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Abstract
Background and aims Boreal forests can receive sub-
stantial nitrogen (N) enrichment via atmospheric N de-
position and industrial forest fertilization. While it is
known that N enrichment can impact ecosystem prop-
erties, such as litter decomposition, it remains poorly
understood how genetic variability within plant species
modifies these impacts.
Methods We grew replicates of ten Populus tremula L.
genotypes (GTs) under 3 N conditions; ambient, and
levels representing atmospheric N deposition and indus-
trial forest fertilization. We measured leaf and litter
physical and chemical traits, and conducted a litter
decomposition assay.
Results Leaf traits varied due to N treatment, GT, and
constitutive tannin levels. Leaf traits were in some cases
correlated with litter traits, and decomposition was

influenced by single and interactive effects of N and
GT. Nitrogen addition unexpectedly decelerated decom-
position, potentially due to changes in specific leaf area
(SLA). Variation in decomposition rates among the GTs
was best explained by their differences in SLA, and
lignin:N ratio. Nitrogen addition also caused a shift in
which traits most strongly influenced decomposition.
Conclusions Our findings highlight that the consider-
able diversity present in tree species can have a strong
influence on ecosystem processes, such as decomposi-
tion, and how these processes respond to environmental
change.

Keywords Aspen . Condensed tannins . Genotypic
variation . Genotype-environment interaction .Mass
loss . Nitrogen enrichment

Abbreviations
N Nitrogen
GT(s) genotype(s)
GDBH growth differentiation balance hypothesis
Tgr(s) tannin group(s)
CT(s) condensed tannin(s)
C Carbon
SLA specific leaf area

Introduction

Boreal forests are nitrogen-limited (Tamm 1991;
Vitousek and Howarth 1991), and thus the addition of
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N to these ecosystems can have great effects. Anthro-
pogenic N enters boreal forests from two main sources.
Firstly, forests receive N through atmospheric deposi-
tion derived from fossil fuel combustion, and from
ammonia volatilization in agriculture (Galloway et al.
2008; Gundale et al. 2011). Additionally, to increase
forest production, land managers in boreal regions
(e.g. Scandinavia) increasingly apply fertilizers to for-
ests (Lindkvist et al. 2011). These two types of anthro-
pogenic N inputs can have numerous consequences in
N-limited boreal forests, such as increase net primary
productivity and aboveground carbon (C) stocks (De
Vries et al. 2006; Gundale et al. 2014), alter species
composition and community structure (Bobbink et al.
1998 and references therein; Nordin et al. 1998;
Strengbom et al. 2003; Nordin et al. 2006), and reduce
diversity (Nordin et al. 2005; Bobbink et al. 2010;
Meunier et al. 2016). While impacts of N enrichment
on aboveground properties are well studied, relatively
little is known about how soil processes respond to N
enrichment (but see e.g. Janssens et al. 2010; Maaroufi
et al. 2015), and in particular whether genetic variation
within plant species modifies how soil processes re-
spond to eutrophication (Sundqvist et al. 2012;
Kumordzi et al. 2014).

Litter decomposition is a key soil process that is
potentially influenced by N enrichment, and which is
critical for nutrient recycling in boreal forests (Prescott
2010; Wardle et al. 2012). Studies that have looked at
how decomposition is affected by N, however, have not
yielded consistent results. In a meta-analysis, Knorr
et al. (2005) found that the effect of N addition on
decomposition can be positive, negative, or neutral de-
pending on the initial quality of the litter, the fertilization
rate, and the site-specific N deposition level. Litter qual-
ity and litter decomposition have been reported to vary
both among species (Parsons et al. 2008; Janssens et al.
2010), and among individuals within species (LeRoy
et al. 2007; Madritch et al. 2007a; Silfver et al. 2007).
For example, Silfver et al. (2007), who studied decom-
position for 19 silver birch (Betula pendula Roth) geno-
types (GTs), observed that the highest genotypic mean
for mass loss was 28% higher than the lowest genotypic
mean after a three months incubation period. Key foliar
traits known to influence litter quality, such as C:N
ratios or lignin concentrations, can vary significantly
among GTs (LeRoy et al. 2007; Madritch et al. 2007a;
LeRoy et al. 2012), and may help explain genotypic
variation in decomposition rates.

Condensed tannins (CTs) are another aspect of plant
litter chemistry known to vary substantially across dif-
ferent GTs. In a study with 31 GTs of the North Amer-
ican aspen, Populus tremuloides Michx., Lindroth and
Hwang (1996) found that condensed tannin concentra-
tions varied more than 2-fold between the GT express-
ing the lowest and the highest concentration, respective-
ly. Also, for the related European aspen, Populus
tremula L., a keystone species in the boreal region
(Siitonen and Martikainen 1994; Kouki et al. 2004),
substantial genotypic variations in tannin concentrations
have been reported (Robinson et al. 2012; Bandau et al.
2015). Tannins have long been recognized for their
potential role in defending plants against generalist her-
bivores and pathogens (Kraus et al. 2003; Holeski et al.
2009; Barbehenn and Constabel 2011; Robinson et al.
2012), but they are increasingly also acknowledged to
influence soil processes, such as litter decomposition
(Kraus et al. 2003; Madritch et al. 2006; Schweitzer
et al. 2008; Madritch and Lindroth 2015), through their
resistance to degradation by soil microbes, as well as
their ability to bind and stabilize plant proteins or mi-
crobial enzymes (Benoit and Starkey 1968; Fierer et al.
2001; Kraus et al. 2003 and references therein; Joanisse
et al. 2007).

