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Abstract We tested the hypothesis that water stress and
soil nutrient availability drive leaf-litter quality for decom-
posers and detritivores by relating chemical and physical
leaf-litter properties and decomposability of Alnus gluti-
nosa and Quercus robur, sampled together with edaphic
parameters, across wide European climatic gradients. By
regressing principal components analysis of leaf traits
[N, P, condensed tannins, lignin, specific leaf area (SLA)]
against environmental and soil parameters, we found that:
(1) In Q. robur the condensed tannin and lignin contents
increased and SLA decreased with precipitation, annual
range of temperature, and soil N content, whereas leaf P
increased with soil P and temperature; (2) In A. glutinosa
leaves N, P, and SLA decreased and condensed tannins
increased with temperature, annual range of temperature,
and decreasing soil P. On the other hand, leaf P and con-
densed tannins increased and SLA decreased with mini-
mum annual precipitation and towards sites with low tem-
perature. We selected contrasting leaves in terms of quality
to test decomposition and invertebrate consumption. There
were intraspecific differences in microbial decomposition
rates (field, Q. robur) and consumption by shredders (labo-
ratory, A. glutinosa). We conclude that decomposition rates
across ecosystems could be partially governed by climate
and soil properties, affecting litter quality and therefore
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decomposers and detritivores. Under scenarios of global
warming and increased nutrients, these results suggest we
can expect species-specific changes in leaf-litter properties
most likely resulting in slow decomposition with increased
variance in temperatures and accelerated decomposition
with P increase.

Keywords Litter breakdown - Detritivores - Headwaters -
Leaf traits
Introduction

Globally, most of the energy fixed by primary producers
will enter detrital pathways, fueling what has been termed
“brown food webs” (Kaspari et al. 2008). Decomposition
of organic matter is therefore an important ecosystem pro-
cess, with a pivotal role in the global C cycle.

In most streams, the standing stock of detrital organic
matter can be several times larger than the biomass of pro-
ducers, and respiration is assumed to exceed primary pro-
duction (Abelho 2001). This relatively high biomass of
organic matter occurs because the headwaters are usually
shaded by riparian vegetation, reducing the amount of solar
energy reaching in-stream primary producers. Riparian
vegetation also subsidizes streams with leaf litter and other
plant detritus, used as energy sources by consumers. Given
the high proportion of low-order streams in fluvial hydro-
logical networks [up to 85 % of the total stream length in
a basin (Allan and Castillo 2007)], allochthonous inputs of
organic matter from the riparian zone and its decomposition
play an important role in riverine nutrient cycling, including
the incorporation of nutrients into fluvial food webs.

Litter decomposition is mainly a biological process
involving fungi, bacteria and invertebrate shredders (Graga
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2001; Krauss et al. 2011). The combined action of microor-
ganisms and invertebrates produces fine particulate organic
matter which is further used as food by filterers and gath-
erers. The rate at which litter material is incorporated into
brown food webs is influenced by leaf traits, such as nutri-
ent content (mainly N and P), leaf toughness, and plant
chemical defenses (Cornwell et al. 2008; Graga and Cressa
2010; Pennings et al. 1998).

Leaf traits are selected in response to local environ-
mental conditions including soil nutrient availability and
climate, particularly temperature and water availability
(Reich and Oleksyn 2004). Plants from drier areas tend to
have thicker leaves, whereas plants from nutrient-rich soils
tend to have higher leaf N and P contents than species from
nutrient-poor soils (interspecific variability; Chen et al.
2011; Cunningham et al. 1999; Ordofiez et al. 2009; Wright
et al. 2001).

If plant species are distributed across heterogeneous
environments and if climate and soils are important driv-
ers of leaf traits, including leaf quality, then intraspecific
variability in leaf chemical and physical properties should
be expected in addition to the enormous interspecific vari-
ability among plants. Plants of the same species affected
by different environmental conditions should differ in their
leaf (and litter) traits and quality. Intraspecific differences
in litter decomposition were shown by Lecerf and Chauvet
(2008), who reported that leaf litter of black alder [Alnus
glutinosa (L.) Gaertn.] from different areas differed in
terms of P and lignin leaf content, which were correlated
with decomposition rates.

