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Abstract
1.	 Functional traits of organisms, especially feeding traits, influence how organisms 

mediate ecosystem processes. As climate change, landscape modification and 
industrial waste heat release continue to increase water temperatures, shifts in 
the composition of feeding traits within aquatic macroinvertebrate communities 
may alter ecosystem processes. However, it is unclear whether thermal traits of 
macroinvertebrates vary systematically across functional feeding groups (FFGs; 
i.e., categories based on feeding ecology such as herbivores, shredders, preda-
tors, etc.) or phylogeny.

2.	 We used previously published datasets on hundreds of macroinvertebrate taxa 
to evaluate how thermal traits differed across FFGs. We also examined the 
strength of phylogenetic signal in both FFG and thermal traits, using a new phy-
logeny of insect taxa. Then, we tested whether phylogenetic patterns offered a 
plausible explanation for differences in thermal traits among FFGs by comparing 
phylogenetic and non-phylogenetic regressions.

3.	 Shredders tended to have lower temperature preferences, optima and maxima 
(three of five of the thermal traits evaluated) than other FFGs. Patterns for other 
FFGs differed by thermal trait, but predators, collector-gatherers and filterers 
had some of the highest thermal trait values. FFG explained 40% of the variation 
in critical thermal maximum, but <12% of the variation in the four other thermal 
traits.

4.	 Phylogeny explained 26%–88% of the variation in thermal and feeding traits. For 
the subset of taxa and trait data that were available, phylogeny explained more 
than double the variation in thermal traits relative to FFG, but comparison of 
phylogenetic and non-phylogenetic regressions highlighted that FFG explained 
variation in thermal traits that was independent of phylogeny.

5.	 Our results highlight phylogeny and FFG as predictors of thermal traits in 
aquatic macroinvertebrates. Our results suggest that warmer water tempera-
tures could favour predators, filterers and collector-gatherers over shredders. 
Furthermore, our results confirm that certain orders of macroinvertebrates, 
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1  |  INTRODUC TION

Functional traits mediate how organisms interact with their envi-
ronment (Shipley et al., 2016; Martini et al., 2021) and may deter-
mine how organisms influence ecosystem processes (Vaughn, 2010; 
Wallace & Webster, 1996). Some functional traits can be highly cor-
related with climate variables (Ahrens et al., 2020), suggesting that 
climate warming may alter the distribution of traits within a commu-
nity (Bjorkman et al., 2018; Debouk et al., 2015). Thus, changes in 
ecosystem processes in response to warming can result from both 
direct physiological responses to increased temperature (Enquist 
et al., 2003; Song et al., 2018) and associated changes in the distribu-
tion of functional traits (Dorji et al., 2013). Therefore, understanding 
how thermal traits differ across functional groups is important for 
predicting future changes in ecosystem function.

In aquatic ecosystems, macroinvertebrates are critical drivers 
of ecosystem processes (Cuffney et al., 1990; Wallace et al., 1982). 
In this context, one of the most important traits of macroinverte-
brates is how they consume food, referred to as their “functional 
feeding group” (FFG). Macroinvertebrate FFGs describe their main 
food source and are based on gut contents, mouthpart morphol-
ogy, enzymatic activity analysis and/ or stable isotopes (Cummins & 
Klug, 1979; Dodds et al., 2014; López-Rodríguez et al., 2012; Wallace 
& Webster,  1996), although some taxa employ more generalised 
feeding strategies (Descroix et al., 2010). If different FFGs are dif-
ferentially sensitive to temperature, then changing thermal regimes 
will lead to predictable changes in invertebrate community com-
position (Bjorkman et al.,  2018), demand for resources (Schramski 
et al., 2015), and fluxes of energy and material (Cuffney et al., 1990).

