative selection were similar in magnitude (53% and 47%, respectively), 
as occurred for decomposition, resulting in a very low and non-significant net diversity effect.

Nutrient dynamics was influenced by plant species richness, with a lower influence of phy‑
logenetic distance. Plant species richness affected the dynamics of N and P in litter and detritivores, but 
had no effect on detritivore growth, which was 42% on average (i.e., 1.14% per day); this is within the range 
reported elsewhere for Sericostoma spp. (0.75–2.99%)15,41. While litter monocultures tended to present higher 
N concentration (although the trend was not significant), it tended to be lower in mixtures (being the reduction 
significant only for low-PD mixtures, and significantly different from that of monocultures only in the presence 
of detritivores). This suggests that more N was used from litter in mixtures, which is in accordance with their 
higher fungal biomass, and with the key role of microorganisms in N dynamics shown  elsewhere15,31. We note, 
however, that N litter content cannot be separated from N content of colonising fungi. In contrast, detritivores 
reduced their N proportional content in all cases, but less so when exposed to monocultures, suggesting that 
detritivores were able to use more N from litter when fungal biomass was lower. This counterintuitive pattern 
could be due to the fact that detritivores preferentially consume fungal biomass rather than the litter (i.e., the 
peanut butter instead of the  cracker42), so their higher consumption could lead to higher N gain (or lower N loss 
in this case) in detritivores and lower fungal biomass at the same time. The general reduction in detritivore N 
content could be due to the fact no litter type fulfilled their N demands (even if A. glutinosa had high N concen-
tration; Table S1); these demands are usually high for caddisflies because they use it for the production of silk 
and N-rich chitin for the  exoskeleton43.

The dynamics of P showed a different pattern, which was opposite in litter and detritivores: litter decreased 
its P proportional content in monocultures and low-PD mixtures in the presence of detritivores, and detritivores 
increased their P proportional content when exposed to monocultures and low-PD mixtures; the trend was simi-
lar for high-PD mixtures in both cases, albeit not significant. This suggests that P dynamics were highly depend-
ent on detritivores, which used P from monocultures and low-PD mixtures more efficiently than from high-PD 
mixtures, that is, from litter with lower diversity of functional traits in general or P in particular (P variability 
was 0.17% ± 0.09 SE in low-PD mixtures and 0.84% ± 0.39 in high-PD mixtures; Supplementary Table S2). This 
agrees with studies suggesting that detritivores can benefit from the concentration of  resources44,45 and with the 
fact that detritivore growth was not constrained by P supply, as shown  elsewhere43.

Biodiversity effects on ecosystem functioning may depend on experimental conditions and on 
the biodiversity measure used. Our study supports previous evidence that plant biodiversity loss can 
affect litter decomposition and associated processes in stream ecosystems. However, it suggests that effects can 
be variable depending on the available litter and detritivore numbers used, and hence the biological interactions 
allowed. Experimental conditions thus seem to be main determinants of outcomes, which have been variable 
among different field and microcosm  experiments46. This is particularly true for field studies, which have often 
found positive, negative and/or no effects at different  sites29 or for different litter  mixtures47,48. Many microcosm 
experiments have found positive diversity  effects15,28,31,49, but these sometimes depended on which species were 
 lost50, and here we found negative diversity effects. Contrasting results could be related to differences in experi-
mental conditions, mainly regarding two aspects.

Firstly, studies or sites with more diverse detritivore assemblages have more potential for complementary 
resource  use29. However, at the same time, the balance between different positive and negative interspecific and 
intraspecific interactions mediating diversity effects is more  variable51,52, which may obscure the results (as 
discussed for microbial decomposition above). This, however, may not apply to many microcosm experiments, 
which use a single detritivore species, although intraspecific interactions could also play a  role53, for example 
between individuals with different body  size54, and due to density-dependent  effects55. In our experiment, each 
microcosm contained 2 individuals, which differed from other experiments using more individuals per micro-
cosm (e.g.,  315;  650), hence with more potential for intraspecific interactions (and positive diversity effects) in 
the latter.

