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Abstract
The appeal of trait‐based approaches for assessing environmental vulnerabilities 
arises from the potential insight they provide into the mechanisms underlying the 
changes in populations and community structure. Traits can provide ecologically 
based explanations for observed responses to environmental changes, along with 
predictive power gained by developing relationships between traits and environmen‐
tal variables. Despite these potential benefits, questions remain regarding the util‐
ity and limitations of these approaches, which we explore focusing on the following 
questions: (a) How reliable are predictions of biotic responses to changing conditions 
based on single trait–environment relationships? (b) What factors constrain detec‐
tion of single trait–environment relationships, and how can they be addressed? (c) 
Can we use information on meta‐community processes to reveal conditions when as‐
sumptions underlying trait‐based studies are not met? We address these questions by 
reviewing published literature on aquatic invertebrate communities from stream eco‐
systems. Our findings help to define factors that influence the successful application 
of trait‐based approaches in addressing the complex, multifaceted effects of changing 
climate conditions on hydrologic and thermal regimes in stream ecosystems. Key con‐
clusions are that observed relationships between traits and environmental stressors 
are often inconsistent with predefined hypotheses derived from current trait‐based 
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1  | INTRODUC TION

Ecosystems are subject to multiple anthropogenic stressors such as 
habitat degradation, excessive inputs of nutrients and toxicants, and 
changing climatic conditions (Goudie, 2018; MEA, 2005; Vörösmarty 
et al., 2010), including altered air temperature and precipitation pat‐
terns and increased frequency and intensity of extreme weather events 
(Wuebbles et al., 2017). Understanding the effects of these stressors on 
biotic populations and communities, including the estimation of vulner‐
ability or resilience to these stressors, is crucial for ecosystem manage‐
ment. Trait‐based assessment is an alternative to taxonomically based 
characterization of communities and a promising and increasingly uti‐
lized tool for environmental assessment (e.g., Chessman, 2015; Foden 
et al., 2013; Griswold, Berzinis, Crisman, & Golladay, 2008). However, 
the application of trait‐based approaches has still not achieved its full 
potential, due in part to methodological inconsistencies and challenges 
in interpreting the results from different study designs.

Organism traits include morphological, physiological, and be‐
havioral features operating at the level of the individual, as well as 
some population characteristics such as the number of generations 
per year (voltinism). As determinants of functions, individual traits 
can reveal the mechanisms that drive the patterns of organism dis‐
tribution and abundance (McGill, Enquist, Weiher, & Westoby, 2006; 

Winemiller, Fitzgerald, Bower, & Pianka, 2015). Traits therefore offer 
a basis for establishing and testing mechanistic hypotheses about 
organism–stressor (including climate variables) relationships in nat‐
ural populations (Figure 1). Both trait‐ and taxonomy‐based studies 
involve tracking population and community changes and relating 
them to environmental factors; the key difference is the potential to 
use traits as a diagnostic tool coupled with the expectation that trait 
responses can be generalized across biogeographic regions and time 
(e.g., Brown, Khamis, et al., 2017), and potentially predicted into the 
future (Webb, Hoeting, Ames, Pyne, & Poff, 2010).

Despite the potential benefits of using assessments based on 
a single trait or a small subset of traits to predict the responses of 
biotic populations to a changing climate and associated impacts on 
communities, questions remain regarding the utility and limitations 
of this approach. We identify and address the following questions:

1.	 How reliable are predictions of biotic responses to changing 
conditions based on individual traits and environmental variables?

2.	 What factors constrain detection of single trait–environment re‐
lationships, and how can they be addressed?

3.	 Can we use information on meta‐community processes to reveal 
conditions when assumptions underlying trait‐based studies are 
not met?

thinking, particularly related to single trait–environment relationships. Factors that 
can influence findings of trait‐based assessments include intercorrelations of among 
traits and among environmental variables, spatial scale, strength of biotic interac‐
tions, intensity of habitat disturbance, degree of abiotic stress, and methods of trait 
characterization. Several recommendations are made for practice and further study 
to address these concerns, including using phylogenetic relatedness to address in‐
tercorrelation. With proper consideration of these issues, trait‐based assessment of 
organismal vulnerability to environmental changes can become a useful tool to con‐
serve threatened populations into the future.

K E Y W O R D S

bioassessment, climate stressor responses, freshwater invertebrates, invertebrate traits, 
stressor assessment, trait‐based assessment

F I G U R E  1  Example of a trait‐based 
hypothesis regarding changes in stream 
invertebrate assemblages due to a 
changing climate
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Answers to these questions are likely to affect the design and inter‐
pretation of trait‐based studies, and we address them by reviewing 
published literature on aquatic invertebrate communities in stream 
ecosystems. Our findings help to define success factors for trait‐based 
exploration of the complex, multifaceted effects of a changing climate 
on stream ecosystems via hydrologic and thermal regimes, recognizing 
that these regimes are also influenced by non‐climatic factors such as 
water management and land use.

2  | HOW RELIABLE ARE SINGLE  
TR AIT‐BA SED PREDIC TIONS?

Early trait‐based approaches commonly examined the relationship of 
a single trait to a single environmental variable (often referred to in 
the literature as a ‘univariate’ relationship; Cummins et al., 1980; Fahy, 
1975; Hawkins, Murphy, & Anderson, 1982; Townsend, Hildrew, & 
Francis, 1983), using ecological (Domisch et al., 2013; Hamilton, Stamp, 
& Bierwagen, 2010), biological (Chessman, 2015; Lange, Townsend, & 
Matthaei, 2014), or life‐history (Bonada, Dolédec, & Statzner, 2007; 
Chevalier, Comte, Laffaille, & Grenouillet, 2018) traits. Even though an 
early example (Usseglio‐Polatera & Tachet, 1994) evaluated multiple 
traits using multivariate analysis, the discussion and interpretation of 
results was still done trait by trait (i.e., univariate). Single‐trait analy‐
ses are useful because the relationships between individual traits and 
single‐variable environmental gradients are easy to conceptualize, and 
associated hypotheses are simple to test. As a result, examples of pre‐
dicted relationships between environmental variables and single traits 
are abundant in the ecological literature (e.g., Allan & Castillo, 2007; 
Giller & Malmqvist, 1998; Hynes, 1970).