Previous studies have found mixed results regarding the rel-
ative temperature sensitivity of different FFGs. One study, which 
used species distribution models to predict future distributions 
of 86 insect taxa, found that shredding (i.e., leaf-consuming) and 
algal-grazing aquatic insects were particularly sensitive to climate 
change, with 30%–40% of taxa projected to be extirpated across 
some ecoregions of the western United States (Pyne & Poff, 2017). 
Corroborating the notion that shredders may be sensitive to tem-
perature, studies have reported less alpha diversity and lower bio-
mass of insect shredders at warm tropical sites compared to cool 
temperate sites (Boyero et al., 2012; Dobson et al., 2002). The re-
sults of Pyne and Poff (2017) also are similar to the results of a long-
term, space-for-time study in Sweden that demonstrated a reduction 
in grazer biomass and a shift in species composition due to warming 
(Salo et al.,  2020). While this body of work has shed light on the 
potential relationship between macroinvertebrate FFGs and ther-
mal traits, these analyses have been limited taxonomically – either 

studying relatively few taxa or focusing on a single order of insects 
– making generalisations difficult (e.g., Hering et al., 2009; Pyne & 
Poff, 2017). Furthermore, it has been suggested that an evolution-
ary correlation between thermal traits and FFG is the ultimate cause 
of relationships between aquatic macroinvertebrate FFGs and ther-
mal traits (Boyero et al., 2012). However, links between thermal and 
feeding traits have not been thoroughly evaluated in the context of 
modern phylogenies, even though there have been previous phylo-
genetic analyses of aquatic macroinvertebrates (Poff et al., 2006).

Determining the degree to which thermal and feeding traits are 
phylogenetically constrained can inform predictions about how mac-
roinvertebrates will respond to a warming climate. Examining trait 
distributions across a phylogeny can provide important information 
about the evolutionary lability of traits (Blomberg et al., 2003). Traits 
that are evolutionarily labile and have diverged many times through-
out evolutionary history will show patterns that appear more ran-
dom across a phylogeny, while traits that are more evolutionarily 
conserved will show greater similarity among closely related taxa 
(Blomberg et al., 2003). Furthermore, traits that are more evolution-
arily labile are expected to be more responsive to environmental and 
ecological pressures, and thus may be more flexible in the face of en-
vironmental change, such as warming temperatures (Liu et al., 2015). 
Many macroinvertebrate traits show a strong phylogenetic signal, 
but in one analysis, temperature preference and feeding mode were 
less aligned with phylogeny and were considered among the most 
evolutionarily labile traits (Poff et al., 2006). This suggests that these 
traits may be more adaptable to environmental conditions and less 
constrained by taxonomic identity. However, the evolutionary la-
bility of temperature preference and feeding mode merits further 
analysis in light of new phylogenetic and trait data (Chesters, 2017; 
Chown et al., 2015; Schmidt-Kloiber & Hering, 2015).

Here, we test whether the functional feeding group of aquatic 
macroinvertebrates influences their thermal traits using multiple 
large datasets. We use data that include: (a) maximum observed tem-
perature in the field (OMax) and estimates of thermal optima (TOpt) 
informed by species range models from the United States; (b) ther-
mal preference (TPref) data from across the European Union; and 
(c) laboratory measurements of critical thermal maxima (CTMax) and 
upper lethal temperature (ULT) compiled by Chown et al. (2015). For 
each of these datasets, we evaluate differences in thermal param-
eters among FFGs. We hypothesise that shredders and herbivores 
will prefer cooler temperatures and have lower optimum and maxi-
mum temperatures than other groups of aquatic macroinvertebrates 
(H1). Then, we use phylogenetic comparative methods to evaluate 
the degree of correlation of both feeding mode and thermal sen-
sitivity with the phylogeny of aquatic insects (an important subset 

such as Diptera, may be better suited to warmer temperatures than other or-
ders, such as Plecoptera.

K E Y W O R D S
climate change, critical thermal maxima, temperature preference, temperature sensitivity, 
upper lethal temperature
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of macorinvertebrates). We hypothesise that both feeding traits 
and thermal traits will have a low degree of phylogenetic signal – 
indicative of evolutionarily labile traits (H2). Finally, if differences in 
thermal traits among FFGs are caused primarily by an evolutionary 
correlation, then we hypothesise that accounting for phylogenetic 
relationships with phylogenetic regressions will eliminate any effect 
of FFG on thermal parameters (H3).