Secondly, the amount and types of litter provided could influence the results of microcosm experiments 
(but not so much in field studies, where litter other than that provided within litter bags is generally available 
in the stream). This may also help explain the outcome of our study (a negative diversity effect on decomposi-
tion) compared to other microcosm experiments. In particular, we provided litter in large excess, and > 60% of 
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the litter preferred by detritivores (A. glutinosa) remained at the end of the experiment in mixtures; in contrast, 
others have provided more limited  amounts31. The presence of a limiting amount of the preferred litter in mix-
tures may enhance the consumption of other litter types, and thus enhance overall decomposition compared 
to monocultures. However, this may not happen if the preferred litter is highly abundant in mixtures, because 
detritivores would feed mostly on it and there would be no differences with monocultures.

Another relevant question raised here is how to measure biodiversity in these studies. We found that phylo-
genetic distance had no effect on decomposition, but it influenced nutrient dynamics, which would have been 
only partially assessed by exploring species richness only. This is despite the fact that phylogenetic distance and 
trait variability were not strongly related, at least in relation to the traits that we measured. The inclusion of other 
traits such as tannins (which are generally high in the Fagaceae) would most likely have increased this relation-
ship, so further experiments with more measured traits would be helpful to further explore the role of trait-based 
biodiversity measures compared to phylogenetic distance on nutrient dynamics. Moreover, our results should 
be taken with caution because we did not include all possible high-PD mixtures resulting from different com-
binations of the plant species used. Given that other studies have found either  significant27,56 or non-significant 
 effects25 of phylogenetic distance on litter decomposition in streams, and that its effects on associated processes 
such as nutrient dynamics are mostly unknown, we suggest that this issue merits further investigation.

Methods
Litter and detritivores. The plants used in the experiment were 3 species from the family Betulaceae (Alnus 
glutinosa (L.) Gaertner, Corylus avellana L. and Betula celtiberica Rothm. & Vasc.), 3 from the family Salicaceae 
(Populus nigra L., Salix alba L. and Salix atrocinerea Brot.) and 3 from the family Fagaceae (Castanea sativa Mill., 
Fagus sylvatica L. and Quercus robur L.). These 9 species represented common litter inputs to headwater streams 
in our study area. Leaves were collected from the forest floor immediately after natural abscission in the autumn 
of 2017 from different locations in northern Spain: A. glutinosa, C. avellana, C. sativa and Q. robur at the Agüera 
stream catchment (43.20°N, 3.26°W); B. celtiberica and F. sylvatica at Urkiola natural park (43.32°N, 2.97°W); S. 
alba at Mungia (43.33°N, 2.80°W); S. atrocinera at the Biscay campus of the University of the Basque Country 
(43.32°N; 2.97°W); and P. nigra at Barakaldo (43.29°N; 2.99°W). Leaves were cut in fragments of about 4  cm2 
avoiding the basal midrib, air dried, and weighed to the nearest 0.01 mg using a precision balance.

Detritivores were larvae of the cased caddisfly Sericostoma pyrenaicum, a common invertebrate in the study 
area that has been often used in microcosm experiments assessing litter  decomposition34,57,58. Detritivores were 
collected manually from the benthos of Perea stream (43.291°N, 3.243°W) in March 2018. The initial dry mass 
(DM) of experimental larvae (mean ± SE: 13.87 ± 0.56 mg) was estimated from their case length (CL, measured 
under a binocular microscope with an accuracy of 0.5 mm; mean ± SE: 12.51 ± 0.22 mm) and the relationship 
DM = 0.1398eCL*0.2818  (r2 = 0.899). This relationship was calculated using 35 additional larvae that were collected 
simultaneously (and with a similar case length range to experimental larvae; mean ± SE: 11.65 ± 0.52 mm), meas-
ured as above, uncased, freeze-dried and weighed. Experimental larvae were starved for 48 h just before the 
start of the experiment; the additional larvae were also starved for 48 h before being measured and weighed.

Experimental setup. Litter treatments consisted of the 9 monocultures and six 3-species mixtures, either 
of low PD (species from the same family) or high PD (each species randomly assigned from each of the 3 fami-
lies; Table 2). We explored whether high-PD mixtures had greater trait variability than low-PD mixtures using 
Rao’s quadratic diversity (RaoQ; dbFD function in the ‘FD’ package), which is the sum of pairwise functional 
distances of measured traits between species in a mixture weighted by their relative  abundances59,60. RaoQ was 
higher in two high-PD mixtures than in low-PD ones, with the exception of the mixture composed by the 3 spe-
cies of family Betulaceae, which had a higher value that one of the high-PD mixtures (Supplementary Table S2).