While there is substantial literature demonstrating
that N by itself can impact decomposition rates (Knorr
et al. 2005, and references therein), far fewer studies
have looked at how plant genetic variability modifies
the impacts of N on leaf quality and thus litter decom-
position (i.e. GT by N interactions). Of the very limited
number of studies of this type (e.g. Madritch et al. 2006;
LeRoy et al. 2012), no study has yet considered these
potential GT by N interactions using N treatments rele-
vant for understanding eutrophication in the boreal re-
gion (i.e. atmospheric N deposition or industrial forest
fertilization). Thus, there remains a poor understanding
of how anthropogenic N inputs impact soil processes
including litter decomposition in boreal forests, and how
these impacts may vary across the genetically diverse
boreal forest landscape.

We conducted an experiment using European aspen
to understand how N enrichment and genetic variability
interacted to influence litter decomposition rates. Repli-
cates of 10 GTs, that varied greatly in their baseline (i.e.
constitutive) condensed tannin concentrations (5 low-
and high-tannin GTs), were grown on a forest clear cut
and subjected to three N addition rates, that represented
anthropogenic N inputs into boreal forests. Green leaves
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and litter were collected for chemical analyses, and litter
was used to conduct a decomposition assay in a con-
trolled lab environment to understandwhich tissue prop-
erties best explained variation in decomposition rates
across different GTs and N treatments. We addressed the
following questions: First, we asked whether GT and
constitutive tannin level (low or high tannin group
(Tgr)) interacted with N addition to affect physical and
chemical properties of leaves, and whether these leaf
properties eventually impacted the quality of the litter
that the plants produced. Based on predictions of several
plant defense hypotheses (reviewed in Stamp 2003), we
hypothesized that N addition will cause a decrease
in the concentrations of products derived from the
phenylpropanoid pathway (e.g. CTs, lignin), but that
these responses would be individualistic for different
GTs (see e.g. Donaldson et al. 2006; LeRoy et al.
2012; Bandau et al. 2015). Furthermore, we hypothe-
sized that leaf and litter trait values will be correlated, as
has been previously shown (King et al. 2001;
Schweitzer et al. 2004). Secondly, we asked whether
GTs and Tgrs interacted with N addition to influence
litter decomposition rates. Based on results from a meta-
analysis which found that N addition accelerated de-
composition of litter from easily degradable tree genera,
such as Populus (Janssens et al. 2010), we hypothesized
that plant N enrichment will have a positive effect on
decomposition rates in our experiment. Further, we hy-
pothesized that plant N enrichment will enhance decom-
position more for some GTs than for others, especially
for plants with low constitutive tannin levels compared
to ones with high tannin levels, because constitutive
tannin production has the potential to have a negative
effect that over-rides the hypothesized positive effect of
N on decomposition. Answering these questions will
provide us with new insights into how decomposition
of litter from genetically diverse origins will respond to
anthropogenic N enrichment.

Material and methods

Plant material and study area

We used ten European aspen (Populus tremula L.) GTs
from the Swedish Aspen Collection (SwAsp), which
comprises a total of 116 GTs from throughout Sweden
that have been planted in two common gardens (Luquez
et al. 2008). Based on previous data on foliar CT

concentrations in the trees grown in the two gardens,
we selected five GTs that consistently expressed low
(GTs 18, 23, 50, 60, and 115) and five GTs with high
(GTs 5, 26, 51, 65, and 72) levels of foliar CTs (see
Fig. S1 in Bandau et al. 2015). A detailed description of
the GT selection can be found in Bandau et al. (2015).
Variation in latitude was equally represented among the
selected low- and high-tannin GTs. The plants were
propagated from the SwAsp in-vitro tissue culture kept
at Umeå Plant Science Centre. In early May 2010, a
surplus of plants per GT were potted, and then grown
under optimal conditions in the greenhouse. After eight
weeks, the plants were moved to a wind-sheltered, part-
ly shaded out-door environment for acclimatization. In
early August 2010, 30 even-sized, healthy clones of
each GT (i.e. 300 individuals) were planted on a clear
cut at the Swedish University of Agricultural Sciences
(SLU) Kulbäcksliden experimental forest (N 64° 9′
8.02″, E 19° 35′ 12.09″; WGS84 reference system) in
a random block design. The experimental site was adja-
cent to a natural aspen stand, and was fenced in to
exclude large herbivores. The plants were planted with
a spacing of approximately two meters, and to avoid
edge effects additional aspens were planted to surround
the experimental plants.

