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Abstract Non-native invasive species are often
more productive aboveground than co-occurring
natives. Because aboveground productivity is closely
tied to plant nitrogen (N) uptake and use, high invader
leaf productivity should be associated with root
growth and plant N use strategies. However, little is
known about the above- and belowground carbon
(C) and N use strategies of native and invasive plants.
We measured shoot and root attributes and soil
properties associated with 10 native and 14 non-native
invasive forest shrubs and lianas of the Eastern U.S. in
a common garden in Syracuse, New York (USA),
including leaf growth and chemistry (C, N), root
growth, specific root length (SRL), root tissue density,
and associated soil C and N concentration, each
determined at 2-month intervals (July-November).
Non-native species had greater leaf and root produc-
tion, leaf N concentration, and SRL, but lower leaf N
resorption rates and root N concentration than natives.
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Soil N concentration associated with non-natives was
significantly lower than that of native species. Our
results suggest that greater aboveground productivity
of invasive forest species is linked to greater produc-
tion of fine roots that may increase the capacity of
invaders to take up soil resources. In addition, our
findings suggest that invaders beget more rapid plant-
soil N feedbacks by promoting N cycling compared to
the strategy of slow growing native species that
emphasizes recycled plant N. Such differences in N
use strategy between native and non-native species
would significantly impact forest soil nutrient cycling.
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Introduction

Invasive plant species, or naturalized species that
establish widely outside their native range, are often
found to grow faster aboveground than co-occurring
natives across a wide variety of ecosystems (Liao et al.
2008; van Kleunen et al. 2010; Vila et al. 2011),
including temperate forests (Herron et al. 2007;
Fridley 2012). Explanations for this successful inva-
sion strategy have been sought in terms of above-
ground traits associated with leaf economics (e.g.,
higher photosynthetic rate, specific leaf area [SLA],
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leaf nitrogen [N] concentration; as evaluated by
Baruch and Goldstein 1999; Funk and Vitousek
2007; Leishman et al. 2007, 2010; Osunkoya et al.
2010; Ordonez and OIff 2013). Few if any studies,
however, have examined the belowground traits
presumably required to support a high rate of above-
ground physiological activity. In particular, it remains
unclear whether faster rates of aboveground produc-
tivity by invaders are associated with qualitatively
different strategies of root production, allocation, and
nutrient uptake compared to native species in the
invaded habitat.

Because plant productivity is often limited by
available N in terrestrial ecosystems, the way in which
invasive plants harvest and use N is likely to be an
important component of their success and an impor-
tant component of their impacts on nutrient cycling
(Laungani and Knops 2009). However, linkages
between how carbon (C) and N are acquired and used
by invaders are poorly understood because rooting
behaviors of invasive plants have been rarely inves-
tigated. In a comparison of over 70 native and invasive
shrubs and lianas in Eastern U.S. forests, Fridley
(2012) found that non-native species had substantially
(4-wk) delayed autumnal leaf senescence, which
would seemingly limit the capacity of invaders to
recycle N from senescing leaves given the time
typically required for nutrient resorption in deciduous
species (Weih 2009). Additional analyses by Heber-
ling and Fridley (2013) of the leaf characteristics of a
subset of these species corroborated that invaders had
both more productive and longer-lived leaves with
greater photosynthetic capacity and leaf N concentra-
tion, such that, on average, more C was produced per
unit N over the lifetime of the leaf. If invaders are
investing more C and nutrients in leaves, what are the
implications for whole plant function, and particularly
belowground resource allocation?

Root foraging behavior and nutrient uptake capac-
ity in general have received scant attention in native-
invader comparisons but could be a primary mecha-
nism of invader advantage in N-limited ecosystems
(Laungani and Knops 2009). In theory, C gains by
more productive invaders could be invested below-
ground in the form of greater allocation to fine roots,
higher specific root length (SRL), greater nutrient
uptake kinetics, or morphological changes to roots that
favor nutrient exchanges with soil microbes (Chapin
1980; Hodge 2004; Craine 2011). In temperate
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deciduous forests, for example, the C subsidy that
invaders get from exhibiting a longer growing season
(Fridley 2012) could be invested into greater soil
nutrient foraging and uptake. However, there has as
yet been no systematic comparison of the rooting
behavior of native and invasive plants in temperate
forests.

