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Abstract This study used three hybrid poplar (Populus ×
spp.) clones (13 years old) with different parentages planted
in three abandoned farmland sites along a regional gradient of
elevation and soil fertility in southern Québec (Canada). We
evaluated the effects of plantation site and clone on nutrient
concentrations in green foliage and leaf litter, on leaf litter
mass remaining, on soil properties and on biomass yield.
Green foliage and leaf litter nutrient concentrations, and litter
decomposition, are under strong genetic and environmental
control in hybrid poplars. Clone-specific correlation patterns
between green foliage and leaf litter nutrient concentrations
were observed, as well as between soil nutrient availability
and foliage or leaf litter nutrient concentrations. Despite the
wide variations in soil nutrient availability and elevation be-
tween sites, only the clone effect was significant on biomass
yield. An increase in N and P resorption proficiency with

declining soil NO3 and P availability, observed in all clones,
could explain stable yields of each clone across sites. The
most productive clones (DN × M-915508 and M × B-
915311) were more proficient at resorbing N, P and K, while
the least productive clone (D × N-131) had the highest N, P
and K concentrations in green foliage and in litter. The ability
of clone M × B-915311 to maintain high litter Ca and Mg
concentrations on sites with soil characterised by lower pH,
lower base saturation and lower nutrient availability (NO3, P,
Ca and Mg) may also be linked to its high and stable produc-
tivity. Differences in litter quality between clones did not yield
significant differences in soil properties or in litter mass re-
maining after 2 years. However, short-term decay trajectories
varied between clones. As litter mass remaining was strongly
correlated to elevation, the plantation site significantly affect-
ed leaf litter mass remaining, which ranged from 4.5 to 35.5%
between sites after 2 years.

Keywords Nutrient resorption proficiency . Litter
decomposition (decay) . Litter mass remaining . Calcium and
magnesium . Site fertility and elevation . Leaf nutrient
concentrations

Introduction

Fast-growing hybrid poplar (Populus × spp.) plantations
are a major source of biomass, wood and pulp production
in the temperate and boreal zones of the world [1]. Future
expansion of the areas planted with poplars is expected
because afforested poplar plantations can also rapidly pro-
vide many other ecosystem services (phytoremediation,
habitat creation, soil stabilisation, hydrological control,
disturbance regulation) when they are strategically inte-
grated to agroecosystems [2–4]. In many regions, hybrid
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poplars are increasingly planted on abandoned farmland
to reduce land use competition with food production sys-
tems [5, 6]. However, abandoned fields are often
characterised by uneven site fertility at the regional scale
[5, 7]. Clones having conservative nutrient use strategies
or having leaf litter that can induce positive feedbacks on
soil fertility could be used to achieve interesting yields on
the more marginal sites. Such a strategy would be more
sustainable than the use of fertilisers, which have impor-
tant economic and environmental costs [8, 9].

Recent studies have documented important site × clone in-
teractions for biomass production across environmental gradi-
ents, with some clones being better adapted to lower fertility
and colder sites. For example, in the northern temperate zones
of Canada and Europe, clones from the hybrid between
Populus deltoides and Populus nigra (D × N hybrid) had been
characterised as specialists since they were only productive in
warm and fertile bottomland sites [5, 10]. Conversely, clones
having a Populus maximowiczii parentage had been found to
be generalists because of their good productivity across a rel-
atively wide range of soil fertility and climatic conditions [5,
10]. Despite these observations, no clear link between poten-
tial clone-specific nutrient cycling strategies and pattern of
productivity across environmental gradients has been made.

In general, tree species using soil nutrients more efficiently
have a competitive advantage in nutrient-limited environ-
ments [11]. Resorption of nitrogen (N), phosphorus (P) and
potassium (K) from leaf tissues during senescence is among
the key nutrient conservation strategies of plants [11]. Two
indicators of nutrient resorption potential are distinguished:
(1) nutrient resorption efficiency (i.e. the relative reduction
in nutrient content or concentration between green and
senesced leaves [12]) and (2) nutrient resorption proficiency
(i.e. levels to which nutrients have been reduced in senescing
leaves, independently of green foliage nutrient status [12]).
Nutrient resorption efficiency and proficiency have both been
shown to have phenotypic and genotypic sources of variation
[12–14]. For example, mountain birch (Betula pubescens), an
early-successional species, is more proficient at resorbing N
on sites of lower fertility [13], while conifers generally show
higher N, P and K resorption proficiency than deciduous spe-
cies [12, 13].

Nutrient concentrations in green foliage can also be a good
indicator of the capacity of a plant species to be productive
under low nutrient availability. High concentrations of N, P, K,
calcium (Ca) and magnesium (Mg) in green foliage often co-
incide with the capacity for rapid growth in productive site
conditions and an inability to sustain yield under nutrient-
limiting conditions [15]. In terrestrial plants, positive relation-
ships between green foliage and leaf litter N, P and K concen-
trations have equally been observed [14]. Thus, plant species
reaching higher green leaf nutrient status would not only be
less productive on lower quality sites, but they would also be

less proficient at resorbing N, P and K, than species with lower
foliar nutrient concentrations.

In the genus Populus, foliage nutrient concentrations and
nutrient resorption proficiency (or leaf litter nutrient concen-
trations) have been shown to vary greatly between clones of
the same hybrid, between hybrid types and between species
[16–21]. Hybrid poplars resulting from the cross between
P. deltoides and P. nigra, two species from the Aigeiros sec-
tion, were shown to have especially high N, P, K and Ca
concentrations in green foliage and/or in leaf litter, compared
to other hybrid types. Thus, P. deltoides × P. nigra hybrids
tend to have lower nutrient resorption proficiency compared to
clones having a parental species from the balsam poplar
(Tacamahaca) section [17–19]. These trends are compatible
with the general idea that species from richer/warmer habitats
generally reach higher nutritional status in their foliage and
litter [11], as both P. deltoides and P. nigra are typical species
of warm temperate floodplain ecosystems, while several bal-
sam poplars (e.g. Populus balsamifera, P. maximowiczii,
Populus trichocarpa) are more widely distributed along tem-
perate, boreal and Taïga riparian ecotones [22]. Further, vari-
ations in green foliage and leaf litter nutrient concentrations
for a given clone are expected between poplar plantations
growing on sites of contrasted fertility and acidity, given the
high sensitivity of these leaf traits to fertilisation, liming and
general site quality [23–25]. In a study of four sites with iden-
tical 6-year-old hybrid poplar plantations, the highest N, P, K,
Ca and Mg concentrations in green foliage were observed on
the site where the availability of each of these macronutrients
was the highest in the soil [26]. Given that foliage and litter
nutrient concentrations are generally positively correlated
[14], it is reasonable to assume that different poplar clones
would achieve lower nutrient resorption proficiency on higher
fertility sites. However, greenhouse studies with poplars and
aspen have shown inconsistent trends in nutrient resorption
proficiency patterns in relation to experimental nutrient addi-
tion [17, 27]. Also, what is not known is to what extent the
nutrient resorption capacity of different hybrid poplar clones is
plastic along environmental gradients, and also to what extent
the resorption capacity of different clones is linked to overall
biomass productivity on marginal agricultural lands. Clone-
specific level of plasticity in N resorption was observed in
response to fertilisation in P. tremuloides [27] and is expected
between hybrid poplar clones of different parentages.

