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Abstract
Although climate warming has been widely demonstrated to induce shifts in the timing of many
biological events, the phenological consequences of other prominent global change drivers remain
largely unknown. Here, we investigated the effects of biological invasions on the seasonality of
leaf litter decomposition, a crucial freshwater ecosystem function. Decomposition rates were quantified in 18 temperate shallow lakes distributed along a gradient of crayfish invasion and a temperature-based model was constructed to predict yearly patterns of decomposition. We found that,
through direct detritus consumption, omnivorous invasive crayfish accelerated decomposition rates
up to fivefold in spring, enhancing temperature dependence of the process and shortening the period of major detritus availability in the ecosystem by up to 39 days (95% CI: 15–61). The fact
that our estimates are an order of magnitude higher than any previously reported climate-driven
phenological shifts indicates that some powerful drivers of phenological change have been largely
overlooked.
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INTRODUCTION

Recent studies have demonstrated that climate warming can
induce changes in the timing of many biological events such
as earlier flowering of plants or shifted timing of bird and salmon migrations (Walther et al. 2002; Cleland et al. 2007).
Such phenological shifts may result in dramatic propagating
effects across levels of biological organisation through modifying population dynamics and the synchrony of species interactions (Edwards & Richardson 2004; Winder & Schindler
2004). While human-driven global change comprises many
major processes other than climate warming, there is hardly
any evidence to date of non-climate driven phenological shifts
(Cleland et al. 2007; Thackeray et al. 2010). Biological invasions are a pervasive component of global change that affects
virtually all ecosystems worldwide, causing strong economical
and ecological impacts (Simberloff et al. 2013). Following
their initial introduction, the success of invaders is often driven by the fact that they display different and more plastic
phenological traits than native species (Stachowicz & Tilman
2005; Wolkovich & Cleland 2010). When invaders become
highly abundant in the recipient ecosystems, they may therefore induce strong phenological shifts on available resources,
competitors and/or predators and such invasion-driven shifts
likely modify temporal patterns of ecosystem processes.
In its traditional definition, phenology describes the timing
of an organism’s life cycle events such as the onset of the
reproductive period, migration, metamorphosis and senescence
(Schwartz 2003); death has been typically considered as the
ultimate stage of phenology. However, the effect of an organism on an ecosystem extends beyond its death through the

detritus stage (Odling-Smee et al. 2003), which should thus be
considered when studying phenology of ecosystem processes.
Detritus is an ubiquitous form of energy and a major determinant of biodiversity and ecosystem stability (Moore et al.
2004; Rooney & McCann 2012). The timing at which ‘primary’ detritus (i.e. animal carcasses, plant litter) and its derivates upon decomposition are delivered to and disappear
from ecosystems can strongly influence not only the life history and demography of decomposers (Cummins et al. 1989)
but also the structure of detrital food webs, and ultimately
temporal patterns of ecosystem functioning. This consideration is in line with the fact that the concept of phenology is
being increasingly applied to many processes occurring at the
ecosystem level, e.g. biogeochemical cycles (Noormets 2009).
It thus provides rationale for extending the notion of ‘living
phenology’ to ‘phenology of detritus’ that reflects temporal
patterns of detritus presence in an ecosystem which are tightly
linked to phenology of some key ecosystem processes (e.g.
carbon and nutrient cycling).
Here, we tested whether and how invasive omnivorous crayfish modify detritus phenology in temperate lakes and quantified the intensity of this shift. Being omnivorous, freshwater
crayfish can increase leaf litter decomposition rates by direct
consumption of litter or decrease them through predation on
other detritivores (e.g. Usio 2000; Dunoyer et al. 2014). Several crayfish species have become highly successful invaders in
freshwater habitats worldwide (Strayer 2010), inducing strong
ecological impacts (Twardochleb et al. 2013) especially where
native crayfish are naturally lacking (Rodriguez et al. 2003).
We quantified the direct and indirect effects of an invasive
crayfish on litter decomposition in 18 shallow lakes along a
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pronounced gradient of crayfish invasion. Rates of decomposition assessed at two seasons were used to reconstruct yearly
patterns of detritus standing stock in the study lakes using a
temperature-based model. We tested the prediction that
decomposition rates would increase and the period of leaf
detritus availability would be shortened in invaded lakes, the
effect scaling positively with increasing crayfish invasion
intensity.

