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Abstract
Aims Decomposition of leaf litter is influenced by litter
quality as determined by plant genotype and environ-
ment, as well as climate and soil properties. We studied
these drivers of decomposition in communities of Salix
varieties, hypothesizing that decomposition rates would
increase under warmer climate, in more diverse com-
munities, and with increasing litter quality of the indi-
vidual varieties.
Methods Litter from four Salix varieties was incubated
in three field trials across a latitudinal gradient from

Central to Northern Europe. Litter and stand properties
were measured and used as predictors of decomposition.
Results No significant site differences in remaining
mass or nitrogen were found. Instead, effects of initial
leaf litter quality on decomposition were stronger than
climatic effects. Litter quality of individual varieties
strongly affected decomposition, while increasing litter
diversity did not.
Conclusions Decomposition was controlled by variety
identity depending on site, indicating that local soil
conditions affect litter quality (and thus decomposition)
more than macroclimate. In mixed communities, varie-
ties producing fast-decomposing litter enhanced the lit-
ter decomposition of other components producing slow-
decomposing litter, and vice versa. This implies that site
conditions partly determine which varieties affect
community-level decomposition and nutrient release.

Keywords Leaf litter . Decomposition . Salix . Genetic
diversity . Latitudinal gradient . Litter mixing

Introduction

Leaf litter decomposition is an important step in the
cycling of elements in the biosphere, and the regulation
of this process can have broad ecosystem-level conse-
quences. On the one hand, litter decomposition releases
nutrients chemically bound to carbon (C) (Manzoni
et al. 2010; Parton et al. 2007), which are thus made
available to plants in mineral form. On the other hand,
the fraction of litter that is not respired by the
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decomposer community can become sequestered in the
soil over the long term (Berg and McClaugherty 2003;
Cotrufo et al. 2013). Therefore, it is important to under-
stand the factors controlling litter decomposition – spe-
cifically macroclimate, litter quality or leaf traits.

Traditionally, these factors have been considered in
decomposition studies focusing on the degradation of
individual leaf litter types across sites (Aerts 1997;
Cornwell et al. 2008; Djukic et al. 2018; Makkonen
et al. 2012; Parton et al. 2007; Zhang et al. 2008). These
studies found that macroclimatic conditions, litter qual-
ity driven by both chemical (e.g., lignin concentration,
C:N and C:P ratio), or non-chemical leaf traits (e.g., leaf
mass to area ratios) could be the dominant factors con-
trolling decomposition. Regarding macro-climatic con-
ditions, microbial activity and thus decomposition are
stimulated under warm and moist conditions (Aerts
1997; Parton et al. 2007; Zhang et al. 2008), so we can
expect that decomposition rates decrease moving North
from central to northern Europe. However, evidence
also points to indirect effects of climatic conditions –
climate affects plant community composition and local
nutrient cycling, which in turn determine decomposition
rates (Makkonen et al. 2012).

The recognition that under natural conditions, litter
from a given species is not degraded in isolation, led to
studies following decomposition of litter mixtures in a
given environment (Ball et al. 2009; Gartner and Cardon
2004; Handa et al. 2014; Jacob et al. 2009; Porre et al.
2020). These studies show that in some (but not all)
systems, litter mixtures can decompose faster than
would be expected based on community-component
rates in isolation (synergistic effects), though these ef-
fects are not ubiquitous and are difficult to predict (Porre
et al. 2020). Litter mixtures were also used to test the
role of plant diversity on decomposition (Handa et al.
2014; Joly et al. 2017; Setiawan et al. 2016). The gen-
eral conclusion from these studies was that species
richness per se did not affect decomposition, but that a
diverse plant community directly (through litter quality)
and indirectly (by changing micro-environmental con-
ditions) affected – and often promoted – decomposition.
For example, high quality litter (with high N or P
concentrations) often promotes decomposition of litter
mixtures, whereas low quality litter with high lignin
concentrations is more difficult to degrade (Berg and
McClaugherty 2003) and can thus inhibit decomposi-
tion. Interestingly, macro-climatic conditions can be less
important as predictors of decomposition rate than the

micro-environmental conditions set by the plant com-
munity (Joly et al. 2017).

To further assess the interaction between decompo-
sition and the plant community (which cannot be done
by incubating litter mixtures in the same environment),
litter and plant mixtures have to be combined, by incu-
bating different mixtures in environments with varying
plant diversity (Barantal et al. 2011; Jewell et al. 2017;
Scherer-Lorenzen 2008; Vivanco and Austin 2008).
These studies confirmed that plant community diversity
per se did not affect decomposition, while plant func-
tional diversity did. Moreover, native litter from the
same plant community-component occurring at any giv-
en site was found to decompose more rapidly – the so-
called ‘home field advantage’ (Austin et al. 2014). This
finding underlines how important the micro-
environment created by a specific plant community is
for decomposing its own litter.

The above cited studies focus on inter-specific litter
mixtures, but how is decomposition affected by intra-
specific variability? Decomposition rates can vary
across genotypes because of direct genetic effects on
litter chemistry (Crutsinger et al. 2009; Madritch and
Hunter 2005; Silfver et al. 2007), indirect effects medi-
ated by decomposer preferences for litter from certain
genotypes (Wang et al. 2014), and indirect effects me-
diated by the environment created by the plant commu-
nity (LeRoy and Fischer 2019). Variations in decompo-
sition rates across genotypes tend to be smaller than
across species in different genera (Crutsinger et al.
2009; Li et al. 2017), but comparable or larger than
variations across congeneric species (LeRoy et al.
2012). Similar to conclusions drawn for inter-specific
litter mixtures, in some cases non-additive effects are
observed in genotype mixtures, but without a consistent
pattern (Li et al. 2017; Madritch et al. 2006; Madritch
and Hunter 2005; Schweitzer et al. 2005; Wang et al.
2014). Moreover, genotype diversity per se has less
predictive power for decomposition rates than genotype
identity (Crutsinger et al. 2009; Madritch et al. 2006;
Madritch and Hunter 2005), with some exceptions
(Wang et al. 2014).