2  |  MATERIAL S AND METHODS

2.1  |  Evaluating thermal traits of functional feeding 
groups across the United States

We tested whether there was variation in temperature preferences 
among FFGs with data compiled from across the United States using 
the Freshwater BioTraits database, which is maintained by the United 
States Environmental Protection Agency. From this database (US 
EPA, 2012), we evaluated estimates of TOpt for taxa compiled from 
eight different studies which estimated thermal optima using spe-
cies distribution models of biomonitoring data. We used data on the 
maximum temperature at which a given taxon was observed in the 
field (OMax), which are compiled from 53 studies. We used the clas-
sification of FFGs from this dataset listed under the trait values for 
“Primary functional feeding group abbreviated” and “Primary feed-
ing mode.” We recoded the values of these traits to fit into the six 
FFGs (i.e., “Herbivore”, “Collector-gatherer”, “Predator”, “Shredder”, 
“Filterer” and “Generalist”). The diet of some taxa changes through-
out their life cycle, and across seasons or space (Tierno de Figueroa 
et al., 2019), resulting in variation that may be represented by con-
flicting records in the database. We assigned taxa that had conflicting 
records for their FFG assignment to the “Generalist” category. When 
data included both larval and adult stages we used only the data from 
the larval stage. After merging temperature preference data with FFG 
data by taxon name, we had 623 taxa with estimates of TOpt and 212 
taxa with estimates of OMax, although some taxa had multiple esti-
mates of their thermal parameters (e.g., from different source studies).

We tested whether TOpt and OMax varied among FFGs using lin-
ear mixed-effects models. We accounted for non-independence at the 
taxon and data source level using random intercepts. We fitted models 
using the lme4 package, estimated contrasts among FFGs using the 
emmeans package, and estimated the portion of variation explained 
by the fixed effects alone (marginal R2) and the full model (conditional 
R2) using the MuMIn package (Bartoń, 2020; Bates et al., 2014; Lenth 
et al., 2021), all within the R (R Core Team, 2021). proje​ct.org

2.2  |  Evaluating thermal traits of functional feeding 
groups across the European Union

We used macroinvertebrate trait data from across the European 
Union to test the same hypothesis as above (that thermal traits vary 
across FFGs) (Schmidt-Kloiber & Hering,  2015). We reduced the 

FFG data in this dataset down to the same six categories as above 
by combining “Active-filterer” and “Passive-filterer” into “Filterers”, 
changing “Grazers” to “Herbivores” and dropping the relatively 
uncommon groups “Parasites”, “Xylophagous”, “Miners” and “Other”. 
For each taxon, this dataset assigns each feeding group a weight, 
which sums to 10 across all feeding groups. If any single feeding group 
had a weight greater than five, we designated the taxa as specialists 
in that feeding group (most specialist taxa were very clear, ~65% 
of taxa designated as specialist had a score of 10 in one category). 
Taxa with weights assigned more evenly across FFGs (weights of 
five or less in all feeding groups) were designated as “Generalists.” 
We used information on temperature preferences (TPref) from 
across the EU which were generated from models of summer stream 
temperatures and macroinvertebrate occurrence (Schmidt-Kloiber 
& Hering,  2015). After merging these two data sources, we had 
332 taxa with values for TPref and FFG. We evaluated differences 
in TPref among FFGs using an ANOVA and used a Tukey post hoc 
comparison to evaluate which differences were significant.

2.3  |  Laboratory measurement of thermal traits

We also evaluated differences in thermal parameters across FFGs 
using data compiled by Chown et al. (2015) on the ULT and CTMax 
of aquatic insects. Both ULT and CTMax are measurements of acute 
temperature sensitivity obtained by gradually increasing tempera-
tures and recording the temperature of either death (ULT) or a be-
havioural response (e.g., loss of righting response for CTMax). While 
both of these metrics reflect temperature tolerance over only a short 
time, they have the advantage of being somewhat independent of 
environmental temperature. To identify the FFG of these taxa, we 
first merged the thermal trait data from Chown et al. (2015) with the 
FFG data from the EU trait dataset. Then, for taxa that did not have 
an FFG assigned in the EU trait dataset, we looked for assignments 
in the Freshwater BioTraits dataset. Many of the taxa in the data 
compiled by Chown et al. (2015) were identified only to genus level. 
Thus, we assigned some FFGs at the genus level by summarising 
the Freshwater BioTraits dataset at genus level, and restricting our 
analysis to taxa that had a unanimous assignment of FFG. We fitted 
linear mixed-effects models to evaluate the differences among FFGs 
and included a random effect to account for non-independence at 
the level of the source study.