MATERIAL AND METHODS

Study sites

The study was conducted in 18 shallow lakes of gravel-pit
origin situated in the Garonne river catchment in southwest
France (Supporting Information, SI 1). Among five freshwater crayfish native to Europe, three are found in France,
however, none of them occurs in lakes in the region, where
the experiment was conducted (Collas et al. 2007). The
study lakes thus lacked native crayfish, but two non-native
species, the red-swamp crayfish (Procambarus clarkia, Girard) and spiny-cheek crayfish (Orconectes limosus, Rafinesque), were present. Originating from North America, both
species were successfully introduced in Europe since the late
19th century (Hobbs et al. 1989) and detritus is an important food source for both (Gutierrez-Yurrita et al. 1998;
Vojkovska et al. 2014).
The study lakes were selected to include a wide range of
crayfish invasion. Invasion intensity was assessed at two
sampling occasions and was expressed as the total biomass
of crayfish captured per unit effort (Supporting Information,
SI 2). Adult Procambarus clarki dominated total crayfish
biomass in all lakes except one moderately invaded lake
where Orconectes limosus was co-dominant (Table S3).
While crayfish presence was detected in all lakes, difference
in their biomass between the least and the most invaded
lakes
was
striking,
ranging
from
1.6
to
536.1 g trap1 night1. No single biotic or abiotic predictor
of this variation has been identified (Table S4) and it is
thus thought to primarily reflect the variable success and
different stages of invasion across the lakes. Importantly
there was no significant correlation of crayfish biomass with
neither nutrient availability nor riparian tree cover, which
could directly affect litter decomposition (Table S4).
Litter decomposition

Abscised leaves of black poplar (Populus nigra), the dominant
riparian tree of the study lakes (40–96% of riparian vegetation; Supporting Information, SI 1), were collected at a single
location during autumn leaf fall in October and November
2013. The leaf litter was air-dried for storage and mass determination (nearest 0.01 g). Packs of three grams of air-dried
leaves were exposed to decomposers in the littoral zone of
each lake. Total decomposition rate was assessed based on the
mass loss of unconfined leaf packs (leaves bound at their
stalks with a fine annealed wire). To differentiate the contribution of crayfish and small invertebrate detritivores to
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decomposition, additional leaf packs were exposed confined in
coarse mesh bags made of 5-mm square mesh plastic fence to
exclude crayfish but allow other invertebrates and microbes to
access the leaves. Lastly, leaf packs exposed in fine mesh bags
made of 500 lm mesh nylon net were used to assess the mass
loss driven primarily by microbial activity and leaching.
Litter decomposition rates were first assessed in winter
(November 2013–January 2014), a time at which lakes in the
region were replenished with leaf litter from riparian trees and
water temperature was at its yearly minimum (mean water
temperature: 7.8 °C  0.3 SD). A second decomposition
experiment was performed in mid-spring (April–May 2014), a
warmer period (mean water temperature: 18.3 °C  0.42 SD)
when a large part of leaf litter stock was still available. The
red swamp crayfish (Procambarus clarkii), comprising 94% of
crayfish biomass in the study lakes, has been reported to have
a preference for temperatures between 22 and 26 °C (Espina
et al. 1993), while being nearly inactive below 10 °C (Croll &
Watts 2004), thus we expected a seasonal difference in their
effect on litter decomposition. Experiment duration (77 and
35 days in winter and spring respectively) was determined to
capture mid-stage decomposition of unconfined leaf packs (ca.
50% litter dry mass remaining) and to obtain similar sums of
degree-days (i.e. 596 and 637 degree-days in winter and spring
respectively).
Four replicates of each leaf pack type were placed in each
lake at each season, resulting in a total of 432 leaf packs
deployed in the field. Exposure sites were spaced at least
100 m apart and their exact shoreline positions were selected
to capture within-lake variability in littoral zone morphology.
At each site, a set of the three different types of leaf packs
(namely unconfined, confined in coarse mesh bags and confined in fine mesh bags) was anchored along a one-meter iron
rebar wedged into the bottom at a depth of ca. 0.6–1 m.
Water temperature in the littoral zone was recorded hourly
by temperature loggers (HOBO Temperature/Light Data
Logger UA-002-64; Onset Computer Corporation, Bourne,
MA, USA) attached to the iron rebar at one randomly
selected site per lake. At the end of the litter exposure time,
leaf packs were retrieved, placed individually in plastic bags,
transported to the laboratory in a cooler and stored at
20 °C until processing. In the laboratory, leaves were carefully rinsed, oven dried at 70 °C for 72 h and weighed to the
nearest 0.01 g.
Daily decomposition rate (k) was calculated as follows:
lnðXÞ
ð1Þ
t
where X is the proportion of litter mass remaining calculated as the ratio of final (Mf) to initial (Mi) oven-dried
mass of leaf litter and t is the exposure time (days) (Lecerf
et al. 2005). Mi was estimated based on the relationship
between air-dry and oven-dried leaf litter mass established
using eight extra leaf packs oven-dried for 72 h after measurement of air-dry mass. The percent contribution of crayfish, invertebrate detritivores and microbial decomposers to
litter mass loss was determined assuming additive effects
(Handa et al. 2014):