The environment—Ileaf trait—Ilitter decomposition rela-
tionship is also important in the context of global changes.
Two of such changes are relevant in the context of our
research. Firstly, nutrients in soil and waters are increasing
worldwide due to increasing arable land and atmospheric
deposition (e.g., Rockstrom et al. 2009; Vitousek et al.
1997). The disruption of the N cycle ranks second among
the most threatened planetary systems for which the
safe boundary for humans has already been transgressed
according to Rockstrom et al. (2009) and the disruption
of the P cycle is also among the nine most affected sys-
tems. Secondly, climate change due to CO, atmospheric
increases is predicted to result in increased temperatures,
decreased precipitation and high variability in both, tem-
perature and precipitation (IPCC 2007). Climate change is
considered to be the second most important planetary dis-
ruption according to Rockstrom et al. (2009). These ongo-
ing changes may drive the selection of important leaf traits
and have the potential to affect litter dynamics and nutrient
cycling.

Here we tested the hypothesis that the environmental
factors of water stress and soil nutrient availability drive
leaf quality for decomposers and detritivores. By using
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the same two plant species from areas that differ in envi-
ronmental conditions, we controlled for species-specific
traits; however, within-species genetic variability was
an unmeasured component of phenotypic variability.
The hypothesis was tested with respect to chemical and
physical leaf-litter properties and decomposability of two
European deciduous tree species, black alder A. glutinosa
and pedunculate oak Quercus robur L., sampled across
Europe, over a range of climatic and edaphic gradients. We
expected that:

1. Plants from sites with high air temperatures and low
precipitation would produce poorer quality leaves
(high toughness and low nutrient content) than those
exposed to milder environmental conditions.

2. Plants growing on nutrient-poor soils (low N and P
content) would produce poorer quality leaves with a
lower nutrient content than plants grown in nutrient-
rich soils.

3. For the same species, low-quality leaves would decom-
pose at slower rates than high-quality leaves.

4. For the same species, low-quality leaves would be con-
sumed by shredder invertebrates at lower rates than
high-quality leaves.

These two final hypotheses were tested with two types
of leaves per species that contrasted in terms of P, N, con-
densed tannin and lignin content and specific leaf area
(SLA).

Materials and methods
Leaf, environmental and soil data

To test whether environmental conditions affect leaf traits
controlling decomposition, senescent leaves were taken
from individual trees of black alder (Alnus glutinosa (L.)
Gaertn.; 57 locations) and pedunculate oak (Quercus robur
L.; 39 locations) across Europe [Fig. 1; Table Al, Elec-
tronic supplementary material (ESM)]. Leaves and soil
samples (~10 cm below the leaf litter accumulations and
under each individual tree) were collected in autumn 2010.
The samples of soil and senescent leaves were air-dried and
stored until needed. Soil samples were passed through a
I-mm mesh screen and analyzed for pH, N and P content
(ascorbic acid method) (Doran and Jones 1996).

For each sampling site, the minimum, maximum, and
mean annual temperature, and the annual range of tem-
perature, as well as mean annual precipitation, minimum
annual precipitation and annual range of precipitation
were obtained by combining the sites’ geographical coor-
dinates with the WorldClim database version 1.3 (Hijmans
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Fig. 1 Sampling sites across ] _
Europe for oak (Quercus Quemus rObUf SRS s & s =
robur, n = 39) and alder (Alnus -

glutinosa, n = 57). Natural -
distribution of species in gray
(EUFORGEN 2009 distribution
maps; www.euforgen.org)