A large part of the nutritional demands of fast-growing
plantations can also be met by the uptake of nutrients that
are released back during leaf litter decomposition and
mineralisation [28]. At the site level, poplar leaf litter decay
has been shown to be influenced by genotypic and environ-
mental factors, because both of these factors influence litter
chemistry [20, 21, 29, 30]. However, although N fertilisation
increased litter N, P and Ca concentrations of P. tremuloides,
this treatment had no significant effect on the rate of litter
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decomposition after 4 years [25]. At the site level, patterns of
litter mass remaining also tended to converge with time for
several boreal and temperate tree species producing litter of
contrasted quality [31]. Thus, although litter quality (initial N
concentration) has been shown to significantly affect early
decomposition rate in short rotation poplar coppices [20], rates
of leaf litter decay ofP. tremuloides and of several other boreal
and temperate tree species have been shown to be more
strongly driven by mean annual temperature (MAT) [32–34].
Microcosm studies have also documented the positive effect
of temperature on decay rate in P. tremuloides litter [35]. No
study has yet determined if climate is a more important driver
of litter decomposition than the quality of the litter produced
by different poplar clones or species in mature plantations
under temperate climate. Because elevation is the main factor
explaining temperature variations between upland sites of the
study area (southern Québec) [36], a dominant influence of
site elevation on litter decay should be expected in plantations
located along a regional elevation gradient [31, 33].

Over the years, leaf litter produced by trees can also create
significant feedbacks on forest floor decomposition, on soil C
storage and nutrient availability and, ultimately, on primary
productivity [31, 37, 38]. In many ecosystems, nitrogen (N)
and phosphorus (P) concentrations of leaf litter can positively
affect litter decomposition, N release to the soil and thus pri-
mary productivity [37, 39]. Leaf litter Ca is also a major driver
of modification of soil properties through its indirect effect on
the abundance and diversity of decomposer organisms, but
also through its direct effect on pedogenesis [40]. In general,
tree species having high litter Ca positively affect the abun-
dance and diversity of earthworm species, soil acidity, soil
fertility and forest floor turnover rate [40].

Field or greenhouse studies, mostly undertaken at the sin-
gle site level, have documented the effect of changing envi-
ronmental conditions and/or poplar species (or clone) on car-
bon (C) and nutrient cycling [16, 17, 19, 20, 25, 27]. In this
study, we evaluated the effects of both an environmental gra-
dient (elevation and soil fertility) and genetic source (poplar
clones) on C and nutrient cycling (nutrient concentration in
green foliage and in leaf litter, and leaf litter decomposition)
and on soil properties (C, nutrient availability and pH). A
second objective was to evaluate the potential relationships
between green leaf nutrient status, nutrient resorption profi-
ciency (nutrient concentration in leaf litter) and soil nutrient
availability for the different poplar clones. A final objective
was to evaluate if aboveground biomass productivity could be
linked to potentially different nutrient cycling strategies. To
address these objectives, we measured green foliage nutrient
concentrations, leaf litter nutrient concentrations and leaf litter
decomposition (decay) of three hybrid poplar clones with dif-
ferent parental species in three 13-year-old plantations located
along a regional gradient of elevation and soil fertility in the
southern Québec (southeastern Canada) region, which

belongs to the northern temperate zone. These foliar and litter
traits were measured along with soil characteristics and above-
ground woody biomass yield. The three hybrid poplar clones
studied (D × N-131, M × B-915311, DN × M-915508) were
selected because they represent different genetic assemblages
of four parental species that have distinct natural distributions
and ecological characteristics,1 and that are currently used for
commercial purposes.

In this study, we tested the following hypotheses: (1) be-
cause poplar foliage and litter nutrient concentrations are gen-
erally affected by soil nutrient variations, green foliage and
leaf litter nutrient concentrations of the three clones will reach
maximum values at sites where soil nutrient availability is
highest; (2) clone D × N-131 will reach the highest nutritional
status in green foliage and in leaf litter, and will have the
lowest resorption proficiency for growth-limiting nutrients
(N and P) and the lowest biomass production; and (3) the high
quality litter produced by clone D × N-131 will decompose
the most rapidly at the site level, while higher litter mass
remaining will be observed for all clones on higher elevation
sites given that site elevation is a regional proxy for mean
annual temperature.

Materials and Methods

Study Sites and Experimental Design

Three hybrid poplar plantation sites, located in the Eastern
Townships region of southern Québec (eastern Canada), were
used in this study (Brompton, La Patrie andMelbourne). These
sites were chosen because they cover a large elevation gradient
in the study area, from 170 up to 440 m above sea level, with
higher MAT and lower mean annual precipitation (MAP)
characterising lower elevation sites regionally (Table 1) [36].
Based on MAT data and site elevation of the nearest meteoro-
logical station [41], elevation was found to be a good proxy of
MAT (r = 0.99, p = 0.08, n = 3). The three study sites were also
selected from a larger pool of even-aged hybrid poplar planta-
tions sites because they have contrasted soil characteristics [5]
(Table 1). The three study sites are also located within a radius
of 40 km, with all plantation sites being nearly flat, with slopes
under 5%. The geology of the study area is complex, but the
bedrock is almost completely covered with glacio-fluvial and
glacial till deposits [42]. A continental sub-humid moderate
climate characterises the study region [42].