Within each of the five blocks, plants were randomly
assigned to one of three N treatments: 0, 15, or
150 kg N ha−1 yr.−1, equivalent to ambient N conditions
in the region (Gundale et al. 2014, and references
therein), maximum N deposition rates currently ob-
served in boreal forests (Gundale et al. 2011), and N
fertilization rates typically used by today’s forest indus-
try, respectively. Nitrogen was applied as granulated
NH4NO3 to the soil in a 25-cm-radius around each plant.
Fertilization was carried out during three consecutive
years beginning in 2011, with three applications per year
(in May, June and July).

Leaf sampling

On 16 July 2013 (i.e. 26 months after the first N addi-
tion), we harvested leaves from each plant to assess leaf
traits expressed during the growing season (hereafter
referred to as leaf traits). Depending on the leaf size,
we carefully cut 5–10 of the most recently fully expand-
ed leaves (about 1.5 g) at the base of the petiole, placed
them in a cooler, and brought them to the laboratory. We
then measured leaf areas with a leaf area meter (LI-
3000C mounted on LI-3050C, Li-Cor®, Lincoln, NE,
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USA), after which leaves were freeze-dried to constant
weight, and subsequently stored at −20 °C until chem-
ical leaf analyses were performed. We calculated specif-
ic leaf area (SLA) for each plant by dividing the total
area of the leaves sampled per plant by their dry weight.

To obtain leaf litter from the same plants, we enclosed
the crowns with mosquito netting before the onset of
senescence. The nets were emptied on 8 October 2013
after most plants had lost their leaves, and no further
resorption from the leaves was possible due to daily frost.
Leaves not abscised by this time were manually removed
and included in all analyses. In the laboratory, 10–20
leaves from each plant were randomly chosen for the
assessment of chemical traits (hereafter referred to as
litter traits). The selected leaves were freeze-dried, and
stored at −20 °C. The remaining leaves were dried and
used for a litter decomposition assay (see details below).

Chemical analyses of the leaf and litter samples

®

Carbon and N content were assessed using dry com-
bustion (LECO TruSpec CN Furnace, LECO Corpora-
tion, Lakeview, MI, USA), at the Department of Forest
Ecology and Management, SLU Umeå. Lignin was
measured with the acid-detergent fibre-sulphuric acid
procedure (Helrich 1990), while cellulose was deter-
mined through nitric acid/acetic acid digestion, a subse-
quent reaction with anthrone, and measurement on a
spectrophotometer at 620 nm, as described in Updegraff
(1969). Both lignin and cellulose analysis were per-
formed at the Soil, Water and Plant Testing Laboratory

at Colorado State University, USA. Soluble CTs were
extracted with 70% acetone +10 mM ascorbic acid, and
quantified using the acid-butanol method (Porter et al.
1986), and procyanidin B2 (C30H26O12; Sigma-Al-
drich®, St. Louis, MO, USA) as a standard. For further
details see Bandau et al. (2015).

We used the phloroglucinol derivative method by
Hagerman (2002a) for qualitative analyses of the tannin
polymers. First, tannins were extracted from 200 mg
ground litter per sample with 70 % acetone, and the
acetone was subsequently removed using a vacuum
evaporator. Ethanol was added to get the sample to
80 % ethanol. After centrifuging (13,000 rpm for 3
mins), each tannin sample was purified from small
molecular phenolics using Sephadex™ LH-20
(Hagerman 2002b). Each purified tannin sample was
then tested for two tannin precursors by HPLC
(Randriamanana et al. 2014).

Litter decomposition assay

In mid Oct 2013, we initiated an incubation assay to
determine the decomposability of litter from our plants,
in agreement with previous precedures (e.g. Wardle
et al. 2009; Sundqvist et al. 2011). To accomplish this,
we first collected soil from a mixed-aged aspen forest
near Sävar, Sweden (N 63° 52′ 59.68″, E 20° 33′ 12.40″)
to provide a natural source of micro-organisms for
decomposing aspen litter. Soil from the A-horizon (i.e.
mineral soil) was brought to the laboratory, sieved
(mesh size 1 cm), and thoroughly mixed. Petri-dishes
(15 cm diameter) were filled with 110 g of this soil
(water content: 26 %). Any soil macro-fauna (e.g. snails
and earthworms) were manually removed. A polyester
mesh (mesh size 1 mm) was placed on top of the soil,
followed by leaf litter that had prior been dried at 30 °C
for 10 days. This low drying temperature was chosen to
prevent volatilization of compounds that could poten-
tially influence decomposition rates (Gundale et al.
2010), and to avoid the destruction of microbes growing
on senescent leaves that may contribute to the decom-
position process. Each petri-dish received approximate-
ly 0.75 g litter (actual mass was recorded) as whole
leaves. We prepared two separate dishes for each source
plant, however, in a few cases we only had enough litter
for one. The two dishes per plant were considered sub-
replicates that were later averaged to generate a single
mass loss value per plant. The dishes were sealed with
Parafilm M® to avoid water loss, and incubated under
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All freeze-dried green leaf and litter samples were
coarse-ground on a Wiley mill (mesh size #10
(2 mm); Thomas Scientific, Swedesboro, NJ, USA) to
obtain the required particle size for lignin and cellulose
analysis (Bandau et al. 2015). Using a ball mill (Retsch
MM 400, Retsch , Haan, Germany) a portion of each
coarse-ground sample was further ground to a fine pow-
der, which was used for analysis of CTs, C, and N. Due
to a shortage of leaf and litter material, lignin and
cellulose analysis were performed on pooled samples
whereby equal amounts of either leaf or litter material
were combined from all plant individuals within the
same GT x N treatment combination, resulting in a total
of 60 samples (i.e. 30 leaf and 30 litter samples). Qual-
itative tannin analysis was performed on 30 pooled litter
samples only, because of the high cost and time require-
ment for this analysis. Quantitative analyses of C, N and
CTs were performed on un-pooled samples.

