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With ongoing global change, shifts in the ranges of non-native species and
resulting novel communities can modify biotic interactions and ecosystem
processes. We hypothesized that traits and not biogeographic origin of novel
plant communities will determine community structure of organisms that
depend on plants for habitat or as a food resource. We tested the functional
redundancy of novel tree communities by verifying if six pairs of congeneric
European and North American tree species bearing similar leaf litter traits
resulted in similar ecological filters influencing the assembly of springtail
(Collembola) communities at two sites. Litter biogeographic origin (native
versus non-native) did not influence springtail community structure, but litter
genus, which generally reflected trait differences, did. Our empirical evidence
suggests that a functional trait approach may be indeed as relevant as, and
complementary to, studying biogeographic origin to understand the ecological
consequences of non-native tree species in soils of novel forest ecosystems.

1. Introduction

With global change due to anthropogenic activities, historical distributions of
species are changing faster than ever through range shifts and new introductions
[1]. Deliberate introductions such as forest plantations, but also unintentional ones,
can reshape species combinations and ecosystem properties leading to novel eco-
systems [2]. The novel ecosystem concept suggests that management decisions
should be based on functions conferred by species in altered ecosystems, regard-
less of their biogeographic origin [3]. This concept has been hotly debated in
environmental conservation, partly because critics and proponents disagree on
strategies regarding non-native species management (e.g. [4,5]). There is however
convergence that biogeographic origin should not be the only criterion for man-
agement options of non-native species, because the relevance of their impact
depends on the stage along the introduction—naturalization—invasion—impact
continuum [6]. However surprisingly, few empirical studies so far have attempted
to dissociate origin effects from other criteria, despite the actual debate.

Studies focusing on non-native species generally contain multiple confounding
factors, making it challenging to isolate the sole influence of biogeographic origin
on ecosystems [7]. The differential performance of introduced species may, in fact,
depend on characteristics of the source and / or recipient environment and on traits
of the introduced and / or recipient community species [7]. One way to isolate these
factors would be to compare the influence of congeneric species with similar traits,
but with different biogeographic origin, in the same recipient environment [8].
Experimental approaches with congeneric pairs have been used in invasion
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Figure 1. Schematic representation of selected treatments in Auclair and Cloquet (AuCl) experimental design (adapted from Tobner et al. [8] with permission).

Shading pattern corresponds to functional traits and colour shows biogeographic origin.

ecology, but functional trait effects are rarely controlled, despite
being key to understanding non-native species invasiveness
(e.g. [9]). Functional traits have been assumed to be similar
within a genus (e.g. [10]), although trait variation within
genera and even within species can be extensive for plants
[11] and driven by the environmental context [12]. Studies
using a functional approach are also generally limited to a
single trophic level (i.e. plants), strongly limiting our under-
standing of emerging properties of novel ecosystems. Some
experimental approaches have gone beyond taxonomically con-
trolled experiments to study origin effects within a multi-trophic
context (e.g. leaf herbivore consumption on tree congeneric
species with similar functional traits [13]). However, empirical
evidence derived from such designs remain rare and little is
known about how non-native plant communities might influ-
ence other trophic levels from a bottom-up perspective,
particularly within soils of novel forest ecosystems.

Forest soils, including the leaf litter layer, provide habitat to
a diverse community of fauna that play an important role in
litter decomposition, soil structuration and biogeochemical
cycling [14-16]. Springtails (Collembola) are small and
particularly abundant invertebrates that respond quickly to
environmental change, including forest management, making
them ideal study organisms [14]. Leaf litter can influence
springtail community structure through abiotic filters (by
influencing their physical habitat [17]) and resource-driven
effects [14]. Such effects can be related to particular leaf litter
traits such as C/N ratio and leaf thickness [18,19]. To date,
studies on how springtail communities respond to non-native
tree litters have focused primarily on understanding whether
litter from Eucalyptus plantations were changing springtail
communities compared to native Quercus-dominated forests
[20] or grasslands [21]. Other studies have rather focused on
how novel tree species might influence litter decomposition
[22,23]. For example, physico-chemical litter traits of native
(Alnus sp. and Populus sp.) contrasted to non-native tree species
(Acacia sp. and Eucalyptus sp.) had a stronger effect on spring-
tail-mediated decomposition than biogeographic origin of
species [22]. However, litters of non-native and native tree
species were functionally different (e.g. polyphenol content)
making it impossible to isolate origin effects. Similarly,
Makkonen et al. [23] demonstrated in a global reciprocal trans-
plant experiment that litter decomposition by mesofauna was
quality- and not origin-driven across four different biomes