As litter C – and thus mass – is lost during decom-
position via respiration, nutrients (specifically N and P)
are immobilized and subsequently released by the de-
composers. Litter diversity may either enhance or re-
duce nutrient release compared to the expected average
based on the behaviour of individual litter types. How-
ever, diversity effects vary depending on litter mixture
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and incubation conditions, in both inter-specific
(Gartner and Cardon 2004; Schweitzer et al. 2005) and
intra-specific mixtures (Crutsinger et al. 2009; Madritch
et al. 2006; Schweitzer et al. 2005; Wang et al. 2014).
This indicates that litter (or host community) diversity
may alter the coupling of nutrient and C dynamics that
characterizes decomposition. In other words, how much
N and P is released per unit C lost does not only depend
on litter chemistry as previously shown (Manzoni et al.
2010; Parton et al. 2007), but also on litter diversity.
However, when and how this coupling of nutrients and
C during decomposition might change with litter diver-
sity is not clear.

As reviewed in the preceding paragraphs, three
groups of potential controlling factors for decomposi-
tion and nutrient mineralization can be identified: i)
macroclimate, ii) the characteristics of the litter repre-
sented by the community components (here Salix vari-
eties), and iii) the micro-environmental conditions set by
the plant community at the site of decomposition.
Which of these three groups of factors is more important
for explaining mass loss and nutrient mineralization
remains an open question, and frames the scope of this
contribution. To this aim, we manipulated litter and
plant diversity in a short-rotation coppice system, where
four varieties of willow (Salix spp.) were grown in all
possible combinations (all four monocultures, two-,
three- and four-mixtures, 15 in total) at three sites dis-
tributed over 12 degrees of latitude. This design allows
us to test if diversity effects are consistent across climat-
ic and edaphic conditions. Litter from each monoculture
or mixture was incubated in the same plot where it
originated from, providing a range of litter chemical
properties (resulting from mixing of four varieties with
contrasting foliar traits), and community compositions
(one to four variety mixtures). The rationale for using
willow varieties as the community-components is two-
fold: i) because willows are economically relevant for
biomass production (Kuzovkina et al. 2008), under-
standing decomposition and nutrient release in these
systems could help improving their management; and
ii) thanks to the differences among their functional traits
(e.g., leaf nitrogen concentration, leaf area productivity),
they offer an opportunity to study the effect of genetic
(here variety) diversity on litter decomposition (Weih
et al. 2019).

According to the abovementioned factors controlling
decomposition, we expected that (H1) litter decomposi-
tion rate is strongly affected by climate and decreases

along a latitudinal gradient from Central (more
favourable climate for decomposition) to Northern Eu-
rope (less favourable climate); (H2) litter variety identity
is a strong driver of decomposition, and differences in
decomposition among litters are conserved across the
latitudinal gradient; (H3) litter decomposition increases
with increasing genetic litter diversity thanks to syner-
gistic effects, while N retention in litter improves with
litter diversity because N mineralized from N-rich litter
is immobilized by N-poor litter in the same litter bag;
and (H4) the effect on litter decomposition of adding
individual varieties to a mixed stand varies among vari-
eties based on litter quality differences, i.e., the addition
of some varieties increases decomposition rate while
other varieties decrease it.

Materials and methods

Study sites and plant material

Three field trials were established on arable land in
May 2014 in Uppsala, Sweden (59°49’ N 17°39′ E),
Rostock, Northern Germany (54°02’ N 12°05′ E), and
Freiburg, Southern Germany (48°01’ N 7°49′ E) (Fig.
S1). For each field trial, daily mean temperature and
daily total precipitation were measured by the nearest
climate station (Fig. S2). Long-term mean climatic con-
ditions at the three sites are summarized in Table S1.
Four varieties of Salix, partly differing at species or
intra-specific levels, were used as the stand components:
A = ‘Björn’ (Salix schwerinii E.Wolf. × S. viminalis L.),
B = ‘Jorr’ (S. viminalis), C = ‘Loden’ (S. dasyclados
Wimm.) and D = ‘Tora’ (S. schwerinii × S. viminalis).
‘Björn’ and ‘Tora’ are taxonomically closely related as
they derive from the same parent material and are sib-
lings but differ in their morphological (leaf area, stem
diameter) and functional characteristics (e.g., leaf N
concentration). ‘Jorr’ is more closely related to the sib-
lings ‘Björn’ and ‘Tora’, whereas ‘Loden’ belongs to a
different species and thus is taxonomically most distant
from the other three varieties (Larsson 1998). Leaf ele-
ment concentrations have been shown to vary among
the varieties investigated here; e.g., in a pot experiment,
the N concentration in ‘Björn’ leaves was found to be
higher than in the leaves from the three other genotypes,
followed by ‘Jorr’, ‘Tora’ and ‘Loden’ (Weih and Nordh
2002). However, the leaf element concentrations of
these Salix varieties is indeed affected more by the
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environment than genotype, as was shown in a field trial
in Sweden (Ågren and Weih 2012).