1 Clone D × N-131 is a hybrid between P. deltoides (D) and P. nigra (N), two
species associated with riparian ecosystems of warm temperate zones [22].
Clone M × B-915311 is a hybrid between P. maximowiczii (M) and
P. balsamifera (B), two species associated with riparian ecosystems of north-
ern temperate, boreal and taiga ecozones, with P. balsamifera having the ca-
pacity to thrive at the northern limit of trees [22]. Clone DN ×M-915508 is the
result of a cross between a D × N hybrid and P. maximowiczii.
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When the study was initiated (2012), all plantations were in
their 13th growing season. Pre-plantation site preparation in-
cluded ploughing and disking each site in fall 1999. In the
spring of 2000, bare-root planting stock with 2-m-long stems
were planted manually with shovels at 30 to 40 cm depth at a
spacing of 3 m × 4 m. Planting stock (1–0) was provided by
the Berthierville nursery of the Ministère des Ressources
naturelles – Forêt (MRNF) of Québec. Competing vegetation
was eliminated with glyphosate herbicide application over the
entire plantation area in June 2000 and between plantation
rows only, in June 2001.

The initial experimental design contained eight plantation
sites, with three blocks per site, and nine poplar clones.
However, for the purposes of this study, only three clones
(with contrasted parentages) and three sites were used. These
three unrelated hybrid poplar clones are (1) D × N-131, a
P. deltoides × P. nigra hybrid (also named P. × canadensis);
(2) DN × M-915508, a P. × canadensis × P. maximowiczii
hybrid; and (3) M × B-915311, a P. maximowiczii × P.
balsamifera hybrid. These clones were developed in Québec
and had been selected for superior disease resistance/tolerance
and growth characteristics in MRNF genetic selection trials in
southern Québec [43]. A randomised block design was used at
each of the three sites, with three blocks (nested in sites) and
three plots per block (one plot per hybrid poplar clone), for a
total of 27 experimental plots (3 sites × 3 blocks × 3 clones,
n = 27). Plots are 12 m wide and 12 m long (144 m2). Each
plot initially contained 12 trees from a single clone (3 rows
with 4 trees per row). Trees are spaced 3 m apart on the row,
and the rows are 4 m apart (tree density of 833 stems/ha).

Mineral Soil Characteristics

In each plot, soil samples (20 cm depth) were obtained by
extracting and combining two soil cores (diameter = 5.2 cm,
length = 20 cm) from the soil surface. Soil samples were air

dried and sieved (2 mm). Soil C concentrations were deter-
mined by the combustion method at high temperature
(960 °C) followed by thermal conductivity detection.
These analyses were done by the CEF lab (Dr. R. Bradley
and Dr. W. Parsons) at the University of Sherbrooke. Soil
pH, clay, silt and sand content, percent organic matter and
base saturation were determined by the Agridirect Inc. soil
analysis lab in Longueuil (Québec). Methods used are those
recommended by the Conseil des productions végétales du
Québec [44]. Soil pH was assessed using a 1:1 ratio of
distilled water to soil. For particle size analyses, the
Bouyoucos [45] method was used, and plot level soil sam-
ples were combined at the block level prior to analysis.
Percent organic matter was determined by weight loss after
ignition at 550 °C for 4 h. Base saturation was calculated
following the recommendations of the Centre de référence
en agriculture et agroalimentaire du Québec [46], after Ca, K
and Mg extraction with the Mehlich III method [47] and
concentration determination using ICP emission spectrosco-
py [48].

Nutrient Supply Dynamics

Nutrient availability in the entire experimental design was
determined using Plant Root Simulator (PRS™ probes) tech-
nology from Western Ag Innovations Inc., Saskatoon (SK),
Canada. The PRS probes consist of ion exchange membranes
(adsorbing surface area of 17.5 cm2/probe) encapsulated in a
thin plastic probe, which is inserted into the 0–10-cm depth
range with little disturbance of soil structure. During the burial
period, the PRS probe membrane adsorbs nutrients that are
already available along with nutrients that are converted to
the available form. Each pair of probes consists of an anion
and a cation exchange membrane. Nutrient supply rates mea-
sured with PRS probes are generally strongly correlated with
soil nutrient concentrations and stocks measured using

Table 1 Site and soil characteristics of hybrid poplar plantations. Sites identified with different letters are significantly different (α = 0.05; Tukey’s
HSD test)

Sites Elevation
(m)

MATa

(°C)
MAPa

(mm/
year)

Soil
pH

Organic
matter
(%)

Total
C
(g/kg)

Total
N
(g/kg)

C:N Base
saturation
(%)

Clay
(%)

Silt
(%)

Sand
(%)

Brompton 170 5.6 1146 5.67 a 4.60 b 21.5 b 2.54 b 8.5 a 47.9 a 24 49 27

La Patrie 440 4.0 1370 5.16 c 4.82 b 24.5 b 2.51 b 9.8 b 30.2 b 16 47 37

Melbourne 330 4.7 1232 5.43 b 6.93 a 33.9 a 3.07 a 11.0 b 26.3 b 14 37 49

SE 0.05 0.24 1.7 0.12 0.2 2.4

p< 0.001 0.001 0.001 0.01 0.001 0.001

aMean annual temperature (MAT) andmean annual precipitation (MAP) for the 1981–2010 periodwere obtained from the nearest meteorological station
(within a 25-km radius from each study site). For the Brompton site, data from the Bromptonville station (130 m of elevation) were used. For the La
Patrie site, data from the Notre-Dame-des-Bois station (502 m of elevation) were used. For the Melbourne site, data from the Bonsecours station (297 m
of elevation) were used
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conventional extraction methods in agricultural studies and in
hybrid poplar plantations [49, 50]. In each plot, four pairs of
probes were buried in the A horizon for three consecutive
burial time periods of 42 days during the growing season:
(1) from May 16 to June 27, 2013; (2) from June 27 to
August 8, 2013; and (3) from August 8 to September 19,
2013. A total of 81 PRS probes samples were collected (3
sites × 3 blocks/site × 3 clones/block × 3 sampling periods).
After probes were removed from the soil, they were washed in
the field with distilled water and returned to Western Ag Labs
for analysis (NO3, NH4, P, K, Ca andMg). Composite samples
were made in each plot by combining the four pairs of probes.
Nutrient supply rates at each site are reported as micrograms
of nutrient per 10 cm2 per 42 days.