2.1 | Relationships between trait 
predictions and climate

To explore whether predicted trait–climate relationships are re‐
alized, we reviewed 11 commonly cited papers on such relation‐
ships for stream macroinvertebrates (Table 1) to compare their 
findings to a priori, ecologically based predictions. An example of 
an a priori prediction (i.e., a hypothesized relationship between a 
trait and an environmental variable based on the perceived func‐
tional characteristic of the trait) is that cold‐adapted stenothermic 
macroinvertebrates will be vulnerable to increasing stream tem‐
peratures near the lower margins of their elevational ranges where 
temperatures already approach their upper thermal tolerances 
(Hering et al., 2009; Stamp, Hamilton, Zheng, & Bierwagen, 2010). 
Eleven ecological or life‐history traits were examined across the 
11 studies, and 34 of 61 relationships between trait states and 
climate variables (56%) fulfilled predictions. Only two of the 11 
traits (preferences for water current and temperature prefer‐
ences) were associated with climate signals in every study where 
they were tested. These findings suggest that a few single trait–
climate variable relationships are quite consistent, although even 
in these cases, trait‐state assignments that are inconsistent with 

actual environmental preferences (e.g., rheophily) can obscure 
relationships (Herbst, Cooper, Medhurst, Wiseman, & Hunsaker, 
2018). Moreover, we found a surprising level of incongruence be‐
tween a priori predictions and species responses to climate sig‐
nals, suggesting that a single trait–environment relationship may 
vary considerably according to the context of the study and other 
factors extrinsic (e.g., interactions among environmental vari‐
ables) or intrinsic (e.g., related to physiology, age or life stage) to 
the organism.

To determine the consistency of predicted single trait–environ‐
ment relationships across multiple studies, we surveyed trait rela‐
tionships with two stream characteristics related to the changes 
in precipitation patterns: (a) flow intensity and (b) the occurrence 
of low flows or drought. The stream ecology literature describes 
evolutionary adaptations to specific stream environmental condi‐
tions, such as flow, which allowed us to make trait–environment 
predictions.

2.2 | Relationships with flow intensity

We extracted 52 a priori predictions from 42 stream ecology pub‐
lications that theoretically linked various traits and at least one 
measure of flow intensity (e.g., runoff, velocity, and shear stress; 
Table S1). For example, McCafferty (1998) hypothesized that in‐
creasing flows reduce the distribution and abundance of organisms 
that burrow or climb, but increase the distribution and abundance 
of those that cling to substrata. We consolidated these hypotheses 
into 28 predictions related to the changes in flow intensity (Table 2).

We then compared these predictions to the trait–environment 
relationships reported in 67 papers (listed in Table S2). About 270 re‐
lationships between flow variables and 14 traits were tested in these 
studies (Table 2), of which 157 (58%) were statistically non‐signif‐
icant (according to the original authors), 80 (30%) matched a priori 
predictions, and 33 (12%) contradicted a priori predictions.

2.3 | Relationships with low‐flow magnitude

We extracted 65 a priori predictions from 42 stream ecology pub‐
lications that theoretically linked various traits and at least one 
measure of extremely low flows (e.g., intermittency, drought, and 
desiccation periodicity or duration; Table S1). For example, Ward 
(1992) suggested that environments prone to intermittency favor 
air‐breathing macroinvertebrates, since they are resistant to the de‐
pletion of dissolved oxygen within the stream during low‐flow pe‐
riods. We consolidated these predictions into 15 relating to loss of 
flow or intermittency (Table 3).

From the trait–environment relationships reported in the 67 pa‐
pers (Table S2), 214 relationships between intermittency/drought 
variables and seven traits were tested (Table 3). Of these, 133 (62%) 
found no relationship, 44 (21%) matched a priori predictions, and 37 
(17%) contradicted a priori predictions.

Thus, most predicted single‐trait responses were not real‐
ized or were contradicted. In some cases, inconsistency among 
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the studies could be due to the methodological factors, such as 
low study power or conflicting trait values. For example, Herbst 
et al. (2018) found that assignment to rheophily categories dif‐
fered between two widely used sources (Merritt, Cummins, & 
Berg, 2008; Poff et al., 2006) for many taxa, and that about half 
of empirically derived rheophily associations differed from each 
of these sources. Also, the length of the environmental gradient, 
even for strong environmental drivers such as temperature and 
flow, may affect the degree of environmental filtering observed. 
Other factors, such as trait plasticity, trait intercorrelations (e.g., 
linkage of tested traits to other traits responding to different envi‐
ronmental variables), multiple correlated environmental variables, 
poor establishment of a priori hypotheses founded in ecological 
principles, or trait responses that might vary in time, could further 
confound or mask single trait–environment relationships. A more 
refined ability to account for such factors is needed before we 
can trust our interpretations of single trait‐based responses and 
predictions with respect to climatic variables; and some of these 
factors are considered below.

3  | WHAT FAC TORS POTENTIALLY 
CONSTR AIN SINGLE‐TR AIT 
REL ATIONSHIPS?

Organisms respond to environmental conditions according to 
their trait values in a process called environmental filtering (Poff, 
1997; Tonn, 1990) or environmental selection (Vellend, 2010; 
Figure 2). Kraft et al. (2015) define environmental filtering as the 
control of species establishment and persistence by abiotic varia‐
bles, which they separate from the role of biotic interactions such 
as competitive exclusion. An assumption that abiotic environmen‐
tal filtering is dominant underpins most trait‐based assessments, 
but the strength of the environmental factor being considered 
(i.e., the degree of environmental stress) may be important in de‐
termining how much filtering occurs. In addition, environmental 
factors do not operate independently in structuring communities, 
and both abiotic and biotic factors may operate as filters at mul‐
tiple, potentially nested scales (Poff, 1997; Tonn, 1990; Figure 2). 
If biotic interactions exert a strong influence over the distribution 

TA B L E  1  Overview of responses of traits (+ = response, 0 = no response, NA = not assessed) to climate extremes and long‐term  
climatic stressors in freshwater ecosystems in previous studies. Note that the criteria used to evaluate the responses of traits to climate  
variables varied across studies and could not be harmonized without access to the raw data

Study Chessman (2015) Griswold et al. (2008) Walters (2011)

Woodward, Bonada, 
Feeley, and Giller 
(2015) Lawrence et al. (2010) Chessman (2012) Stamp et al. (2010) Bêche and Resh (2007) Bonada et al. (2007)

Poff, Pyne, Bledsoe, 
Cuhaciyan, and 
Carlisle (2010)

Bhowmik and 
Schäfer (2015)

Climate signal Drought  
(>10 years)

Drought (4 years) Drought (3 months) Floods and droughts 
(multiple events 
<6 months)

Temperature warming Temperature  
warming, drought 
(>10 years)

Temperature  
warming

Temperature warming Climatic variables Climatic variables Climatic variables

Study type Extreme event 
(cessation of 
drought)

Extreme event  
(cessation of drought)

Extreme event  
(comparison of 
drought to control)

Extreme event  
(multiple events)

Long‐term trends  
(20 years)

Long‐term trends 
(16 years)