All varieties were planted in monoculture and all
possible mixtures (2-, 3- and 4-variety-mixtures), and
arranged in a randomized blocked design with a total of
45 plots over three blocks in Uppsala and Freiburg (Fig.
S1). In Rostock only ‘Loden’ and ‘Tora’ were grown,
resulting in a total of 9 plots. Plots measured 9.6 m ×
9.6 m and contained 12 rows with 12 plants in each row
with an offset every second row, resulting in a hexago-
nal planting pattern with equal distances of 0.8 m be-
tween individuals. This spacing corresponds to approx-
imately 15,600 plants/ha. Further details about the es-
tablishment of the sites, soils and climatic conditions
can be found in Hoeber et al. (2018).

Decomposition litter bags and experimental design

Decomposition was determined by incubating triangular
litter mesh bags (90 × 90 × 125 mm; 50 μm mesh size,
Sintab Produkt AB, Malmö, Sweden) allowing for fun-
gal and bacterial ingrowth, colonization and decompo-
sition, but excluding root ingrowth. Litter was collected
in amounts representative of the actual leaf productivity
of each variety in each plot. In this way, proportions of
leaf material varied slightly compared to the proportion
of varieties in any given plot. Leaf proportions were
estimated using allometric relations (Section Analysis
of litter chemistry and decomposition data) and used to
assess interact ive effects on decomposit ion
(Section Additive vs. interactive effects of mixed litters
on decomposition). In Freiburg and Uppsala, leaf litter
was collected in late summer and autumn of 2014 from
each plot using tree nets that covered trees in the same
proportion as the varieties in each plot. In Rostock, litter
was hand-collected in the autumn, also ensuring that
amounts representative of the leaf production were col-
lected. Litter of all varieties for any given plot was
mixed, mesh bags were filled with 1 g dried leaf litter,
and for each plot mesh bags contained own-plot (i.e.,
native) litter. To enable standardized comparisons across
the three sites, we also included a standard litter derived
from the variety ‘Loden’ grown in Uppsala. Subsamples
of the initial leaf litters were kept for chemical analyses.
A total of 14 mesh bags in monocultures (12 containing
plot-own litter and two standard litter) and 12mesh bags
in mixtures were placed on top of the soil surface in each
plot in the four corners of the inner 3.2 × 3.2 m quadrant
(corresponding to subplot q in the field layout in Hoeber

et al. (2018)), and secured using two metal hoops
pushed into the soil across the mesh bag. The decom-
position experiment started in Uppsala in December
2014 and in Freiburg and Rostock in January 2015,
where mesh bags were incubated for approximately
1.5 years (June 2016; 514–564 days after incubation).
After harvest, mesh bags were cleaned of soil and min-
eral particles using a brush and dried in an oven at 70 °C
for 72 h. The dried mesh bags from Germany were
placed in airtight plastic bags and sent to Sweden for
further analysis.

Litter decomposition measurements

Mass loss was determined by carefully removing leaf
litters from the mesh bags and recording dry weight. A
sub-sample from eachmesh bag (on average 0.61 g) was
heated to 550 °C for 6 h to combust all organic matter, in
order to correct the dry weight loss for any mineral
particles attached to the litter. All reported concentra-
tions and remainingmass ratios are calculated on an ash-
free dry mass basis. Initial leaf litter was analysed for
total carbon (C), nitrogen (N), phosphorus (P) and lignin
content. A subsample of 0.17 g per mesh bag of the
decomposed litter was used to analyse C and N.

Plant biomass and leaf trait data

Stem diameters of all 144 plants per plot were measured
in spring 2015, 2016 and 2017 after each growing
season. In Uppsala, from 12 selected plants per plot leaf
area was measured after which leaves were immediately
dried in an oven at 70 °C for 72 h. Leaf dry weight (leaf
biomass) was measured to calculate specific leaf area, as
leaf area per leaf biomass (cm2/g).

Data analysis

Additive vs. interactive effects of mixed litters
on decomposition

When a litter bag contains more than one litter type, the
overall decomposition rate may be controlled not only
by the relative abundance of the different litter types, but
also by possible interactive effects. For additive decom-
position of n litter types, the fraction of remaining mass
in the litter bag at a specific sampling time is given by
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M
M 0

� �
additive

¼ ∑n
i¼1Mi

∑n
i¼1M0;i

; ð1Þ

whereM is the litter dry weight, subscript i indicates the
litter type and subscript 0 refers to initial mass. Equation
(1) can be re-written to isolate the fraction of remaining
mass of a specific litter type,

M
M 0

� �
additive

¼ ∑n
i¼1

Mi

M0;i

M 0;i

∑n
i¼1M 0;i

¼ ∑n
i¼1αi

Mi

M 0;i
; ð2Þ

where the fraction of the initial dry weight contribut-

ed by a given litter type is denoted by αi ¼ M0;i

∑n
i¼1M0;i

. To

proceed in the calculation of M
M0

� �
additive

, both the

fraction of remaining litter Mi
M0;i

and the fractions of

initial dry weight αi must be specified. The Mi
M0;i

is

known from the incubation of litter bags in monocul-
ture plots. In our experimental setup, the αi were not
imposed based on the community-component com-
position, but they reflected the abundance of fresh
leaves in each plot. Thus, αi were calculated as the
fractions of fresh leaf mass for each variety in each
plot (these data are available only for the Uppsala
site, so the analysis is restricted to this location). If a
litterbag contained litter types in equal amounts, all
αi would be the same. In contrast, a relatively higher
amount of a certain litter type would cause αi for that
variety to be higher than the others.

The M
M0

� �
additive

can then be compared to the mea-

sured remaining mass, thus identifying when positive

(i.e., M
M0

� �
measured

> M
M0

� �
additive

) or negative interactive

effects ( M
M0

� �
measured

< M
M0

� �
additive

) occur during de-

composition of litter mixtures. Equivalent criteria for
the first order decay constants of litter mixtures are
presented in the Supplementary Information.