(subarctic, temperate, Mediterranean or tropical). Yet again,
it was difficult to dissociate origin from biome-specific traits.

The aim of our study was to isolate origin effects by provid-
ing a first test of whether tree biogeographic origin influenced
springtail community structure when comparing functionally
redundant congeneric tree species (i.e. bearing similar litter func-
tional traits) in a common recipient environment that was fully
replicated at two distinct sites. We hypothesized that litter
genus will influence springtail community structure more than
tree biogeographic origin, as traits of litters will more likely
influence key springtail distribution factors (e.g. resource quality
and microhabitat) than biogeographic origin on its own.

2. Material and methods
(a) Experimental site and design

The study was conducted in the AuCl experiment of the Inter-
national Diversity Experiment Network with Trees (IDENT), a
network of Biodiversity — Ecosystem Functioning experiments in
North America and Europe [8]. The two study sites, which were
planted at the same time with trees grown from the same nurseries,
were located in Auclair (Au), Québec, Canada (47.7° N, 68.6° W)
and Cloquet (Cl), Minnesota, USA (46.7° N, 92.5° W), respectively
at an altitude of 333 m and 383 m. These high-density tree exper-
iments were established in 2010 on 0.34 ha low-input abandoned
pasture with loam soil (Au) or a previously forested site with
sandy-loam soil (Cl) [24]. Further site description including cli-
mate and soil variables on the AuCl experiment are provided in
appendix S1 in the electronic supplementary material. With the
aim of allowing for multi-site studies, both sites were identically
designed with one, two, and six-species treatments for a total of
48 different tree communities randomized in four blocks. Plots
were distanced from each other by 1 m and consisted of 49 trees
(7 x 7 trees with 40 cm intervals). Species pool of the AuCl exper-
iment was composed of 6 North American temperate tree species
(Acer saccharum, Betula papyrifera, Larix laricina, Quercus rubra, Picea
glauca, Pinus strobus) and 6 congeneric European temperate
tree species (A. platanoides, B. pendula, L. decidua, Q. robur,
P. abies, P. sylvestris). Here, North American species are considered
as native and European species as non-native. Based on wood
density, seed mass and leaf N content, native and non-native
congeneric species were functionally more similar than non-
congeneric species, thereby allowing the use of tree genus as a
proxy for tree functional identity [8]. For this study, we sub-
sampled a subset of plots including all 12 single-species
treatments of native and non-native trees (figure 1). Additionally,
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the design allowed us to explore diversity effects by sampling two
six-species mixtures, one composed of native species and the other
one of non-native species (figure 1). These 14 treatments were
replicated four times at each site for a total of 112 sampled plots.

(b) Litter sampling and litter trait measurements
Considering that the original experimental design was based on
traits of the living trees, functional traits were measured on freshly
senesced leaf litter to verify that congeneric litters were indeed
more similar than non-congeneric litters. In October 2015, freshly
senesced leaves were collected on single-species plots at both sites
and on at least five random trees per plot after gentle shaking of
the trunks. Senesced evergreen needles were collected throughout
the field season in June, July, August and October 2015. All leaves
per species per site were then pooled together and mixed homo-
geneously before trait measurements: leaf water saturation capacity
(% HyO dry matter), leaf thickness (mm), leaf resistance to fracture
(g mm™2), N concentration (% d.m.), cellulose, hemicellulose and
lignin concentrations (% organic matter), C/N and lignin/N ratios.
For microbial basal respiration rate (ug CO,-C g~ " h™?), litter was
manually collected on the forest floor at five random positions per
plot and air-dried until analysed in a microplate-based respiration
system (MicroResp) following the colorimetric detection protocol
[25]. Here, we consider the mean litter microbial basal respiration
rate per species (across blocks) as a litter species functional trait.
Details about trait measurements are provided in appendix S2.1 in
the electronic supplementary material.