k¼
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ðYUL  YCM Þ  100
YUL

% detritivore ¼
% microbial ¼

ðYCM  YFM Þ  100
YUL

YFM  100
 % leaching
YUL

ð2Þ
ð3Þ
ð4Þ

where Y is the proportional mass loss in unconfined leaf litter
(YUL) and of leaf litter enclosed in coarse (YCM) and fine
(YFM) mesh bags. Percent microbial contribution was corrected for litter mass loss due to leaching determined for 48 h
in a controlled laboratory experiment at +8 °C and +18 °C
(i.e. mean temperatures in the study lakes observed in winter
and
spring
respectively).
Leaching
accounted
for
11.0%  0.56 SE and 13.5%  0.41 SE of litter mass loss at
+8 °C and +18 °C respectively.
Statistical analyses and modelling

A linear mixed-effects model was used to compare the rates of litter decomposition assessed under the different modalities of litter exposure (unconfined leaf litter packs vs. coarse mesh bags
vs. fine mesh bags) at two seasons and to estimate spatial variance components (between and within lakes). We found that
within lake variation was negligible (< 1%; Supporting Information, SI 3) and most of the variance in litter decomposition rate
was accounted for by Leaf pack type, Season and their interaction (Table S6). Subsequent statistical analyses were therefore
performed using data averaged across sites. Analysis of covariance (ANCOVA) was used to examine main and interactive effects
of Invasion intensity and Season on decomposition rates for each
leaf pack type, and the percent contribution of crayfish, invertebrate detritivores and microbial decomposers to total decomposition. Model assumptions were evaluated based on diagnostic
graphs and, when necessary, response variables were ln-transformed. Statistics were performed in R using packages base and
nlme (R Core Team 2013; Pinheiro et al. 2015).
A heuristic model of litter decomposition was built to predict the proportion of litter mass remaining as a function of
water temperature and time elapsed since leaf fall into the
lakes. To limit model complexity, we assumed (1) total leaf
inputs into lakes to occur at a single event, corresponding to
the day of the first autumnal frost, (2) leaf litter standing stock
to consist of black poplar leaves and (3) the key temporally
variable environmental parameter that drives leaf litter decomposition to be temperature and its correlates. The first two
assumptions were consistent with the fact that most litter delivery to fresh waters in temperate regions occurs during autumn
leaf fall and black poplar is the main tree species in riparian
zones in the study area (Supporting Information, SI 1). The
third assumption was based on the metabolic theory of ecology
(MTE) predicting a universal temperature dependence of any
biological process rate related to metabolism (Brown et al.
2004), and supported by rich empirical evidence for organic
matter processing in fresh waters (Boyero et al. 2011; YvonDurocher et al. 2012).
The decomposition model developed here extended the
original exponential model formulated by Olson (1963) by

relaxing the assumption of constant decay rate, as proposed by
Rovira & Rovira (2010). The general form of our model was
dX
¼ fðTÞX
ð5Þ
dt
where X is the proportion of litter mass remaining at time t
and f(T) is a temperature-dependent function of decomposition rate. Following MTE, we expressed f(T) as the Arrhenius equation:
E