®
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standardized conditions that optimized decomposition
(i.e. at 22 °C in darkness) for 353 days.

After incubation, the remaining litter was cleaned
with deionized water, and oven-dried at 60 °C until
reaching constant weight. Because initial and final litter
were dried at different temperatures, a set of pre-
incubation litter not included into petri-dishes was
oven-dried at both 30 °C and 60 °C. This allowed us
to calculate the 60 °C equivalent litter mass at the start of
the incubation, which was then used to calculate the
percent mass loss of litter in each dish after incubation
mass loss %ð Þ ¼ 100− final mass*100

initial mass

� �
. After incubation,

we discovered a few petri-dishes (ca. 5 %) that had been
contaminated by soil macro-fauna, which we discarded
from all analysis.

Statistical analysis

To test the effect of N treatment, Tgr, and GT, and their
interactions on leaf and litter traits, as well as on decom-
position, we performed analyses of variance (ANOVAs)
using a general linear model with a partially nested and
crossed design. In these ANOVAs, N and Tgr served as
main factors, and GT as a nested factor within Tgrs. We
considered all three factors as fixed, including GT, be-
cause we deliberately chose specific N treatment levels,
Tgrs, and GTs using a prior information. For the
variables in which we had to pool samples with the
same GT x N combination (i.e. lignin and cellulose
content, lignin:cellulose and lignin:N ratio, catechin
concentration, and chain length), we instead performed
2-way ANOVAs with N and Tgr serving as main fac-
tors. Prior to analysis, data were tested for assumptions
of normality and homoscedasticity, and data were trans-
formed as necessary. When a significant effect of the
Tgr by N interaction was found, post hoc one-way
ANOVAs and post hoc Gabriel’s tests were performed
to identify differences. We usedGabriel’s test, because it
is suitable for unbalanced designs/unequal sample sizes
(Field 2009), such as were present for our data due to
some mortality among our experimental plants.

To test whether leaf and litter traits were correlated to
each other, we used non-parametric Spearman’s corre-
lation tests, because some of our variables had outliers
and were not normally distributed, and hence did not
fulfill the criteria for a parametric correlation test (i.e.
Pearson’s correlation test). We also used Spearman’s
correlation to investigate whether any of the measured

litter traits could explain the significant GT, and the
GT x N effect, that were identified through our ANOVA
for mass loss. For the main GT effect, these correlations
were performed for average trait values for each GT
(regardless of N level), and for the GT x N effect, the
correlations were performed using average trait values
for each GT for each N level.

All statistical analyses were performed using IBM®
SPSS® statistics, version 21 (Armonk, NY, USA). We
considered results withP-values below 0.05 as significant.

Results

Interactive effects of N with genotype and tannin group
on leaf and litter traits

Interactive effects of GT and N were only found for one
leaf trait, namely for CT concentrations (Table 1). This
interaction was due to different combinations of GTs ex-
pressing low and high values under the different N levels
(Fig. 1). Under ambient N conditions, CT levels were
lowest in GTs 23 and 60, and highest in GT 65 (Fig. 1a),
whereas at the lowN treatment, GT 23 contained least CTs
and GT 72 most, and at the high N level, GTs 18 and 60
had least CTs, and GTs 65 and 72 most. GT x N effects
were also found for three out of four tested litter traits (i.e.
CTs, N, and the C:N ratio) (Table 1). The sources of these
interactions are displayed in Fig. 1b-d.

Our ANOVAs further suggested interactive effects of
Tgr and N for two traits, namely for CT concentrations
in leaves and litter (Table 1). The post hoc one-way
ANOVAs confirmed those effects, however, Gabriel’s
post hoc test could not clearly identify the source of the
interaction for either the leaves or the litter (Fig. 2).

Main effect of N and genotype on leaf and litter traits

Five of nine leaf traits were affected by N addition,
including leaf CT, C, and N content, the C:N ratio, and
SLA (Table 1).Means and standard errors for these traits
for each of the three N levels are reported in Table S1.
Foliar CTs, C and N content responded positively to N
addition on average, whereas the C:N ratio and SLA
decreased on average when N was added.

The litter traits that were influenced by N addition
were similar to the leaf traits affected by N treatment,
with the exception of SLA, which was onlymeasured on
green leaves (Table 1). Responses of litter CTs, C, N,
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and C:N ratio were identical to those observed for the
leaves (Table S1).

Main effects of GT were found for many leaf traits,
including CTs, C and N, the C:N ratio, and SLA, as well
as for three litter traits, namely CTs, N and the C:N ratio
(Table 1). Table S2 provides further information about
which GTs consistently expressed low and high values
for the individual traits, regardless of the N treatment
level they were subjected to.