(c) Environmental variable measurements

Soil moisture measurements were taken at each plot centre during
springtail sampling with a FieldScout TDR 300 moisture meter
(n = 3); additional measurements for single-species plots at both
sites were taken in June 2015 and October 2015. Litter layer mean
height (to the nearest mm) was measured prior to springtail
sampling with a ruler from the top of the soil to the top of the
litter layer for each subsample. In order to assess if there was any
difference in soil microbial resource abundance across treatments
within an experimental site, soil microbial biomass (g microbial-
Cg™ ') was determined for Auclair plots. During springtail
sampling, a superficial layer of soil (0—2 cm) was collected in a ster-
ile tube at three random positions per plot and then frozen at —20°C.
Soils were adjusted to 45% of their water holding capacity and pre-
incubated for 7 days at 25°C before MicroResp analyses with
glucose addition [25]. Resulting glucose-induced respiration rates
were converted into microbial biomasses according to Anderson
& Domsch [26].

(d) Springtail sampling

Springtails were sampled in late July (Au) and early August (Cl)
2015. For each plot, two subsamples were randomly collected at
its centre to minimize any effect of neighbouring plots, yielding
a total of 224 subsamples. At each subsample site, litter was col-
lected manually in a 15 x 15 cm quadrat. At the centre of the
quadrat, soil was extracted with a split soil core sampler (diameter
5.08 cm x depth 5 cm). Both litter and soil were transferred in her-
metic containers and kept at 4°C for transport to the laboratory for
a maximum of 48 h. Litter and soil subsamples were then pooled
together prior to Tullgren (Au) or Kempson (Cl) extraction [27],
during which the temperature was gradually increased during
7 days (20°C to 50°C) and fauna collected in 70% ethanol. Spring-
tails were cleared in lactic acid at 60°C to better see structures
needed for identification (e.g. chaetotaxy and post-antennal
organ). Patterns and colouration were carefully noted before this
step. Identification to the species level was done with a Leica
DM1000 LED phase contrast microscope (800x) by using the keys
of Christiansen & Bellinger [28] and Hopkin [29]. Bellinger et al.

[30] was used as complementary information to these keys. Cleared
specimens were all slide-mounted in Hoyer’s medium (50 ml
distilled water—30 g gum arabic—200 g chloral hydrate—20 ml
glycerol). Damaged specimens were identified only to the family
or genus level (less than 3%) and excluded in further analyses. Exclu-
sions included six samples for which springtail total abundance
equalled zero: B. pendula (block A), Q. robur (block B), P. glauca
(block B) and a non-native six-species mixture (block D) in Auclair,
and A. saccharum (block A) and P. abies (block D) in Cloquet. Given
the small size of Megalothorax minimus (less than 0.4 mm), this
species was also excluded from the analyses due to possible
sampling bias as some individuals may not have been detected.

(e) Statistical analyses

Variation of environmental variables depending on study site,
litter genus and litter origin was analysed with ANOVAs and
post hoc Tukey Honest Significant Difference (HSD) test (normality
confirmed with Shapiro—Wilk test). The variation of litter traits
and springtail species among and across congeneric tree species
was visualized with principal component analysis ordinations
(PCA) after trait data standardization and species abundance Hel-
linger transformation [31]. Prior to variance analyses, springtail
species abundances were transformed in Hellinger distance [32].
PERMANOVAS nested by blocks were then used to test the effect
of litter genus, litter biogeographic origin, study site and their inter-
actions on Hellinger distance of springtail species abundances by
site and across sites (9999 permutations) [33]. We ensured that hom-
ogeneity of variance was respected with a multivariate analogue of
Levene’s test. To explore association between litter traits and
springtail species matrices, procrustes analyses were used [34]. As
we did not have all trait measurements for six-species mixtures
(e.g. microbial biomass), procrustes analyses included monocul-
tures only. Considering the low number of shared species and
high intraspecific trait variation of litters between sites, we decided
to execute procrustes analyses on each site separately.