fðTÞ ¼ k0 eTkB

ð6Þ

where k0 is a normalisation constant, E is the apparent activation energy representing temperature sensitivity of litter
decomposition rate, kB is the Boltzmann constant
(8.62 9 105 eV K1) and T is the absolute temperature in
Kelvin. E in our model was estimated for each lake and leaf
pack type as the negative slope of the linearised form of the
Arrhenius equation (Brown et al. 2004). To test for a possible
effect of crayfish invasion on the temperature sensitivity of litter decomposition rate, we used a multilevel linear regression
approach, defining the intercept and slope (i.e. activation
energy) of the linearised Arrhenius equation as a linear function of crayfish biomass (Supporting Information, SI 5).
The model of litter decomposition described above was then
used to reconstruct seasonal patterns of leaf litter standing
stock in lakes with increasing crayfish invasion intensity
within the observed range (0–600 g trap1 night1). Predictions were made on a daily basis using a year-round time series of lake temperature derived from a continuous record of
water temperature in seven of the study lakes in 2013–2014
(Fig. S1). Leaf litter standing stock was set to 100% on day
zero of the model when litter input occurred. To evaluate the
effect of crayfish invasion on detritus phenology, the time at
which leaf litter standing stock was reduced to 20% was estimated from model simulations of litter decomposition with
and without crayfish (modelled as decomposition of unconfined leaf packs and leaf packs confined in coarse mesh bags
respectively). The time gap between the two conditions represented the magnitude of crayfish-induced shift in detritus phenology.
Independent of temperature, a change of litter quality
through time, such as increasing concentration of refractory
compounds, might have an additional effect on seasonal litter
decomposition rates. This effect would, however, primarily
become relevant at later stages of litter decomposition. In the
interpretation of our model, we focused on the period where
at least 20% of litter would still be remaining and thus
assumed a very limited possible error due to change in litter
quality.
The model of litter decomposition was fitted within a Bayesian framework and the shift in leaf detritus phenology was
predicted from posterior values of model parameters (Supporting Information, SI 5). The joint posterior distributions of
model parameters were obtained by means of MCMC sampling as implemented in the JAGS software in R using the
package rjags (Plummer 2003). We ran three parallel MCMC
chains and retained 25 000 iterations after an initial burn-in
of 5000 iterations. Convergence of MCMC sampling was
assessed using Brooks–Gelman–Rubin diagnostics (Brooks &
© 2016 John Wiley & Sons Ltd/CNRS
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Figure 1 Litter decomposition rates and estimated contribution of different actors to decomposition in winter (white circles) and spring (black circles) 2014.
Decomposition rates in unconfined leaf packs (a), confined leaf packs in coarse mesh bags (b) and fine mesh bags (c), and estimated contribution of crayfish
(d), invertebrate detritivores (e) and microbial decomposers (f) to total decomposition. Error bars correspond to standard errors based on four independent
data points per lake. Asterisks show the significance of single effects and their interaction as estimated with ANCOVA: ***P < 0.001, n.s. = not significant.
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Figure 2 Variation in activation energy of leaf litter decomposition in
relation to invasion intensity in the three leaf pack types. Posterior
distributions of the activation energies (slopes noted as b; Supporting
Information, SI 5) are shown for unconfined leaf packs (a), and confined leaf
packs in coarse mesh (b) and in fine mesh (c) bags across the observed range
of invasion intensity. The median (black dots) and the 95% credible interval
(error bars) are displayed. The grey zone corresponds to the range of
metabolic theory of ecology predictions for activation energy of metabolic
processes (E = [0.6; 0.7] eV; Brown et al. 2004).
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Gelman 1998). Uncertainties in model parameters and posterior predictions were reported using credible intervals (CI).
Model fit was evaluated using posterior predictive P-values

