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Abstract
Climate change is expected to alter impacts of invasive alien species (IAS). As omnivorous and
ectotherms, invasive cray�sh species (ICS) can be particularly in�uenced by altered thermal regimes with
possible impacts on native species and key ecosystem processes, such as leaf-litter breakdown. We
performed a controlled study using a multi-trophic approach to assess the individual and combined
effects between two ICS (Pacifastacus leniusculus and Procambarus clarkii) on leaf-litter breakdown
under temperature increase (15 and 18ºC). We used one or two species combinations of ICS (2-
individuals per aquarium) and 3-individuals of a native invertebrate detritivore (Sericostoma sp.) trapped
inside a transparent cage and a �ne-mesh bag containing microbially-colonized oak leaves. Oak leaves
were added to assess direct and indirect impacts of cray�sh on leaf-litter breakdown and �ne particulate
organic matter (FPOM) production. Leaf-litter breakdown by microbes and Sericostoma was affected by
temperature but not by the in�uence of ICS. Increasing temperature enhanced leaf-litter breakdown and
FPOM production by P. clarkii, but not by P. leniusculus. At 15ºC, leaf breakdown was lower in treatments
with both ICS than the expected from their individual performances, indicating competitive interactions
between cray�sh species. FPOM production was signi�cantly correlated with leaf-litter breakdown but not
in treatments with both ICS. Our results highlight that competitive interactions between ICS may occur
and potentially attenuate their impacts on key ecological processes. However, predicted increases in
temperature may change the performance of IAS and increase the magnitude of their combined effects.

Introduction
Ecosystems have been facing tremendous changes in biodiversity and ecological functions due to global
change, including climate change and introduction of invasive alien species (IAS) (Sala et al. 2000;
Hellmann et al. 2008). Although impacts are expected to affect all types of ecosystems (Bowler et al.
2020), biodiversity in freshwaters have been particularly affected over the last decades (Woodward et al.
2010; He et al. 2019; Reid et al. 2019). Changes in water temperature may occur naturally or as a result
from climate change (Caissie 2006). Because most freshwater species are ectothermic, thermal changes
may easily affect their physiology, behaviour or biogeography (Rahel 2002). On one hand, changes in
thermal regimes threaten native aquatic biodiversity by affecting, for example, their phenology, survival or
functional performances (Horwitz and Richardson 1986; Elliott and Hurley 1997; Sousa et al. 2020)
leading to changes in ecosystem functions and stability (Traill et al. 2010). On the other hand, altered
thermal and stream�ow regimes may also affect aquatic invasive species, by altering pathways of
species introductions, in�uencing their establishment or mediating their impacts on native biodiversity
and ecosystem functions (Hobbs and Huenneke 1992; Facon et al. 2006; Rahel and Olden 2008).
Although the effects of climate change and IAS may occur simultaneously, their assessments have been
mostly studied individually making it di�cult to predict their combined effects.

Shifts in temperature may increase the success of species introductions, if climatic conditions on the
invaded ecosystems move towards the habitat optimal conditions of the invasive species, while natives
are moved away from their optimal conditions (Byers 2002). This may also affect introduced species that
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remain in their lag phase, if climatic changes trigger their spread and activity, consequently amplifying
their impacts (Hellmann et al. 2008). Beyond that, the complexity of the interaction of IAS with climate
change may even increase when multiple invasive species co-occur. Individual performance or magnitude
of effects of IAS might change due to antagonistic or synergistic effects among invaders (Jackson
2015). Interactions between multiple IAS may potentially increase their ecological impacts due to
facilitative interactions among species triggering their establishment and spread (e.g., Simberloff and von
Holle 1999; Simberloff 2006). However, IAS may interact through predation or competition, decreasing
their impacts on native biodiversity (Ross et al. 2004). These potential interactions among multiple
species and drivers have challenged scientists to develop more comprehensive approaches to detect
effects that differ from species individual effects (Brook et al. 2008). Nevertheless, new insights on the
interactions among invaders may unreveal the net effect of IAS on native communities and ecosystem
functions (Johnson et al. 2009), and climate scenarios should be considered (Rahel and Olden 2008).