Because there are three replicates per variety combi-
nation, there are also three replicates for each monocul-
ture, which creates a potential ambiguity as to which

replicate set should be used to calculate M
M0

� �
additive

to be

compared to any given M
M0

� �
measured

in litter mixtures.

To overcome this issue, we randomized the selection of
the monoculture plots to be used in Eq. (2), repeating the
selection 20 times (varying this number does not affect

the results). Response ratios (RR) are calculated as
M
M0

� �
measured

= M
M0

� �
additive

using data from all runs; the

mean RR is then compared to RR = 1 with a t-test. In
addition, for each of the 20 runs, a reduced major axis
(RMA) regression is performed to extract the slope of

the M
M0

� �
measured

vs. M
M0

� �
additive

relation. Finally, the

mean of the RMA slopes is compared to one (by using
a t-test) to assess if mixtures characterized by different
decomposition rates also exhibit different interactive
effects.

Analysis of litter chemistry and decomposition data

The mean fraction of remaining mass in each plot was
calculated as the ratio between the meanmass remaining
when the litter bags were harvested and the mean mass
of leaves inserted in the litter bags before the field
incubation.

The fraction of remaining mass of the standard
litter type (leaf material from ‘Loden’ collected in
Uppsala) was compared to the fraction of mass
remaining in all ‘Loden’ monoculture plots. This
comparison allows separating climatic effects (iso-
lated by analysing the decomposition of the stan-
dard litter) from site effects affecting the local litter
quality (confounded with climatic effects in the
decomposition of the local litter). To test the effects
of sites and varieties on initial litter chemistry (N,
C, P and lignin), as well as decomposed litter
amount and chemistry (remaining mass, C, and
N), two-way ANOVA followed by post-hoc
Tukey’s HSD test was used. Analyses were per-
formed in R (version 3.6.1, R Core Team 2019).

The fraction of leaves produced by each variety
in the mixed communities (used to estimate αi in
Section Additive vs. interactive effects of mixed
litters on decomposition) was calculated using allo-
metric relations. Variety specific allometric relations
y = axb were determined to predict the leaf mass
(g/plant, indicated by y) as a function of stem
diameter (mm, indicated by x). Coefficients and
exponents are reported in Table S2.

Presence and absence of genotypes

Linear Bayesian models were used according to
Hoeber et al. (2018) to calculate the probability
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and range of credible values that adding a specific
Salix variety to a community with other Salix vari-
eties would have either a positive or negative effect
on average remaining mass or N in that community.
In this analysis, we considered only the two sites
where data from all four varieties were available
(Freiburg and Uppsala). Model parameters allowed
us to estimate remaining mass or N for any combi-
nation of Salix varieties where remaining mass or N
estimates were derived for different community
combinations. As a result, estimated differences for
all possible community combinations with and with-
out a specific variety could be compared. Since
outputs from Bayesian models are posterior proba-
bility distributions, all variables derived from these
outputs are also probability distributions. Accord-
ingly, estimated remaining mass or N for each com-
munity could be subtracted from values of remain-
ing mass or N in mixtures where a specific variety
was present, to find the magnitude and direction of
an effect of adding that variety to the community.
By averaging all these differences, we derived the
probability and range of estimated effect that the
addition of a specific variety to a community fa-
vours an increase in the plot-level remaining mass
or N. Parameters and derived variables where the
posterior distribution largely overlaps zero were
considered to be relatively unimportant or have little
effect (Hobbs and Hooten 2015). All Bayesian
models were implemented in JAGS (Plummer
2003) via the “rjags” package in R. Model conver-
gence was checked by visual inspection of trace
plots and using the Gelman and Rubin diagnostic
(all estimated parameters <1.1; Gelman and Rubin
1992). Model validity was assessed using posterior
predictive checks and Bayesian ‘P’ values (Hobbs
and Hooten 2015). Priors, such as previous estimat-
ed values, were weakly informative and centred on
expected and calculated initial values from the field
study to start the model iterations and speed up
model convergence (McElreath 2015).

In addition to the Bayesian analysis, standard
linear regression models were used to evaluate if
the presence of specific varieties and litter chemis-
try affected decomposition patterns (mass and N
remaining). Linear models were implemented in
Matlab (The MathWorks, Inc., release R2018a)
using the function fitlm with variety presence as
categorical variables.

Results

Climatic effects on litter decomposition (H1)

Based on standard empirical relations between decom-
position rates and temperature, evaporative demand and
precipitation, decomposition rates in Rostock and Frei-
burg were predicted to be 43% and 90% faster than in
Uppsala (Table S1, Fig. S3). In contrast to these expec-
tations, litter mass and N remaining after 1.5 years did
not differ significantly among the three sites when the
comparison was made across all varieties and diversity
levels (Fig. 1). Moreover, data from the standard ‘Lo-
den’ litter collected in Uppsala and exposed to the site
conditions at all three locations did not indicate a strong
climatic effect on decomposition. This standard litter
tended to decompose faster than the local ‘Loden’ litter
in Rostock and Freiburg, but the differences were not
significant (Fig. S3). Only when the comparison was
made between the pure cultures of the four varieties (and
regardless of variety identity) did we find significant site
differences in decomposition rate, with faster litter de-
composition (i.e. lower remaining mass) in Freiburg,
medium decomposition in Rostock and the lowest de-
composition rates in Uppsala (Figs. 2a and 3a). The
pattern was similar for the fraction of remaining N,
although no significant site differences were found for
remaining N (Figs. 2d and 3d).