Aboveground Woody Biomass Yield

At the end of the 13th growing season, diameter at breast
height (DBH, at 1.3 m) of each living tree in the experi-
mental design was measured using a caliper (mean of two
diameter measurements taken perpendicularly). DBH
measurements were taken from late October to early
November 2012. For each living tree, aboveground
woody biomass was calculated by inserting the DBH val-
ue in the selected clone-specific allometric relationships
developed by Truax et al. [51]. These relationships had
been developed for 13-year-old poplars in a larger exper-
imental design that included the studied sites. For clone
D × N-131, no clone-specific equation was available, so
the equation developed for a different clone of the same
parentage (clone D × N-3570) was used. Then, total plot
aboveground biomass was calculated by summing the bio-
mass of individual living trees in the plot. Total biomass
yield data per plot were then scaled up to 1 ha and divided
by poplar age (13 years) in order to produce mean annual
yield data.

Green Foliage Sampling

At the end of July 2012, green foliage samples were collected
in each plot. At this time during summer, nutrient concentra-
tions are at their maximum in the foliage of hybrid poplars
[18]. Each sample was collected by cutting down two
branches (using a long ladder and a telescopic pruning pole),
one from the upper canopy section and one from the lower
canopy section, of two healthy representative poplars (average
size) per plot. All completely formed leaves of average size
were removed from the branch samples and combined to pro-
duce a single composite sample per plot. Leaf samples were
air dried prior to grinding, and ground samples were taken
back to the lab to determine C and nutrient concentrations of
oven-dried (65 °C) subsamples.

Leaf Litter Sampling and Decomposition Study

At the end of the 13th growing season (in late October 2012),
newly shed leaf litter was collected on the plantation forest
floor in each plot [52, 53]. Care was taken to choose average
sized leaves that had only recently fallen. All leaf litter sam-
ples were air dried to constant mass and subsamples were
analysed to determine C and nutrient concentrations (on an
oven-dry mass basis at 65 °C), as well as water content.

Decomposition of hybrid poplar leaf litter was evaluated
using the mesh bag method [54]. Litterbags (20 cm × 12.5 cm)
were prepared with polyethylene screen of 1 mmmesh size in
order to minimise loss of litter fragments [55]. On each litter
bag, eight larger round openings (d = 5 mm) were made, with
a punch, on both faces of the litterbags to facilitate access of
micro- and macro-arthropods, soil molluscs (snails and slugs)
and juvenile Lumbricus species [53, 56, 57]. Litterbags were
filled with a precisely weighed quantity of air-dried litter (ap-
proximately 3 g, or 8 to 15 leaves, depending on the poplar
clone). An air-dried to oven-dried (65 °C) conversion factor
was calculated and then used to obtain the oven-dry mass of
the initial leaf litter material placed in litterbags.

On November 7, 2012, a series of eight litterbags was
placed in each plot (within a 1-m2 area), for a total of 216
litterbags. Litterbags were then partly covered with leaf litter
found in the plot. During the first incubation year, litterbags
were collected monthly (approximately), starting May 16,
2013, and ending October 22, 2013, for a total of six litterbags
per plot collected in 2013. In each plot, two remaining litter-
bags were left for data collection over a second year. These
were collected on May 27, 2014, and on November 7, 2014
(after 2 years). Once collected, litterbags were air dried for a
week and then opened. Soil particles, vegetation debris (roots,
moss and herbaceous vegetation), macroinvertebrates and spi-
der nests were removed with tweezers [58]. Leaf litter samples
were then gently washed with tap water to remove adhering
soil particles [58]. Litter samples were then oven dried (65 °C)
until constant mass was achieved to determine the remaining
mass. Leaf litter decay data are expressed in percent of initial
mass remaining (on an oven-dried mass basis).

Nutrient Dynamics in Leaf Litter and Green Foliage

Because leaves experience mass loss and surface area shrink-
age during senescence, we did not calculate resorption effi-
ciency based on nutrient concentrations measured in green
foliage and leaf litter, because such a calculation would have
led to an underestimation of actual resorption efficiency [59].
Instead, we calculated an index of nutrient resorption efficien-
cy, expressed as the nutrient concentration in leaf litter as a
percentage of that found in green foliage [60]. Additionally,
the concept of nutrient resorption proficiency (i.e. levels to
which nutrients have been reduced in senescing leaves before
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abscission, independently of green foliage nutrient status [12])
was used to interpret leaf litter nutrient concentration data, as it
is argued to be a more definitive measure of the degree to
which natural selection has acted to minimise nutrient loss
[12]. Finally, the N:P ratio in green foliage and in leaf litter
was calculated, as changes between the N:P ratio in green
foliage vs. the N:P ratio in leaf litter provides an unbiased
indicator of the differential resorption efficiency between N
and P [61].

Chemical Analysis of Plant Tissues

Green foliage and leaf litter subsamples were ground in a mill
(Pulverisette 15, Fritsch) to a particle size of <0.5 mm to
insure adequate sample homogeneity. Nutrient concentrations
(P, K, Ca and Mg) were determined by the calcination method
[48] at the Agridirect Laboratory, Longeuil (QC, Canada).
Total C and N concentrations of samples were determined
by high-temperature combustion (960 °C), followed by
thermo-conductometric detection, on a Vario Macro analyser
(Elementar Analysensysteme, Hanau, Germany) .
Measurements were standardised against glutamic acid, to-
gether with checks on N recovery using NIST (National
Institute of Standards and Technology, Gaithersburg, MD)
reference materials (Citrus 1572, Apple 1515). Carbon and
N analyses were conducted by the Centre d’étude de la forêt
laboratory at the University of Sherbrooke (QC, Canada).

Statistical Analyses

All data were analysed using a two-way ANOVA in a fixed
factorial design [62]. ANOVA tested main effects (site and
clone) and the interaction effect (site × clone). When an effect
was declared statistically significant (p < 0.05, p < 0.01 and
p < 0.001), the Tukey’s HSD test was used to declare signif-
icant differences between means (α = 0.05) [63]. All of the
ANOVAs were run with the complete data set. Being propor-
tions, leaf litter remaining mass data were logit-transformed
prior to ANOVA [64], and two-way ANOVAs were run indi-
vidually for each point in time corresponding to litterbag re-
trieval. However, proportional data are presented in

percentage values in the tables and figures. Nutrient concen-
tration change in leaf litter vs. green foliage data were not
transformed prior to ANOVA because values above 100%
were frequently observed. Nutrient supply rates measured in
the experimental design over three consecutive 42-day periods
were averaged to produce a single observation in each plot. A
MANOVA was used to test site, clone and leaf status (green
foliage vs. leaf litter) main effects and interaction effects on
the N:P ratio. The Pearson product-moment correlation coef-
ficient (r) was used to evaluate potential associations between
pairs of ecologically meaningful variables. All statistical anal-
yses were done using JMP 11 from SAS Institute (Cary, NC).