600 1200 Kilometers

Alnus glutinosa

600 0 600 1200 Kilometers

et al. 2005) at the highest resolution (2.5 min of arc), Leaf traits

by means of the DIVA-GIS software, version 7.1.7

(http://www.diva-gis.org). Data for the Global Arid-  For each leaf sample, several morphological and chemical
ity Index and global potential evapo-transpiration were  leaf traits were measured and analyzed. SLA (leaf area/
obtained from Trabucco and Zomer (2009). leaf dry mass) was determined by weighing (£0.01 mg)
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three leaf disks obtained with a cork borer (14 mm diam-
eter), from four randomly chosen leaves in each leaf sam-
ple (total 3 x 4 = 12 leaf discs). P, N, lignin and condensed
tannins were measured from leaf powder. Three grams of
leaves from each sample was ground to powder (l-mm
screen, Retsch ZN 100; Haan, Germany) and stored in an
oven at 60 °C until needed. N leaf content was determined
in a Perkin Elmer 2400 Series II CHNS/O analyzer (Perkin
Elmer, Boston, MA). P was analyzed by the reactive solu-
ble P (RSP) determination technique [(Eaton et al. 1995);
with leaf powder samples previously submitted to a basic
digestion to convert all P in the sample to RSP]. Lignin
content was analyzed as described by Goering and Van
Soest (1970) (Klason lignin). The content of condensed
tannins was obtained by the acid butanol assay (Gessner
and Steiner 2005).

Environment and leaf-quality relationship: statistical
procedures

To investigate leaf-quality gradients, we performed a prin-
cipal components analysis (PCA) based on a variable cor-
relation matrix with the standardized morphological and
chemical leaf-trait variables for both oak and alder. Previ-
ously, we checked the data with the Kolmogorov—Smirnov
test for normality, and no transformation was needed for
any variable. Both PCAs were performed with STATIS-
TICA software version 7.1 (StatSoft 2005).

Once the leaf-quality gradients for each species were
defined, we used them as response variables in multi-
ple regression analyses to relate leaf quality to uncorre-
lated and standardized environmental and soil parameters.
Unlike leaf quality, data for soil nutrient content were
transformed by natural logarithms to achieve normality.
We applied information theory for model selection and
multimodel inference, and used the second-order Akaike
information criterion (AICc) to select the best subset of
regression models from among all the possible combina-
tions of standardized environmental and soil variables. AIC
is a measure of the relative quality of a statistical model;
it offers a relative estimate of the information lost when a
model is used to represent the process that generates the
data. AICc is a modification of the former, recommended
for situations with a small sample size compared to the
number of parameters (Burnham and Anderson 2002). We
limited our regression models to six and four variables at
most, for alder and oak, respectively (Quinn and Keough
2002).

We calculated the AICc for all models, and sorted them
according to their AICc to rank the candidate models by
calculating the AICc increase in relation to the best model
with the minimum AICc (A; = AICc;—AICc,;,). As sug-
gested by Burnham and Anderson (2002) we selected only
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those models with A; < 2. We then calculated the AICc
weights (w;) as the probability of each model being the best
model, and the evidence ratio (ER = w;/w;), which is
the relative likelihood of the best model (w,,;,) versus any
model (w)).

We also calculated the variable relative importance
(VRI) by summing the AICc weights across all the mod-
els in the set where each variable occurs. The larger the
VRI value, the more important the variable is in relation to
the others. Finally, we used model averaging to calculate
the corresponding parameter estimates (). For each envi-
ronmental variable in the selected subset of models, we
summed the B-values, weighted by the corresponding w; for
those models in which that variable was present, across the
whole set of models (Burnham and Anderson 2002). All the
multiple regression models were developed using R soft-
ware (R Development Core Team 2008).