The experiment was carried out in March–April 2018 in 150 microcosms placed within a temperature-con-
trolled room at 10 ºC (which mimicked natural conditions and minimized evaporation), with constant aeration 
and a light:dark regime of 12:12 h. The microcosms consisted of 580-mL glass jars (8 cm diameter, 11 cm height) 
containing 400 mL of stream water (Perea stream; soluble reactive P: 4.32 ± 1.25 μg P  L−1; dissolved inorganic N: 
369.55 ± 37.59 μg N  L−1; n = 8) filtered through a 100-μm mesh (which allowed the entrance of microorganisms); 
and 30  cm3 of sediment, composed of equal parts of fine sand (200 µm–1 mm) and small gravel (0.5–1.5 cm), 

Table 2.  Species comprising low-PD and high-PD litter mixtures (i.e., 3 plant species from the same family, 
or 3 species each from a different family, respectively), and trait variability (measured through RaoQ; value for 
each mixture and mean ± SE for each mixture type); PD: phylogenetic distance.

Litter mixtures RaoQ

Low-PD 1.84 ± 0.46

Alnus glutinosa + Betula celtiberica + Corylus avellana 2.74

Populus nigra + Salix alba + Salix atrocinerea 1.55

Castanea sativa + Fagus sylvatica + Quercus robur 1.23

High-PD 3.24 ± 0.89

A. glutinosa + S. alba + C. sativa 4.79

C. avellana + S. atrocinerea + F. sylvatica 1.83

B. celtiberica + P. nigra + Q. robur 3.11
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collected from the river bed and sterilized by incineration (550 °C, 4 h). Each microcosm received 1.5 g of air-
dried litter fragments (an amount that avoided resource limitation during the experiment) belonging to 1 plant 
species (monocultures) or to 3 species (0.5 g per species), with 10 microcosms per litter treatment. Litter frag-
ments of the same species were kept together using safety pins to facilitate species identification at the end of the 
experiment; the same was done in monocultures to avoid any possible confounding effect. Litter was incubated 
for 72 h (with water replacement after the first 48 h) to allow the leaching of soluble compounds and initial 
microbial conditioning. Water was replaced with filtered (100 μm) stream water, and 7 microcosms per treatment 
received detritivores (2 larvae per microcosm), while 3 microcosms per treatment remained without detritivores 
(in order to quantify microbial processes). We used higher replication in microcosms with detritivores because 
these have shown greater variability than microcosms without detritivores in previous  experiments15,34.

During the experiment, water was replaced weekly (days 7, 14, 21, 28 and 35), and the experiment finished on 
day 42; on each replacement, water was filtered through a 100-μm mesh in order to avoid loss of litter fragments 
and detritivores. At the end of the experiment (day 42) litter was collected, sorted by species in mixtures, oven-
dried, weighed to determine final DM, and then divided in 2 subsamples. One was incinerated and re-weighed to 
determine final ash free dry mass (AFDM); the other was used to determine final N content (using a Perkin Elmer 
series II CHNS/O elemental analyzer) and P content (measured spectrophotometrically after autoclave-assisted 
 extraction61). From the 3 microcosms without detritivores and 3 out of the 7 microcosms with detritivores in 
each treatment, and before oven-drying the litter, we cut 12-mm diameter discs (5 per species) using a cork borer; 
discs were freeze-dried, weighed and processed in order to measure lipid ergosterol, with procedures slightly 
modified from Newell et al.62 and Suberkropp and  Weyers63 (Supplementary Methods). Detritivores remained 
48 h in starvation within the microcosms, so they were in the same conditions as at the start of the experiment; 
on day 44 they were uncased, freeze-dried, weighed individually to calculate their final DM, and their final N 
and P contents were determined as above.

Twenty-seven extra microcosms (3 per species, each containing 1.5 g of air-dried litter fragments) were used 
to estimate the initial (post-leaching) AFDM and several litter traits. Litter fragments were collected after 72 h, 
and leaf toughness was measured as the pressure required to pierce the leaf tissue using a steel rod (kPa). Then 
litter was oven-dried (70 °C, 72 h), weighed and divided in two subsamples. One was used to determine initial 
N and P contents (as above) and SLA [ratio of disc area  (mm2) to DM (mg)]. The other was incinerated (550 °C, 
4 h) and re-weighed to determine the ash content and the relationships between air-dried and oven-dried DM, 
and between post-leaching DM and AFDM.