2.4  |  Evaluating the evolutionary hypothesis for 
FFG specific thermal traits

We evaluated the phylogenetic signal, or the tendency for more 
closely related taxa to have similar traits, of TPref and FFG by 
merging these trait values with a recent phylogenetic tree of insect 
taxa (Chesters, 2017). The only thermal trait that we evaluated was 
TPref from the EU dataset, as the other datasets have structures 
which make phylogenetic mapping difficult (i.e., conflicting results 
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for many taxa representing different source studies). We evaluated 
phylogenetic signal using Pagel's λ, which varies from one when 
the distribution of a trait matches expectations based on evolution 
according to a model of Brownian motion, to zero when a trait is 
distributed randomly with respect to phylogeny (Pagel, 1999). We 
used the numerical trait values in the EU dataset to evaluate the 
signal in each FFG independently, and graphed data using R/ggtree 
(Yu,  2020). We estimated λ using the phylosig function from 
R/phytools (Revell, 2012). Additionally, we report the portion of the 
variation in the trait data explained by this phylogeny-only model 
using a pseudo-R2 calculated with R/MuMIn (Bartoń, 2020).

Finally, we used a subset of the data (94 taxa) which have in-
formation on FFG, TPref and phylogenetic relationships to evaluate 
the effect of accounting for phylogeny on relationships between 
FFG and thermal parameters. With this subset of data, we evaluated 
the effect of FFG on TPref without controlling for phylogeny using 
an ANOVA. Then we fitted two generalised least squares models 
with a phylogenetic covariation structure to the data, one of which 
included a parameter for FFG and one which had no fixed effects. 
We report the p-value associated with the FFG term, the R2 and the 
Akaike information criteria adjusted for small samples sizes (AICc) of 
these models to evaluate how controlling for phylogeny influences 
the relationships between FFG and TPref.

3  |  RESULTS

Differences in TPref, OMax, TOpt, CTMax and ULT were related to 
the FFG of macroinvertebrates (Figure 1; Table 1). There were many 
differences in TPref among FFGs (Figure 1a). Shredders had an aver-
age TPref value that was lower than that of collector-gathers, preda-
tors, filterers and generalists by 2.1, 1.6, 1.3 and 1.3°C, respectively 
(Figure 1a). Collector-gatherers had the highest TPref, greater than 
that of herbivores and generalists by 0.8°C. Shredders had lower 
TOpt than predators by 1.9°C, and shredders had a lower OMax than 
filterers by 4.1°C (Figure 1b, c). Predators had a higher CTMax than 
generalists by 6.9°C (Figure  1d). Predators also had a higher ULT 
than both shredders and generalists by 6.4 and 5.5°C respectively. 
While each of these models estimated effects of FFG on thermal 
parameters (Table 1), the amount of variation in the data that was 
explained by FFG typically was small, only exceeding 11% in the case 
of CTMax. Furthermore, when random effects were included in the 
models (for either source study or repeated measurement of taxa), 
the random effects generally explained a much larger portion of the 
variation in the thermal trait data than FFG, again with the exception 
of CTMax (Table 1).

We found that there was a strong phylogenetic signal in both 
FFG and TPref of aquatic insects (Table 2; Figures 2 and 3). Each of 
the FFGs and TPrefs had estimated values of Pagel's λ that were dif-
ferent from zero, and many were close to one (Table 2). Furthermore, 
phylogeny typically explained a large portion of the variation in each 
of these traits, with R2 values all >0.25 and as high as 0.88 (Table 2). 
In the subset of data where we evaluated the effect of controlling 

for phylogeny on the observed relationship between FFG and TPref 
we found that the observed effect of FFG was only mildly dimin-
ished by controlling for the phylogenetic relationship among taxa. 
Specifically, we found that while the phylogenetic model with only 
an intercept term explained a substantial portion of the variation 
in the TPref data (R2 = 0.26), this increased when an FFG term was 
added (R2 = 0.34), which was similar to the portion of variation in the 
TPref data explained by FFG alone (Table 3). We found a similar pat-
tern in AICc among the models, which indicated that the addition of 
the FFG term explained additional variation beyond phylogeny alone 
(ΔAICc = 4.3; Table 3).