Here we report a comparative analysis of above-
and belowground traits and resource foraging behav-
iors of 10 native and 14 non-native, invasive shrub and
lianas of Eastern U.S. deciduous forests, focusing on a
subset of those reported in Fridley’s (2012) study of
leaf phenology and Heberling and Fridley’s (2013)
study of leaf-level metabolism. Our objective was to
test the hypothesis that the higher aboveground
productivity of invaders is supported by greater
investment in root structures associated with high
rates of N uptake (fine root production and SRL).
Secondarily, we aimed to integrate leaf-level traits
(photosynthetic capacity, N concentration, SLA, and
N resorption rate) and seasonal root growth and
morphology to address whether native and invasive
species in this ecosystem have different coupled C-N
use strategies that could drive large changes in forest
nutrient dynamics as a result of increasing invader
dominance.

Materials and methods
Study design and species

Our study was conducted in 2011 at an experimental
garden in Syracuse, New York, USA (43°03'N,
76°09'W), on plants established in 2006-2007 (Frid-
ley 2012). Plants were covered by shade cloth (80 %
light reduction) from May 20 to October 24 annually
to simulate forest understory conditions. From the
garden collection of over 70 species of native and non-
native species present in deciduous forests of the
Eastern U.S., we selected 10 native and 14 non-native
invasive shrub and liana species of 10 genera and nine
families, many of which are widespread and locally
abundant in the northeast US forests (Table 1). This
assortment of species provided an opportunity to
explore the effects of nativity on above- and below-
ground traits among ecologically important species
across a wide breadth of taxonomic groups. Each
species was represented by individuals present in three
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Table 1 Study species (for nativity derivations see Fridley 2008)

Family Species Nativity Species symbol
Berberidaceae Berberis thunbergii Non-native BETH
Celastraceae Celastrus orbiculatus Non-native CEOR
Celastrus scandens Native CESC
Elaeagnaceae Elaeagnus commutata® Native ELCO
Elaeagnus multiflora® Non-native ELMU
Elaeagnus umbellata® Non-native ELUM
Rhamnaceae Frangula alnus Non-native FRAL
Frangula caroliniana Native FRCA
Rhamnus cathartica Non-native RHCA
Rhamnus davurica Non-native RHDA
Caprifoliaceae Lonicera canadensis Native LOCA
Lonicera fragrantissima Non-native LOFR
Lonicera japonica Non-native LOJA
Lonicera maackii Non-native LOMA
Lonicera morrowii Non-native LOMO
Lonicera sempervirens Native LOSE
Lonicera tatarica Non-native LOTA
Lonicera villosa Native LOVIV
Adoxaceae Viburnum dilatatum Non-native VIDI
Viburnum lantana Non-native VILA
Viburnum prunifolium Native VIPR
Sambucus racemosa Native SARA
Hamamelidaceae Hamamelis virginiana Native HAVI
Lauraceae Lindera benzoin Native LIBE

# N-fixing species

replicate blocks (N = 3), except for Lonicera morr-
owii (N = 2).

Leaf and root sampling

Three to five healthy fully developed leaves were
collected at random from each plant every 2 months,
July to November, to determine leaf N and C
concentration. Ten leaves were sampled from Berberis
thunbergii due to their small size. Leaves were pooled
for each individual and sample date for analysis. To
determine leaf N resorption, abscised leaves were
collected after branches of each plant were gently
shaken. Leaves were sampled every other day from
October to November. Because of a marked increase
in the rate of leaf abscission after the first frost date
(October 27), leaves that abscised before and after this
date were analyzed separately.