Freshwater cray�sh are successful invaders that affect native communities and ecosystem functions
leading to important ecological and economic impacts (Lodge et al. 2012; Twardochleb et al. 2013;
Kouba et al. 2021). As ectotherms, cray�sh can be affected by altered thermal regimes (Hossain et al.
2018) outperforming native species (Madzivanzira et al. 2021). Increases in temperature can increase
cray�sh aggressiveness and metabolic rates (Diez et al. 2012), changing their feeding behaviour
(Rodríguez Valido et al. 2021), altering their trophic role by shifting their diet (Carreira et al. 2017), with
possible impacts on biotic interactions (predation, competition, diseases, Diez et al. 2012). The signal
cray�sh Pacifastacus leniusculus (Dana) and the red swamp cray�sh Procambarus clarkii (Girard)
represent two of the worst global invasive species (Anastácio et al. 2019) that co-occur in NE Portugal.
The red swamp cray�sh was �rst described in Portugal in 1979 in Caia River (Ramos and Pereira 1981)
and is widely spread, while the signal cray�sh was �rst described in 1997 in Maças River (Bernardo et al.
2011), it is restricted to the NE Portugal but is currently spreading (Sousa et al. 2019).

In streams, leaf-litter breakdown is a key ecosystem process where microbial and invertebrate (mainly
detritivores) communities decompose organic matter from riparian zones and facilitate nutrient and
carbon transfer to higher trophic levels (Graça 2001; Pascoal et al. 2021). In this key ecosystem process,
some species, including omnivores such as ICS, may disrupt food web dynamics (Gessner et al. 2010). P.
clarkii and P. leniusculus showed strong impacts on native invertebrate communities by reducing
biodiversity through predation or competition for basal resources (leaf litter), and contributing to changes
in the dynamics of leaf breakdown in freshwaters (Carvalho et al. 2016, 2018; Carvalho et al. in press).
Because both species are recently co-occurring in Portugal (Filipe et al. 2017; Anastácio et al. 2019), it is
urgent to assess how interactions among them may alter ecosystem functioning and how climate
change may mediate their impacts.

In this study, we aimed to assess how increasing temperature and interactions between invasive cray�sh
species (ICS) impact leaf-litter breakdown directly, or indirectly by affecting the native detritivore
invertebrates that feed on leaf litter. We hypothesised that: i) cray�sh presence leads to a decrease in
invertebrate leaf consumption due to the risk of predation and, consequently, may decrease leaf-litter
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breakdown; ii) increasing temperature increases the impacts of ICS on leaf-litter breakdown and FPOM
production but this might be species speci�c; and iii) the direct impacts of P. clarkii and P. leniusculus on
leaf-litter breakdown decrease in sympatry if competitive relationships predominate. We expected that
temperature increase may enhance the activity, foraging and feeding of ICS and consequently increase
leaf-litter breakdown and FPOM production. We also expected that interspeci�c interactions between ICS
may decrease their impacts on leaf-litter breakdown.

Materials And Methods

Animal collection and maintenance
We collected males of P. clarkii and P. leniusculus in the Minho River (41°57′N, 8°44′W) and Tuela River
(41°51'N, 6°55'W), respectively with approximately the same size (P. clarkii 94 mm ± 6.55 SD; P.
leniusculus 88 mm ± 7.33 SD total length) by using funnel traps (43 cm diameter; 22 cm height and 1.5
cm mesh). After being transported to the laboratory cray�shes were transferred to two tanks (1 x 0.6 x
0.65 m), one for each species. Native invertebrates from the genus Sericostoma sp. (a common native
freshwater shredder in Northern Portugal) were also collected at Tuela River (41°51'N, 6°55'W), transferred
to the laboratory and kept in aquariums. Both invasive cray�sh individuals and native invertebrate
shredders were collected from sites where species do not exist in sympatry to avoid biased response
behaviour during the experiment. Animals were acclimated to laboratory conditions 15 days before the
experiment (15ºC water temperature, aeration and 12/12h photoperiod) and kept under starvation 24h
before the experiment.