Effects of variety identity on litter decomposition
in Salix monocultures (H2)

Mass loss differed significantly among the four
varieties (Fig. 2b, Table S3). The genetic variation
in mass loss varied among the sites (e.g.,
significant site by variety interaction, Fig. 2c,
Table S3). In Freiburg, decomposition was similar
between all varieties, whereas in Uppsala decom-
position differed strongly among the varieties,
where ‘Tora’ showed the lowest decomposition rate
followed by ‘Björn’, ‘Loden’ and ‘Jorr’, which had
the highest decomposition rate (Fig. 2c).

Effects of stand diversity on litter decomposition (H3)

The fractions of remaining mass were generally similar
across sites and stand diversity levels (Fig. 1a), provid-
ing no evidence for any strong or positive effect of litter
diversity on decomposition. However, the more diverse
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plots (i.e., 2 to 4 genotypes) tended to support higher
fractions of remaining N at all sites and especially in
Uppsala (Figs. 1b and 3e, f), and higher remaining mass
(i.e., lower decomposition) in Freiburg (Fig. 1), al-
though we only found weak (p < 0.1) statistical support
for these trends. We also found evidence for the mixture
effects being additive. For example, ‘Tora’ exhibited
slower decomposition than ‘Loden’ and the decompo-
sition rate of their mixture was intermediate between the
two pure cultures (Fig. 3b). This pattern was most
pronounced in Uppsala followed by Rostock, resulting
in significant interactions between site and variety (Fig.
3c, Table S3). The same result was obtained when using
the approach presented in Section Additive vs. interac-
tive effects of mixed litters on decomposition. The de-
composition of litter mixtures was similar to the decom-
position that would be expected by decomposing the
constituent litter types independently (additive effects).

Specifically, the ratio of measured remaining mass and
the remaining mass estimated for purely additive de-
composition was significantly, but negligibly lower than
one (on average = 0.99). In addition, the slope of the
relation between measured remaining mass and the re-
maining mass estimated for additive decomposition was
significantly larger than one (RMA slope = 1.22). A
slope higher than one indicates that litter mixtures where
all the constituent litter types decomposed rapidly lost
mass faster than expected with only additive effects. In
contrast, mixtures with constituent litters that
decomposed slowly lost mass even slower than expect-
ed with only additive effects. Thus, mixtures of recalci-
trant litters exhibited negative interactions. Similar re-
sults are obtained when comparing the first order decay
constants of additive litter mixtures to the decay con-
stants estimated from the observed mass loss (Supple-
mentary Information).

Fig. 1 Fraction of remaining mass (a) and fraction of remaining
nitrogen (N) (b) across the three field trials and four diversity
levels (in terms of number of Salix varieties regardless of variety

identity). Differences between sites and diversity levels were test-
ed using two-way ANOVA, and no significant differences
emerged (p > 0.05)
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Fig. 2 Fraction of remaining mass (a–c) and nitrogen (N) (d–f)
across the two sites Uppsala and Freiburg (a and d), the four Salix
varieties ‘Björn’, ‘Jorr’, ‘Loden’ and ‘Tora’ (b and e), and across
the two sites in combination with the four varieties (c and f). Note
that only data frommonoculture plots are presented here. Asterisks

indicate the level of statistical significance by two-way ANOVA
(*p < 0.05, **p < 0.01). Different letters indicate significant differ-
ence between sites or varieties; no letter indicate no differences
(Tukey HSD, p < 0.05). Detailed statistical results are reported in
Table S3

Fig. 3 Fraction of remaining mass (a–c) and nitrogen (N) (d–f)
across the three sites Freiburg, Rostock and Uppsala (a and d), the
two common Salix varieties ‘Loden’ and ‘Tora’ and their mixture
(b and e), and across the three sites and the three variety treatments
together (c and f). Asterisks indicate the level of statistical

significance by two-way ANOVA (*p < 0.05, **p < 0.01,
***p < 0.001). Different letters indicate significant difference be-
tween sites or varieties; no letters indicate no differences (Tukey
HSD, p < 0.05). Detailed statistical results are reported in Table S3
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Effects of adding individual varieties to a mixture
on litter decomposition (H4)

To test the effect of adding individual varieties to mix-
tures of other varieties, Bayesian modelling was used to
evaluate the probability of an individual variety to in-
crease or decrease decomposition when present (proba-
bility of 0.5 indicates no effect, Fig. 4). The analysis
indicated consistently positive effects of ‘Tora’ on both
remaining biomass and N, while the taxonomically
closely related genotype ‘Björn’ was predicted to nega-
tively affect remaining N in the litter of both sites
(Uppsala and Freiburg). For the varieties ‘Jorr’ and
‘Loden’, the predicted effects varied between the two
sites, for instance with negative effects on the remaining
biomass in Uppsala and positive effects on the remain-
ing N in Freiburg (Fig. 4). In addition to that, standard
linear regression models mostly confirmed the results
from the Bayesian models, as shown in the Supplemen-
tary Table S4.

Leaf-level predictors for litter decomposition

Across sites and varieties, we found positive correla-
tions between initial N and P concentrations, and nega-
tive correlations between initial N or P concentration
and lignin concentration (Fig. 5, Table 1, Table S5).
Some traits were good predictors of decomposition pat-
terns. For example, higher initial N concentration pro-
moted N loss (lower N/N(0)) and C retention (higher
C/C(0)), whereas initial lignin concentration inhibited
decomposition (positive relationship to M/M(0) and
C/C(0)). Litter traits varied more across sites than de-
composition patterns. Initial N and P concentrations
were higher, and initial lignin concentrations were lower
in Uppsala compared to Rostock and especially com-
pared to Freiburg (Figs. S4-S6), despite little site effect
on remaining mass, C, and N (Fig. 1).