Root production was determined using point-in-
space ingrowth cores, which allow for sequential root
sampling from the same locations, to predict root
production during the measurement period (Milchunas
et al. 2005). Ingrowth cores (4 cm diameter x 10 cm
height) were constructed with plastic netting
(1 x 1 cm mesh). Two ingrowth cores were installed
on opposite sides and 15 cm from the main stem of
each plant in May 2011. After installation, cores were
filled with root-free soil collected from within the
garden. To prevent root intrusion from neighboring
plants, a 45 cm wide x 15 cm deep aluminum shield
was installed 20 cm on the outside, relative to the
target individual, of each ingrowth core to a 12 cm
depth. Soil cores were sampled every 2 months, July
to November, using a stainless core sampler (4 cm
diameter). There was no significant soil disturbance
around any of the ingrowth cores during the
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experiment. After sampling, ingrowth cores were
refilled with root-free soil collected during the previ-
ous sample date. Soil cores were kept frozen until
processed.

Leaf traits

The total leaf area of each individual was measured in
July, September, and November 2011. We selected
five branches randomly and counted the number of
leaves attached to each branch. Leaf area was mea-
sured using a portable leaf area meter (LI-3000C, LI-
COR Biosciences, Lincoln, Nebraska, USA) on three
leaves evenly distributed between the tip and base of
each branch. Total branch length was measured for
each individual plant. Total leaf area for each of the
five branches was calculated by multiplying average
leaf area of the three selected leaves and the total leaf
number of each branch. Leaf area per unit branch
length for each branch was calculated by dividing total
leaf area by branch length. Total leaf area for each
individual (m? plant™") was calculated by multiplying
total branch length and average leaf area per unit
branch length. For small plants, leaf area was
measured for six leaves randomly selected from the
plant and total leaf number was determined for the
entire plant.

Leaves sampled for C and N concentration were
dried at 60 °C for >2 days and ground with a hand mill
to a fine powder. Total C and N concentration were
determined using an elemental CN analyzer (NC 2100,
Thermo Quest CE Instruments, Milan, Italy). Leaf N
resorption rate was determined by the following
equation (Vergutz et al. 2012):

Nmax - Nabscised x MLCF
Nmax

Leaf N resorption rate =

x 100

where N, = maximum leaf N concentration of
leaves collected in July and September, N,psciseda =
leaf N concentration of abscised leaves, and
MLCF = mass loss correction factor for each species
calculated from changes in leaf mass per unit area
between fresh leaves sampled in August and abscised
leaves collected at the end of the growing season in
2013. Leaf N resorption rates before and after the first
frost were determined separately. To obtain an
estimate of the maximum leaf N resorption potential
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of each species, we used the maximum resorption
value of calculations using abscised leaves before and
after the first frost date.

Root traits

We pooled roots present in paired ingrowth cores for
each individual and sample date. Roots were picked
with forceps from the soil collected from the cores and
washed gently with distilled water. Plants that had no
roots in their ingrowth cores for all three sampling
periods were excluded from the analyses. This only
changed the number of replicates per species and all the
species were included in the analyses. After removing
roots and organic debris, soils were sieved (2 mm),
dried, and stored at room temperature until used to refill
cores in the field. A subset of each soil sample was used
to determine C and N concentration. Live roots were
separated based on root morphology and color, scanned
with a transparency scanner (Umax Power Look II,
Umax Technologies, Inc., Taiwan) and analyzed for
length and volume using DELTA-T SCAN software
(Kirchhof and Pendar 1993). We measured traits on
roots <1 mm in diameter (representing 98.7 % of roots
collected from ingrowth cores) that were younger than
2 months and assumed to be involved in resource
foraging rather than storage. Separated roots were dried
at 60 °C for >2 days to measure biomass and total C
and N concentration was determined using same
method for leaf tissue analysis. Root growth (length
and biomass) for each ingrowth period, SRL (m g™ "),
and root tissue density (RTD; g cm ™) were calculated
based on root biomass and image analyses.