Data analyses. Survival of detritivores was 100% during the experiment but 2 larvae pupated, so those 
microcosms were excluded for the analyses. We calculated RaoQ for each litter mixture (see above) and for each 
litter trait (i.e., the variability of each particular trait in a mixture). Litter decomposition was quantified through 
proportional LML, calculated as the difference between initial and final AFDM divided by initial AFDM. In 
microcosms with detritivores, we standardized LML using mean detritivore initial DM, in order to remove any 
possible effects due to differences in detritivore size across microcosms. Detritivore growth was calculated as the 
difference between final and initial DM divided by the initial DM. We quantified nutrient dynamics through the 
proportional change in litter and detritivore N and P contents (i.e., the difference between final and initial N or 
P content divided by initial N or P content). Initial data exploration using Cleveland dot- and boxplots revealed 
some potential outliers (2 data points for LML, including 1 in microcosms with detritivores and 1 in micro-
cosms without detritivores, and 4 for detritivore growth; < 5% of the data), which were removed for subsequent 
 analyses64.

We explored the effect of plant SR on LML and ergosterol through the net diversity effect, which is the differ-
ence between the observed value of the response variable in a mixture and the expected value based on the values 
of the corresponding monocultures  (netLML = LMLO − LMLE)65. Moreover, in order to explore the mechanisms 
driving any net diversity effect, we partitioned this net diversity effect into complementarity effects and selection 
effects. The complementarity effect was calculated as the average deviation from expected LML of species in a 
mixture multiplied by the mean LML of species in monoculture and the number of species (n) in the mixture 
(mean ΔLML × mean LML × n), and the selection effect was calculated as the covariance between the deviation 
from the expected LML of species in a mixture and their LML in monoculture, multiplied by the number of 
species [cov(ΔLML,LML) × n]29,30,65. For nutrient dynamics and detritivore growth, the existence of both posi-
tive and negative values precluded the interpretation of net diversity effects, so we directly examined differences 
among monocultures, low-PD and high-PD mixtures.

We ran linear mixed-effects models (lme function, ‘nlme’ package) testing for the effect of PD and detritivore 
presence (fixed factor fitted as an interaction) on all measured variables. Litter mixture was a random factor, and 
differences in variance between treatments with and without detritivores were considered using the VarIdent 
structure. As the interaction between PD and detritivore presence was not significant for any variable, we also ran 
separated models for microcosms with and without detritivores, to test for (1) differences between low-PD and 
high-PD mixtures for net diversity, complementarity and selection effects on LML and ergosterol; (2) differences 
between monocultures and low-PD and high-PD mixtures for litter N and P change; and (3) differences between 
monocultures and low-PD and high-PD mixtures in microcosms with detritivores for detritivore growth and 
detritivore N and P change. In all cases, we also calculated ordinary nonparametric bootstrapped 95% confidence 
intervals (BCa method using the ‘boot’ function on boot R package, based on 999 bootstrap  replicates66,67 to 
determine whether the confidence intervals contained the value of zero (i.e., the null expectation of no effect or 
no change). All statistical analyses were performed in R statistics  software68.



8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19682  | https://doi.org/10.1038/s41598-020-76656-4

www.nature.com/scientificreports/

Data availability
Data are available in the Electronic Supplementary Information.

Received: 20 May 2020; Accepted: 30 October 2020

References
 1. Lawton, J. H., May, R. M. & Raup, D. M. Extinction Rates Vol. 11 (Oxford University Press, Oxford, 1995).
 2. Loh, J. & Wackernagel, M. Living Planet Report 2004. Report No. 288085265X (WWF, Gland, 2004).
 3. Barnosky, A. D. et al. Has the Earth’s sixth mass extinction already arrived?. Nature 471, 51–57 (2011).
 4. Vitousek, P. M., Mooney, H. A., Lubchenco, J. & Melillo, J. M. Human domination of Earth’s ecosystems. Science 277, 494–499 

(1997).
 5. Amici, V. et al. Anthropogenic drivers of plant diversity: perspective on land use change in a dynamic cultural landscape. Biodivers. 