Results

Soil Characteristics and Soil Nutrient Supply Rates

No clone effect and no site × clone interaction were observed
on soil variables. Site effects were significant for all soil var-
iables studied (Tables 1 and 2). Compared to the other sites,
the soil of the Brompton site (located at the lowest elevation,
170 m) had a significantly higher soil pH and a significantly
lower C:N ratio, and significantly higher base saturation and
NO3 supply rate (Tables 1 and 2). The soil at the Melbourne
site was characterised by the highest organic matter, C and N
concentration. The soil of the La Patrie site (located at the
highest elevation, 440 m) was characterised by the lowest soil
pH and soil NO3 supply rate and the highest soil NH4 supply
rate (Tables 1 and 2). The P supply rates at the Brompton and
Melbourne sites were statistically different, with the highest
value observed at Brompton. The same trend was observed for
the Ca supply rate. For several soil properties (C:N ratio, base
saturation, NO3, P, Ca and K supply rates), the La Patrie and
Melbourne sites were not statistically different.

Aboveground Biomass Yield

Only a significant clone effect (p < 0.01) was observed on
aboveground biomass yield, with clone D × N-131 being

Table 2 Site effect for mean nutrient supply rates (μg/10 cm2/42 days) measured during the growing season over three consecutive 42-day periods in
poplar plantations. Sites identified with different letters are significantly different (α = 0.05; Tukey’s HSD test)

Sites NO3 NH4 NO3:NH4 (molar ratio) P Ca K Mg

Brompton 63.6 a 4.22 b 4.38 5.37 a 2347 a 18.9 b 302 a

La Patrie 5.1 b 6.82 a 0.22 3.59 ab 2150 ab 25.7 ab 192 b

Melbourne 9.4 b 5.06 b 0.54 1.23 b 1863 b 41.3 a 256 a

SE 9.5 0.31 – 0.75 93 5.8 12.8

p< 0.01 0.001 – 0.01 0.05 0.05 0.001
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significantly less productive than both P. maximowiczii hy-
brids (Fig. 1).

Green Foliage and Leaf Litter Nutrient Concentration

A few significant site × clone interactions were observed
(Table 3). Litter Ca of clone D × N-131 varied little across
the three sites (2.42–2.53%), compared to clone DN × M-
915508 (2.03–2.53%) and clone M × B-915311 (3.38–
3.91%), which had the highest litter Ca concentration at each
site. The highest litter Ca value was observed at Brompton for
clone D × N-131 (2.53%) and for clone DN × M-915508
(2.53%), but at Melbourne for clone M × B-915311
(3.91%). A slightly different pattern was observed for litter
Mg, with the highest value being observed at Brompton for
clone D × N-131 (0.507%) and for clone DN × M-915508
(0.520%), but at La Patrie for clone M × B-915311 (0.493%).
Additionally, much higher variation in the Ca litter:foliage
concentration ratio was found for clone M × B-915311 across
the study sites (98–170%), compared to clone DN × M-
915508 (105–121%) and clone D × N-131 (83–95%). A sim-
ilar pattern also occurred for litter Mg and the Mg litter:foliage
concentration ratio, as indicated by a significant site × clone
interaction (Table 3). A significant site × clone interaction was
equally observed for the N litter:green foliage concentration
ratio in leaf litter (p < 0.05), with clone DN × M-915508
having the lowest variation across the study sites (32–36%),
compared to cloneM × B-915311 (34–61%) and clone D ×N-
131 (44–56%), with maximal values for each clone all ob-
served at Brompton. Finally, a significant site × clone interac-
tion was observed for the green foliage C concentration
(p < 0.05) (Table S1). A significant site × clone × leaf status
interaction was also observed for the N:P ratio (p < 0.01).
While differences in the N:P ratio of green foliage vs. N:P
ratio in leaf litter were small for all clones at the richest site
(Brompton), the leaf litter N:P ratio was approximately double
that of the green foliage N:P ratio for clone DN × M-915508
on the least fertile sites (Melbourne and La Patrie), a trend not

observed for the other clones. For clone M × B-915311, litter
N:P ratio was lower than green foliage N:P ratio, but only at
the Melbourne site.

For most green foliage and leaf litter nutrient concentra-
tions measured in this study, significant clone effects were also
observed (Table 3). Data at the clone level (three site mean)
suggest that clone D × N-131 had the highest green foliage
nutrient concentrations for N, P, K, Ca and Mg. However, leaf
litter nutrient concentration of clone D × N-131 was the
highest only for N, P and K. For leaf litter N and P concen-
trations, clone ranking was as follows: DN × M-
915508 < M × B-915311 < D × N-131. However, while N
and P concentrations in green foliage of clone D ×N-131 were
the highest among the three clones, these values were similar
for clone DN × M-915508 and clone M × B-915311. Clone
effects were also observed for nutrient concentration change
in leaf litter vs. green foliage. Clone DN × M-915508 had the
lowest litter:green foliage concentration ratios for N (34%), P
(20%), K (24%) and Mg (92%), while clone D × N-131 had
the highest values for N (49%), P (55%) and K (44%).

Several site effects were also observed for green foliage
and leaf litter nutrient concentrations. Green foliage P, Ca
and Mg, as well as leaf litter N, P and Mg were highest at
Brompton (Table 3), while green foliage and leaf litter C were
the lowest at this site (Table S1). Concerning the N and P
litter:green foliage nutrient concentration ratio, significantly
higher values were also found at Brompton, while green fo-
liage N:P ratio was significantly higher at Melbourne.

Correlations Between Leaf Litter and Green Foliage
Nutrient Concentration

Several significant positive correlations between green foliage
and leaf litter nutrient concentration were found for clones
D × N-131 and DN × M-915508, but not for clone M × B-
915311 (Table 4). While green foliage and leaf litter Ca or Mg
were positively correlated for clone D × N-131 and DN × M-
915508, these traits were negatively correlated for clone
M × B-915311. Litter N was positively correlated to litter P,
but negatively correlated to litter Ca and Mg for clone M × B-
915311. For this clone, litter P was also negatively correlated
to litter Ca, which contrasts with the positive association ob-
served between these two traits for clone DN ×M-915508. No
significant correlation was observed between litter nutrient
concentrations for clone D × N-131.