Laboratorial setup
A laboratory experiment using a multi-trophic approach was performed to assess direct and indirect
effects of two cray�sh species (P. leniusculus and P. clarkii) alone and in combination, on leaf-litter
breakdown and associated biota (invertebrate shredders and microorganisms), at two temperatures
(15ºC and 18ºC). Aquariums (40 x 20 x 20 cm) containing two cray�sh individuals per replicate (2 of
each species in single species and 1 per species in two species treatments) were used. Indirect impacts
of cray�sh on native invertebrates (risk of predation) were assessed by trapping 3 Sericostoma sp.
individuals inside a transparent cylindrical cage per replicate, where cray�sh were not allowed to prey on
invertebrates. Invertebrate cages were covered on the sides by �ne mesh to allow water to circulate and
potential detection of cray�sh presence by native invertebrates. Each treatment (including the control –
without cray�sh) contained one �ne-mesh bag with leaf discs previously colonized by microbes in a
stream (10 days). In total, we had 4 treatments: Control – microbes and invertebrates; P. clarkii +
microbes and invertebrates; P. leniusculus + microbes and invertebrates; and P. clarkii vs P. leniusculus +
microbes and invertebrates (Fig. 1). Hereafter P. clarkii and P. leniusculus refer to intraspeci�c treatments
while interspeci�c treatments refer to the ones where both cray�sh species were interacting.

To measure cray�sh direct impacts on leaf-litter breakdown and FPOM production, 5±0.03 g (dry weight)
of oak leaves were introduced in the aquariums. To measure leaf breakdown by invertebrates and the
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indirect effects of cray�sh presence, 1±0.02 g (dry weight) of oak leaves was introduced inside
invertebrate cages. To measure the contribution of microbes to leaf-litter breakdown 10 oak leaf discs (12
mm diameter, 38±4.81 mg dry weight) were introduced in �ne-mesh bags. Leaf litter was prepared in
separate bags and kept in a container to allow microbial colonization 7 days prior to the experiment. After
that, leaf litter was introduced in each compartment (aquariums and cages) 24 hours before the
experiment. Aquariums were �lled with 5 L of water, gravel and pebbles (size 850 µm–60 mm, layer of 2
cm) previously washed and autoclaved (120ºC, 20 min) and equipped with an aeration system. Half of
the water volume of each aquarium was renewed on day 7. Temperature controlled rooms and
temperature data loggers were used during the experiment. Each treatment had 4 replicates (N=32) and
the experiment ran for 15 days.

Leaf-litter breakdown and FPOM production
At the end of the experiment, leaf litter remaining inside the aquariums (cray�sh), cylindrical cages
(invertebrates) and �ne-mesh bags (microbes) was separated, washed and lyophilized for 48h, and
weighted to the nearest 0.01 mg. Leaf-litter breakdown was calculated as leaf mass loss during the
experiment. Percentage of leaf mass loss (Lc) was obtained as Lc = (Li - Lf) X (100/Li), where Li and Lf are
the initial and �nal dry mass (DM, g) of leaves (following Carvalho et al. 2018). Leaf mass loss per
animal body mass was calculated as g L g AM

−1 where g L is the mass of leaf mass loss and g AM is the
total animal body mass per replicate. The retrieved water (from the renewal and the end of the
experiment) was collected and �ltered using a combination of sieves (size range >0.45 µm to <1000 µm)
to collect FPOM (Hutchens Jr et al. 2017). The remaining FPOM of each replicate was then centrifuged
(10 min, 14,000 rpm; Sigma 4 z16 K), and the pellet lyophilized (Biolblock Scienti�c-Christ Alpha 2-4 LD
Plus) for 48 h, before weighed to the nearest 0.01 mg (following Carvalho et al. 2018). FPOM production
by animal body mass was calculated by dividing grams of FPOM produced by animal body mass.