Conserv. 24, 3185–3199 (2015).
 6. Mack, R. N. et al. Biotic invasions: causes, epidemiology, global consequences, and control. Ecol. Appl. 10, 689–710 (2000).
 7. Leroy, C. J. & Marks, J. C. Litter quality, stream characteristics and litter diversity influence decomposition rates and macroinver-

tebrates. Freshw. Biol. 51, 605–617 (2006).
 8. Hooper, D. U. et al. A global synthesis reveals biodiversity loss as a major driver of ecosystem change. Nature 486, 105–108. https 

://doi.org/10.1038/natur e1111 8 (2012).
 9. Suurkuukka, H. et al. Woodland key habitats and stream biodiversity: Does small-scale terrestrial conservation enhance the 

protection of stream biota?. Biol. Conserv. 170, 10–19 (2014).
 10. Vannote, R. L., Minshall, G. W., Cummins, K. W., Sedell, J. R. & Cushing, C. E. The river continuum concept. Can. J. Fish. Aquat. 

Sci. 37, 130–137 (1980).
 11. Wallace, J., Eggert, S., Meyer, J. & Webster, J. Multiple trophic levels of a forest stream linked to terrestrial litter inputs. Science 277, 

102–104. https ://doi.org/10.1126/scien ce.277.5322.102 (1997).
 12. Marks, J. C. Revisiting the fates of dead leaves that fall into streams. Annu. Rev. Ecol. Evol. Syst. https ://doi.org/10.1146/annur 

ev-ecols ys-11021 8-02475 5 (2019).
 13. Kominoski, J. S. et al. Forecasting functional implications of global changes in riparian plant communities. Front. Ecol. Environ. 

11, 423–432. https ://doi.org/10.1890/12005 6 (2013).
 14. Swan, C. M. & Palmer, M. A. Leaf diversity alters litter breakdown in a piedmont stream. J. N. Am. Benthol. Soc. 23, 15–28 (2004).
 15. López-Rojo, N. et al. Plant diversity loss affects stream ecosystem multifunctionality. Ecology 100, e02847 (2019).
 16. Stout, B. M. III., Benfield, E. & Webster, J. Effects of a forest disturbance on shredder production in southern Appalachian headwater 

streams. Freshw. Biol. 29, 59–69 (1993).
 17. Loreau, M. & Hector, A. Partitioning selection and complementarity in biodiversity experiments. Nature 412, 72. https ://doi.

org/10.1038/35083 573 (2001).
 18. Gessner, M. O. et al. Diversity meets decomposition. Trends Ecol. Evol. 25, 372–380. https ://doi.org/10.1016/j.tree.2010.01.010 

(2010).
 19. Hillebrand, H. & Matthiessen, B. Biodiversity in a complex world: consolidation and progress in functional biodiversity research. 

Ecol. Lett. 12, 1405–1419. https ://doi.org/10.1111/j.1461-0248.2009.01388 .x (2009).
 20. Krause, S. et al. Trait-based approaches for understanding microbial biodiversity and ecosystem functioning. Front. Microbiol. 5, 

251 (2014).
 21. Petchey, O. L. & Gaston, K. J. Functional diversity: back to basics and looking forward. Ecol. Lett. 9, 741–758 (2006).
 22. Burns, J. H. & Strauss, S. Y. More closely related species are more ecologically similar in an experimental test. Proc. Natl. Acad. Sci. 

108, 5302–5307 (2011).
 23. Cavender-Bares, J., Kozak, K. H., Fine, P. V. & Kembel, S. W. The merging of community ecology and phylogenetic biology. Ecol. 

Lett. 12, 693–715 (2009).
 24. Mouquet, N. et al. Ecophylogenetics: advances and perspectives. Biol. Rev. Camb. Philos. Soc. 87, 769–785 (2012).
 25. López-Rojo, N. et al. Shifts in key leaf litter traits can predict effects of plant diversity loss on decomposition in streams. Ecosystems 

(2020) (in press).
 26. Cadotte, M. W., Cardinale, B. J. & Oakley, T. H. Evolutionary history and the effect of biodiversity on plant productivity. Proc. Natl. 

Acad. Sci. 105, 17012–17017 (2008).
 27. Boyero, L. et al. Biotic and abiotic variables influencing plant litter breakdown in streams: a global study. Proc. R. Soc. B Biol. Sci. 