All statistical data analyses were performed in R (v. 3.2.1) (R
Development Core Team, Vienna, Austria) with RStudio environ-
ment (v. 0.99.903) (RStudio Inc., Boston, USA). Vegan package
(v. 2.4-0) by Oksanen et al. [35] was used for Hellinger transform-
ation/distance (decostand/vegdist), litter trait standardization
(decostand), PCAs (rda), homogeneity of variance test (betadis-
per), normality test (shapiro.test)) ANOVAs (aov/TukeyHSD),
PERMANOVA model (adonis) and procrustes analyses (protest).

3. Results

(a) Litter trait variation of congeneric tree species
Congeneric species generally had similar leaf litter traits, but
also showed substantial intraspecific variation between sites
with the first two PCA axes explaining 63.2% litter trait score
variation (figure 2). The first axis (41.0%) explained the trait
variation due to genera along a deciduous-evergreen gradient,
while the second axis explained intraspecific trait variation
between sites (23.2%; figure 2, appendix S2.2 in the electronic
supplementary material for all specific trait values). For
example, mean N concentration was higher at the Auclair
(1.25 + 0.24% d.m.) than Cloquet site (0.82 + 0.17% d.m.),
and conversely, mean microbial respiration was lower at the
Auclair (27.43 +5.24 ug CO,-Cg ' h™") than Cloquet site
(61.26 + 7.88 pg CO,-Cg ' h™h.

(b) Environmental variables
Soil moisture was almost double at the Auclair (19.6 + 1.7%
H,O d.m.) compared with the Cloquet (10.4 + 1.5% H,O
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Figure 2. Principal component analysis (PCA) ordination of centred and standardized litter traits (arrows) arranged by study site (circle: Auclair/triangle: Cloquet),
litter genus (coloured polygon) and origin (open: native/closed: non-native).

Table 1. PERMANOVA of the Hellinger distance for AuCl springtail community composition in relation to study site (Site), litter origin (Origin), litter genus
(Genus) and their interactions (9999 permutations, nested by block). d.f, degrees of freedom; SS, sum of squares; MS, mean sum of squares; F, F value by

permutation. Treatments included in analyses were single- and six-species mixtures. ***p < 0.001, **p << 0.01, *p << 0.05, n.s., not significant.

factor df. SS

Genus 6 5.54
Origin 1 0.44
. . =
Site X Genus 6 5.74
Origin x Genus 6 3.89
Origin x Site 1 0.53
Origin x Site x Genus 6 365
Residuals 78 46.42

d.m.) site (p <0.01; see appendix S1 in the electronic sup-
plementary material), which was consistent with respective
differences in soil texture (loam versus sandy-loam). At the
time of sampling, trees at Auclair were bigger than at Cloquet,
despite their identical age (field observations). Some treatments
also had a particularly thin litter layer (mean height <1 cm)
(Auclair: Betula sp./Cloquet: Acer sp. and Quercus sp.; see
appendix S1.2 in the electronic supplementary material). Soil
microbial biomass, measured only in Auclair, did not vary by
litter genus, origin or origin x genus interaction.

(c) Springtail communities and tree treatment effects

Total richness of springtail communities across sites was 57
species, with 34 species sampled at Cloquet (n = 758) and 37
species sampled at Auclair (n = 1073; see appendix S3 in the
electronic supplementary material). Litter biogeographic
origin had no influence on springtail community structure (no
significant litter origin x genus interaction; table 1, figure 3).

MS F R p
0.92 155 0.066 o
0.44 0.74 0.005 ns.