Statistical analyses

Plant and soil traits were compared across native and
non-native species using linear mixed effects (LME)
models. Nativity was treated as a fixed effect and block,
genus, and individual plants were treated as random
effects. Genus was included as a random effect to
account for correlated trait variation contributed by
shared phylogeny. Frangula and Rhamnus are sister
genera in the Rhamnaceae (Richardson et al. 2000) and
were treated as one group in LMEs. We tested for fixed
effects by comparing full models to a null model with
only the random effects based on maximum likelihood
with the ‘Ime4’ package for R (Bates 2010). Total leaf
area, root production (total root length), and SRL data
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were normalized with log transformation. Post-hoc tests
were conducted to evaluate pair-wise differences in
measured traits between sampling times (Table 2) using
the glht function in the R ‘multicomp’ package (Hothorn
et al. 2012). We performed a principal component
analysis (PCA) to determine multivariate trait patterns
of native and non-native species using all measured
variables plus SLA, leaf dry matter content (LDMC),
and maximum C assimilation rate (A,,,) measured on
the same individuals in a previous study (Fridley 2012).
Total N and C concentrations of plant tissue and soil in
July were used for the PCA analysis because majority of
plants showed a peak above- and belowground growth
during that period and excluding September and
November data did not change ordination patterns. A
bivariate relationship of SRL and leaf N resorption rate
was analyzed via standardized major axis (SMA)
regression. We tested for differences in elevation and
slope between fitting lines for each group and a shift
between groups along their common axis using the
‘smatr’ package for R (Warton and Warton 2007;
Warton et al. 2012). All statistical tests were performed
in R version 2.14.1 (R Development Core Team 2011).

Results
Leaf traits

Non-native species produced greater total leaf area
(m2) than natives and had higher leaf N concentration
and a lower leaf C:N ratio (Table 2). Leaf N decreased
and the C:N ratio increased from July to November for
both native and non-native species (Table 2). Natives
had significantly greater leaf N resorption rates
(P = 0.018, Fig. 1). Rates of resorption ranged more
widely among invasive species compared to native
species; invasive honeysuckles including L. fragran-
tissima, L. japonica, and L. morrowii had particularly
low leaf N resorption rates (<50 %), while Celastrus
spp., Viburnum spp., Frangula caroliniana, L. canad-
ensis, and the common native shrubs Hamamelis
virginiana and Lindera benzoin had high resorption
rates (>65 %) (Fig. 1).

Root traits and associated soil properties

We found significant differences between native and
non-native species in all root traits measured
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Fig. 1 Relationships between specific root length (SRL) and
leaf N resorption rate. The dark gray arrow indicates the shifted
distribution of non-natives and the light gray arrow indicates the
shifted distribution of native species along a common slope
(solid line). Point symbols indicate species identity as listed in
Table 1. Error bars are & SE. In box plots, white boxes
represent natives and gray boxes represent non-natives.
Asterisks on the box plots represent significance level of mean
differences between native and non-native species (*P < 0.05,
*#P < 0.01, and ***P < 0.001)

(Table 2). Non-native species had greater fine root
production, SRL, RTD, and root C:N ratio, and lower
root N concentration. Several traits varied seasonally,
such as root production; however, SRL, RTD, root N,
and root C:N ratio did not (Table 2). Soil N concen-
tration was significantly higher under native shrubs
and lianas and lower in July compared to September
and November. Soil N concentrations among roots of
non-native species were on average 11 % lower than
those associated with natives during the growing
season (July and September), but recovered to the
similar level as those of native species in November
(Table 2). Soil C:N ratio was highest in July and
decreased in September and November (Table 2).

Multivariate trait analysis

A principal components analysis that included all the
plant and soil characteristics showed significant sep-
aration between native and non-native species along
PC1 (P = 0.022) and 2 (P < 0.001) axes, but not axis
3 (P = 0.54) (Fig. 2). The PC1 axis, which accounted
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Fig. 2 Principal Components Analysis of leaf and root traits of
native and non-native shrubs and lianas from a common garden
experiment. a Species scores along two major principal
components (PC1 and PC2) and b vectors representing the
coefficients of the traits on the principal components. See
Table 2 and Table S1 (Online Resource) for descriptions of the
trait abbreviations (“LNrsp” denotes leaf N resorption rate).
The symbol beside each point indicates species identity (see
Table 1). Error bars are &+ SE. Box plots indicate a separation
of species scores for each principal component by nativity.
White boxes represent natives and gray boxes represent non-
natives. Asterisks on the box plots represent significance level of
mean differences between native and non-native species
(*P < 0.05, **P < 0.01, and ***P < 0.001)

for 25.2 % of trait variation, separated species
according to traits associated with tissue chemistry
and leaf morphology (leaf N and CN ratio, root N and
CN ratio, SLA, and LDMC; Fig. 2 and Table S1