Decomposition

Four leaf samples representing the extremes of the leaf-
quality gradients for both alder and oak were selected to
perform an experiment on microbial decomposition and
consumption by shredders. To determine how phenotypic
differences in litter quality influence microbial decomposi-
tion rates, we incubated leaf bags (0.5-mm mesh size) in a
3rd-order circumneutral stream in Candal, Lousa, Portugal
[Portuguese site and sites 3a and C1, respectively, in Fer-
reira et al. (2012); Graga et al. (2001); Gulis et al. (2006)].
For each sample (two leaf species and two qualities), eight
replicates were set, with 0.50 = 0.05 g (dry mass) of leaves
each (two to four leaves). All bags were tied to iron bars
anchored in the stream bed. Three replicates of each sample
were retrieved after 10 min, placed individually in plastic
bags and transported to the laboratory in an insulated box,
to account for transport and handling and to correct for air-
dried oven dry mass (Birlocher 2005). The remaining 20
samples were left in the stream for 17 days (6-23 October
2011) and recovered just before heavy rains reached the
study site. In previous experiments in the same stream and
same season, by day 17 alder leaves had already reached
the maximum fungal biomass (110145 mg of fungi g~
leaf biomass), whereas oak leaves attained approximately
64 % of maximum fungal biomass (91-55 mg of fungi
g~ ! leaf biomass); by the same date spore production from
fungi in leaves was high (Ferreira et al. 2012; Gulis et al.
2006).

After collection, the leaf bags were individually trans-
ported to the laboratory in plastic Ziploc bags, gently
washed with deionized water, and dried at 60 °C until
constant weight. The samples were then weighed to the
nearest 0.1 mg. Mass loss was expressed as a percentage,
and intraspecific high- and low-quality leaf samples were
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compared by t-tests for independent samples performed
with STATISTICA software version 7.1 (StatSoft 2005).

Leaf consumption by shredders

The effects of variation in leaf quality were also evaluated
by measuring the feeding rates of a shredder on the four
selected leaf types. We used the shredder caddisfly Schizo-
pelex festiva (Rambur 1842; Trichoptera: Sericostomati-
dae). One hundred and twelve individuals were collected
from the Muiceres stream, a nutrient-rich mountain stream
[see Gulis et al. (2006) for description]. This species was
selected because it was locally abundant during the experi-
mental season (October 2011) and is an active shredder.
Individuals were acclimated to laboratory conditions for
3 days prior to the experiment, with a mixture of leaves
from their original stream.

Feeding trials on the four treatments (alder, high and low
quality; and oak, high and low quality) were carried out in
plastic cups. A total of 64 cups were set. Of these, 16 were
used as controls with leaves but no trichopterans (four rep-
licates per treatment). We covered the bottom of the cups
with a 0.5-cm-thick layer of stream sediment (1-2 mm),
previously incinerated in a muffle furnace for 6 h at 500 °C.
Each cup was filled with approximately 200 ml of stream
water and oxygenated with an air pump.

For each leaf treatment, 12 leaf disks were randomly
obtained with a cork borer (14 mm diameter) from leaves.
Disks were conditioned during 5 days with a mixture of
decomposing leaves from the Candal stream, in an aquar-
ium with stream water highly oxygenated with an air
pump. After conditioning, leaf disks were oven-dried at
50 °C until they reached constant weight, and weighed to
the nearest 0.01 mg to obtain the initial weight (W,). The
short incubation time and dry/rehydration process were
used to minimize the fungal effects on the intrinsic quality
of leaves.

Forty-eight S. festiva individuals of similar size (1.76—
2.12 mm case opening) were randomly and individually allo-
cated to the cups and kept with no food for 24 h prior to the
experiment. Consumption was allowed for 8 days (18-26
October 2011). After the feeding trial, the remains of the leaf
disks were oven-dried at 50 °C to constant weight and were
weighed to the nearest 0.01 mg to obtain the final weight
(W,). The caddisfly case openings were also measured, at the
beginning and the end of the feeding trials to indirectly obtain
the size of the individuals and growth. The remaining 48 indi-
viduals of S. festiva that were not used in the experiments
were dried and weighed, to relate the case opening to their
dry mass by regression [/* = 0.7816; P < 0.0001; weight
(mg) = —2.5818 + 2.1138 x case opening width (mm)].