4  |  DISCUSSION

We found that the FFG of macroinvertebrates explained some of the 
difference in thermal traits among taxa. In each of the field-collected 
thermal parameters (TPref, TOpt and OMax), shredders had lower 
values than at least one other FFG. However, in the laboratory-
collected data (ULT and CTMax) shredders had similar thermal pa-
rameter values to other FFGs, with the exception of a difference 
between the ULT of predators and shredders, which was caused by 
an unusually high values for predators not low values for shredders. 
While there were many other differences among FFGs for various 
thermal parameters, the effects were more mixed across datasets 
with differences in one dataset not present in others. We found 
strong evidence for a phylogenetic signal in both FFG and TPref of 
aquatic insects, and the phylogenetic models typically explained a 
large portion of the variation in the trait data. However, while the 
phylogenetic models explained much of the variation in both func-
tional feeding group and thermal traits, our results suggest that phy-
logenetic similarity among taxa is not a sufficient explanation for 
differences in thermal traits among FFGs.

Although we found effects of FFG on several of the thermal 
parameters that we studied, the design of our analysis probably 
inflated the probability of type-1 errors (Blomberg et al.,  2003). 
Because the union of the thermal trait, feeding trait and phyloge-
netic data provided only a small sample size, we were not able to 
control for the effect of phylogeny on the relationship between FFG 
and thermal traits in our primary analysis. More closely related spe-
cies are more likely to have similar trait values, which was confirmed 
by our phylogenetic analysis. This similarity among closely related 
taxa represents an important form of non-independence that was 
unaccounted for in many of the contrasts that we made. However, 
in the subset of data in which we controlled for phylogeny, we still 
detected an effect of FFG on TPref, which suggests that similarity 
among closely related taxa is not the sole cause of the relationships 
which we observed between FFG and thermal traits. Furthermore, 
we argue that the ecological consequences of variation in ther-
mal traits across FFGs are meaningful, regardless of whether the 
underlying cause has to do with phylogenetic similarity or an eco-
logical tradeoff between thermal traits and feeding mode (Boyero 
et al., 2012).

 13652427, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.13992 by U
niversity O

f G
eorgia Libraries, W

iley O
nline Library on [28/09/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



1998  |    TOMCZYK et al.

This study highlights that shredders appear to be more sensitive 
to temperature than other FFGs, yet our data are not sufficient to 
understand the ultimate cause of this sensitivity. We highlight three 
non-exclusive mechanisms that could contribute to the observed 
lower thermal trait values of shredders. Firstly, a diet of leaves may 
make organisms more sensitive to warm temperatures. Leaves are 
a nutrient-poor resource (Villanueva et al., 2011), and are made up 
of carbon compounds that are difficult to access and digest (e.g., 
lignin and cellulose). This low-quality diet may make it difficult for 
shredders to maintain the high rates of metabolism required at 
higher temperatures. Experimental evidence demonstrates that 
more nutrient-dense food is required to optimise growth at higher 
environmental temperatures (Kutz et al., 2019). This effect has been 

demonstrated in microcosms where shredders fed higher-quality 
food had greater survival at warm temperatures (Fenoy et al., 2020). 
Secondly, variation in resource supply may contribute to patterns 
of shredder abundance, and these patterns may be misinterpreted 
as effects of temperature. In addition to providing food to shred-
ders, riparian vegetation can play an important role in the thermal 
regime of stream ecosystems (Caissie,  2006). For instance, selec-
tive removal of 66% of the riparian canopy resulted in a 5°C in-
crease in mean summer stream temperatures in one study (Feller 
& Kimmins,  1984). Thus, covariation in temperature and resource 
supply may cause some of the variation observed in the data col-
lected from the field (Vannote et al., 1980), independent of under-
lying physiological thermal traits (Junker et al.,  2020). This notion 