283, 20152664. https ://doi.org/10.1098/rspb.2015.2664 (2016).
 28. Fernandes, I., Duarte, S., Cássio, F. & Pascoal, C. Plant litter diversity affects invertebrate shredder activity and the quality of fine 

particulate organic matter in streams. Mar. Freshw. Res. 66, 449–458 (2015).
 29. Handa, I. T. et al. Consequences of biodiversity loss for litter decomposition across biomes. Nature 509, 218–221. https ://doi.

org/10.1038/natur e1324 7 (2014).
 30. López-Rojo, N. et al. Leaf traits drive plant diversity effects on litter decomposition and FPOM production in streams. PLoS ONE 

13, e0198243 (2018).
 31. Tonin, A. M. et al. Stream nitrogen concentration, but not plant N-fixing capacity, modulates litter diversity effects on decomposi-

tion. Funct. Ecol. https ://doi.org/10.1111/1365-2435.12837  (2017).
 32. Vos, V. C. A., van Ruijven, J., Berg, M. P., Peeters, E. T. H. M. & Berendse, F. Macro-detritivore identity drives leaf litter diversity 

effects. Oikos 120, 1092–1098. https ://doi.org/10.1111/j.1600-0706.2010.18650 .x (2011).
 33. Gessner, M. O. & Chauvet, E. Ergosterol-to-biomass conversion factors for aquatic hyphomycetes. Appl. Environ. Microbiol. 59, 

502–507 (1993).
 34. Tonin, A. M. et al. Stream nitrogen concentration, but not plant N-fixing capacity, modulates litter diversity effects on decomposi-

tion. Funct. Ecol. 31, 1471–1481 (2017).
 35. Graça, M. A. S. et al. Food quality, feeding preferences, survival and growth of shredders from temperate and tropical streams. 

Freshw. Biol. 46, 947–957. https ://doi.org/10.1046/j.1365-2427.2001.00729 .x (2001).
 36. McArthur, J. V., Aho, J. M., Rader, R. B. & Mills, G. L. Interspecific leaf interactions during decomposition in aquatic and floodplain 

ecosystems. J. N. Am. Benthol. Soc. 13, 57–67 (1994).
 37. Gessner, M. O., Chauvet, E. & Dobson, M. A perspective on leaf litter breakdown in streams. Oikos 85, 377–384. https ://doi.

org/10.2307/19396 39 (1999).
 38. Hättenschwiler, S. & Gasser, P. Soil animals alter plant litter diversity effects on decomposition. Proc. Natl. Acad. Sci. 102, 1519–1524 

(2005).
 39. Laitung, B. & Chauvet, E. Vegetation diversity increases species richness of leaf-decaying fungal communities in woodland streams. 

Arch. Hydrobiol. 164, 217–235 (2005).
 40. Rajashekhar, M. & Kaveriappa, K. Diversity of aquatic hyphomycetes in the aquatic ecosystems of the Western Ghats of India. 

Hydrobiologia 501, 167–177 (2003).

https://doi.org/10.1038/nature11118
https://doi.org/10.1038/nature11118
https://doi.org/10.1126/science.277.5322.102
https://doi.org/10.1146/annurev-ecolsys-110218-024755
https://doi.org/10.1146/annurev-ecolsys-110218-024755
https://doi.org/10.1890/120056
https://doi.org/10.1038/35083573
https://doi.org/10.1038/35083573
https://doi.org/10.1016/j.tree.2010.01.010
https://doi.org/10.1111/j.1461-0248.2009.01388.x
https://doi.org/10.1098/rspb.2015.2664
https://doi.org/10.1038/nature13247
https://doi.org/10.1038/nature13247
https://doi.org/10.1111/1365-2435.12837
https://doi.org/10.1111/j.1600-0706.2010.18650.x
https://doi.org/10.1046/j.1365-2427.2001.00729.x
https://doi.org/10.2307/1939639
https://doi.org/10.2307/1939639


9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:19682  | https://doi.org/10.1038/s41598-020-76656-4

www.nature.com/scientificreports/

 41. Friberg, N. & Jacobsen, D. J. Variation in growth of the detritivore-shredder Sericostoma personatum (Trichoptera). Freshw. Biol. 
42, 625–635 (1999).

