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We used a phylogenetically based comparative approach to evaluate
the potential for physiological studies to reveal patterns of diversity
in traits related to susceptibility to an environmental stressor, the
trace metal cadmium (Cd). Physiological traits related to Cd bioaccumulation, compartmentalization, and ultimately susceptibility were
measured in 21 aquatic insect species representing the orders
Ephemeroptera, Plecoptera, and Trichoptera. We mapped these experimentally derived physiological traits onto a phylogeny and quantified the tendency for related species to be similar (phylogenetic
signal). All traits related to Cd bioaccumulation and susceptibility
exhibited statistically significant phylogenetic signal, although the
signal strength varied among traits. Conventional and phylogenetically based regression models were compared, revealing great variability within orders but consistent, strong differences among insect
families. Uptake and elimination rate constants were positively correlated among species, but only when effects of body size and
phylogeny were incorporated in the analysis. Together, uptake and
elimination rates predicted dramatic Cd bioaccumulation differences
among species that agreed with field-based measurements. We
discovered a potential tradeoff between the ability to eliminate Cd
and the ability to detoxify it across species, particularly mayflies. The
best-fit regression models were driven by phylogenetic parameters
(especially differences among families) rather than functional traits,
suggesting that it may eventually be possible to predict a taxon’s
physiological performance based on its phylogenetic position,
provided adequate physiological information is available for close
relatives. There appears to be great potential for evolutionary physiological approaches to augment our understanding of insect
responses to environmental stressors in nature.
comparative methods 兩 evolutionary physiology 兩 bioaccumulation 兩
phylogeny 兩 tradeoff

ith ⬇6,500 species described to date in North America (1),
aquatic insects are a diverse and ecologically important
group (2), particularly in rivers and streams. For example, the
orders Ephemeroptera, Plecoptera, and Trichoptera (EPT taxa)
include 58 recognized families and ⬇2,700 species (1). Among
these many lineages, great diversity exists in morphology, life
history characteristics, and physiology stemming from a long and
complex evolutionary history. Although the origins of the
Ephemeroptera are unknown (3), a general paradigm of the
terrestrial ancestry of aquatic insects is widely accepted, with
numerous invasions of freshwater habitats hypothesized
throughout evolutionary history (4). Many of these invasions
have entailed adaptive ‘‘solutions’’ that involve complex suites of
traits that in combination determine the range of environmental
conditions that a given taxon can tolerate.
Some traits that arose in response to past environmental
challenges may now render certain species relatively more
susceptible to modern anthropogenic pollutants. These pollutants may be either entirely novel (e.g., organophosphate insecticides) (see ref. 5) or were historically present at much lower
concentrations in natural environments than they are in many
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ecosystems today (e.g., trace metals) (6). This variation in
susceptibility has practical implications, because the ecological
structure of aquatic insect communities is often used to indicate
the ecological conditions in freshwater systems (7–9). Differences among species’ responses to environmental stressors can
be profound, but it is uncertain whether the cause is related to
functional ecology [usually the assumption (10, 11)] or physiological traits (5, 12–14), which have received considerably less
attention. To the degree that either is involved, their link to
phylogeny and evolutionary history remains poorly understood.
Here, we ask whether the tendency for related species to be
similar (i.e., phylogenetic signal) (15, 16) extends to physiological
traits that contribute to sensitivity to the stressor: cadmium.
Generalizations about phylogenetic linkages to stress responses
have been hindered to date by the limited number of species that
can be studied. We overcome this hurdle by using highly
developed methodologies for efficiently quantifying critical processes that control sensitivity to dissolved cadmium (see refs. 13,
17, and 18) (Fig. 1). These physiological processes have previously been considered in a conceptual model of metal toxicity
(19) that explicitly assumes that chronic toxicity in nature is the
manifestation of metal accumulation at target sites (i.e., metalsensitive sites) that ensues when the rate of metal influx exceeds
the combined rates of metal excretion and detoxification. In
practice, the model can be tested by combining bioaccumulation
kinetics (see ref. 17) and subcellular fractionation (e.g., refs. 18
and 20). We have used this integrated approach to reconcile
apparent discrepancies between insect responses to trace metals
in toxicity assays and in nature (13), to infer Cd sensitivity
differences among predaceous stoneflies (14), and to understand
the mechanisms underlying the metal tolerance of a caddis
fly (21).
We used phylogenetic analyses (22–30) to explore physiological processes related to dissolved Cd susceptibility in 21 fieldcollected aquatic insect species representing eight EPT families
[supporting information (SI) Table S1]. We tested for correlations and possible trade-offs among traits and used traits in
combination to predict the more emergent property (sensitivity)
in each of these species. We asked whether phylogenetic approaches (15, 16, 22–30) are potentially more powerful than
traditional functional guild approaches (e.g., ref. 31) for predicting sensitivity differences among species. We compared
statistical models that include body weight, feeding strategy, and
lineage as independent variables by using both conventional and
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Fig. 1. Conceptual model of metal toxicity, adapted in part from ref. 19. Here
we consider uptake (solution), elimination, and detoxification in the prediction of dissolved Cd susceptibility among species.