F I G U R E  1  Boxplots of thermal 
parameters across functional feeding 
groups. We present the optimum 
temperature (a), temperature preference 
(b), maximum observed temperature (c), 
upper lethal temperature (d) and critical 
thermal maximum (e). Shaded boxes cover 
the middle 50% of the trait distribution, 
and lines within represent the means. 
Boxplot whiskers extend to the largest 
and smallest values, unless those values 
are <1.5 IQR from the middle of the 50% 
of the distribution, in which case points 
are plotted individually as outliers
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is somewhat supported by our data, as shredders appear to have 
lower values of thermal parameters in the field data (TPref, OMax 
and TOpt), although this pattern is not as clear in the laboratory data 
(CTMax and ULT). Thirdly, shredders may be outcompeted by mi-
crobes and generalist consumers at warmer temperatures. Warming 
is expected to favour organisms with smaller body sizes (Daufresne 
et al., 2009), and one aspect of the relationship between microbes 
and shredders is resource competition (Marks,  2019). At warmer 
temperatures, microbes may consume leaves too quickly for robust 
populations of specialised shredders to develop or persist (Irons 
et al., 1994). However, our analysis focuses primarily on insects, and 
thus may not generalise to other shredding/detritivorous organisms 
in streams such as fish and decapods.

Predators often had higher values of thermal traits than other 
taxa. Predatory taxa are in a unique position relative to other FFGs 
as shifts in the traits of their food also are likely to occur with warm-
ing (Nelson et al.,  2016). Furthermore, the temporal relationships 

between predators and prey (e.g., oscillations and feedbacks) can 
influence site-level persistence (Uszko et al.,  2017; Vucic-Pestic 
et al., 2011). However, Pyne and Poff (2017) did not find predators 
to have a lower risk of local extirpation in their analysis. The more 
complex interactions involved in predator persistence may imply 
that their responses to temperature are more idiosyncratic than 
other FFGs.

Although we found significant differences among FFGs in many 
of these thermal parameters, we observed large ranges in thermal 
parameters within each FFG and particularly TOpt. This large range 
suggests that any local assemblage, which includes only a small 
fraction of the number of species included in our analysis, may idio-
syncratically have different patterns of thermal parameters among 
FFGs. This is highlighted by the large explanatory power of the 
random effects in our models of the effect of FFG on thermal pa-
rameters. For instance, FFG explained 1% of the variation in TOpt 
whereas the random effects (species and study) explained 66% of 
the variation, much of which was explained by the different studies 
being conducted in different regions of the United States. An addi-
tional factor that is important to consider in the application of these 
data is the flexibility that organisms can have in their actual feeding 
strategies. Tierno de Figueroa et al. (2019) demonstrate that organ-
isms can have diets that differ from their commonly assigned FFG, 
that also are variable in space and time. The use of a “Generalist’ 
category helps account for this, but variation in diets still represents 
uncertainty in our analysis, and may explain some of the relatively 
low R2 values we found in parts of our analysis.

Our results demonstrate a high degree of phylogenetic signal 
in both TPref and FFG, suggesting that these traits are evolution-
arily constrained. The traits of animals, and interactions among an-
imals in a community (TerHorst et al., 2018), can affect the fitness 
of animals which leads to evolutionary pressure on functional traits 
(Laughlin et al., 2020). Although it is broadly understood that there 
are evolutionary tradeoffs to thermal traits (Clarke, 2003), the only 
previous analysis of the evolutionary lability of aquatic insect traits 
found that thermal preferences and feeding traits were among the 
most labile (Poff et al., 2006). This is congruent with other findings 
that behavioural or ecological traits tend to be more labile than mor-
phological traits (Blomberg et al., 2003). Poff et al. (2006) estimated 
trait lability by counting the minimum number of trait state changes 
required to fit the observed phylogenetic distribution of a trait and 
taking the ratio of this observed number to the minimum number of 
trait changes to fit any phylogeny (i.e., the consistency index). This 
method is useful for comparing different traits mapped onto the 
same phylogenetic tree, but both metrics used by Poff et al. (2006) 
are sensitive to total tree size, which makes quantitative compari-
son with the present results difficult. Thus, although morphological 
traits may have an even higher degree of phylogenetic signal than 
feeding or thermal traits, our data indicated that similarity in thermal 
and feeding traits among taxa is still an important pattern in aquatic 
insects.