In all leaf pack types across all lakes, litter decomposition
rates were significantly higher in spring than in winter
(F1,32 > 318, P < 0.0001; Fig. 1a–c; Table S7). The magnitude
of this seasonal change in total decomposition rate (assessed
by means of unconfined leaf packs) increased dramatically
along the gradient of crayfish invasion intensity, as reflected
by the significant interaction between Season and Invasion
intensity (F1,32 = 29.7, P < 0.0001). In contrast, decomposition rates of leaf litter confined in both coarse and fine mesh
bags were remarkably similar across all lakes and independent
of the gradient of crayfish invasion intensity (F1,32 < 0.5,
P > 0.5) in both seasons (Fig. 1b and c; Tables S5 and S7).
Crayfish invasion resulted in a change of the relative importance of actors involved in the process: litter decomposition
shifted from predominantly microbial (on average 80% in all
lakes in winter and less-invaded ones in spring; Fig. 1f) to being
dominated by crayfish (up to 50% in highly invaded lakes in
spring; Fig. 1d). Activity of other invertebrate detritivores
accounted for a consistently small fraction of litter mass loss
(4.9% on average) across lakes and seasons (Fig. 1e) and
showed no relationship with crayfish density (F1,32 = 0.4,
P = 0.5; Supporting Information, SI 4). This result reflected the
low density and diversity of leaf-consuming invertebrates (predominantly asellids) found in all but one lake and independent
of crayfish density across all lakes (Pearson correlation r < 0.2;
P > 0.6; Supporting Information, SI 6). Thus, all collected evidence suggested that crayfish affected total decomposition rates
by direct consumption of leaf litter.
Estimated by means of the Arrhenius model, the activation
energy of decomposition (i.e. the negative slope of its relationship with temperature) ranged between 0.33 and 1.3 eV for
total decomposition with crayfish (Fig. 2), and showed a
steady increase along the gradient of invasion (Fig. 2a). In
contrast, activity energy estimates for non-crayfish mediated
decomposition remained similar and independent of crayfish
biomass, being 0.58 eV [median; 95% CI: 0.49–0.66] for
coarse mesh and 0.57 eV [median; 95% CI: 0.52–0.62] for fine
mesh bags (Fig. 2b and c).
Predictions of our model for the seasonal dynamics of confined and unconfined leaf litter converged when zero crayfish
biomass in lakes was assumed (Fig. 3a). In contrast, when high
invasion intensity (600 g trap1 night1) was modelled, a
© 2016 John Wiley & Sons Ltd/CNRS
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Figure 3 Consequences of crayfish invasion for leaf detritus phenology. Predicted seasonal loss of leaf stock as assessed in unconfined (red line) and
confined (coarse mesh; orange line) leaf packs is shown at (a) no invasion (crayfish biomass: 0 g trap1 night1) and (b) high invasion intensity (crayfish
biomass: 600 g trap1 night1). Predicted curves (medians) were drawn based on parameter values from randomly chosen 1000 MCMC samples. Mean
daily water temperatures used in the model are also reported (grey line). (c) Predicted shift in the timing of litter stock depletion determined as the
difference between unconfined leaf packs and leaf packs confined in coarse mesh bags. The median (black line) and the 95% (light grey area) and 50%
(dark grey area) credible intervals based on randomly chosen 1000 MCMC subsamples are displayed.

crayfish effect on detritus standing stock became apparent in
early spring (April, when 50% of litter standing stock was still
remaining; Fig. 3b). Thus depletion of litter accessible to crayfish (unconfined leaf packs) was accelerated compared to the
case of crayfish exclusion from the process (confined leaf
packs). According to our model, while 2% of leaf litter stock
would be remaining at the end of the yearly cycle in the absence
of crayfish, nearly complete depletion of the stock would be
reached in highly invaded ecosystems already in mid-July
(Fig. 3b). This result corresponded to a strong shift in the timing of litter depletion: the mismatch (time lag) between the predictions of the model for decomposition in the presence and
absence of crayfish for the date when 20% leaf litter standing
stock would be remaining increased along the gradient of invasion intensity reaching up to 39 days (95% CI: 15–61 days;
Fig. 3c).
© 2016 John Wiley & Sons Ltd/CNRS