Within sites and across varieties, additional pat-
terns emerged (Figs. S4-S6). Initial P concentration
was negatively correlated with the fraction of remain-
ing N within all sites, and with the fractions of
remaining mass and C in Uppsala. Initial lignin con-
centration inhibited decomposition only in Uppsala,
while it had no statistically significant effect at the
other two sites (despite retaining the same trend).
Specific leaf area was positively correlated with ini-
tial litter N concentration only in Uppsala, where it

also reduced decomposition, possibly due to its pos-
itive correlation with initial lignin concentration.

We also assessed whether the initial chemical prop-
erties of specific varieties explain the probabilities that
adding those varieties affected decomposition and N
mineralization (Fig. 4). Linear regressions between ini-
tial N and P concentrations and probabilities of in-
creased mass or N remaining had low predictive power
(coefficient of determination R2 lower than 0.4), except
for the relation between initial P concentration and the
probability of increasing mass remaining (R2 = 0.43).
The slope of this regression was negative (though not
significantly different from zero), suggesting that higher
initial P concentration tends to promote decomposition.

Discussion

In this study, litter decomposition rates were com-
pared across a wide geographical range but rela-
tively narrow taxonomic range. Different from
most other studies on litter decomposition that
compared litter of different species or genera
(Aerts 1997; Cornwell et al. 2008; Parton et al.
2007; Zhang et al. 2008), here we compared litter
from four Salix varieties (hybrid willows of close
taxonomic relationship). The latitudinal gradient
affected litter decomposition to a lesser extent than
did variety specific litter (H1, H2). In contrast to
our expectations (H3), litter decomposition did not
increase with higher stand diversity; instead, cer-
tain individual varieties increased litter decomposi-
tion while others decreased it (H4).

While the range in chemical characteristics of our
stand components (i.e., varieties) was smaller than the
range considered in the taxonomically more diverse ma-
terials of other studies, it still spanned a relatively wide
range of values – e.g. initial N, P, and lignin concentra-
tions varied by a factor of approximately 1.5, 3, and 1.7,
respectively. This variability in nutrient concentrations
(especially P) was sufficient to cause significant differ-
ences between varieties and sites, causing the genotype
by environment interactions in the observed decomposi-
tion patterns. These ranges in chemical composition are
comparable to those found in previous studies involving
genotype mixtures of angiosperm tree species, in which
initial N, P and lignin concentrations varied at most by a
factor of 1.7, 3.6, and 1.8, respectively, though in most
mixtures, differences were smaller (LeRoy and Fischer
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2019; LeRoy et al. 2012; Li et al. 2017; Madritch and
Hunter 2005; Schweitzer et al. 2005). In comparison,
inter-specific N and P concentrations of angiosperm trees
vary by factors 4–40 and 6–100, respectively, depending

on the climatic zone (data elaborated from Vergutz et al.
2012). In contrast to the large variability in nutrient
concentrations, lignin concentrations vary only by a fac-
tor of five across species (Zhang et al. 2008).

Fig. 4 The posterior probability
distribution shows the change in
mean fraction of remaining mass
(M/M(0), black lines) and
remaining nitrogen (N/N(0), red
lines) when a specific Salix
variety is added to the mixture.
Positive values indicate an
increase in remaining mass or N
(slower decomposition or higher
N immobilization, respectively),
and the vertical line indicates no
average effect when a specific
variety is added to the
community. Dotted lines are from
the experimental setup in
Freiburg, solid lines are from
Uppsala. Detailed statistical
results are reported in Table S4
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Climate and variety-specific litter quality as drivers
of decomposition

The decomposition patterns can be ascribed by a com-
bination of macro-climate effects due to a South-North
gradient of decreasing temperature and precipitation
(H1; Table S1), and litter chemical properties (Table 1)
as here determined by plant genotype (variety) and local
micro-climate effects (edaphic conditions and plant
community effects) (H2 to H4). Based on litter chemis-
try, we would expect faster decomposition rates (lower
fraction ofmass remaining) whenmoving fromFreiburg
to Uppsala, since litter from Uppsala had higher quality

(more N and P, less lignin) compared to Rostock and
Freiburg. The pattern for litter quality most likely result-
ed from different acclimation of the plants to the local
site conditions, as there is evidence for higher leaf-N
concentrations to be an acclimation to lower air temper-
ature (Weih and Karlsson 2001). Moreover, the original
plant material had its origin from the cooler climate in
Sweden.

In contrast to this rationale, macroclimatic conditions
are more favourable in the Southern locations, suggest-
ing slower decomposition when moving from Freiburg
to Uppsala (Table S1). The net result of these contrasting
trends was a weak site effect on the mean fraction of

Fig. 5 Litter characteristics and decomposition patterns. Panels
show histograms of (on the diagonal) or correlations among initial
nitrogen, phosphorus, and lignin concentrations; fractions of re-
mainingmass, carbon, and nitrogen (respectivelyM/M(0), C/C(0),
and N/N(0)). Colours indicate the field trial where litter bags were

incubated. Solid black lines are ordinary least square regressions of
all data with slopes significantly different from zero (dotted lines
indicate non-significant slopes). Similar correlations are shown for
each site separately in Figs. S4-S6
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remaining mass. This finding, together with the ob-
served small climate effect on decomposition as indicat-
ed by a standard litter type incubated at all sites (Fig.
S3), suggests that climate-driven variation in decompo-
sition was minor compared to the overall variation ob-
served across our four varieties at any given site.