Consumption (C) was estimated as the differences in
leaf mass exposed to the shredders (W;, Wf), corrected for

changes in the control &, given by the ratio of initial (W)
and final (W;,) mass in the control disks (k = W;/Wp),
divided by the elapsed time (f) and the mass (W) of the
shredders (Canhoto et al. 2005):

_ (W) — (Wg x k)
N (t x Ey)

C

The consumption rates of S. festiva showed heterogene-
ity of variance, and no data transformation improved their
homoscedasticity. We compared the intraspecific consump-
tion rates for both plant species (oak, high and low quality;
and alder, high and low quality) by Welch’s ¢-test. This is
a robust analysis that allows hypothesis testing using data
with unequal variances (Quinn and Keough 2002). This
analysis was carried out with the JMP software version 7.0
(SAS 2007).

Results
Environment and leaf-quality relationship

The trees providing litter for the experiments occur across
a wide range of conditions in Europe, particularly in terms
of temperature (mean range 5.8-15.8 °C for oak and
5.1-16.9 °C for alder), mean annual precipitation (range
42.3-108.1 mm for oak and 31.5-114.0 mm for alder),
and evapotranspiration (range 540.0-1,121.0 mm year !
for oak and 540.0-1,155.0 mm year’1 for alder; ESM,
Table A2). Geographically, the samples covered almost
the entire geographic distribution range of the two species
in Europe; only the eastern part of the range was missing.
With respect to soil, the pH ranged from 4.0 to 8.0, with
>50 % of the sites within pH 5-7. The range of soil P con-
tent was very similar for oak (7-200 mg kg~') and alder
(11-200 mg kg™ ') sites, but N soil content was higher and
more variable for alder (range 0.1-511 mg kg™!) than for
oak sites (range 0.2-242 mg kg ™).

Both species were similar in terms of the leaf traits of P
content (mean 0.09 and 0.07 % for oak and alder, respec-
tively), lignin (mean 36 and 33 % for oak and alder, respec-
tively) and SLA (~15 mm?mg~"' for both species; Table 1).
However, N was 2.3-fold higher in alder than oak leaves,
whereas condensed tannins were ~75 % lower (Table 1).
Both species exhibited wide variations in the measured leaf
traits.

The PCA of oak litter chemical and physical proper-
ties resulted in biplots in which the first three PCA axes
explained 77 % of the variation in the dataset (Fig. 2). PCA
axis 1 (oak—PCA1) was positively correlated with lignin
(r =0.79) and condensed tannins (r = 0.89) and negatively
correlated with the SLA (r = —0.65). PCA axis 2 (oak—
PCA2) was positively correlated with the leaf P content
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Table 1 Mean, SD, minimum
(Min.) and maximum (max.)
values of several quality
parameters of oak and alder
senescent leaves sampled across
Europe

DM Dry matter

Fig. 2 Ordination of oak (Q.
robur; Qr) sampling sites for the
first three principal component
analysis (PCA) axes, based on
the leaf-trait variables. Open
circles denote those sampling
sites from which leaves were
used in the decomposition and
consumption experiments as
high (Qr04) and low (Qr37)
leaf-litter quality. See the codes
in Electronic supplementary
material (ESM) Table A1 for the
origin of samples
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Oak Alder
Quality parameters Mean SD Min.—max. Mean SD Min.—max.
P leaf content (%DM) 0.09 0.07 0.01-0.35 0.07 0.03 0.02-0.15
N leaf content (%DM) 1.03 041 0.56-2.13 233 035 1.38-2.98
Condensed tannins leaf content (%DM)  13.53 898  1.78-40.83 330 220 0.20-10.28
Lignin leaf content (%DM) 38.50 4.68 29.20-48.23 33.04 4.15 23.68-44.59
Specific leaf area (mm? mg™) 14.57 393 0.01-25.79 15.44 447 8.58-34.93
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(r = 0.96), and PCA axis 3 (oak—PCA3) was negatively
correlated with leaf N content (r = —0.95). For alder, the
first three PCA axes explained 85 % of the variation in the
dataset (Fig. 3). In this case, PCA axis 1 (alder-PCAl,;
39 % of the variation) was negatively correlated with the
leaf contents of N (r = —0.84) and P (r = —0.64), and pos-
itively correlated with condensed tannins (» = 0.61). PCA
axis 2 (alder—PCA2) was also positively correlated with the
leaf P content (r = 0.67), as well as with condensed tannins
(r = 0.63). Both axes were negatively correlated with SLA