Long‐term trends 
(9–22 years)

Long‐term trends 
(7–20 years)

Space‐for‐time Space‐for‐time Space‐for‐time

Criteria to evaluate the 
response of trait to 
climate variable

Spearman  
ρ > 0.25 with 
drought indices

Pearson r > .6  
with ordination axes  
related to climatic 
variables

p < .1 for effect of 
water diversion  
(high p because of 
n = 6)

p < .05 for effect of 
extreme event

>25% change in  
community trait  
composition between  
years

Pearson r > .6 with 
climatic variables

Pearson r > .6 with 
climatic variables

Traits associated with 
ordination axes related 
to climatic variables

>25% change in  
community trait 
composition  
between regions

>25% change in  
community trait 
composition  
between regions

>35% explained  
variance by  
bioclimatic 
variables

Scale Regional (~800 
stream sites)

Local (two sites) Local (three stream 
sites)

Local (one site) Local (four sites) Regional (~9,000 
samples)

Regional (eight sites) Local (four sites) Large scale (530 sites) Large scale (279 sites) Large scale (4,752 
sites)

Trait

Flow preference + + NA NA NA + NA NA NA + +

Temperature 
preference

+ NA NA NA NA + + NA NA + +

Reproductive capacity NA + NA 0 0 NA NA + 0 + 0

Reproduction type NA NA NA NA NA NA NA + 0 NA NA

Life cycle duration 0 NA NA 0 NA NA NA + 0 NA NA

Body size 0 0 0 + 0 NA NA + 0 NA 0

Feeding type 0 + 0 + NA NA NA + 0 NA NA

Respiration mode 0 NA NA + NA NA NA + 0 NA NA

Dispersal capacity NA 0 + + NA NA NA + 0 + 0

Locomotion type NA + 0 + NA NA NA NA 0 + NA

Resistance/resilience 
to droughts

NA + + + 0 NA NA + 0 0 +
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and abundance of taxa at the local level, independently of abiotic 
variables, the expected relationship between a trait and an abi‐
otic variable might be confounded or masked. Thus, a strong in‐
fluence from biotic filtering has the potential to impair our ability 
to test trait–abiotic variable relationships using field data.

Several other factors pose challenges for single‐trait assess‐
ments, including trait non‐independence, measurement scales 
used for assigning trait values (e.g., categorical vs. continu‐
ous), plasticity of trait expression, and methods used for trait 
characterization.

3.1 | Trait non‐independence

Ecosystems are simultaneously impacted by multiple stressors that 
collectively act on organisms through multiple traits. More than a 
decade ago, Poff et al. (2006) highlighted a significant limitation to 
single‐trait approaches: traits are not independent of one another. 
The lack of independence among traits may lead to misguided or 
unsubstantiated single‐trait predictions, and attention to issues of 

trait non‐independence has recently renewed (de Bello et al., 2017; 
Verberk, Noordwijk, & Hildrew, 2013). There are two separate but 
related issues. Single‐trait responses to environmental variables can 
vary among phylogenetic groups (Pilière et al., 2016; Verberk et al., 
2013), and testing single traits may not be testing the same func‐
tional adaptation to an environmental gradient in each group (Pilière 
et al., 2016). Traits may also be correlated because of mechanistic 
relationships (linked or co‐occurring traits). For example, multivolt‐
ine species necessarily have rapid development, rapid development 
is more feasible if adult body size is small (Resh et al., 1988), and 
negative correlations between voltinism and body size have been 
recognized (Usseglio‐Polatera, Bournaud, Richoux, & Tachet, 2000; 
Verberk, Siepel, & Esselink, 2008). Also, trophic position can be re‐
lated to body size, which determines the ability to consume particu‐
lar foods. Traits often occur as trait groups (Pilière et al., 2016; Poff  
et al., 2006) due to past selection processes that jointly shaped a lim‐
ited number of life‐history strategies or morphological characteristics.

Traits also will not be independent at the species level if they 
are conserved within higher taxa: a phenomenon that is captured in 

TA B L E  1  Overview of responses of traits (+ = response, 0 = no response, NA = not assessed) to climate extremes and long‐term  
climatic stressors in freshwater ecosystems in previous studies. Note that the criteria used to evaluate the responses of traits to climate  
variables varied across studies and could not be harmonized without access to the raw data

Study Chessman (2015) Griswold et al. (2008) Walters (2011)

Woodward, Bonada, 
Feeley, and Giller 
(2015) Lawrence et al. (2010) Chessman (2012) Stamp et al. (2010) Bêche and Resh (2007) Bonada et al. (2007)

Poff, Pyne, Bledsoe, 
Cuhaciyan, and 
Carlisle (2010)

Bhowmik and 
Schäfer (2015)

Climate signal Drought  
(>10 years)

Drought (4 years) Drought (3 months) Floods and droughts 
(multiple events 
<6 months)

Temperature warming Temperature  
warming, drought 
(>10 years)

Temperature  
warming

Temperature warming Climatic variables Climatic variables Climatic variables

Study type Extreme event 
(cessation of 
drought)

Extreme event  
(cessation of drought)

Extreme event  
(comparison of 
drought to control)

Extreme event  
(multiple events)

Long‐term trends  
(20 years)

Long‐term trends 
(16 years)

Long‐term trends 
(9–22 years)

Long‐term trends 
(7–20 years)

Space‐for‐time Space‐for‐time Space‐for‐time

Criteria to evaluate the 
response of trait to 
climate variable

Spearman  
ρ > 0.25 with 
drought indices

Pearson r > .6  
with ordination axes  
related to climatic 
variables

p < .1 for effect of 
water diversion  
(high p because of 
n = 6)

p < .05 for effect of 
extreme event

>25% change in  
community trait  
composition between  
years

Pearson r > .6 with 
climatic variables

Pearson r > .6 with 
climatic variables

Traits associated with 
ordination axes related 
to climatic variables

>25% change in  
community trait 
composition  
between regions

>25% change in  
community trait 
composition  
between regions

>35% explained  
variance by  
bioclimatic 
variables

Scale Regional (~800 
stream sites)

Local (two sites) Local (three stream 
sites)

Local (one site) Local (four sites) Regional (~9,000 
samples)

Regional (eight sites) Local (four sites) Large scale (530 sites) Large scale (279 sites) Large scale (4,752 
sites)