Main effect of tannin group on leaf and litter traits

Main effects of Tgr were found for four of nine leaf traits
(CTs, N, the C:N ratio, and SLA) (Table 1). Plants in the

low Tgr showed lower foliar CT concentrations than
plants in the high Tgr (Fig. 3a). Leaves of low-tannin
plants also had a lower C:N ratio than leaves of high-
tannin plants (Fig. 3c). Contrary, plants in the low Tgr
had a higher leaf N content (Fig. 3b) and a greater SLA
(Fig. 3d) than plants in the high Tgr.

We also detected main Tgr effects for four out of ten
litter traits, specifically for CTs, the chain length of the
catechin units, N content, and the C:N ratio (Table 1).
Litter of plants in the low Tgr contained less CTs than
litter of those in the high Tgr (Fig. 3e). Low-tannin
plants further possessed shorter catechin chains
(Fig. 3h), had a lower C:N ratio (Fig. 3g) and higher N
content in litter (Fig. 3f) compared to high-tannin plants.

Table 1 ANOVA summary testing leaf and litter traits of Populus
tremula and decomposition in response to nitrogen addition (N),
tannin group (Tgr), genotype nested within tannin group
(GT(Tgr)), and interactions thereof. F-values (F) and denominator
degrees of freedom (dfs) are followed by significance levels (P).

Numerator degrees of freedom are displayed behind the individual
factors in the top row. For variables for which only pooled data
were available (e.g. lignin content), the results of 2-way ANOVAs
that tested single and interactive effects of N and Tgr are shown

variables N(2) GT(Tgr)(8) Tgr(1) GT(Tgr)∙N(16) Tgr∙N(2)

F (dfs) P F (dfs) P F (dfs) P F (dfs) P F (dfs) P

leaf traits

condensed tannins
(mg g−1 DW)

23.12 (226)
< 0.001 23.45 (226)

< 0.001 165.48 (226)
< 0.001 2.67 (226)

0.001 5.68 (226)
0.004

C content (%) 33.21 (227)
< 0.001 3.54 (227)

0.001 0.98 (227)
0.323 1.13 (227)

0.326 0.05 (227)
0.955

N content (%) 99.79 (227)
< 0.001 2.80 (227)

0.006 19.50 (227)
< 0.001 1.15 (227)

0.313 0.56 (227)
0.571

C:N ratio 75.40 (227)
< 0.001 4.17 (227)

< 0.001 21.41 (227)
< 0.001 1.42 (227)

0.134 0.49 (227)
0.611

SLA (cm2 g−1) 44.58 (228)
< 0.001 7.22 (228)

< 0.001 30.40 (228)
< 0.001 1.45 (228)

0.121 0.15 (228)
0.863

lignin content (%) 0.05 (24)
0.953 N/A N/A 0.61 (24)

0.444 N/A N/A 0.25 (24)
0.779

cellulose content (%) 0.56 (24)
0.581 N/A N/A 2.13 (24)

0.158 N/A N/A 0.91 (24)
0.417

lignin:cellulose ratio 0.32 (24)
0.733 N/A N/A 1.30 (24)

0.266 N/A N/A 0.84 (24)
0.442

lignin:N ratio 0.20 (24)
0.822 N/A N/A 0.31 (24)

0.586 N/A N/A 0.30 (24)
0.747

litter traits

condensed tannins
(mg g−1 DW)

6.95 (226)
0.001 15.03 (226)

< 0.001 191.75 (226)
< 0.001 2.94 (226)

< 0.001 4.91 (226)
0.008

catechin (mg g−1

purified CTs)
0.64 (24)

0.536 N/A N/A 0.22 (24)
0.646 N/A N/A 0.01 (24)

0.991

chain length (catechin units) 0.25 (24)
0.778 N/A N/A 5.71 (24)

0.025 N/A N/A 0.53 (24)
0.595

C content (%) 34.58 (226)
< 0.001 1.36 (226)

0.214 1.98 (226)
0.161 0.88 (226)

0.590 0.48 (226)
0.617

N content (%) 23.29 (226)
< 0.001 4.48 (226)

< 0.001 17.65 (226)
< 0.001 2.10 (226)

0.009 0.93 (226)
0.397

C:N ratio 20.82 (226)
< 0.001 4.58 (226)

< 0.001 17.10 (226)
< 0.000 2.32 (226)

0.004 0.07 (226)
0.932

lignin content (%) 0.71 (24)
0.500 N/A N/A 2.05 (24)

0.165 N/A N/A 0.15 (24)
0.861

cellulose content (%) 1.42 (24)
0.261 N/A N/A 3.51 (24)

0.073 N/A N/A 0.01 (24)
0.991

lignin:cellulose ratio 0.18 (24)
0.835 N/A N/A 0.23 (24)

0.633 N/A N/A 0.43 (24)
0.655

lignin:N ratio 0.71 (24)
0.503 N/A N/A 0.01 (24)

0.907 N/A N/A 0.31 (24)
0.734

decomposition

mass loss (%) 3.40 (212)
0.035 7.05 (212)

< 0.001 3.00 (212)
0.085 1.86 (212)

0.025 0.25 (212)
0.781
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Correlation between leaf and litter traits

We found that leaf and litter values were strongly pos-
itively correlated with each other for four of the eight
traits that were assessed on both leaves and litter (i.e. for
CT concentrations, C and N content, and the C:N ratio)
(Fig. 4a-d). For the other four traits, correlations be-
tween leaf and litter values were weaker or totally absent
(Fig. 4e-h).