The high degree of phylogenetic correlation that we observed 
in both feeding and thermal traits suggests these traits may be 

TA B L E  1  Model results for tests of variation in thermal traits 
among functional feeding groups (FFGs)

Parameter
Number 
taxa p-value

Marginal 
R2

Conditional 
R2

TOpt 623 0.02 0.01 0.67

TPref 332 <0.0001 0.11 NA

OMax 212 0.006 0.04 0.85

ULT 39 0.02 0.09 0.84

CTMax 28 0.01 0.40 0.41

Note: We modelled the thermal optima (TOpt), temperature preference 
(TPref), maximum observed temperature (OMax), upper lethal 
temperature (ULT) and temperature preference (TPref) as a function of 
FFG. We present the number of taxa, the p-value, the marginal R2 (just 
the effect of FFG) and the conditional R2 which describes the portion 
of variation explained by the full model which has random effects 
accounting for non-independence at the study and taxa level.

TA B L E  2  Estimates of phylogenetic signal for temperature 
preference (TPref) and functional feeding groups (FFG)

Trait
Number 
of taxa Pagel's λ p-value Pseudo-R2

TPref 137 0.59 <0.00001 0.26

FFG: Shredder 579 1.0 <0.00001 0.88

FFG: Herbivore 579 0.97 <0.00001 0.62

FFG: Collector-
filterer

579 0.88 <0.00001 0.64

FFG: Collector-
gather

579 0.92 <0.00001 0.60

FFG: Predator 579 0.95 <0.00001 0.80

Note: We report estimates of Pagel's λ, p-values associated with the 
estimate of λ, and the R2 of a model that only incorporates phylogenetic 
signal. Estimates of Pagel's λ ≈ 1 imply that a trait follows a pattern that 
would be expected based on evolution according to Brownian motion. 
Each FFG was modelled separately, using the 1–10 fuzzy coding scheme 
of the raw data.
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highly predictable. Our analysis of macroinvertebrate traits covered 
many taxa, yet we still had data for only a small fraction of the total 
aquatic macroinvertebrate taxa in each dataset. For instance, in the 

EU dataset, we analysed records that had both feeding group and 
temperature preferences identified for 332 taxa, but this repre-
sented <8% of the taxa in the dataset. Likewise, we only had records 

F I G U R E  2  Temperature preferences 
of aquatic insect taxa presented with 
phylogenetic relationships. Colour 
indicates temperature preference, with 
red indicating high temperatures and blue 
indicating low. Lines and labels denote 
insect orders. See Figure S1 for a high-
resolution version with species labelled

F I G U R E  3  Functional feeding groups 
of aquatic insects represented in a 
phylogenetic tree by colour. Lines and 
labels denote insect orders. Categorical 
values are used for representation here, 
but fuzzy coding values were used in 
some analyses of feeding group data, and 
those data are represented graphically in 
Figures S2–S6
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of feeding group and TOpt or OMax for <15% of the 3,835 taxa in 
the Freshwater BioTraits dataset. With the current interest in un-
derstanding how environmental stressors alter the distribution of 
traits (Barnum et al., 2017; Statzner & Bêche, 2010), the paucity of 
information on traits presents a major challenge. However, the high 
degree of phylogenetic correlation that we observed in this study 
suggests that it may be possible to predict trait status based on phy-
logenetic relationships, particularly as more resolved phylogenetic 
trees become available. Additionally, the largest databases of trait 
data that we were able to access only covered the United States and 
European Union. Furthering our understanding of universal patterns 
in macroinvertebrate traits requires the creation of a global trait da-
tabase (Maasri, 2019), and efforts to understand species traits out-
side of the US and EU (Camacho et al., 2009). The development of a 
larger universal database of macroinvertebrate trait data could make 
trait-based approaches to biomonitoring and management more 
tractable and powerful.
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