Trait

Flow preference + + NA NA NA + NA NA NA + +

Temperature 
preference

+ NA NA NA NA + + NA NA + +

Reproductive capacity NA + NA 0 0 NA NA + 0 + 0

Reproduction type NA NA NA NA NA NA NA + 0 NA NA

Life cycle duration 0 NA NA 0 NA NA NA + 0 NA NA

Body size 0 0 0 + 0 NA NA + 0 NA 0

Feeding type 0 + 0 + NA NA NA + 0 NA NA

Respiration mode 0 NA NA + NA NA NA + 0 NA NA

Dispersal capacity NA 0 + + NA NA NA + 0 + 0

Locomotion type NA + 0 + NA NA NA NA 0 + NA

Resistance/resilience 
to droughts

NA + + + 0 NA NA + 0 0 +
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phylogeny. For example, Malaj, Guénard, Schäfer, and Ohe (2016) 
found that phylogeny explained >40% of the variation in tolerance of 
six heavy metals among invertebrate species. Poff et al. (2006) sug‐
gested that ‘labile’ traits, that is those that are relatively unconstrained 
by phylogeny, need to be emphasized in assessments, whereas Verberk 
et al. (2013) stressed the need to consider phylogenetically constrained 
traits that may have been conserved for ecologically important rea‐
sons. This conservatism could lead to taxonomic patterns mirroring 
trait patterns in some circumstances (e.g., Herbst et al., 2018).

Relationships between a single trait and an environmental gra‐
dient can be misleading if co‐occurring environmental variables or 
stressors are not considered (Pyne & Poff, 2017). Co‐occurring en‐
vironmental variables can be correlated (e.g., stream temperature, 

flow velocity, and dissolved oxygen concentration) and jointly asso‐
ciated with a trait group or ‘syndrome’ (Chessman, 2018). Thus, an 
apparent trait‐related response may be associated with more than 
one environmental variable. As a result, single trait–environment 
responses may be influenced by other, often unmeasured, environ‐
mental variables, or may result from the response of a linked trait, 
potentially leading to the misattribution of cause.

3.2 | Categorical traits

The outcomes of trait assessments may depend on the assign‐
ment of trait values, which are typically based on the literature 
reviews and expert knowledge (Schmidt‐Kloiber & Hering, 2015). 

TA B L E  2  Relationships between measures of flow intensity (e.g., increasing flow volume, runoff or water velocity, as metrics of high flow 
conditions) and trait states

Trait Trait state
Predicted 
relationship

No. of observed relationships

None Pos Neg Total

Armoring No armoring Negative 1 2 0 3

Armoring Poor to good armoring Positive 4 0 2 6

Attachment No attachment Negative 2 0 0 2

Attachment Some level of attachment Positive 4 1 0 5

Body form Streamlined/flattened body shape Mixed 9 1 1 11

Development Slow, seasonal development Negative 2 0 0 2

Functional Feeding Group Collector‐filterers Positive 25 21 7 53

Functional Feeding Group Collector‐gatherer Negative 21 10 19 50

Functional Feeding Group Predator Negative 25 4 15 44

Habit Burrowers Negative 5 2 2 9

Habit Climbers Negative 4 0 0 4

Habit Clingers Positive 8 2 1 11

Habit Swimmers Negative 7 0 3 10

Occurrence in drift Abundant or common in drift Mixed 3 1 0 4

Occurrence in drift Rare in drift Mixed 1 1 0 2

Respiration Air respiration Negative 3 1 0 4

Respiration Tegument respiration Positive 1 1 2 4

Rheophily Depositional environment preference Negative 6 0 2 8

Rheophily Erosional environment preference Positive 2 5 1 8

Size Large size Negative 3 0 0 3

Size Medium size Mixed 2 1 0 3

Size Small size Positive 5 0 0 5

Swimming ability No swimming ability Positive 1 0 0 1

Swimming ability Strong swimming ability Negative 1 0 0 1

Thermal tolerance Cold stenotherms Positive 1 1 0 2

Voltinism Multivoltine Positive 7 2 0 9

Voltinism Semivoltine Negative 2 1 0 3

Voltinism Univoltine Negative 2 0 1 3

Total 157 57 56 270

Note: The Predicted relationship column shows a priori predictions based on ecological theory, extracted from 42 sources (listed in Table S1). A 
‘mixed’ prediction means that some sources suggested a positive relationship and others indicated a negative relationship (i.e., no consensus). 
Numbers in the None, Positive(Pos), and Negative (Neg) columns are the numbers of relationships reported in 67 papers (listed in Table S2).
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Trait values are usually grouped into a few categories (e.g., feeding 
type categorized as filterer, gatherer, predator, scraper, or shred‐
der; stream flow preference [rheophily] categorized as erosional 
or depositional). Assignment of categorical trait values by expert 
knowledge can be subjective, pointing to the need for quantita‐
tive trait studies. For example, recording occurrences in riffles 
and pools more rigorously could hone the assignment of erosional, 
depositional, or intermediate preferences to express the trait of 
rheophily (Herbst et al., 2018). Although it might be an even bigger 

challenge, inferences could be improved by expressing some traits 
on continuous rather than categorical scales, using analytical ap‐
proaches pioneered by Yuan (2006). Progress has been made in 
using extensive data sets to characterize certain environmental 
preference or tolerance traits as continuous variables, such as for 
flow velocity, temperature, and dissolved oxygen (e.g., Chessman, 
2018). As such estimates are made for particular regions, environ‐
ments, and taxa, their transferability may be constrained by re‐
gional differences in environmental variability and the taxonomic 

Trait Trait state
Predicted 
relationship

No. of observed relationships

None Pos Neg Total

Adult life span Long (>1 month) Positive 1 0 3 4

Adult life span Very short 
(<1 week)

Negative 0 2 0 2

Desiccation 
resistance

Present Positive 9 2 2 13

Functional 
Feeding Group

Collector‐Filterer Negative 16 4 8 28

Functional 
Feeding Group

Collector‐gatherer Positive 19 6 8 33

Functional 
Feeding Group

Herbivore 
(scraper, piercer, 
etc)

Negative 15 2 7 24

Functional 
Feeding Group

Predator Positive 17 4 11 32

Habit (functional) Burrower Positive 4 4 0 8

Habit (functional) Swimmer Positive 13 2 4 19

Respiration Aerial Positive 8 2 1 11

Respiration Tegument Negative 4 0 1 5

Size Large (>16 mm) Mixed 12 0 3 15

Size Small (<9 mm) Positive 11 4 0 15

Voltinism Multivoltine Mixed 2 0 0 2

Voltinism Semivoltine Negative 2 0 1 3

Total 133 32 49 214

Note: The Predicted relationship column shows a priori predictions based on ecological theory, 
extracted from 42 sources (listed in Table S1). Numbers in the None, Positive (Pos), and Negative 
(Neg) columns are the numbers of relationships reported in 67 papers (listed in Table S2).