Effects of nitrogen, genotype and tannin group on litter
decomposition

Variation in mass loss could be explained by sig-
nificant interactive and main effects of GT and N
treatment, as well as by a marginally significant
main effect of Tgr (Table 1, Fig. 5). The

interactive effect of GT and N occurred, because
under ambient N conditions mass loss did not
differ between GTs, whereas under the low N
treatment litter from GT 65 decomposed slowest
and from GTs 23, 50, 60, 5, 26 and 51 fastest,
and under the high N level litter from GT 115
decomposed slowest, and litter from GTs 23, 26
and 60 decomposed fastest (Fig. 5). Mean mass
loss and standard error values for each N treatment
level, and each GT are reported in Table S1 and
S2, respectively. Mass loss decreased in response
to N addition, when data were averaged across all
ten GTs (Table S1). The marginally significant
main effect of Tgr occurred because low-tannin
plants decomposed slightly faster than high-tannin
plants (low Tgr: 55.98 ± 0.55 %, high Tgr:
55.39 ± 0.45 %).

Fig. 1 Reaction norm plots
showing leaf and litter traits for
which the ANOVAs (Table 1)
indicated significant interative
effects of GT(Tgr) and N.
Displayed are mean condensed
tannin concentrations in leaves (a)
and litter (b), nitrogen content in
litter (c), and the C:N ratio of litter
(d). Hollow symbols represent
plants with an intrinsically low,
and filled symbols plants with an
intrinsically high tannin
production

Fig. 2 Leaf and litter traits for which the ANOVAs (Table 1)
indicated significant interactive effects of tannin group (Tgr) and
N treatment. Displayed are mean (±SE) condensed tannin concen-
trations in leaves (a) and litter (b). White bars represent plants with

an intrinsically low, and hatched bars plants with an intrinsically
high tannin production. Post hoc letters derived from Gabriel’s
tests are displayed above the bars. Different letters indicate signif-
icant differences in means
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Correlation between traits and mass loss

When data were averaged for each GTacross all three N
treatment levels (Table S3), SLA was positively corre-
lated withmass loss (Fig. 6 a), whereas the lignin:N ratio
negatively affected mass loss (Figs. 6 b).

When traits were correlated with mass loss within
each N addition level, SLA and three of the ten litter
traits (catechin concentrations, cellulose content, and the
lignin:N ratio) were correlated with mass loss within at
least one N treatment level (Table S4). For SLA, posi-
tive correlations were present at the low and the high N
treatment (Fig. 7a). Catechin concentrations were

positively correlated with mass loss under ambient N
conditions (Fig. 7b). Cellulose content was negatively
correlated with mass loss under ambient N conditions
(Fig. 7c), and the lignin:N ratio was negatively correlat-
ed with mass loss both under ambient and high N
conditions (Fig. 7d).

Discussion

We sought to understand how N, genotype, and consti-
tutive tannin levels interacted to affect leaf traits of
P. tremula L. Contrary to our hypothesis, we rarely

Fig. 3 Leaf and litter traits for
which the ANOVAs (Table 1)
indicated significant main effects
of tannin group (Tgr). Displayed
are mean (±SE) condensed tannin
concentrations in leaves (a) and
litter (e), nitrogen content in
leaves (b) and litter (f), C:N ratios
of leaves (c) and litter (g), SLA of
leaves (d), and the chain length of
tannin molecules in litter (h).
White bars represent plants with
an intrinsically low, and hatched
bars plants with an intrinsically
high tannin production
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observed interactive effects of N and GT, and of N and
Tgr on leaf traits. The only leaf trait for which we found
these interactions, were foliar CTs. For leaf CTs, these
interactions occurred because high-tannin GTs tended to
be more responsive to N addition than low-tannin GTs.
In contrast to the few interactive effects, our data
showed strong main effects of N and GT, as well as
Tgr effects on leaf traits. Nitrogen addition by itself

caused an increase in both leaf N and C content, and a
decrease in the C:N ratio, consistent with other studies
(Hemming and Lindroth 1999; Glynn et al. 2003;
Madritch et al. 2007a; Bandau et al. 2015). Similar to
a study that exposed the same GTs to the same N levels
for one season (Bandau et al. 2015), we found that leaf
lignin was unresponsive to N. We further observed that
foliar CT, C and N content, the C:N ratio, and SLA

Fig. 4 Relationship between leaf
and litter values for chemical
traits, including: a condensed
tannin concentrations, b carbon
content, c nitrogen content, d C:N
ratio, e lignin content, f cellulose
content, g lignin:cellulose ratio,
and h lignin:N ratio. Within each
panel Spearman’s correlation
coefficient (rs), the P-value (P)
and the samples size (n) are given.
For significant correlations
(P < 0.05), rs- and P-values are
marked in bold
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varied substantially among GTs, which is in agreement
with other studies on Populus (Lindroth and Hwang
1996; Madritch et al. 2007a; Madritch et al. 2014;
Randriamanana et al. 2014; Bandau et al. 2015). Con-
stitutive tannin level (i.e. Tgr) also affected a number of
leaf traits besides tannin concentrations. Consistent with
previous research (Harding et al. 2009), low-tannin
plants showed higher leaf growth, and thus a larger
SLA, a higher leaf N content, and lower foliar C:N ratios
than high-tannin plants.