(r = —0.61). Finally, PCA axis 3 (alder-PCA3) was posi-
tively correlated with lignin leaf content (r = 0.94).
Multiple regression models revealed relationships
between leaf quality and environmental parameters. For
oak, the oak—PCAl axis (increased tannins and lignin
and decreased SLA) increased with soil pH, mean annual
precipitation, and annual range of temperature and N in
soil (the highest VRI values; Table 2). The oak—-PCA2
axis (surrogate of leaf P content) was positively related
to soil P content and mean annual temperature. Finally,

Fig. 3 Ordination of alder 4
(Alnus glutinosa; Ag) sam-
pling sites for the first three
PCA axes, based on leaf-trait 3 Agdd
variables. Open circles denote I
those sampling sites from 2 $948 , 4a 89
which leaves were used in the Ag16 od A949 §g15 Ag57
decomposition and consump- —_ * 4a10 A 24 .
. . . = .
tion experiments as h%gh (Agi2) &1 70 05 00 05 10 Aa26 Ag.23 Agsdﬂ\ " Agsz Ag27
and low (Ag07) leaf-litter :"_ Agize’g Agzg.i Aga7 ®eng2s b Agzs
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the oak—PCA3 axis (surrogate of the leaf N content) also
increased with soil P content.

For alder leaves, the alder—-PCA1 axes (decreased N, P,
SLA and increased leaf condensed tannins) were positively
related to the mean annual temperature and the annual
range of temperature, and negatively related to the mini-
mal annual precipitation and soil P. Alder—PCA?2 (increased
leaf P and condensed tannins and decreased SLA) was
positively related to the minimum annual precipitation and
negatively related to the mean annual temperature. Finally,
alder—-PCA3, a surrogate of leaf lignin content, was posi-
tively influenced by N soil content and mean annual pre-
cipitation, whereas the annual range of temperature and the
minimum annual precipitation had a negative effect on this
leaf-quality variable.

Decomposition

Two leaf samples from each species dataset were selected
to perform the decomposition experiment (Figs. 2, 3).
These samples were selected for their maximum differ-
ences in nutrients and secondary compounds (Table 3), to
represent both high and low leaf-litter quality (i.e., high
nutrient and low secondary compounds in leaf content ver-
sus low nutrients and high secondary compounds in leaf
content).

During the 17 days of immersion in the stream, the
leaves lost 2-37 % of their initial mass, and the alder leaves
decomposed nearly twofold more rapidly than the oak
leaves (Fig. 4). Microbial decomposition of high-quality
oak leaves was significantly faster than that of low-quality
leaves (r = 4.146, df = 8; P = 0.003). There was a similar
tendency for this in alder, but the difference was not signifi-
cant (t = —2.142, df = 8; P = 0.065).