TA B L E  3  Relationships between 
measures of intermittency or extreme 
low flows (i.e., increasing frequency or 
duration of low flows) and trait states

F I G U R E  2   Illustration of 
environmental filtering (abiotic and biotic) 
and the related concept of species sorting 
(defined in the text), which underpin trait‐
based approaches (adapted from Poff, 
1997). Note that the illustration is not 
intended to suggest that environmental 
filtering is linear and sequential (abiotic, 
then biotic); it may be iterative or nested, 
as indicated by the bidirectional arrows 
between those two layers
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composition of assemblages, particularly if trait values are esti‐
mated at higher taxonomic levels. However, comparative analyses 
across regionalized data sets could allow for the development of 
harmonized preference or tolerance values. Categorical trait as‐
signments can also offer challenges for assessment in conjunction 
with continuous quantitative data such as flow or projected flow 
alterations (Kakouei et al., 2018).

3.3 | Trait plasticity

Trait information derived from field observations of the occur‐
rence of taxa can cut across multiple environments, climates, and 
geographic regions (Schmidt‐Kloiber & Hering, 2015). Species 
display trait plasticity that can include adaptations to regional 
conditions, which complicate trait–environmental relationships 
(Ortega‐Mayagoitia, Hernandez‐Martinez, & Ciros‐Perez, 2018). 
As a result, trait values may not be generalizable across geographic 
areas (Mbaka, Szöcs, & Schäfer, 2015).

3.4 | Other sources of variability

Trait‐based studies have also suffered from a lack of information, 
especially at the species level, partly due to incomplete taxonomic 
information and difficulties in identification of larval insects. For 
example, dipteran species are often underrepresented in trait da‐
tabases, although there have been some developments recently 
for the family Chironomidae (Cañedo, Bogan, Lytle, & Prat, 2016; 
Serra, Cobo, Graça, Dolédec, & Feio, 2016). Traits such as tem‐
perature or flow preferences can vary among congeneric species, 
a factor that should be considered when data being assessed are 
constrained to genus or higher levels of taxonomic resolution 
(Pyne & Poff, 2017).

Even when such sources of variation are minor, ecological traits 
suffer from interpretation issues linked to typological (i.e., classifica‐
tion) differences among stream systems. For example, in the north‐
western European lowlands, rheophily classifications are based on 
occurrence patterns in sand‐bottom, slow‐flowing, lowland streams. 
Species occurring in high flow environments are typically classi‐
fied as rheophiles, but the definition of ‘high flow’ may vary by site. 
When comparing communities from low‐gradient rivers with those 
from high‐gradient, gravel‐bed, central‐European streams, the same 
species might be classified differently (e.g., different rheophily indi‐
ces in Schmidt‐Kloiber & Hering, 2015). Efforts to better link stream 
typologies, which incorporate stream size, to trait databases might 
result in more accurate trait characterizations on a local scale.

4  | WHAT TO DO ABOUT CONSTR AINING 
FAC TORS?

The above section outlines some challenges to effective use of trait‐
based approaches, but there are some approaches that, with further 
refinement, could minimize problems.

4.1 | Control for phylogenetic relationships

Recognizing the intercorrelation of traits among taxa as a product of 
evolution as well as a limitation on using single traits to track or pre‐
dict responses to environmental gradients, Poff et al. (2006) termed 
a taxon's set of trait states as its functional trait niche (FTN), a com‐
bination that determines its integrated response to environmental 
conditions. In their analysis of 20 traits comprising 59 trait states 
across 311 taxa from 75 families of lotic insects, Poff et al. (2006) 
derived 233 FTNs, meaning that some taxa had the same FTN for 
the traits included in the assessment. Increasing the number of 
traits considered in an FTN analysis would reduce the similarity in 
FTNs among taxa, making an analysis based on FTNs closer to a 
comparison among taxa. Thus, to use FTNs as an organizing tool for 
trait‐based assessment, the number of traits included would have to 
be limited or the defined trait states would have to be broader. Poff 
et al. (2006) selected the traits that are minimally constrained by 
evolutionary linkage, that is by phylogeny, and recommended these 
traits to track and predict responses to environmental gradients. 
In addition to this conceptual approach, further research elucidat‐
ing relationships among phylogeny, trait associations, and commu‐
nity ecology (e.g., Tucker et al., 2017; Webb, Ackerly, McPeek, & 
Donoghue, 2002) could advance analytical approaches for interpret‐
ing trait‐based study results and informing designs. Some of these 
efforts examine relationships between multidimensional trait space 
and dimensions of phylogenetic relatedness, helping to connect trait 
assessments with the niche‐space concept (Tucker, Davies, Cadotte, 
& Pearse, 2018) and the relative influences of abiotic environmental 
filtering and competitive exclusion (Webb et al., 2002). However, 
more work is needed to better integrate these advances into trait‐
based approaches.

Several other methods have been developed to account for 
phylogenetic relationships in trait‐based assessments, and these 
approaches could increase the efficacy of trait‐based vulnerability 
assessments. New interest in community phylogenetics suggests 
that relative phylogenetic distances among species can explain 
ecological differences (Cadotte, Davies, & Peres‐Neto, 2017), and 
taxonomic groups can be used to partly account for trait linkages 
via evolutionary history (Pilière et al., 2016). A related approach 
is to define groups of taxa that share sets of associated trait val‐
ues using cluster analysis, and then use the resulting Trait Profile 
Groups as assessment units (Pilière et al., 2016; Usseglio‐Polatera, 
Richoux, Bournaud, & Tachet, 2001). More recently, a technique 
for decoupling functional traits from phylogeny has been devel‐
oped (de Bello et al., 2017), which builds on previous mathemati‐
cal approaches for weighting trait patterns by phylogenetic signals 
(Diniz‐Filho, Cianciaruso, Rangel, & Bini, 2011; Pillar & Duarte, 
2010); rather than using a combined dissimilarity in functional 
traits and phylogeny, it accounts for the overlap between them 
(covariance).

Other methods, such as phylogenetic eigenvectors maps 
(Guénard, Legendre, & Peres‐Neto, 2013) have been developed 
to estimate the trait values from phylogenetic signals. These 
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techniques can account for intercorrelation among traits associ‐
ated with phylogeny to improve the interpretation of trait‐based 
assessment results. They can also reveal when missing trait infor‐
mation can be replaced by phylogenetic information in applied 
trait studies.