Contrary to our previous study (Bandau et al. 2015),
and predictions of some plant defense hypotheses
(reviewed in Stamp 2003), we found that foliar CTs in
this current study responded positively to N addition.
There are several potential explanations for the different
impact of N on tannins that we found in our current
experiment. One reason could be that fertilized plants
experienced more damage by antagonists (e.g. by leaf-
chewing insects, and by Venturia shoot blight; personal

observation), which in turn could have induced tannin
production. Antagonists may have been more attracted
to fertilized plants because of their higher leaf N content
and relatively low initial tannin concentrations (Bandau
et al. 2015). Osier and Lindroth (2006), for example,
found that gypsy moth (Lymantria dispar L.) larvae
grew faster and larger on fertilized aspens than on non-
fertilized ones. Several studies have also shown that
damage can induce condensed tannin production
(Stevens and Lindroth 2005; Barbehenn and Constabel
2011 and references therein). Hence, the initial attraction
of antagonists to the better conditions provided by fer-
tilized plants, and subsequent defense induction, could
explain the elevated tannin concentrations in fertilized
plants in our current study. The growth differentiation
balance hypothesis (GDBH) (Herms and Mattson 1992)
may provide an additional explanation for the increase
in tannins that we observed with N addition, because it
predicts a parabolic relationship between secondary me-
tabolite production and resource availability. For low
nutrient supply, the GDBH proposes that carbohydrates
are to a greater extent allocated to the synthesis of
secondary metabolites relative to growth. Thus, the
positive relationship between N addition and tannins
could have occurred because all plants within our field
study grew under resource limitated conditions, and
hence were confined to a soil nutrient gradient that
covered only the ascending phase of the parabolic curve.

In addition to the differences in leaf traits that oc-
curred in response to N, and among GTs and Tgrs, we
also found that leaf and litter values were positively
correlated for a number of traits, which agrees with
previous studies (King et al. 2001; Schweitzer et al.
2004). The correlations between leaf and litter values,
and the results of the ANOVAs demonstrate that many
of the factors that affected some leaf chemistry traits also
had significant effects on many of the same litter chem-
istry traits (i.e. main effects of N, GT, and Tgr). These
results suggest that the genetic and environmental
factors that influcened litter traits may also have an
effect on decomposition, which would agree with the
suggestion of Schweitzer et al. (2004) that genetically
based variation in plant traits may not only be important
for a plant population itself, but may result in important
extended phenotypes that could alter ecosystem
functioning.

The extended phenotype concept (Schweitzer et al.
2004) was more explicitly addressed in our second
question. We predicted that N addition would increase

Fig. 5 Reaction norm plot showing mass loss for litter of ten
aspen genotypes, that were grown under three N treatments, after
an incubation at 22 °C for 353 days. Hollow symbols represent
plants with an intrinsically low, and filled symbols plants with an
intrinsically high tannin production. Post hoc letters derived from
Gabriel’s test that tested the N treatment effect are displayed.
Different letters indicate significant differences in means

Fig. 6 Relationships between SLA (a), lignin:N ratio (b) and
mass loss averaged for each genotype across all N treatments.
Spearman’s correlation coefficient (rs), and the P-value (P) are
given. For significant correlations (P < 0.05), rs- and P-values
are marked in bold
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decomposition rates through an improvement of litter
quality, but with variation among GTs and between

Tgrs. In partial agreement with our prediction, we found
that mass loss was influenced by main effects of N and

Fig. 7 Relationships between SLA, litter traits and mass loss
averaged for each genotype within each N treatment. Traits
displayed are: SLA (a), catechin concentration (b), cellulose