Consumption by shredders

The feeding experiment lasted for 8 days, with no mortal-
ity. Specimens of S. festiva consumed up to 230 pg leaf
material day~' mg~! invertebrate mass, although some
specimens did not feed. Consumption by S. festiva was

Table 3 Values of the quality variables for the leaf samples used in
the decomposition and consumption experiments

Oak Alder

Qr04 Qr37 Agl2 Ag07
P leaf content (%DM) 0.16 0.02 0.09 0.05
N leaf content (%DM) 1.22 0.64 295 1.66
Condensed tannins leaf content (%DM) 8.47 1945 0.20 3.87
Lignin leaf content (%DM) 34.18 42.41 35.84 28.60
Specific leaf area (mm? mg™") 20.55 12.07 19.06 8.58

significantly higher on high-quality than on low-quality
alder leaves (192 vs. 46 pg leaf material day~! mg~! inver-
tebrate mass; t = 3.369, df = 14.14; P = 0.005), but virtu-
ally identical for sets of specimens feeding on high-quality
and low-quality oak litter samples (¢ = 0.447, df = 13.42;
P = 0.662) (Fig. 5).

Discussion
Climate and leaf quality

We investigated the phenotypic variations in litter qual-
ity within two species in relation to environmental con-
ditions, and tested whether these variations could affect
microbial decomposition and invertebrate consumption.
The PCA suggested that climate could affect leaf chemis-
try and physical properties. However, our first hypothesis
that water stress (measured as low precipitation across the
distributional area of both species) would result in tougher
and chemically better defended leaves was not totally ful-
filled, since for oak, the contents of condensed tannins
and lignin tended to increase and SLA tended to decrease
with increased precipitation. This was the opposite of our
expectation, since plant physical defenses against water
loss (thick cuticle and sclerophylly) are reported to increase
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Fig. 4 Mass loss [% dry matter; DM] of high- (Qr04 and Ag/2) and
low-quality (Qr37 and Ag07) leaves of oak and alder incubated in a
stream for 17 days. Lines represent means, boxes represent SEs, and
whiskers represent SDs; n = 8. Raw data are represented by triangles.
See the codes in ESM (Table A1) for the origin of samples. For other
abbreviations, see Figs. 2 and 3
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Fig. 5 Schizopelex festiva consumption rates on high- (Qr04 and
Agl2) and low-quality (Qr37 and Ag 07) leaves of oak and alder,
offered to the trichopterans during an 8-day experiment. Lines rep-
resent means, boxes represent SEs, and whiskers represent SDs;
n = 24. Raw data are represented by triangles. See the codes in ESM
(Table A1) for the origin of samples. For abbreviations, see Figs. 2
and 3

with increased water stress (e.g., Pallardy 2008). Alder
leaves from locations with high temperatures and wide tem-
perature ranges indeed had high condensed tannins and low
SLA (i.e., were tougher). The observation that alder leaves
from locations with high temperatures also had lower N
and P is consistent with the reported by (Chen et al. 2011).

Although unexpected, our results agree with the meta-
data analysis by Ordofiez et al. (2009) who concluded
that climate has a small role in affecting variations in leaf
traits compared with soil fertility, with SLA not related
to any of the climate parameters evaluated (precipitation,
temperature and evapotranspiration). In another study,
Castro-Diez et al. (1998) reported increased N content in
Pistacia spp. leaves toward the arid part of a gradient in
Spain (i.e., N increase with water stress); and Cunningham
et al. (1999) reported that low precipitation and nutrients
in soil resulted in low SLA. These contradictory results
suggest that: (1) phenotypic responses to climate is spe-
cies-specific dependent, (2) climate alone is not enough to
determine the traits related to the physical quality of leaves
and (3) genetic variability is an unaccounted importance
source of variability.

One potential limitation in our analysis is that we used
mean precipitation and temperature values in the calcula-
tion. However, it is plausible that annual variation in these

@ Springer

parameters could result in concomitant annual variation in
the qualities of leaves and the resulting variations in litter.