4.2 | Group by life‐history strategies

Another means of dealing with the lack of independence of in‐
dividual traits is to group trait combinations according to life‐ 
history strategies. Life‐history strategies have been defined 
as ‘sets of coevolved traits which enable a species to deal with 
a range of ecological problems’ (Verberk et al., 2008). Verberk  
et al. (2013) suggested the need for greater analytical flexibility  
when exploring mechanistic relationships between traits and  
environmental conditions. They developed a framework with four  
levels—traits, trait interactions, trait combinations, and life‐history  
strategies—and classified life‐history strategies of freshwater in‐
vertebrates into four trait domains: reproduction, development, 
dispersal, and synchronization. For freshwater fish, Winemiller 
and Rose (1992) developed a classification into three strategies: 
periodic, opportunistic, and equilibrium. Periodic species are char‐
acterized by late maturation, large clutch sizes, and high adult sur‐
vival; opportunistic species are characterized by early maturation, 
frequent reproduction over a long spawning season, and rapid lar‐
val growth; and equilibrium species are characterized by parental 
care of small clutches of large eggs. Such life‐history strategies 
have been used to establish relationships with environmental con‐
ditions. For example, life‐history strategies of freshwater fish cor‐
relate with flow‐regime characteristics and hydraulic preferences 
(Blanck, Tedesco, & Lamouroux, 2007; Mims & Olden, 2012; Olden 
& Kennard, 2010; Scharbert & Borcherding, 2013). Mims and 
Olden (2013) found that fish assemblages downstream of dams 
had a higher proportion of equilibrium species and a lower propor‐
tion of opportunistic species than those of free‐flowing locations. 
Similarly, McManamay and Frimpong (2015) concluded that equi‐
librium strategists increase following the flow regulation by dams, 
whereas opportunistic and periodic species decrease.

Life‐history strategies are also likely important in determining rel‐
ative vulnerability to changes in hydrology and thermal conditions. For 
example, Chessman (2013) found that fish species with periodic life‐
history strategies fared better than those with opportunistic strate‐
gies during an extreme multiyear drought. In general, however, species 
with life‐history traits such as high fecundity, rapid maturation, and 
small adult size are expected to be more resilient to climatic fluctua‐
tions (Filipe, Lawrence, & Bonada, 2013; Hershkovitz, Dahm, Lorenz, 
& Hering, 2015; Williams, Shoo, Isaac, Hoffmann, & Langham, 2008).

In summary, better knowledge of trait interrelationships de‐
rived from phylogeny (Pilière et al., 2016; Poff et al., 2006; Verberk 
et al., 2013) or life history (Chessman, 2013; Mims & Olden, 2012, 
2013; Verberk et al., 2013) could enhance trait‐based study designs 
and interpretation of results. However, the lack of phylogenetic in‐
formation for many invertebrate groups could make this difficult. 

Accounting for phylogenetic relationships may be a useful addition 
to trait‐based approaches but will not entirely solve the issue of trait 
intercorrelation. Multivariate trait methods have great potential to 
help in the assessment of multifaceted responses to environmental 
drivers (e.g., Boersma et al., 2016), and are being increasingly used 
(e.g., Kleyer et al., 2012). In particular, the application of multivari‐
ate methods to assess vulnerability to climate drivers holds promise 
(e.g., Conti, Schmidt‐Kloiber, Grenouillet, & Graf, 2014; Foden et al., 
2013; Hershkovitz et al., 2015).

5  | META‐ COMMUNIT Y PROCESSES 
INFLUENCE TR AIT‐BA SED APPROACHES

We have discussed abiotic environmental filtering as an essential 
underlying assumption of trait‐based approaches. At the same time, 
we have documented higher rates of failure to confirm expected 
trait–environment relationships in field studies than that would be 
expected if this assumption always held. We have also discussed 
factors that complicate the design and interpretation of trait‐based 
studies, but have not yet considered the environmental contexts 
under which environmental filtering may structure stream inverte‐
brate communities sufficiently to support such studies. We do this 
now by exploring the conditions under which alternative models 
of community assembly apply and how they relate to assumptions 
underlying trait‐based approaches. We focus on the evidence for 
when environmental filtering, framed as species sorting in the con‐
text of meta‐communities, is a dominant community assembly pro‐
cess, with the hope of defining conditions under which trait‐based 
study approaches may have to be reconsidered.

A meta‐community is defined as ‘…a set of local communities 
that are linked by dispersal of multiple potentially interacting species’ 
(Leibold, Economo, & Peres‐Neto, 2010). Table 4 summarizes four 
common meta‐community models and their differences in processes 
such as dispersal, abiotic filtering, and biotic interactions. The domi‐
nant meta‐community models are not distinct, but rather represent a 
continuum of relationships among a suite of factors that together influ‐
ence community assembly (e.g., dispersion, selection, and speciation: 
Brown, Sokol, Skelton, & Tornwall, 2017; Vellend, 2010). Species sort‐
ing is one of the many models of meta‐community assembly (Leibold 
et al., 2004; Logue, Mouquet, Peter, & Hillebrand, 2011; Winegardner, 
Jones, Ng, Siqueira, & Cottenie, 2012), and it builds upon the concept 
of environmental filtering (Soininen, 2014). Under species sorting, it is 
assumed that species occur in environmental conditions to which they 
are best suited, and thus there should be strong correlations between 
environmental variables and species abundances.

Like environmental filtering by abiotic variables, species sorting 
must predominate to meet the underlying assumptions of trait‐based 
assessment. Although alternative meta‐community models are not 
necessarily mutually exclusive, under conditions where alternative 
models are as good as species sorting at explaining observed pat‐
terns, trait‐based assessment of organism responses to abiotic vari‐
ables may not be fully supported.
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6  | WHEN DOES SPECIES SORTING 
APPLY?

To determine when trait‐based vulnerability assessments may be 
effective, we must understand the environmental contexts within 
which species sorting applies. A common approach for differentiat‐
ing among meta‐community models is through variance partition‐
ing: strong association between variation in species abundances and 
abiotic environmental variables is interpreted as supporting species 
sorting, relationships with both environmental and spatial variables 
show a role of mass effects along with species sorting, and corre‐
lations between species abundances and spatial variables only are 
interpreted at supporting neutral theory or patch dynamics (Table 4). 
This process has been criticized, largely because both biotic and abi‐
otic filtering influence communities; and these factors are difficult 
to separate with field studies (Cadotte & Tucker, 2017). In addition, 
spatial autocorrelation of environmental variables, long ecological 
gradients, or high sampling noise can mask relationships (Tuomisto, 
Ruokolainen, & Ruokolainen, 2012). Furthermore, interpreting vari‐
ance partitions of spatial and environmental variables as attributable 
to species sorting (niche) and neutral processes is complicated by 
the effects of dispersal limitation on both, as well as by the spatial 
configuration of environmental variables (Smith & Lundholm, 2010). 
As with environmental filtering, to the extent that biotic interactions 
contribute to the characterization of niche space, they potentially 

modify relationships between the abiotic environmental character‐
istics and species distributions.