phylogenetically based statistical tools. Finally, we determined
how phylogenetically based approaches can increase our understanding and prediction of interspecific susceptibility differences
and augment the interpretive power of conventional stream
assessments that use insects as ecological indicators.
Results
Cd Uptake from Solution (ku). Under identical water chemistry
conditions, cadmium uptake rate constants (ku) varied 65-fold
among the 21 species we studied (Fig. 2A). We used Blomberg
et al.’s (15) K statistic to quantify the tendency for related species
to be similar to each other (phylogenetic signal) in ku measurements. In general, the level of phylogenetic signal present in our
Cd uptake rate constants (K ⫽ 0.488; P ⫽ 0.031) was typical for
physiological traits quantified in other studies. Blomberg et al.
report that the average K value taken from 21 comparative
physiology data sets was 0.53 (95% confidence interval 0.40–
0.72). Because many physiological traits are expected to scale
allometrically, we also determined K after removing the influence of log body weight (K ⫽ 0.482; P ⫽ 0.041).
To explore the role of phylogeny in explaining Cd uptake rate
differences among species, we compared 18 regression models

Ephemeroptera

Maccaffertium ithaca

that included combinations of body weight, clade (families or
orders), and feeding type (Table S2). The best-fit regression
model for log ku measurements based on the Akaike Information
Criterion (AIC) included log body weight (not significant) and
family categories (P ⫽ 0.012) on a star phylogeny, thus demonstrating a significant phylogenetic component to dissolved Cd
uptake. (Note: A star phylogeny assumes all taxa are equally
related as in traditional statistical methods, whereas a tree
includes hierarchical structure.) This pattern indicates that the
phylogenetic component of variation for uptake is associated
primarily with differences among families, the lowest phylogenetic level for which we have adequate sample size and meaningful hierarchical structure in our dataset. Body weight [which
also exhibited a statistically significant phylogenetic signal for log
values (K ⫽ 0.532; P ⫽ 0.011)] was negatively correlated with log
ku, but the statistical significance of family was not affected by
the inclusion of log weight in regression models. The superiority
of models including family as a factor over models including
orders demonstrates that, within orders, there is considerable
variation in uptake rate constants, which is apparent when the
raw data are plotted onto the phylogeny of our tested species
(Fig. 2).
Within orders, ku values ranged 20-fold among 7 mayfly taxa,
25-fold among 10 stonefly taxa, and 38-fold among 4 caddis fly
taxa. Among mayflies, ephemerellids had consistently faster Cd
uptake than both isonychiids and heptageniids, and species in
any given family tended to be more similar to their family
members than they were to species in other families. Among
stoneflies, perlodids had uniformly slow Cd uptake relative to
perlids, with the latter group exhibiting a 7-fold range in ku
values. Among caddis flies, Rhyacophila congeners were similarly slow in their Cd uptake. Interestingly, the two hydropsychids we examined were radically different with uptake in
Hydropsyche californica (0.42 liter䡠g⫺1䡠d⫺1) ⬎10-fold faster than
in Cheumatopsyche sp. (0.04 liter䡠g⫺1䡠d⫺1). This pattern serves as
a counterpoint to the general pattern for related species to be
somewhat similar. Further examination of physiological variability is clearly warranted in this large family. We also explored
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Fig. 2. Cadmium uptake rate constants (ku ⫾ SE) (A) and elimination rate constants (ke ⫾ SE) (B) derived from radiotracer experiments with 21 aquatic insect
taxa representing the orders Ephemeroptera, Plecoptera, and Trichoptera. Pagel’s arbitrary branch lengths (depicted) were used as input phylogenies in
statistical analyses.
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Cadmium Elimination (ke). In general, uptake rate constants alone
were not necessarily strong predictors of bioaccumulation, because rates of elimination are very important in this process.
Elimination rate constants (ke) are perhaps the most important
determinant of its overall bioaccumulation in nature, because
they apply to both dissolved and dietary accumulation (17). The
ke values we present here represent a daily proportional loss of