Statistical analysis
Two-way ANOVAs were used to test the individual and combined effects of cray�sh treatments (control, 1
and 2 species combination) and temperature (15 and 18 ºC) on leaf-litter breakdown and FPOM
production by microbes, native invertebrates and cray�sh (Zar 2009; Supplementary material, Table S1).
All ANOVAs were preceded by Shapiro-Wilk to check the normality of the residuals and Bartlett test to
check for homoscedasticity (Zar 2009). To achieve a normal distribution and homoscedasticity, microbial
and invertebrates leaf-litter breakdown by animal mass were log transformed. To test for putative
interspeci�c interactions, we compared observed performances (leaf-litter breakdown and FPOM
production) in two cray�sh species treatments with the expected based on the sum of individual cray�sh
species treatments. The difference between observed and expected performances was tested against the
null hypothesis that the average difference equaled 0 (t-test). Pearson’s correlations between leaf-litter
breakdown and FPOM production were calculated (Benesty et al. 2009). All the statistics were performed
in R software (R Core Team 2021; version 3.6.3) using the “stats”, “multcomp” (Hothorn et al. 2016) and
“psych” (Revelle 2021) packages and data visualization performed on “ggplot2” (Wickham 2016) and
“ggpubr” (Kassambara and Kassambara 2020) packages.
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Results

Leaf-litter breakdown by microbes and invertebrates
Leaf-litter breakdown assessed as leaf mass loss was 2.05 g at 15ºC, and 2.26 g at 18ºC. Leaf-litter
breakdown by microbes increased at the higher temperature (Two-way ANOVA, F1,3 =6.403, p < 0.05;
Fig. 2A) and was not affected by cray�sh presence (Two-way ANOVA, p > 0.05; Fig. 2A). Leaf-litter
breakdown by native invertebrates (weighed by animal body mass) increased with temperature from a
mean of 2.3 g to 2.8 g (Two-way ANOVA, F1,3 =5.469, p < 0.05) but did not change signi�cantly between
cray�sh treatments and the control with invertebrates only (Two-way ANOVA, p > 0.05; Fig. 2B).

Leaf-litter breakdown by cray�sh
Leaf-litter breakdown by cray�sh was signi�cantly affected by temperature (Two-way ANOVA, F1,2 =6.314,
p < 0.05) and cray�sh treatment (Two-way ANOVA, F1,2 =3.784, p < 0.05). Leaf-litter breakdown assessed
as leaf mass loss was lowest with two cray�sh species at lower temperature (0.04 g) and higher with P.
clarkii at higher temperature (0.07 g; Fig. 2A). Leaf-litter breakdown by P. clarkii at higher temperature was
signi�cantly higher than in two cray�sh species treatments at lower temperature (Fig. 3A, Tukey post-hoc,
p < 0.01). Leaf-litter breakdown per cray�sh body mass was higher in the presence than in the absence of
cray�sh (Kruskall-Wallis non-parametric test, p < 0.001.

The difference between leaf-litter breakdown in interspeci�c treatments and the expected values based on
individual performances of P. clarkii and P. leniusculus was signi�cantly lower than zero (t(3) = -3.34, p =
0.04; Fig. 3B), but the effect did not differ from 0 at higher temperature (t(3) = -1.34, p = 0.27).