Cow e o
0.96 161 0.069 o
065 T 0047 ons
0.53 0.89 0.006 ns.
061 T 004 s
0.60 0.555

Study site had the strongest influence on springtail community
structure (R?=0.21), followed by litter genus (R*=0.07)
(table 1). Additionally, these factors interacted significantly
with each other (R*=0.07) indicating that the influence of
litter genus on springtail community structure was different at
bothsites (table 1 and figure 3). This observation was concordant
with the intraspecific trait variation observed between sites
(figure 2). Indeed, distinct PERMANOVAs for each site on
Hellinger distance matrices (9999 permutations) showed a stron-
ger litter genus influence in Cloquet (R* = 0.19, p < 0.001) than
in Auclair (R? = 0.15, p < 0.05). When testing the direct relation-
ship between litter traits and springtail community structure, the
procrustes analyses demonstrated a significant 0.4 correlation
at Cloquet (p < 0.01; see appendix S4 in the electronic sup-
plementary material). This relationship was, however, not
significant at Auclair (0.32 correlation, p = 0.34). These obser-
vations highlighted similar patterns as those observed when
testing treatment effects with our PERMANOVA models: tree
genus influenced springtail community structure at both sites,
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Figure 3. Principal component analysis (PCA) ordination of springtail species abundances of (a) Auclair and (b) Cloquet arranged by litter genus (colour) and origin
(open: native/closed: non-native). Hellinger transformation was applied to data before analyses.

but not necessarily through litter traits. Springtail communities
of single- and six-species treatments answered similarly to the
factors included in the model (see black versus coloured dots
in figure 3).

4. Discussion

Our study explores a new dimension of novel forest ecosystems
by looking at how tree litter might modify the community
structure of a dominant soil invertebrate taxa. Across all 14
tested tree community types, as hypothesized, biogeographic
origin of the leaf litter did not significantly influence springtail
community structure, in contrast to litter genus (table 1 and
figure 3), which we considered here as a proxy for leaf litter
traits (figure 2). While congeneric tree species generally had
more similar litter traits, we acknowledge that trait variation
was particularly large for two of our 12 congeneric pairs
(Larix in Cloquet and Pinus in Auclair; figure 2). Such intra-
genus trait variation further emphasizes the necessity to go
beyond strict taxonomically controlled experiments to isolate
origin effects. Interestingly, the similarity of how springtail
communities of one- and six-species mixtures varied according
to the studied factors (table 1 and figure 3), suggests additive
effects of the litter species when comparing genus and

biogeographic origin effects. Despite a lower number of six-
species replicates in the experiment, this observation suggests
that one could expect similar results for single-species planta-
tions and multi-species forests, reinforcing the above
conclusions for real-life scenarios.

Several previous studies on invertebrate herbivores
[13,36,37] or on fauna-mediated litter decomposition [38]
have shown similar results to those reported here. Species or
genus effects were more important than biogeographic
origin to predict feeding of invertebrate herbivores [13,37].
Similarly, Connor et al. [36] demonstrated that leaf-mining
insects can switch resources if an introduced plant species
is closely related to its native resource (e.g. congeners), regard-
less of biogeographic origin. While these studies demonstrated
that resource consumption is not affected by leaf origin, our
results show that even potential consumer community struc-
ture (i.e. springtails) is not influenced by litter biogeographic
origin. We recognize that the arrival of an invasive, non-
native tree species in a novel forest ecosystem may change
this result. However, any potential effect of a non-native tree
species (invasive or not) on this soil invertebrate community
will likely be mediated by traits of the tree, and not be a
consequence of simply biogeographic origin.

In addition to observing indirect litter trait effects through
similar congeneric species, we also examined the direct
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correlation of litter traits with springtail community structure
(appendix S4 in the electronic supplementary material). Our
results showed that despite a significant litter genus effect at
both sites, leaf litter traits covaried significantly with springtail
community structure only at the Cloquet, but not at the Auclair
site. This contrasting result might be the consequence of differ-
ent resource utilization due to site-related soil conditions [39].
For example, springtail diet at the Auclair site might have
been, contrary to the traditional perception, more root- than
litter-driven [39,40]. In contrast, the less favourable environ-
ment in Cloquet, with drier and sandier soil, might have
strengthened the influence of litter resources on its springtail
communities. If resource filters were indeed different at both
sites, the site-dependent genus effect (significant site x genus
interaction) may reflect the reality of root traits not necessarily
being coordinated with leaf traits [41]. Moreover, by using
traits of decomposed litter, covariation with springtails could
have been stronger than with freshly senescent litter, as they
are secondary decomposers [14]. Nonetheless, we acknowledge
that this tree genus influence could either be associated with
abiotic- and/or resource-driven effects as the experimental
design did not allow us to distinguish their respective
contributions.