Therefore, there is little support for our H1. Earlier
studies of decomposition across species and sites
have also shown that within a climate region, in our
case the temperate and cool-temperate zones, chemi-
cal properties are important drivers of decomposition
– a role that is retained even over broader geograph-
ical areas, where climate provides an overarching
control (Aerts 1997; Makkonen et al. 2012). Climate
also indirectly controls decomposition by altering
species composition and nutrient cycling, which de-
termine litter chemical properties (Makkonen et al.
2012; Zhang et al. 2008). In addition to litter chemis-
try per se, plant traits determining litter properties
(Cornwell et al. 2008) or local environmental condi-
tions (Joly et al. 2017) can cause more variation in
decomposition rates than climate even at the conti-
nental scale – a result at odds with the assumption of
strong climatic control in biogeochemical models.
Our findings thus confirm these results, de-
emphasizing climatic controls on decomposition at
regional scale.

We observed N immobilization patterns that are in
line with previous observations. Except in Rostock,
where only two varieties were grown and fewer data
points were available, the fraction of remaining N
was positively (and generally strongly) correlated
with the fraction of remaining mass or remaining C
(Figs. S4 and S6). This pattern is consistent with the
typical trajectory of N accumulation and release dur-
ing decomposition – N continues to accumulate as
mass (and C) is lost until a ‘critical’ C:N ratio is
attained, at which point N is mineralized (Berglund
et al. 2013; Manzoni et al. 2010; Parton et al. 2007).
Moreover, the fractions of remaining N typically
exceeded one when the fractions of remaining mass
were higher, indicating that N was immobilized in
litter types that were decomposing slowly due to N-
limitation of the microbial community. In fact, the
amount of immobilized N was higher when the initial
N concentration was lower (negative correlation be-
tween N/N(0) and initial N concentration). Thus, N
immobilization appears to be driven by initial litter N
concentration.T
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Site-specific decomposition of monospecific litter
of the four varieties

Examining the decomposition of monotypic litter across
sites and varieties, we found that climatic conditions had
minor effects compared to the chemical properties and
identity of the litter, supporting the first part of our H2
(litter variety identity is a strong driver for its decompo-
sition). However, when we tested whether litter decom-
position behaves similarly among sites, we had to reject
the second part of H2 (differences in decomposition
among litters are conserved across the latitudinal gradi-
ent) as we could observe significant differences in de-
composition between sites and varieties grown inmono-
culture (Figs. 2 and 3).

The comparison between the two taxonomically
most distant varieties ‘Loden’ and ‘Tora’ showed site-
specific patterns in decomposition and remaining N
(Fig. 3, interaction between site and genotype), where
the similar decomposition of ‘Loden’ among sites
seemed to be caused by differences in chemical compo-
sition and the different decomposition of ‘Tora’ among
sites by variations in climate. Specifically, the decom-
position of the relatively high-quality ‘Loden’ litter was
faster in the Northern site (Uppsala) (Fig. 3), where
initial lignin concentration was lower and P concentra-
tion was higher (Table 1). Both P and N can be limiting
for litter decomposers because litter P and N concentra-
tions are much lower than those required by microor-
ganisms to grow (Enriquez et al. 1993; Manzoni et al.
2010). However, in this case the almost three-fold
higher P concentration in the North (Uppsala) compared
to the South (Freiburg) suggests that P rather than N
could be driving a South-North increasing decomposi-
tion trend that more than compensates for the less
favourable climatic conditions in the South (Uppsala)
(Table S1). In contrast, ‘Tora’ litter decomposed faster in
most Southern site (Freiburg) compared to the both
Northern sites (Rostock and Uppsala), despite decreas-
ing initial lignin and increasing initial P concentrations
in ‘Tora’ litter from South to North. Therefore, the
decomposition of ‘Tora’ seems to be consistent with
H1, decreasing fromCentral to Northern Europe, where-
as decomposition of ‘Loden’ is driven by litter quality.
Despite the faster mass loss, remaining N of ‘Loden’
was higher in the most Northern Site (Uppsala), indicat-
ing that more Nwas immobilized in the North (Uppsala)
than in the South (Freiburg and Rostock). We propose
that ‘Loden’ litter in the North (Uppsala) has

accumulated more N than in the South (Freiburg) be-
cause it has reached a later stage in decomposition, and
is thus about to start releasing N.

On the one hand, the specific climatic or edaphic
conditions in Freiburg reduced the effects of differences
in litter chemistry among varieties, resulting in similar
decomposition rates among the varieties grown at that
site (Fig. 2). Moreover, in Freiburg and Rostock (Fig.
S5-S6), neither lignin nor N or P concentrations were
consistently linked to decomposition, which is in con-
trast to previous studies (Melillo et al. 1982; Osono and
Takeda 2005; Setiawan et al. 2016). On the other hand,
in Uppsala decomposition was more dependent on P
and lignin than N availability, and thus contrasts in litter
chemistry appeared to be a strong driver of decomposi-
tion (Fig. S4). Osono and Takeda (2005) studied 14 litter
types in the cool temperate zone and found no relation-
ship between N and mass loss, whereas lignin was
negatively related to decomposition rate. It seems that
in some cool temperate zones, like Uppsala, decompo-
sition might be less affected by N availability and more
by lignin and potentially P as in our case. In addition, the
overall relationship between N:P and decomposition of
all pure cultures in Uppsala was significantly negative,
but this negative relationship seemed to be variety de-
pendent (effect not significant due to the lack of repli-
cates). Taken together, variety-specific chemical prop-
erties seemed to be a strong driver of decomposition in
Uppsala whereas decomposition seemed to be mostly
driven by the specific climatic or edaphic conditions in
Freiburg.