FPOM production
FPOM production was higher in all cray�sh treatments than in the control (Dunn’s test p < 0.001). FPOM
production was signi�cantly affected by temperature (Two-way ANOVA, F1,2 =12.67, p < 0.01) and
cray�sh treatments (Two-way ANOVA, F1,2 =7.42, p < 0.01). FPOM production was lower in all cray�sh
treatments at 15ºC than in treatments with P. clarkii at higher temperature (Tukey post-hoc, P. clarkii p <
0.05; P. leniusculus p < 0.01; interspeci�c p < 0.001). At higher temperature, FPOM by animal weight by P.
clarkii was signi�cantly higher than P. leniusculus (Tukey post-hoc, p < 0.05; Fig. 4A). The difference
between the observed FPOM production with two cray�sh species treatments and the expected results
base on the individual performance of P. clarkii and P. leniusculus did not differ signi�cantly from 0 at
15ºC (t(3) = - 2.56, p = 0.08) neither at 18ºC (t(3) = -1.07, p = 0.36) (not shown).

FPOM production was positively correlated with leaf breakdown on individual treatments by P. clarkii (r =
0.86, p = 0.006) and P. leniusculus (r = 0.90, p = 0.003) but not in interspeci�c treatments (r = 0.70, p =
0.06; Fig. 4B).

Discussion
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Our study highlights that altered thermal regimes change the interaction among ICS and their impacts on
leaf-litter breakdown in streams. As hypothesized, temperature increase enhanced leaf-litter breakdown
and FPOM production by ICS, but this effect was species speci�c because it was only observed for P.
clarkii. Interactions among ICS were antagonistic, consequently decreasing the impacts on this important
ecosystem process. However, in a temperature increase scenario, the effects of both ICS in interspeci�c
treatments became additive.

Contrary to our hypothesis, the indirect presence of ICS did not alter the activity of native invertebrates
and microbes on leaf-litter breakdown. Because leaf decomposition is an ecosystem process where many
species across multiple trophic levels are involved, some species, including omnivores, may display
strong in�uence in the process dynamics by affecting biodiversity (through predation) or by reducing
basal resources (Gessner et al. 2010; Carvalho et al. 2016). Invasive cray�sh can, for example, change
nutrient dynamics through their activity including feeding or burrowing behaviour (Shin-ichiro et al. 2009;
Harvey et al. 2014) and consequently change nutrient concentrations affecting leaf-litter breakdown rates
by freshwater microbes, particularly at higher temperatures (Fernandes et al. 2014). However, in our study,
we were not able to detect differences in microbial leaf-litter breakdown among cray�sh treatments. We
used a short-term experiment and included a water renewal in the middle of the experiment, which
probably led to low nutrient concentrations associated with cray�sh activity and low accumulation of
excreted products, consequently masking a potential response of microbial communities to cray�sh.
Microbial leaf-litter breakdown was enhanced by increasing temperature in our study. Other studies
demonstrated that warming temperature might intensify leaf-litter breakdown by microbial communities
in streams (Fernandes et al. 2014). Impacts of climate change have been widely studied particularly at
individual or species population levels but few have used multi-trophic approaches (but see Woodward et
al. 2010).

Also, native invertebrates (Sericostoma sp.) were only affected by temperature but not by the indirect risk
of predation imposed by the cray�sh presence. Naive responses of native invertebrates to invasive
cray�sh were previously reported in other studies (e.g. Carvalho et al. 2016). Exposure to predation risk
may change the behaviour of native species leading to a decrease in their foraging activity or changing
their strategies with potential indirect consequences for ecosystem functions (Klose and Cooper 2012). In
our experiment, invertebrates were indeed protected from direct predation by cray�sh and oak leaves
inside their cages were able to provide shelter and food resources that could possibly explain no change
in their behaviour. Beyond that, Sericostoma sp. individuals were captured at a site where they have low
contact with the invasive cray�sh and there are no native cray�sh in those rivers. This situation is
consistent with their naive behaviour. We should note that this lack of response might change in the
future due to evolutionary pressures imposed by cray�sh dispersion and population growth and co-
occurrence between ICS with native invertebrates (e.g. Klose and Copper 2012; Carvalho et al. in press).
Moreover, climate change is expected to increase co-occurrence between native and invasive species
increasing the probability of competitive interactions for resource availability (Zeng and Yeo 2018).
Because native invertebrates might have to compete for resources and avoid predation by invasive
cray�sh, this will probably constitute a challenge in the future. In this sense, extreme events such as
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droughts, which are predicted to increase in number and intensity in the studied region (Santos et al.
2015; Sousa et al. 2018; Nogueira et al. 2021), may indirectly favour cray�sh impacts due to habitat
dysconnectivity (intermittence) where in limited space and lower volume of water cray�sh can easily
affect direct resource consumption or predate on native species (Martinez 2012).