Fertility and leaf quality

Our second expectation was that plants growing on nutri-
ent-poor soils would produce leaves with low nutrient con-
tent. This was indeed observed for P in leaves from both
oak and alder, which is consistent with other reports (e.g.,
Aerts and Chapin 2000; Chen et al. 2011; Han et al. 2011).
However, leaf N was unrelated to soil N in both, alder
and oak. The result was a surprise for alder, which is an
N-fixing species (Orfanoudakis et al. 2010). Positive (e.g.,
Han et al. 2011) and negative (Ordofiez et al. 2009) rela-
tionships between leaf N content and soil has been referred
in the literature, suggesting that as with climate variables,
other factors could be overriding the soil N effect.

The observed intraspecific variability in leaf traits can
be explained by the environment, but also by the genotype.
Those sources have shown to influence litter chemistry and
can be large enough to cause differences in litter decompo-
sition rates (LeRoy et al. 2007, 2012; Osier and Lindroth
2001). Some studies suggest that plant genotype is more
important than soil nutrients in determining plant chemistry
(e.g., Osier and Lindroth 2001) and a strong genetic com-
ponent was also demonstrated for tannin levels in plants
(Schweitzer et al. 2008 and references therein). We did not
control for genotype differences, which may be responsible
for a large part of the variation in the data. However, it can
also be argued that particular plant genotypes are largely
influenced and selected by local climate and local soil con-
ditions. Common-garden experiments manipulating nutri-
ents and water stress could be used to address the genetic
component of trait variations (e.g., LeRoy et al. 2012).

The significance of the climate—Ileaf traits—
decomposition triad

N and condensed tannins are known to affect feeding rates
of macro consumers (Azevedo-Pereira et al. 2006; Graca
and Cressa 2010), decomposers and ultimately leaf-litter
decomposition (Bakker et al. 2011; Cornwell et al. 2008;
Makkonen et al. 2012; Waring 2012). We showed that vari-
ations in oak and alder leaves at the European continen-
tal scale are large enough to affect the rate at which the
leaves are decomposed by microorganisms and consumed
by shredders. However, microorganisms and shredders dif-
fered in their susceptibility to the same leaf traits. Micro-
bial decomposition seemed to be particularly affected by
high condensed tannin levels, whereas feeding by shred-
ders seemed to be affected by low condensed tannin lev-
els and low N. If our findings for these two species at the
European continental scale can be extrapolated to a larger
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number of plant species and a wider range of environmen-
tal conditions, then the climate and soil have some control
on the quality of leaves and consequently leaf litter and its
decomposition by decomposers and shredders. The eco-
logical implications of these relationships are that nutrient
cycling through brown food webs may vary widely across
geographic areas, and may explain the reported geographic
variations in litter decomposition and the absence of shred-
ders from some areas (Wantzen et al. 2008). For instance,
in some tropical and Mediterranean streams, litter decom-
position is slow and shredder invertebrates are absent or
relatively unimportant (Boyero et al. 2011; Gongalves et al.
2006, 2007). It is plausible that in these areas, the leaves
are low quality, resulting from nutrient-poor soils and water
and temperature stress.

Implications under global changes

Precipitation is predicted to decrease by 20 % over Europe
and temperature is predicted to increase by 2—4 °C in the
next 80 years (IPCC 2007). Moreover, variations in tem-
perature (heat waves) and precipitation are also likely to
be more frequent (IPCC 2007). If interregional variation in
the measured leaf traits are greatly related to the measured
environmental parameters, we could predict ecological
changes in nutrients cycling resulting from global nutrient
and climate changes. This prediction is not simple because
the same environmental factors may affect plant species
differently. However, a common denominator of the two
tested species here was an increase in condensed tannin
content and decreased SLA (i.e., high toughness) in areas
with high temperature variance and an increase leaf P with
increased Soil P. Such results may lead us to expect slow
decomposition caused by global climate change. This effect
can be balanced by increased P content in soils and nutri-
ents (P and N) in the waters (e.g., Gulis et al. 2006) or may
even be reinforced if nutrients are high enough to suppress
the activities of decomposers (e.g., Woodward et al. 2012).
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