content (c), and lignin:N ratio (d). Spearman’s correlation coeffi-
cient (rs), and theP-value (P) are given. For significant correlations
(P < 0.05), rs- and P-values are marked in bold
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GT, and a marginally significant main effect of Tgr. The
Tgr effect was caused by low-tannin plants decomposing
slightly faster than high-tannin plants. This agrees with
the hypothesized negative effect of tannins on decompo-
sition (Kraus et al. 2003), and with observations of sev-
eral other studies, which showed that tannins decreased
decomposition rates (Driebe and Whitham 2000;
Madritch et al. 2006; LeRoy et al. 2007; Liu et al.
2009). The main effect of N was due to reduced mass
loss in response to the high N treatment. This observation
is inconsistent with our prediction and contrasts many
other studies that described increases in decomposition
rates of Populus litter with added N (e.g. Madritch et al.
2006; Janssens et al. 2010; Nikula et al. 2010). However,
our finding is supported by at least one other Populus
study (LeRoy et al. 2012). The unexpected reduction in
SLA in response to the high N level could provide an
explanation for why N addition caused a reduction in
mass loss in our study. SLA is well known to be posi-
tively correlated with mass loss (Cornwell et al. 2008;
Garnier and Navas 2012), and contrary to our study
usually increases in response to N addition (Knops and
Reinhart 2000). The reduction in SLA in response to
added N in our study could have been a result of leaf
mass increasing more rapidly in response to N than leaf
area. This could have occurred because low resource
availability at our site may have limited plant growth
(i.e. the increase in leaf area), but promoted secondary
metabolite production (i.e. the increase in leaf mass), as
predicted by the GDBH (Herms and Mattson 1992).

The significant effect of GT on decomposition shown
in our study agrees with studies focused on other decid-
uous broad leaved trees, including Populus tremuloides
Michx. (Madritch et al. 2006; LeRoy et al. 2012),
Populus angustifolia James (LeRoy et al. 2007), Betula
pendulaRoth (Silfver et al. 2007; Silfver et al. 2015), and
Quercus laevis Walter (Madritch and Hunter 2002,
2005). Our correlation analysis between average litter
traits for each GT (i.e. averaged across all three N levels)
and mass loss (Table S3, Fig. 6) provides some further
insight into understanding why litter decomposition var-
ied among the GTs. Two specific traits, i.e. SLA and the
lignin:N ratio, were correlated with mass loss, and thus
likely explain the GT effect we observed. SLA and mass
loss were positively correlated, which agrees with other
studies focused on intra-specific variation (e.g. Sundqvist
et al. 2011; Jackson et al. 2013), whereas the lignin:N
ratio was negatively correlated with mass loss, consistent
with substantial literature indicating the importance of

lignin as a control of decomposition rates (e.g. Zhang
et al. 2008; Talbot et al. 2012 and references therein).

Regarding interactive effects, we found no evidence
that constitutive tannin levels altered the effect of N on
decomposition. We did, however, find significant inter-
active effects of N addition and GT, indicating that litter
decomposition of some GTs were significantly more
responsive to N addition than others. This finding is
consistent with some previous studies on P. tremuloides
Michx. (Madritch et al. 2006; LeRoy et al. 2012), but to
the best of our knowledge our study represents the first
that looked at these interactions in P. tremula L. using N
addition levels relevant for understanding eutrophication
in the boreal region. Our correlation analyses between
average litter traits and mass loss for each GTwithin the
individual N treatment levels (Table S4, Fig. 7) provided
further insights into these interactions. Specifically, we
found that many of the traits that varied substantially
among the GTs correlated with mass loss under some N
addition levels more than others, suggesting a shift in the
importance of specific traits in controlling decomposition
across the different N levels. For instance, we found no
correlation between SLA and mass loss under ambient N
conditions, but positive correlations within both the low
and high N treatment (Fig. 7a). The increased importance
of SLA could suggest that leaf structural properties versus
chemical properties become relatively more important in
controlling decomposition in N enriched environments.
Consistent with this, several chemical traits appeared to
be relatively more important in controlling decomposi-
tion under ambient N conditions (e.g. catechin and cellu-
lose concentrations). The negative relationship between
cellulose and mass loss under ambient conditions was
somewhat surprising given that cellulose is considered a
relatively labile substrate (Madritch et al. 2007b; Chomel
et al. 2015). However, cellulose does not contain any N
and its mineralization can be limited when microbes lack
sufficient N to balance their stoichiometry (Stark et al.
2014), thus potentially explaining this result. Our find-
ings highlight that many traits vary substantially among
GTs, and these traits can have varying influences on
decomposition, depending on how much N a plant is
able to acquire from its environment.

Conclusions

Using P. tremula GTs obtained from a broad geograph-
ical range of Sweden, our data provide important
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insights regarding the influence of N enrichment and
plant genetic variability on litter decomposition in bore-
al forests. First, our work shows that as a plant acquires
more N, its litter will not necessarily decompose faster,
as suggested by several previous studies. Instead our
study suggests that N enrichment can also sometimes
decelerate litter decomposition, which may occur as a
result of correspondingmorphological (i.e. SLA) chang-
es to litter. Secondly, our data show that decomposition
rates can strongly vary across genetically different indi-
viduals, due to heritable differences in their SLA and
lignin:N ratios, and to a lesser extent in their soluble
foliar tannin concentrations. Thirdly, our work shows
that genetic variability within a tree species can strongly
modify how a key environmental change factor (i.e. N
enrichment) modifies plant litter decomposition. Specif-
ically, our data suggest that N enrichment causes a shift
in which traits most strongly influence decomposition,
and because different individuals exhibit heritable dif-
ferences in these traits, litter decomposition is much
more responsive to N enrichment for some GTs than
others. These findings highlight that the considerable
genetic diversity present in tree species can have a
strong influence on ecosystem processes such as decom-
position, and thus influence how these processes re-
spond to environmental change.
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