DISCUSSION

While much attention has recently been given to the effects of
climate warming on the timing of biological events, this study
delivers unprecedented evidence that biological invasions also
can have pronounced phenological consequences on freshwater ecosystems; here demonstrated through extending the concept of phenology to non-living stage of organisms and taking
an ecosystem perspective. Using a gradient of crayfish invasion occurring across 18 lakes, we showed that, where nonnative crayfish were abundant, they strongly accelerated leaf
litter decomposition rates, taking over a dominant functional
role in this major ecosystem process in spring and causing a
substantial shift in seasonal resource patterns. Such biomassdriven phenological shifts are likely to be specific to biological
invasions since invasive crayfish reach consistently higher den-
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sities than native crayfish that could also be involved in litter
decomposition (Hansen et al. 2013).
Ecological consequences of the phenological changes we
show here may be very far-reaching and extend across levels
of biological organisation and even across ecosystems. Importantly, invasive crayfish simultaneously affected both the form
(ontogeny) and the temporal dynamics (phenology) of
allochthonous carbon release into the ecosystem. In lakes
without invasive crayfish, detrital carbon in the form of submerged leaf litter appears to follow a primarily microbial
pathway and thus is converted into microbial biomass, dissolved organic matter and gases (Gessner et al. 1999). In the
presence of invasive crayfish, an important part of detrital
carbon is channelled more directly to secondary production of
metazoans such as the crayfish themselves, their predators,
and animals feeding on their faeces (Montemarano et al.
2007), thus bypassing the microbial pathway.
The acceleration of detritus decomposition by crayfish
occurring in a specific period of time also induces a modification of the nature of detritus-derived resource input to food
webs, shifting from slow continuous delivery (when detritus is
processed by microbes) to an increasingly pulsed delivery. By
affecting specific consumers directly, resource pulses often also
result in indirect effects at the community level (Yang et al.
2008). For instance nutrients derived from leaf litter have
been shown to play an important role in regulating spring
dynamics of planktonic food webs in lakes (Fey et al. 2015).
More pulsed delivery of detritus-derived nutrients through
crayfish excretion has thus a high potential to either boost or
suppress algal growth (depending on the matching of the
spring time window of crayfish activity and algal growth) and
to propagate through bottom-up effects to higher level consumers in pelagic food webs. Similarly, top-down effects could
occur and even cross ecosystem borders as crayfish can subsidise numerous terrestrial and aquatic predators (Correia
2001; Basic et al. 2015). On the long term, this could create
novel temporal niche opportunities for some secondary
consumers and result in persistent changes in community
structure at different trophic levels (Yang et al. 2008) and
modification of pathways of energy flows between different
food web compartments, the latter enhanced by the mobility
of crayfish (Ruokonen et al. 2013). In line with the recent call
for introducing a temporal perspective into the studies of
ecosystem ecology (McMeans et al. 2015), we emphasise the
importance of validating these predictions on phenological
shifts in nutrient fluxes and effects on temporal food web
structure with further field observations and controlled experiments.
Another important implication of our findings is related to
the role of invasive crayfish for the temperature sensitivity of
litter decomposition. The seasonal model of litter decomposition used here was based on the theoretical principles of metabolic theory of ecology. Following MTE, apparent activation
energy of any process driven by aerobic metabolism is predicted to conform to the theoretical range of values between
0.6 and 0.7 eV (Gillooly et al. 2001; Brown et al. 2004). While
our estimates of apparent activation energy for non-crayfish
leaf decomposition compare well with both theoretical predictions and previous empirical estimates for microbial litter
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decomposition in fresh waters (0.58 eV; Boyero et al. 2011),
the estimates for total decomposition involving crayfish displayed strong variability and were correlated with the gradient
of invasion. Specifically, we found an enhanced temperature
dependence of the process in lakes with high level of invasion
(activation energy of up to 1.3 eV). Such systematic deviations
from the predictions of the MTE have already been reported
previously (Dell et al. 2011) and an increasing body of evidence
suggests caution when assuming universality of the MTE predictions (Glazier 2015). Notably, in a study of latitude-driven
temperature-dependence of decomposition, Boyero et al.
(2011) found that the activation energy for invertebrate-driven
decomposition was at odds with theory, concluding that an
interplay of temperature and invertebrate occurrence and density determined the observed patterns in total litter decomposition. Here, a similar importance of the invader shredder
density was demonstrated for the seasonal temperature dependence of litter decomposition. This is an alarming result, as it
suggests a possibility of interaction between the functional
effects of invasive species and climate warming.
Our study demonstrates that some powerful novel drivers of
phenology other than climate warming appear to have been
largely overlooked. The estimates of phenological shifts that
we report attain several weeks and are stunning when considering that a single decade may be sufficient for many mobile
invasive species to reach high densities and produce such
effects (e.g. Wilson et al. 2004). In comparison, the average
shifts in spring events such as the date of first flowering and
leaf unfolding, butterfly emergence and bird migration
reported to be driven by climate warming are estimated to be
between 2.3 and 5.1 days per decade (Walther et al. 2002;
Root et al. 2003). We show that an invasive species can have
an effect on the phenology of an ecosystem process about an
order of magnitude stronger than climate-induced shifts
reported for the phenology of living organisms. Further investigations are clearly needed for understanding how phenological effects of invasive species might interact with those of
globally rising temperatures.
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