We screened the literature for factors determining whether 
dominance of species sorting can be assumed, recognizing that in‐
terpretation of the commonly utilized variance partitioning approach 
has flaws. While our focus was primarily on trait‐based approaches 
for macroinvertebrates in streams and rivers, we considered liter‐
ature from a broader range of systems and groups (summarized in 
Table S3) to understand the scale and nature of factors that influ‐
ence when environmental filtering and species sorting dominate.

Across organism groups and ecosystem types (96 studies, both 
terrestrial and aquatic), species sorting or a combination of species 
sorting and mass effects appear to dominate under most conditions 
(e.g., Cottenie, 2005), although one review suggested that on average, 
only 26% of variance in community composition across community 
types is explained by measured environmental variables (Soininen, 
2014). However, as studies do not comprehensively measure all envi‐
ronmental variables that can explain additional community variation, 
the degree of support for species sorting might be underestimated 
(Soininen, 2014), particularly if the range of environmental variation 
is relatively small. Overall, neutral or patch dynamics models were 
supported less commonly (fitting about 8% of communities reviewed 
by Cottenie, 2005), as was community variation explained by spa‐
tial factors (fitting about 11% of communities reviewed by Soininen, 
2016), a pattern often interpreted as supporting a neutral model.

TA B L E  4  Common meta‐community models and analytical conventions for differentiating among them

Model Characteristics Analytical assumptions References

Species sorting Community composition reflects differences 
among species in niche responses to abiotic 
and biotic aspects of local environment; 
includes dispersal as requisite for species to 
track environmental conditions

Distinguished by predominance of variation in com‐
position explained by environmental variables
Note: As with environmental filtering (see ‘What 
Factors Potentially Constrain Single‐Trait 
Relationships?’ above), if the potential influence of 
biotic interactions is not considered, attribution of 
variation in community composition to the influence 
of environmental variables may be faulty

Soininen (2014)

Neutral model Communities assembled by random speciation, 
dispersal and extinction; assumes that sto‐
chastic processes (random events) and envi‐
ronmental limitations to dispersala contribute 
to determining community composition

Spatial (geographic) factors correlated with commu‐
nity compositional patterns

De Bie et 
al. (2012), 
Cottenie 
(2005), Leibold 
et al. (2004), 
Logue et al. 
(2011)

Mass effects High dispersal rates with landscape con‐
nectivity can lead to successful popula‐
tions in favorable habitat patches acting as 
sources supplying individuals to suboptimal 
patches (sinks) which might not otherwise be 
self‐sustaining

Spatial patterns independent of environmental pat‐
terns. Note: sometimes viewed as acting in combi‐
nation with species sorting but with an independent 
dispersal effect

Cottenie 
(2005), Leibold 
et al. (2004), 
Logue et al. 
(2011)

Patch dynamics Habitat patches are considered equivalent and 
are occupied according to a balance of disper‐
sal ability and competition

Biotic interactions dominate over abiotic factors. 
Significant spatial effects with no correlation be‐
tween environmental factors
Note: may not be separable from mass effects by 
variance structure alone if there is an insufficient 
time component to the data set

Cottenie (2005)

aMainly extrinsic conditions defining dispersal limitations, but these may also interact with intrinsic traits defining dispersal ability. 
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Species sorting was also reported to predominate in stream mac‐
roinvertebrate communities (Table S3), though several researchers 
reported that its predominance over other meta‐community models 
varied over time and space. A few researchers reported that spatial 
variables were the strongest determinants of stream macroinverte‐
brate community assembly, commonly taken as evidence favoring the 
neutral model. Thompson and Townsend (2006) inferred that both dis‐
persal limitations and local differences in environmental factors con‐
tributed to local differences in community structure and suggested that 
a combination of species sorting and neutral theory may typically apply.

We found that the degree to which species sorting applies var‐
ies by ecosystem type, organism group, trophic position, scale, traits 
under scrutiny, level of disturbance, and the importance of biotic in‐
teractions (Table S3), reflecting a mixture of processes from which 
it is difficult to isolate a single factor (see Cadotte & Tucker, 2017). 
From the literature reviewed in Table S3, we summarize some of the 
key factors that influence the community assembly process, aiming 
to identify those to consider when designing and implementing trait‐
based assessments.

Dispersal capacity (Figure 2) is a necessary element of most 
meta‐community models (Leibold et al., 2004; Logue et al., 2011; 
Tonkin et al., 2017), though they differ in their assumptions about 
it. For example, patch dynamics assumes species differ in their 
dispersal abilities, whereas the neutral model assumes they do 
not. However, the dispersal ability of species is typically difficult 
to measure and, given the applicability of dispersal to all meta‐ 
community models, this trait is not expected to be particularly 
useful for differentiating among models, or to better define when 
trait‐based assessments are applicable. Nevertheless, environ‐
mental limitations to dispersal may be important to note when 
developing a study design. In our assessment, the role of dispersal 
appears to be scale‐dependent, with several studies reporting a 
stronger role for species sorting (i.e., stronger environmental fil‐
tering) in headwater streams than in mainstems, though this dif‐
ference may also depend on location and connectivity (Table S3).

Few studies assessed whether trophic position (e.g., autotroph, 
primary consumer, secondary consumer) predicted environmental 
filtering, and their findings were somewhat contradictory (Soininen, 
2014, 2016; Table S3). More work is therefore needed to better de‐
fine any potential role of trophic classification as a factor in the anal‐
ysis of trait data.

The scale of application may influence the validity of inference 
from trait‐based approaches, with validity likely decreasing with 
increasing scale. For invertebrate communities in stream ecosys‐
tems, species sorting was stronger in smaller streams and over 
smaller spatial extents and decreased in influence with increasing 
spatial extent or stream size (Table S3), suggesting that trait‐based 
assessments are likely to be more accurate under the former con‐
ditions. At larger scales, the contribution of spatial factors in‐
creased. More work is needed to better characterize appropriate 
scales for the application of trait‐based approaches for stream 
and river invertebrate communities. Should scale be defined in re‐
lation to, for example, the scale of habitat patches, the average (or 

maximum/minimum) dispersal range of species, or the geographic 
range of species?

As mentioned previously, the extent to which biotic interactions 
modify community composition, relative to the influence of abiotic 
environmental variables, complicates the assessment of how abiotic 
environmental variables control species (or trait state) abundances 
in a community. Cadotte and Tucker (2017) and Kraft et al. (2015) 
stressed that several processes may be misinterpreted as species 
sorting driving community assembly. They suggest that the environ‐
ment may interact with demographic parameters and competitive 
exclusion may be a driving force, that is, environmental filtering may 
act rather indirectly. In addition, environmental factors seem to be 
less important predictors of community composition in frequently 
disturbed or very harsh environments where taxa are adapted to ex‐
treme disturbance regimes (e.g., de Bello et al., 2013; Datry et al., 
2016; Urban, 2004; Table S3).