 42. France, R. Leaves as “crackers”, biofilm as “peanut butter”: exploratory use of stable isotopes as evidence for microbial pathways 
in detrital food webs. Oceanol. Hydrobiol. Stud. https ://doi.org/10.2478/s1354 5-011-0047-y (2011).

 43. Frainer, A. et al. Stoichiometric imbalances between detritus and detritivores are related to shifts in ecosystem functioning. Oikos 
125, 861–871. https ://doi.org/10.1111/oik.02687  (2016).

 44. Boyero, L. et al. Biotic and abiotic variables influencing plant litter breakdown in streams: a global study. Proc. R. Soc. B Biol. Sci. 
283, 20152664 (2016).

 45. Friberg, N. & Jacobsen, D. Feeding plasticity of two detritivore-shredders. Freshw. Biol. 32, 133–142 (1994).
 46. Lecerf, A. & Richardson, J. S. Biodiversity-ecosystem function research: insights gained from streams. River Res. Appl. 26, 45–54. 

https ://doi.org/10.1002/rra.1286 (2010).
 47. Lecerf, A., Risnoveanu, G., Popescu, C., Gessner, M. O. & Chauvet, E. Decomposition of diverse litter mixtures in streams. Ecology 

88, 219–227 (2007).
 48. Taylor, B. R., Mallaley, C. & Cairns, J. F. Limited evidence that mixing leaf litter accelerates decomposition or increases diversity 

of decomposers in streams of eastern Canada. Hydrobiologia 592, 405–422. https ://doi.org/10.1007/s1075 0-007-0778-3 (2007).
 49. Vos, V. C., van Ruijven, J., Berg, M. P., Peeters, E. T. & Berendse, F. Leaf litter quality drives litter mixing effects through comple-

mentary resource use among detritivores. Oecologia 173, 269–280 (2013).
 50. Boyero, L., Cardinale, B. J., Bastian, M. & Pearson, R. G. Biotic vs. abiotic control of decomposition: a comparison of the effects of 

simulated extinctions and changes in temperature. PLoS ONE 9, e87426. https ://doi.org/10.1371/journ al.pone.00874 26 (2014).
 51. McKie, B. G., Schindler, M., Gessner, M. O. & Malmqvist, B. Placing biodiversity and ecosystem functioning in context: envi-

ronmental perturbations and the effects of species richness in a stream field experiment. Oecologia 160, 757–770. https ://doi.
org/10.1007/s0044 2-009-1336-7 (2009).

 52. Tonin, A. M. et al. Interactions between large and small detritivores influence how biodiversity impacts litter decomposition. J. 
Anim. Ecol. 87, 1465–1474. https ://doi.org/10.1111/1365-2656.12876  (2018).

 53. Boyero, L. & Pearson, R. G. Intraspecific interference in a tropical stream shredder guild. Mar. Freshw. Res. 57, 201–206 (2006).
 54. Reiss, J., Bailey, R. A., Perkins, D. M., Pluchinotta, A. & Woodward, G. Testing effects of consumer richness, evenness and body 

size on ecosystem functioning. J. Anim. Ecol. 80, 1145–1154. https ://doi.org/10.1111/j.1365-2656.2011.01857 .x (2011).
 55. McKie, B. G. et al. Ecosystem functioning in stream assemblages from different regions: contrasting responses to variation in 

detritivore richness, evenness and density. J. Anim. Ecol. 77, 495–504. https ://doi.org/10.1111/j.1365-2656.2008.01357 .x (2008).
 56. LeRoy, C. J. et al. Plant phylogenetic history explains in-stream decomposition at a global scale. J. Ecol. https ://doi.org/10.1111/1365-

2745.13262  (2019).
 57. Correa-Araneda, F., Basaguren, A., Abdala-Díaz, R. T., Tonin, A. M. & Boyero, L. Resource-allocation tradeoffs in caddisflies facing 

multiple stressors. Ecol. Evol/ 7, 5103–5110 (2017).
 58. López-Rojo, N. et al. Leaf traits drive plant diversity effects on litter decomposition and FPOM production in streams. PLoS ONE 

13, e0198243 (2018).
 59. Rao, C. R. Diversity and dissimilarity coefficients – a unified approach. Theor. Popul. Biol. 21, 24–43 (1982).
 60. Roscher, C. et al. Using plant functional traits to explain diversity-productivity relationships. PLoS ONE 7, e36760. https ://doi.