[Online Resource]). The PC2 axis, which accounted
for 13.9 % of trait variation, discriminated species
based on their belowground N foraging ability (fine
root production and SRL), tissue chemistry (root N
and CN ratio, leaf C), and RTD (Fig. 2 and Table S1
[Online Resource]). The PC3 axis accounted for
11.0 % of trait variation and was most closely
associated with soil chemistry (soil C, N, and CN
ratio) (Table S1 [Online Resource]). On the PC1 and
PC2 plane, invaders were clustered toward a suite of
traits linked to higher above- and belowground growth
rates (leaf N, SLA, total leaf area, photosynthetic rate,
fine root production, and SRL) as opposed to natives,
which exhibited traits related to a more conservative
growth strategy (higher LDMC, leaf N resorption rate,
leaf C, and CN ratio) (Fig. 2).

Leaf N resorption and root foraging ability

SRL declined with increased leaf N resorption rate,
and SMA analysis revealed a significant shift
(P < 0.001) along a common slope for native and
non-native species (r2 = 0.21, P <0.001, Fig. 1),
although this shift was dominated by native and non-
native species of Lonicera. Invasive honeysuckles (L.
fragrantissima, L. japonica, and L. morrowii) had low
leaf N resorption rates, but high SRL, in contrast to
native shrubs (e.g., H. virginiana, L. benzoin, F.
caroliniana, and native Viburnum spp.) that had
relatively high resorption rates and low SRL
(Fig. 1). We did not find any other significant bivariate
correlations between above- and belowground traits.

Discussion

Across a wide variety of ecosystems, non-native
invasive species typically exhibit higher rates of
productivity than co-occurring natives (Liao et al.
2008; van Kleunen et al. 2010; Vila et al. 2011). This is
generally true for invaders in Eastern U.S. forests.
Results of our work on this group of deciduous forest
species (Fridley 2012; Heberling and Fridley 2013;
this study) show that, compared to both widespread
and closely related native species, invaders on average
have higher maximum photosynthetic capacity, higher
leaf N concentration, faster rates of leaf production
and shoot elongation, and a greater total amount of
root production. Greater whole-plant productivity of
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invaders begs the question as to how such rates of
production are maintained under the same resource
conditions as natives. One possibility is that where
plant growth is limited by soil N supply, invaders
exhibit greater photosynthetic N use efficiency at the
leaf level (Funk and Vitousek 2007; Leishman et al.
2010; Ordonez et al. 2010; Ordonez and OIff 2013).
This is true in our study system only as a consequence
of the greater leaf longevity of invaders (Heberling
and Fridley 2013), and comes with the apparent cost of
lower leaf N resorption. If invaders are investing more
photosynthate in leaves to promote longevity but are
losing more leaf N as a result of delayed senescence,
how are they able to maintain such high leaf N over the
growing season?