Temperature affected leaf-litter breakdown by cray�sh, although those effects were species speci�c. Only
P. clarkii increased leaf breakdown when compared with interspeci�c treatments at lower temperature.
Because cray�sh species are ectotherms, increasing temperatures are expected to enhance cray�sh
activity, including foraging and feeding behaviour (Rahel 2002). Invasive cray�sh can tolerate
temperatures around 30ºC (Souty-Grosset et al. 2006) and may be highly tolerant to desiccation (Larson
et al. 2009) but cray�sh responses to temperature changes may be species speci�c. For example, annual
mean temperature is the main driver in the projected distributions of P. clarkii and P. leniusculus for the
future, but it will affect both species in different ways bene�ting mostly P.clarkii in Europe (Zhang et al.
2020). Impacts of invasive cray�sh on leaf-litter breakdown and the associated biota may also be
species speci�c (Dunoyer et al. 2014). In our experiment, the effect of P. leniusculus on leaf-litter
breakdown did not vary with increasing temperature. Invasive P. leniusculus captured in the UK showed
increasing feeding rates at higher temperatures (Rodríguez Valido et al. 2021) but its maximum
performance was reached at a higher temperature (24ºC) than the maximum used in our experiment
(18ºC). Males of P. leniusculus showed its maximum feeding rate at 20ºC (Simčič et al. 2014). No
signi�cant differences were found between the individual effects of both ICS, suggesting that both
species have a strong impact on leaf-litter breakdown. Other studies suggested that ICS may functionally
substitute vulnerable native invertebrate species (Stenroth and Nyström 2003). Our results show that P.
clarkii. signi�cantly increased their leaf-litter breakdown at higher temperatures. Other studies
demonstrated that heat waves may shift the diet of P. clarkii towards an increasing consumption of plant
material (Carreira et al. 2017).

Interestingly, interactive effects between P. leniusculus and P. clarkii signi�cantly decreased their expected
individual impacts on leaf-litter consumption possible due to competition. Procambarus clarkii is
expected to have a more aggressive and dominant behaviour when foraging for food sources when
compared with P. leniusculus (Meira et al. 2019). Other studies showed that native P. leniusculus occupies
a higher trophic position than P. clarkii in lake ecosystems (Larson et al. 2017). However, in our
experiment, cray�sh were only able to feed on leaf litter. Although the invasion meltdown hypothesis
postulated that invasive species may bene�t from other invasive by facilitation or mutualism leading to a
synergistic or additive effect on ecosystems (Simberloff and von Holle 1999), interactions among
multiple invaders might also be negative (antagonistic) particularly in freshwater ecosystems and are
more severe in omnivore species (Jackson 2015). Our results show that these antagonistic interactions
on leaf-litter breakdown change with increasing temperature where effects between both species become
additive. Based on our data, we can hypothesize that this effect resulted from enhanced leaf-litter
breakdown by P. clarkii. Nonetheless we should carefully interpret our results because in our experiment
leaf litter was the only food source for ICS although food availability was not limited. However, in natural
ecosystems niche partitioning between invasive species may also facilitate the spread of multiple
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invasions and amplify their impacts on native biodiversity and ecosystems (Jackson et al. 2014). This
indicates that although we used a simpli�ed food web model, our results may help to clarify how these
species interact and affect important ecosystem processes in freshwaters.