org/10.1371/journ al.pone.00367 60 (2012).
 61. APHA. in Standard Methods for the Examination of Water and Wastewater 20th edn (ed M. A. H. Franson) 148–149 (American 

Public Health Association, 1998).
 62. Newell, S., Arsuffi, T. & Fallon, R. Fundamental procedures for determining ergosterol content of decaying plant material by liquid 

chromatography. Appl. Environ. Microbiol. 54, 1876–1879 (1988).
 63. Suberkropp, K. & Weyers, H. Application of fungal and bacterial production methodologies to decomposing leaves in streams. 

Appl. Environ. Microbiol. 62, 1610–1615 (1996).
 64. Ieno, E. N. & Zuur, A. F. A Beginner’s Guide to Data Exploration and Visualisation with R (Highland Statistics Limited, Newburgh, 

2015).
 65. Loreau, M. & Hector, A. Partitioning selection and complementarity in biodiversity experients. Nature 412, 72–76. https ://doi.org

/10.1111/j.1365-2427.2008.02092 .x (2001).
 66. Davison, A. C. & Hinkley, D. V. Bootstrap Methods and Their Application (Cambridge University Press, Cambridge, 1997).
 67. boot: Bootstrap R (S-Plus) Functions. R Package Version 1.3–18 (Vienna: R Foundation for Statistical Computing, 2016).
 68. R: A language and Environment for Statistical Computing (R Foundation for Statistical Computing, 2020).

Acknowledgements
This study was funded by the Basque Government (Ref. IT951-16 to J.Po); additional support was provided 
by the Spanish Ministry for Science, Innovation and Universities and FEDER (BioLoss project, Ref. RTI2018-
095023- B-I00, to L.B.) and the 2014-2020 Operational Programme FEDER Andalusia (RIOVEGEST project, 
Ref. UAL18 -RNM -B006 – B, to J.J.C).

Author contributions
L.B. conceived the ideas and designed the methodology with contribution of J.J.C. and J.Po.; N.L.R., J.Pe., A.B. 
and L.B. conducted the experiment and collected the data; N.L.R. analyzed the data with contribution of J.Pe. 
and L.B.; N.L.R. and L.B. led the writing of the manuscript with important contribution from J.Pe. All authors 
contributed critically to the drafts and gave final approval for publication.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-76656 -4.

Correspondence and requests for materials should be addressed to N.L.-R.

Reprints and permissions information is available at www.nature.com/reprints.

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

https://doi.org/10.2478/s13545-011-0047-y
https://doi.org/10.1111/oik.02687
https://doi.org/10.1002/rra.1286
https://doi.org/10.1007/s10750-007-0778-3
https://doi.org/10.1371/journal.pone.0087426
https://doi.org/10.1007/s00442-009-1336-7
https://doi.org/10.1007/s00442-009-1336-7
https://doi.org/10.1111/1365-2656.12876
https://doi.org/10.1111/j.1365-2656.2011.01857.x
https://doi.org/10.1111/j.1365-2656.2008.01357.x
https://doi.org/10.1111/1365-2745.13262
https://doi.org/10.1111/1365-2745.13262
https://doi.org/10.1371/journal.pone.0036760
https://doi.org/10.1371/journal.pone.0036760
https://doi.org/10.1111/j.1365-2427.2008.02092.x
https://doi.org/10.1111/j.1365-2427.2008.02092.x
https://doi.org/10.1038/s41598-020-76656-4
www.nature.com/reprints


10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19682  | https://doi.org/10.1038/s41598-020-76656-4

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Effects of two measures of riparian plant biodiversity on litter decomposition and associated processes in stream microcosms
	Results
	Discussion
	Litter decomposition was lower in mixtures than in monocultures due to negative complementarity. 
	Fungal biomass was higher in litter mixtures, mostly in those with low phylogenetic distance. 
	Nutrient dynamics was influenced by plant species richness, with a lower influence of phylogenetic distance. 
	Biodiversity effects on ecosystem functioning may depend on experimental conditions and on the biodiversity measure used. 

	Methods
	Litter and detritivores. 
	Experimental setup. 
	Data analyses. 

	References
	Acknowledgements