In this study we focus on the hypothesis that greater
invader productivity is part of an integrated strategy of
shoot and root foraging behavior, where greater light
harvesting ability is driven by differences in N uptake
and use throughout the growing season. Very few
studies have addressed differences in root traits and
foraging behavior between native and invasive species
or have attempted to integrate above- and below-
ground resource foraging strategies for invaders of
high productivity (Craine and Lee 2003). Our mea-
surements on 10 native and 14 non-native invasive
woody species common to Eastern U.S. forests
revealed greater rates of fine root proliferation, higher
SRL, and lower root N in invaders. The higher root N
concentrations of native species may be indicative of
more effective mycorrhizal symbioses. However, as
most of our study species, including non-natives, have
mycorrhizal roots (Brundrett et al. 1990; Wang et al.
2006; Akhmetzhanova et al. 2012), whether non-
native species associate with more effective N forag-
ing mycorrhizal symbionts remains to be tested.
Allocation to fine roots with high SRL is associated
with nutrient foraging ability (Eissenstat 1991; Reich
et al. 1998; Comas and Eissenstat 2004; Hodge 2004),
suggesting invaders are more effective foragers for
soil nutrients including N (Liao et al. 2008; van
Kleunen et al. 2010; Vila et al. 2011). To our
knowledge, these are the first results suggesting a
distinct belowground growth strategy for invaders
across a taxonomecally diverse sample of native and
non-native species.

The negative relationship between SRL and leaf N
resorption may indicate an overall tradeoff between the
production of fine, physiologically active roots for
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efficient root N foraging (Reich et al. 1998) and plant N
retention. Dispersion around the linear functionin Fig. 1
may in part be due to a relatively large phylogenetic
effect on SRL (high between-genus effect in Table S2
[Online Resource]), and much of the noted shift in the
SRL-N resorption tradeoff was due to our largest single
clade of Lonicera, suggesting this tradeoff is most
apparent among closely related species and weakens in
larger phylogenetic contrasts. However, overall, invad-
ers in our study exhibited significantly lower leaf N
resorption rates during leaf senescence than natives.
These results are consistent with recent meta-analyses of
leaf nutrient resorption rates showing that species of
lower leaf N have higher N resorption rates (Kobe et al.
2005; Vergutz et al. 2012).

Why should invaders exhibit higher rates of N
uptake, along with corresponding lower N resorption
rates, than native species in Eastern U.S. forests? We
suggest that the explanation may hinge on the time
required for nutrient resorption (Weih 2009), which
necessitates relatively early initiation of autumnal leaf
senescence and results in reduced C gain at the end of
the growing season. Fridley (2012) showed that, with
only a few exceptions, invaders in our study exhibited
later leaf senescence and greater autumnal C gain than
native species. With reduced time for senescence
before damaging frosts, invaders lose a greater amount
of leaf N than natives but in return get a C subsidy that
can be up to a fourth of annual C gain (Fridley 2012).
In turn, this added energetic resource could fuel
greater N foraging ability of invaders, allowing more
effective recapture of lost N before the next growing
season. We expect this strategy to be more associated
with species adapted to habitats of high N supply rates,
where re-uptake of lost N would be less costly (Chapin
1980; Craine 2011). If true, it remains a mystery why
invaders would adopt this strategy in contrast to the N
conservation strategy adopted by natives, although
enhanced supply rates of N across Eastern North
America in the twentieth Century from industrial and
agricultural pollution (Aber et al. 1989) or nitrifica-
tion-stimulating earthworm invasions (Nuzzo et al.
2009) may be contributing factors. Future studies of
native-invader performance across a N gradient would
help resolve this issue.

Replacement of more nutrient-conserving native
species with non-native species that have both more
nutrient-rich leaf litter and greater capacity for nutrient
uptake is likely to shift rates of nutrient cycling in
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invaded deciduous forests (Liao et al. 2008). In this
study, invaders reduced the soil N concentration 11 %
more than natives during the growing season. We note
that our study soils were not subject to the same rate
and type of leaf litter input found under canopy trees
and likely did not support the same microbial
communities as natural forest stands. Nevertheless,
we predict that rates of forest nutrient cycling have
increased and the competition for mineralized N has
strengthened significantly as a result of increasing
dominance of non-native shrubs and lianas, potentially
changing ecosystem C and nutrient fluxes and shifting
the composition of microbial communities (Kourtev
et al. 2002; Ashton et al. 2005; Liao et al. 2008; Lee
etal. 2012). Experiments designed to isolate long-term
plant-soil feedbacks in stands dominated by native and
invasive understory species would go a long way
toward improving our understanding of changes in
ecosystem functioning in temperate forests as a result
of species invasions.
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