Despite the identical experimental design at both sites
including source trees from common tree nurseries, site-
specific effects may have been due to intraspecific variation
in some litter traits (N and microbial respiration; figure 2),
different environmental conditions (appendix S1 in the elec-
tronic supplementary material) and/or different local species
pools (appendix S3 in the electronic supplementary material)
influencing springtail community structure. Considering that
these communities are shaped from local species pools, each
with numerous abiotic and biotic filters, the low proportion
of variance explained by litter genus (thus traits) in comparison
to study site (table 1) is therefore not surprising. Interestingly,
the variance explained by litter genus within each site was
more than two times higher than across site which highlights
the importance of context dependency [42]. While local species
pools varied, we observed a consistent response of springtail
communities to litter treatments across sites reaffirming the
strength of ‘filtering effects” despite the context dependency.
Within each local species pool, the proportion of springtails
with differing vertical habitat preference (epigeic, hemiedaphic
or eudaphic; [14]) may vary possibly influencing the corre-
lation between litter and springtail community structure.
However, the most abundant species at both our sites were
different, yet within the Lepidocyrtus genus (which generally
regroups drought-tolerant epigeic species; [43]), suggesting
that itis unlikely to have contributed to the observed site-specific
effect. One final source of variation between sites may have been
methodological, as we were constrained by the use of slightly
different extraction methods for Auclair (Tullgren) and Cloquet
(Kempson) that might have influenced the number of total indi-
viduals collected in each site. However, given that the most
efficient extraction method (i.e. Kempson, due to its capacity
to maintain better gradients of humidity and temperature
through the sample; [27]) resulted in lower total abundance at
Cloquet, it is unlikely that this contributed to much variation.

5. Conclusion

Our study on springtail communities in soils of dense,
young plantations of native and non-native tree communities

showed that community assembly was not driven by biogeo-
graphic origin of litter resources, but partially driven by
genus-related leaf litter traits. Such empirical evidence studied
here in novel forest ecosystems emphasizes the importance of
focusing on the function of species, instead of origin only for
management decisions. Still, considering the scarce number of
studies on non-native species trying to correct biases related to
species traits and environment, further efforts to understand
empirically the full range of biogeographic origin effects are
needed. Such efforts might include a similar experimental
design but in an array of different scenarios (e.g. longer time
sequence study, influence on vertebrates, specialist versus
generalist consumers, top-down versus bottom-up effects of
non-native species, different mixed tree species combinations,
etc.). Further efforts in multi-trophic functional studies to
better understand trait-matching between resource (e.g. litter
and roots) and consumers (e.g. mouthparts) will also be
important to better predict responses of soil communities
and their role in key ecosystem functions as plant commu-
nities change. If strict taxonomy (as highlighted by Agrawal
et al. [9]) and origin are indeed poor predictors to determine
the influence of novel species on ecosystems, we encourage
researchers to consider potential trait effects when comparing
the influence of native and non-native species on ecosystem
functioning and/or community assembly. The management
of non-native species remains a sensitive subject that extends
beyond pure biological reasoning, but nonetheless, we need
collectively to advance our empirical understanding of poten-
tial ecological impacts of novel species and how such impacts
may depend on environmental context. To this extent, multi-
site  experimental biodiversity studies such as IDENT
allow not only to isolate origin effects, but to identify
context-dependency, that may induce modification of commu-
nity assembly filters and intraspecific variation. Such variation
will undoubtedly allow us to better understand how changing
biodiversity, including non-native species, will affect novel
ecosystem functioning in a range of real-world scenarios.

Data accessibility. Litter trait values and springtail abundances used in
this study can be found in supplementary support (see appendices
52.2 and S5 in the electronic supplementary material).
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