Correlations Between Soil Nutrient Supply Rate
and Green Foliage or Leaf Litter Nutrient Concentrations

Correlation patterns between soil nutrient supply and green
foliage or leaf litter nutrient concentrations were clone-
specific (Table 4). The most striking results were observed
for clone M × B-915311, with soil NO3 being positively

Fig. 1 Clone effect (p < 0.01) on aboveground woody biomass yield.
Vertical bars represent SE and clones identified with different letters are
significantly different (α = 0.05; Tukey’s HSD test)
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correlated to green leaf Ca and Mg concentrations, but nega-
tively correlated to leaf litter Ca and Mg concentrations
(Table 4). A negative correlation between soil P and leaf litter
Ca concentration was also observed for clone M × B-915311.
For all clones, soil NO3 and soil K were not significantly
correlated to green foliage N and K, respectively. However,
soil NO3 was strongly and positively correlated to litter N for
clones M × B-915311 and DN × M-915508, while soil K was
positively correlated to litter K for clones D × N-131 and
M × B-915311. Soil P was positively correlated to green leaf
P concentration (only for clones D × N-131 and DN × M-
915508) and to leaf litter P concentration (only for clones
D × N-131 and M × B-915311). Significant positive

correlations were equally observed between soilMg and green
foliage or leaf litter Mg, but only for clones D × N-131 and
DN × M-915508.

Leaf Litter Decay

For most of the duration of the study, the site and clone effects
were significant on the mass remaining of hybrid poplar leaf
litter (Table S2). There were only two exceptions, as no site
effect was observed onMay 16, 2013, after 190 days of in situ
incubation, while the clone effect was no longer significant at
the end of the experiment, after 732 days (2 years) of incuba-
tion (Table S2). After the first sampling point (190 days), the

Table 4 Pearson correlation
coefficients (r), for each clone,
between green foliage and leaf
litter nutrient concentrations,
among leaf litter nutrient
concentrations and between soil
nutrient supply rates and green
foliage or leaf litter nutrient
concentrations (***p < 0.001,
**p < 0.01, *p < 0.05 and
†p < 0.1)

Variables Clones

D × N-131 M × B-915311 DN × M-915508

Green foliage vs. leaf litter nutrient concentration

Foliage C vs. litter C 0.81** ns 0.69*

Foliage N vs. litter N ns ns ns

Foliage P vs. litter P 0.80* ns 0.85**

Foliage K vs. litter K 0.76* ns ns

Foliage Ca vs. litter Ca 0.68* −0.64† 0.88**

Foliage Mg vs. litter Mg 0.69* −0.67* 0.91***

Leaf litter vs. leaf litter nutrient concentration

Litter N vs. litter P ns 0.85** ns

Litter N vs. litter Ca ns −0.64† 0.63†

Litter N vs. litter Mg ns −0.59† ns

Litter P vs. litter Ca ns −0.75* 0.87**

Litter P vs. litter Mg ns ns ns

Soil nutrient supply vs. green foliage nutrient concentration

Soil NO3 vs. foliage N ns ns ns

Soil P vs. foliage P 0.73* ns 0.72*

Soil K vs. foliage K ns ns ns

Soil Ca vs. foliage Ca ns 0.65† ns

Soil Mg vs. foliage Mg 0.71* ns 0.69*

Soil NO3 vs. foliage Ca ns 0.92*** ns

Soil NO3 vs. foliage Mg 0.60† 0.87** 0.58†

Soil P vs. foliage Ca ns ns ns

Soil P vs. foliage Mg ns ns ns

Soil nutrient supply vs. leaf litter nutrient concentration

Soil NO3 vs. litter N ns 0.86** 0.87**

Soil P vs. litter P 0.84** 0.82** ns

Soil K vs. litter K 0.68* 0.62† ns

Soil Ca vs. litter Ca ns ns 0.74*

Soil Mg vs. litter Mg 0.61† ns 0.72*

Soil NO3 vs. litter Ca ns −0.59† 0.74*

Soil NO3 vs. litter Mg ns −0.78* 0.71*

Soil P vs. litter Ca ns −0.69* ns

Soil P vs. litter Mg ns ns ns
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Brompton site always had significantly lower leaf litter mass
remaining than the two other sites located at higher elevation.
Leaf litter mass remaining was generally the highest for clone
DN ×M-915508, while clones D × N-131 and M × B-915311
had similar patterns of leaf litter mass loss across time
(Table S2, Fig. 2). Patterns of mass loss at the site level show
that after almost a year (349 days), litter mass remaining
ranged from 19.6 to 60.6% across sites, while it ranged from
4.5 to 35.5% after 2 years (732 days). At the Brompton site,
the decrease in leaf litter mass was especially rapid from
May 16, 2013, to October 22, 2013, with 56–62% of initial
litter mass being lost for each clone during this time period
(Fig. 2a). At the Brompton site, litter mass remaining after
2 years (732 days) was almost the same for the three clones

(3.0% for D × N-131, 4.5% for M × B-915311 and 5.8% for
DN ×M-915508), which contrasts with the results observed at
the two other sites (Fig. 2).

For each of the three clones, site elevation was found to be
a strong predictor of leaf litter mass remaining (R2 = 0.71–0.82
after 349 days and R2 = 0.58–0.72 after 732 days) (Fig. 3).
There was one exception where a litter quality indicator was
more strongly correlated to mass loss than site elevation, with
litter Ca of clone DN × M-915508 being more strongly corre-
lated to litter mass loss after 349 days (R2 = 0.77, p < 0.01)
than to elevation (R2 = 0.73, p < 0.01). However, there was a
strong covariation between litter Ca of clone DN ×M-915508
and site elevation (r = −0.87, p < 0.01).