Mixing litter of the four varieties did not affect
decomposition

We hypothesised that mixing litter of different varieties
with contrasting nutrient and lignin concentrations,
should decompose faster than the average of the litter
from the monocultures (H3). This expectation is moti-
vated by nutrient transfer among leaves of different
chemical composition that improves the nutrient status
of the decomposers (Berglund and Ågren 2012; Handa
et al. 2014; Manzoni et al. 2008; Schimel and
Hättenschwiler 2007). However, synergistic effects
may also occur, as suggested by the faster rates of
release (or slower immobilization) of N and P observed
in intra-specific litter mixtures (Schweitzer et al. 2005;
Wang et al. 2014). Hypothesis H3 was rejected since
decomposition neither increased nor decreased with
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increasing genetic richness (Fig. 1), which is consistent
with other studies of decomposition of intra-specific
litter mixtures (Crutsinger et al. 2009; Madritch et al.
2006), and more in general with the lack of predictable
interactive effects on decomposition in inter-specific
mixtures (Porre et al. 2020).

Additive decomposition responses and increased N
immobilization in mixed litter

In this study, we could address the mechanisms of
mixing litter by comparing monospecific and mixed
litter decomposition of the varieties ‘Loden’ and ‘Tora’,
which have contrasting characteristics and were grown
at all field sites. We observed an additive effect where
decomposition of mixed litter of ‘Loden’ and ‘Tora’was
generally faster than single litter of ‘Loden’, but slower
than for ‘Tora’ litter alone (Fig. 3b). This additive effect
was very pronounced in Uppsala followed by Rostock.
In Freiburg we observed an antagonistic, non-additive
effect, where the mixture of ‘Loden’ and ‘Tora’ had a
slightly lower decomposition rate than both monocul-
tures. This antagonistic effect is not uncommon, as
previous studies with mixed litter have shown that de-
composition rates can be higher or lower than in mono-
cultures (reviewed by Gartner and Cardon 2004; Porre
et al. 2020). The intermediate decomposition of the
‘Loden’- ‘Tora’ mixture in Uppsala might have been
driven by leaf chemical properties, because ‘Loden’ has
lower initial lignin and higher initial P concentration
than ‘Tora’ (this was not the case in Freiburg, where
these two litter types were more similar; Table 1).

Furthermore, N accumulated more in decomposing
litter mixtures than in monotypic litters (Fig. 3). This
pattern could be explained by high transfer of N from
relatively N-rich leaves to relatively N-poor leaves
(Berglund et al. 2013; Schimel and Hättenschwiler
2007). Thanks to the tight contact between litter types
with contrasting properties, N released by N-rich leaves
could be easily immobilized by microorganisms feeding
on the N-poor leaves, reducing N losses via leaching
and promoting N retention. Taken together, the combi-
nation of different lignin and P concentrations as well as
leaf area ratio (i.e., total leaf area per total plant biomass;
e.g., Hoeber et al. (2018)) between the two contrasting
varieties ‘Loden’ and ‘Tora’ could explain the interme-
diate decomposition of the two-variety mixture, whereas
N transfer might explain the higher N accumulation in
the two-variety mixture.

Site-specific effects of variety presence
on decomposition

The presence of a specific Salix variety affected decom-
position differently between Freiburg and Uppsala (Fig.
4). On the one hand and in line with our fourth hypoth-
esis (H4), the fast-decomposing varieties ‘Jorr’ and
‘Loden’ were likely to increase decomposition. On the
other hand, the presence of the slower-decomposing
variety ‘Tora’ was very likely to decrease decomposi-
tion. These results are expected since litter from a fast-
decomposing variety might speed up decomposition of
more recalcitrant or nutrient-poor litter by releasing N or
P (Hättenschwiler et al. 2005). In this case, ‘Loden’ litter
– despite having a slightly lower initial N concentration
than the other varieties in some sites – probably reached
faster the ‘critical’ point at which N is released and can
be immobilized by other litter types. Furthermore, the
presence of ‘Tora’ was likely to increase remaining N,
confirming the above-mentioned findings of a higher
remaining N when ‘Loden’ and ‘Tora’ were incubated
together (Fig. 3). Interestingly, the two siblings ‘Björn’
and ‘Tora’, despite their taxonomical similarity, showed
comparable effects on both mass and N remaining that
were consistent between sites, but not between each
other (Fig. 4). Therefore, the presence of specific varie-
ties can either promote or decrease decomposition and
nutrient mineralization depending on the site and variety
identity, as hypothesized in H4.

Conclusions

Overall, this study demonstrates that different stand
components, here Salix varieties, produce litter of con-
trasting quality when grown under different site condi-
tions (here latitudinal and edaphic gradients), leading to
differences in decomposition due to either litter quality
and/or climatic or edaphic conditions. Macroclimatic
conditions did affect litter decomposition of specific
varieties, but did not affect overall litter decomposition
and N release. The local soil conditions appeared to be a
strong driver of decomposition only at one (i.e., the
southern) site, whereas at another (i.e., the northern)
site, litter quality (P and lignin concentration, but not
N) played a more important role already at this early
stage of the decomposition process. In addition to the
above findings, litter diversity per se did not affect litter
decomposition. Our findings show that decomposition
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dynamics were enhanced with the presence of fast-
decomposing stand components (here varieties), sug-
gesting that plants with favorable litter quality for de-
composition (i.e., high P and low lignin content) can
speed up decomposition of the litter of the whole plant
community.
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