FPOM production by P. clarkii increased at higher temperature and was higher than that of P. leniusculus
at higher temperature. ICS can functionally act as detritivores and play a signi�cant role in detritus-based
food webs contributing to produce FPOM, an important source of energy and carbon to stream biota
(Carvalho et al. 2016). Again, we should carefully interpret our results because we limited food sources to
leaf litter inside aquariums, oversimplifying natural conditions. For example, ICS may also have negative
indirect impacts on detritus-based food webs through trophic cascades (Greig and McIntosh 2006). Our
results showed expected positive and signi�cant correlations between leaf-litter breakdown and FPOM
production in intraspeci�c treatments, but interspeci�c cray�sh interaction led to a non-signi�cant
correlation. Here competition may play an important role if cray�sh increase the uptake of food resources
to invest in body mass. Other studies reported increase in energy uptake and body mass in crustaceans
when subjected to predation pressures (Glazier et al. 2020) and competition interaction may possibly
lead to the same trends.

Conclusion
Our results indicate that altered thermal regimes simulating climate change and interactions among ICS
may have important ecological effects on detritus-based food webs. Although antagonistic effects on
leaf-litter breakdown are expected at lower temperature, where both ICS co-exist, increasing temperature
may change their impacts because their interaction might become additive. Future climate projections for
Portugal predict air temperature increases that can reach in the worst case scenarios up to 8ºC in
summer and up to 2 and 4ºC in winter and spring, respectively, which will consequently increase water
temperature (Cardoso et al. 2019), and potentially affect the dynamic of ICS and their impacts. Some
studies have highlighted that climate change will increase habitat suitability for ICS (e.g., Capinha et al.
2013). Further studies should address how interactions among ICS vary with population traits and
increasing densities in natural conditions) where these omnivorous invaders may interfere directly and
indirectly with food webs and affect important ecosystem processes. Realistic conservation management
strategies should take into account how multiple invasive species interact, how they respond to climatic
change and how both biotic and abiotic interactions mediate their impact on invaded ecosystems (Pyke
et al. 2008; Rahel and Olden 2008). Even more urgent is to incorporate climate change scenarios
(including the effects of extreme climatic events such as droughts and heatwaves) on invasive species
management strategies to develop adequate regulations and policies and how this may interact with
overall ecological effects.
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Figure 1

Experimental laboratory design where we assess the individual and combined effects between two
invasive cray�sh species (Pacifastacus leniusculus and Procambarus clarkii) on leaf-litter breakdown
and associated biota under temperature increase (15 and 18ºC).
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Figure 2

Leaf-litter breakdown by microbes (A) and Sericostoma sp. (B) in the absence (control) and presence of
individual and combined effects of invasive cray�sh species at different temperatures (15º and 18ºC).
Mean ± SD, n=4. 
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Figure 3

Leaf-litter breakdown by cray�sh weighed by invasive cray�sh body mass (A) across individual and
combined species treatments and different temperatures (15º and 18ºC). Mean ± SD, n=4. Expected-
observed performance in interspeci�c treatments (B) calculated based on the difference between
observed leaf breakdown in interspeci�c treatments and the expected value based on the weighed sum of
individual mean performance of each species. Net effect was tested against 0. Asterisk corresponds to
signi�cant differences (t-test). Effects are additive if = 0, antagonistic if <0 and synergistic if > 0. 
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Figure 4

FPOM production by invasive cray�sh body mass (A) across individual and combined species treatments
and different temperatures (15º and 18ºC). Mean ± SD, n=4. Correlation between grams of leaf-
breakdown and grams of FPOM production (B) across different individual and combined cray�sh species
treatments. Signi�cant results were obtained by Pearson Correlation Coe�cient, n=8. 
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