Discussion

As we hypothesised, results show significant green foliage
and leaf litter nutrient concentration variation across sites for
all clones (Table 3). This indicates that most of these traits are
under strong environmental control in hybrid poplar clones of
different parentages. Variation in foliage and leaf litter nutrient
concentrations along site fertility gradients often reflect
changes in nutritional or physiological status [65, 66], poten-
tial nutrient limitations [67], but also trends in nutrient cycling
strategies [11, 39]. Our results showed that resorption profi-
ciency (i.e. levels to which nutrients have been reduced in
senesced leaves or leaf litter) for growth-limiting nutrients
(N and P [67]) increased for all clones when site fertility de-
clined (Tables 1, 2, 3, and 4). Such plasticity in nutrient re-
sorption proficiency suggests that hybrid poplars of different
parentages tend to minimise their N and P losses in litter fall
on the least fertile sites in order to overcome nutrient limita-
tions, thus allowing stable biomass yields across marginal
upland sites (Fig. 1). These stable biomass yields achieved
by all clones across sites were unexpected, given that soil
NO3 and P availability and site elevation were all strong pre-
dictors of yields across longer regional elevation/site fertility
gradients [5, 68].

Moreover, we observed a significant clone effect on bio-
mass yield (p < 0.01) (Fig. 1), many clone effects, and
site × clone interaction effects, on green foliage and leaf litter
nutrient concentrations (Table 3), on litter decay (Table S2),
but also clone-specific correlation patterns between green fo-
liage and leaf litter nutrient concentrations, and between soil
nutrient availability and foliage or leaf litter nutrient concen-
trations (Table 4). All of these results suggest that the studied
clones had specific C and nutrient cycling strategies and that
these clone-specific strategies were not equally effective for
sustaining fast growth along a gradient of old field sites.

In agreement with our second hypothesis, clone D × N-131
reached the highest nutritional status in green foliage and in
leaf litter for most nutrients (Table 3) and, more importantly,

Fig. 2 Percent of leaf litter mass remaining of the three hybrid poplar
clones at a the Brompton site, b the Melbourne site and c the La Patrie
site, over a 732-day period of in situ incubation (fromNovember 7, 2012,
to November 9, 2014). Each data point is the mean of three replicates
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the lowest resorption proficiency for growth-limiting nutrients
(N and P). Clone D × N-131 was also the least proficient clone
at resorbing K (Table 3), a key nutrient for the regulation of
cambial growth and wood formation in poplars [69].

As expected, D ×N-131 was also the least productive clone
after 13 growing seasons (Fig. 1). Being less proficient than
the other clones for N, P and K resorption (Table 3), clone
D × N-131 probably has a much greater dependency on the
litter decomposition pathway to fulfill its nutrient require-
ments. Yet, such a nutrient cycling strategy may rapidly be-
come disadvantageous, even on relatively fertile sites
(Brompton), as both understory plants and microorganisms
may be limited by nutrient availability, thus competing with
trees for nutrients being mineralised during litter decomposi-
tion [11, 70]. The greater nutritional dependency of the D × N
hybrid on the litter mineralisation pathway (or its lower ability
for nutrient retention) appears to be a plausible explanation to
the lack of productivity of this hybrid type outside of warm
and rich bottomland sites in the northern temperate zone [51].
Growth and green foliage concentration results for clone
D × N-131 also agree with the analysis of Grime et al. [15],
which shows that high concentrations of macronutrients in
green foliage of plants often coincide with an inability to sus-
tain high yield under nutrient-limiting conditions. Thus, clone
D × N-131 exhibits foliage and litter traits that are typical of
species from warm and fertile habitats (high nutrient
concentration in green foliage and litter, and rapid litter
decay in the short-term) [11], which is consistent with the
natural distribution of its parental species (P. deltoides and
P. nigra), both associated to riparian corridors of large river
systems located in bottomland habitats of the warm temperate
zone.

Additionally, the high litter N and P concentrations and the
relatively rapid litter mass loss in the short-term observed for
clone D × N-131 (Fig. 2, Tables 3 and S2) are all traits that

could have contributed to plantation soil fertility improvement
over the years, as these traits tend to stimulate forest floor
decomposition and the release of mineral N in the soil [11,
37, 39]. Similarly, the high litter Ca concentration observed
for clone M × B-915311 at all sites (Table 3) could also have
led to increases in soil pH, in soil Ca and in soil base saturation
[40]. However, no clone effect was observed on soil nutrient
availability and on mineral soil properties after 13 years of
poplar cultivation. The small plot size (12 × 12 m per clone)
in this experiment inevitably led to litter mixing between plots
(clones) at leaf fall, a factor that could have weakened clone-
specific litter feedback on soil. Also, litter quality differences
between clones were potentially not contrasted enough to trig-
ger feedback on soil properties.

In this study, clone M × B-915311 had by far the highest
litter Ca concentration at all sites (Table 3), which may have
contributed to stimulating litter decomposition of this clone in
the short-term. Thus, although clone M × B-915311 had sig-
nificantly lower litter N and P concentrations than clone
D × N-131 (Table 3), a similar pattern of mass remaining
across time was observed for these two clones (Fig. 2,
Table S2). High Ca concentrations in leaf litter often have an
attractive effect on keystone decomposers with high Ca re-
quirements, such as earthworms (Lumbricus terrestris) and
soil molluscs [40, 71, 72], which were frequently observed
at all three study sites (J. Fortier, field observations). Thus,
the hypothesis that the high quality litter produced by clone
D × N-131 would decompose the fastest is supported by our
data, but it was unexpected that the litter of clones M × B-
915311 and D × N-131 would have a similar pattern of mass
loss through time (Fig. 2).

We had also hypothesised that higher litter mass remaining
would be observed for all clones on higher elevation sites, a
hypothesis that was validated in this study (Fig. 2, Table S2).
Thus, for all clones, leaf litter mass remaining after 1 and

Fig. 3 Covariation between percent mass remaining of hybrid poplar leaf litter and plantation site elevation after a 349 days and b 732 days of in situ
incubation. The solid lines represent clone-specific linear least square regressions
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2 years was strongly and significantly correlated to site eleva-
tion (Fig. 3). This is not surprising given that elevation and
MATare strongly correlated regionally [36] and thatMATwas
the main factor explaining inter-site variations in litter decay
of several tree species across Canada [33]. While the clone
effect on litter mass remaining was significant over most of the
duration of the study (Table S2), a trend likely related to litter
quality differences between clones (Table 3), this clone effect
was no longer significant after 2 years because mass remain-
ing values of all clones converged at the lowest elevation site
(Brompton) (Fig. 2, Table S2). These findings corroborate
observations from Prescott et al. [25] showing that litter qual-
ity differences between fertilised and unfertilised
P. tremuloides did not significantly affect litter mass loss pat-
tern over 4 years. Long-term litter mass loss experiments in
Canada also suggest that after a few years, litter mass remain-
ing of all species tends to converge despite large interspecific
variation in short-term decay rate and in initial litter quality
[31, 33].