Overall, most research suggests that species sorting is important 
for meta‐communities in freshwater ecosystems (Grönroos et al., 
2013), but variables such as phylogenetic group, spatial scale, biotic 
interactions, and level of disturbance or environmental harshness 
moderate the relevance of the paradigm. Thus, these variables will 
also influence the detection of trait–environment relationships.

7  | CONCLUSIONS

The appeal of trait‐based approaches in the assessment of climate 
(or other environmental) vulnerabilities arises from their poten‐
tial insight into mechanisms, providing ecologically based expla‐
nations for observed biotic responses to environmental changes 
and predictions for future responses. Indeed, some of the most 
robust single trait–environmental variable relationships that we 
found were for the climate‐sensitive variables of temperature and 
flow. Thus, trait‐based studies remain a useful tool contributing to 
understanding the climate vulnerabilities of stream invertebrate 
communities, which in particular enable the projections of ex‐
pected future responses to changing climate‐driven environmental 
variables. However, we show that observed relationships between 
traits and environmental stressors are often inconsistent with 
predefined hypotheses derived from current trait‐based thinking, 
particularly related to single‐trait relationships. This inconsistency 
engenders uncertain interpretation of observed trait changes. We 
used ecological principles and applied meta‐community models to 
outline key elements for refining trait‐based hypotheses and study 
designs and for improving the reliability of associated conclusions, 
summarized in Table 5. These elements provide direction for the 
next steps of traits research.

We suggest that intercorrelations among traits and among en‐
vironmental variables, spatial scale, strength of biotic interactions, 
and strong habitat disturbance (harshness of the habitat), as well as 
methods of trait characterization are among the factors that should 
guide the construction of trait hypotheses and design of trait‐based 
assessments.
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As a key element to improve trait‐based approaches, several 
potential methods of accounting for trait intercorrelations should 
be explored. They include applying multivariate methods to reduce 
the influence of trait non‐independence, using various levels of tax‐
onomic organization to account for phylogenetic determinants of 
trait linkages, using clustering or other analyses to empirically define 
trait groups, and using groupings by life history to account for trait 
correlations.

The legacy of evolutionary history in trait intercorrelations 
means that we cannot classify all taxa by a single trait and expect 
uniform responses to a particular environmental factor accord‐
ing to that trait alone. To move forward using traits in a predictive 

manner, incorporating phylogenetic relatedness may yield better 
testable hypotheses. A testable hypothesis that would inform this 
approach would be that traits that are conservative within families 
(or genera, or orders) determine the distribution of species across 
ecoregions and stream types, whereas traits that are labile within 
higher taxa determine local niche‐based distribution. Consequently, 
regional distributions would be better predicted by taxonomy and 
local distributions by labile traits. However, because phylogeny does 
not explain all trait intercorrelations, linkages between traits due to 
mechanistic relationships also must be addressed, as should correla‐
tions or interdependencies among environmental variables.

More caution is required in trait‐based hypothesis testing at 
larger (regional) scales or in larger (mainstem) streams or rivers, 
where other processes become increasingly influential (Table 5). 
However, further effort is needed to better define the terms we 
use to characterize scale (e.g., local vs. regional) in this context. 
Other issues arise when applying trait‐based approaches at differ‐
ent scales. For example, there appears to be more trait plasticity 
over larger geographic areas (e.g., Pilière et al., 2016), and diversity 
of the species pool at larger spatial scales (beta‐diversity) can in‐
fluence assemblage composition at the local scale (Leibold et al., 
2004).

Meta‐community level thinking is appropriate to apply to 
trait‐based study design and interpretation, as we are often trying 
to test for stressor effects and explain response trends at larger 
(regional) scales (Leibold et al., 2004). This review suggests that 
for macroinvertebrate communities in stream systems, species 
sorting is generally the dominant meta‐community process, and 
therefore trait‐based assessments should generally be appropriate. 
However, other meta‐community models (e.g., mass effects, neu‐
tral processes) may be influential in some contexts (Beisner, Peres‐
Neto, Lindström, Barnett, & Longhi, 2006; De Bie et al., 2012). The 
factors that create these contexts are therefore pertinent to trait‐
based study designs, but not clearly defined, so the challenge is 
how to account for them. With proper consideration of such issues, 
trait‐based assessment of organismal vulnerability to environmen‐
tal changes can become a useful tool to conserve threatened pop‐
ulations into the future.
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TA B L E  5  Next steps: evidence needed to develop better 
hypotheses as a basis for trait‐based assessments

Recommendations for study element revisions, additional research

Develop analytical approaches to account for intercorrelations 
among environmental variables and traits
•	 Develop approaches to predict or account for trait intercorrela‐
tions, including taxonomic groups, life‐history groups, and empiri‐
cally defined trait groups

•	 Define appropriate taxonomic levels to use
•	 Fill gaps in phylogenetic information for groups that lack it
•	 Develop approaches for incorporating phylogenetic information 
and trait associations into data analysis

•	 Refine characterization of phylogenetic trait linkages

Better characterize appropriate spatial scales for application of trait‐
based approaches, particularly beyond the scale of small headwa‐
ter streams
•	 Improve terminology used to characterize different scales (e.g., 
local vs. regional)

•	 Define thresholds of scale relative to dispersal abilities for vari‐
ous taxonomic groups (e.g., according to quantified relative drift 
occurrence and adult movement patterns), regional variations in 
salient environmental conditions, and species ranges

Improve approaches for assessing the amount of variation explained 
by abiotic and biotic environmental variables as a basis for select‐
ing appropriate study areas and designs, including comparisons of 
trait with taxonomic and phylogenetic diversity

Evaluate disturbance regimes, including frequencies/magnitudes of 
disturbance, to inform study design, as these regimes can influence 
the realization of environmental filtering

Develop approaches to incorporate typological (classification) dif‐
ferences among river basins into trait‐based approaches

Refine methods for developing trait assignments
•	 Consider quantitative trait studies to achieve better assign‐
ments for categorical traits (e.g., recording occurrences in riffles 
and pools more rigorously to hone the assignment of erosional, 
depositional, or intermediate preferences to express the trait of 
rheophily)

•	 Consider expansion of trait types to fit a wider array of ecologi‐
cal contexts (e.g., freeze tolerance traits for use in alpine/arctic 
regions)

•	 Consider converting categorical traits into continuous variables 
when possible

•	 Explore analytical approaches that can consider both categorical 
and continuous traits

•	 Consider techniques such as stable isotope analyses to better 
deal with plasticity in feeding types
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research on biodiversity and ecosystem services across European 
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