Another important, and unexpected, trend observed was
the unique capacity of clone M × B-915311 to maintain
much higher concentrations of divalent cations (Ca and
Mg) in its litter than in its green foliage on sites with the
lowest soil NO3, P and pH (Melbourne and La Patrie)
(Tables 1, 2, and 3). At these sites, litter Ca of clone
M × B-915311 was 154 to 170% higher than its green fo-
liage Ca, while litter Mg was 139 to 155% higher than its
green foliage Mg (Table 3). However, on the richer site
(Brompton), Ca and Mg concentrations were similar or low-
er in leaf litter when compared to their respective concentra-
tions in green foliage (Table 3). For clone M × B-915311,
we also observed strong negative correlations between soil
NO3 availability and litter Ca (r = −0.59, p < 0.1), between
soil NO3 and litter Mg (r = −0.78, p < 0.05), but also
between soil P and litter Ca (r = −0.69, p < 0.05)
(Table 4). These results support the idea that as soil N and
P become limiting resources, which is often the case in the
northern temperate zone [67, 73], clone M × B-915311 re-
sorbs little Ca and Mg during senescence in order to increase
its divalent base cation inputs to the soil system through
litter fall. The negative correlations observed between litter
P and litter Ca, and also between litter N and litter Ca or Mg
(Table 4), further suggest that the more proficient clone
M × B-915311 is at resorbing N and P, which occurs on
lower fertility sites (Tables 1, 2, and 3), the higher are the
concentrations of divalent cations in its litter. This may re-
flect a biocycling strategy that aims at preventing further soil
acidification, as acidification is an important precursor of
many other pedogenic processes negatively affecting soil
fertility and hybrid poplar growth (e.g. inhibition of bacterial
nitrification, P availability reduction and increased availabil-
ity of toxicants such as Al) [24, 74]. Higher Ca concentra-
tions in leaf litter vs. green foliage have also been reported

in other early successional species that often colonise
nutrient-limited habitats (Pinus sylvestris, Pinus concorta,
P. tremuloides and Betula pendula) [60].

We also observed a strong positive correlation between
litter N and litter P (r = 0.85, p < 0.01), but only for clone
M × B-915311 (Fig. 2a). Hence, positive association be-
tween N and P resorption proficiency is clone-dependent
in the genus Populus and cannot be generalised as sug-
gested by Killingbeck [12]. Additionally, for clone
M × B-915311, litter N:P ratio was lower than green fo-
liage N:P ratio only at the Melbourne site, where soil P
availability was the lowest (Tables 2 and 3). This suggests
that on sites with greater P availability (Brompton and La
Patrie), clone M × B-915311 was more efficient at resorb-
ing N than P, while the opposite was observed on the site
with low soil P availability (Table 3). Such a trend was
not observed in the other clones, as they were either more
efficient at resorbing N (clone D × N-131) or P (clone
DN × M-915508) at all sites (Table 3). Thus, the relative-
ly high biomass yields achieved by clone M × B-915311
across the studied environmental gradient (Fig. 1) were
potentially related to its capacity to maintain high litter
Ca and Mg concentrations, to increase N and P resorption
proficiency with declining site fertility, and to modulate
the relative proportion of N and P that are resorbed in
response to soil nutrient availability.

Results also show that clone DN ×M-915508 was the most
proficient at resorbing N, P and K at all plantation sites
(Table 3). This clone was also potentially the most efficient
at resorbing these nutrients, based on the interpretation of
relative nutrient concentration changes between leaf litter
and green foliage (Table 3). In addition, clone DN × M-
915508 was the only one to have a greater N:P ratio in leaf
litter than in its green foliage at all sites, indicating higher
resorption efficiency for P than for N (Table 3). Yet, contrasted
shifts in green foliage vs. leaf litter N:P ratio were also ob-
served across sites for this clone (from 9.7 to 12.2 at
Brompton, from 10.9 to 21.4 at La Patrie and from 15.4 to
32.4 at Melbourne) (Table 3). These results suggest that P
resorption in clone DN × M-915508 becomes proportionally
more important than N resorption on lower soil fertility sites
(Melbourne and La Patrie), a possible indication of soil P
limitations for the growth of clone DN × M-915508 at these
sites. In short, being highly proficient and efficient at resorb-
ing key nutrients (N, P and K), clone DN × M-915508 has a
great capacity to minimise nutrient losses in litter fall, espe-
cially in the case of P on lower fertility sites. This greatly
reduces its dependency on the decomposition pathway to ful-
fill its nutritional requirements. Therefore, in a context where
soil P deficiencies are common regionally on upland sites
[75], the particularly high ability of clone DN × M-915508
for P resorption could explain its high biomass yields across a
variety of old field sites in southern Québec.
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Conclusion

This study has shown that green foliage and leaf litter traits are
under strong genetic and environmental control for hybrid
poplars of different parentages. Despite soil fertility and ele-
vation varying between plantation sites, the productivity of
each of the poplar clones showed little sensitivity to these
changes in environmental conditions. Clone-specific plasticity
observed for several foliage and leaf litter traits likely reflects
how poplar clones make use of different nutrient cycling strat-
egies to maintain biomass production along a gradient of up-
land abandoned farmland sites. The two most productive
clones (DN × M-915508 and M × B-915311) were more pro-
ficient at resorbing key nutrients (N, P and K) at all sites,
suggesting that high nutrient resorption proficiency is likely
to be an indicator of the ability of some clones to be productive
across a wide range of environmental conditions. Also, the
unique capacity of clone M × B-915311 to maintain high leaf
litter Ca and Mg concentrations on lower fertility sites (prob-
ably to reduce soil acidification and to stimulate organic mat-
ter decomposition) is another trait that could allow this clone
to be productive on more marginal sites. Finally, despite large
differences in initial litter quality between studied clones, pat-
terns of litter mass loss tended to converge with time, and no
single litter quality indicator was useful in predicting litter
mass remaining in the short-term. At the regional scale, site
elevation was found to be a good indicator of litter mass re-
maining in mature hybrid poplar plantations of the northern
temperate zone.
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