Cd from the body during the slow phase of efflux, which is
thought to be more representative of loss rates under chronic
exposure conditions found in nature (32). Efflux rate constants
ranged ⬇25-fold among species in which we could measure loss
(Fig. 2B). Log ke estimates exhibited a much stronger phylogenetic signal (K ⫽ 0.595; P ⫽ 0.013) than did log ku. This
difference was accentuated by removing the influence of log
body weight (K ⫽ 0.753; P ⬍ 0.001). Thus, relative to other
physiological traits (15), Cd ke values exhibit a very strong
phylogenetic signal. Furthermore, ke is strongly influenced by
body size.
To explore the role of phylogeny in explaining Cd uptake rate
differences among species, we compared regression models as
described above (Table S3). The best-fit regression model based
on AIC included log (body weight) (P ⬍ 0.01) and family
categories (P ⬍ 0.01), demonstrating a significant phylogenetic
component to Cd elimination. One model containing only
feeding and weight in the absence of any phylogenetic information showed feeding to be statistically significant. However,
feeding was not significant when family categories were included
in the model, perhaps because feeding type tended to be uniform
within families.
In our studies, taxa exhibiting the extremes of ke estimates are
instructive, because they represent some of the few groups for
which generalizations of metal susceptibility in the field are
available. For example, both heptageniid mayflies we examined
did not exhibit any significant loss of Cd from their tissues over
10 days of efflux (Fig. 2B). Heptageniids have been described as
particularly sensitive to trace metal exposures in the field, and
are often extirpated from contaminated systems (33, 34). On the
other hand, H. californica exhibited one of the highest efflux
rates measured yet in any invertebrate (0.20) (21), and this genus
is often described as being metal tolerant (33). Interestingly, the
ke value for H. californica is very close to that measured by Evans
et al. (35) in Hydropsyche bettini, yet we also see ‘‘phylogenetic
antisignal’’ (in the sense of ref. 15) when we compare H.
californica to Cheumatopsyche sp., despite the fact that they are
in the same family (Fig. 2B).
Subcellular Cd Compartmentalization. Because bioaccumulation

alone is not necessarily a good predictor of sensitivity differences
among species (Fig. 1; refs. 18, 19), it is important that bioaccumulation models are linked to other approaches to better
understand the potential biological consequences of accumulated metals in a given species. The subcellular compartmentalization of accumulated metals gives some insight into the
potential for toxicity (18), because species vary in their abilities
to protect cells with metal-binding proteins such as metallothionein-like proteins (13), glutathione, and metal-rich granules (33). In our studies, the subcellular compartmentalization of
Cd varied markedly among taxa (Table S4). We were particularly
interested in Cd associated with microsomes, organelles, and
heat-labile cytosolic proteins, because those compartments represent greater potential for Cd to interfere with vital physiological processes. Cd associated with the heat-stable protein (HSP)
compartment has previously been assumed to be detoxified via
metallothionein-like proteins (36, 37) and glutathione. Cd asBuchwalter et al.

sociated with cell debris was not considered to have toxicological
significance to the larvae.
On average, there were no major differences among orders in
terms of the proportion of Cd accumulated in potentially
sensitive compartments (microsomes, organelles, and heat-labile
cytosolic proteins). For all taxa tested, the average percentage
(⫾ SD) of accumulated Cd in these compartments was 36 ⫾
14%. The perlid stonefly Paragnetina sp. had the smallest
percentage (12%) of its body burden in these compartments,
whereas the perlodid stonefly Isogenoides hansonii had the
largest (64%). There was considerable variation within orders,
families, and among genera, and no apparent trends in Cd
compartmentalization into sensitive compartments was observed. Although there was an apparent difference in the
proportion of Cd associated with the HSP compartment among
orders (conventional one-way ANOVA: F ⫽ 4.21; df ⫽ 2, 18; P ⫽
0.032) and families (F ⫽ 3.03; df ⫽ 7, 13; P ⫽ 0.040), these
differences were not even close to significant in the equivalent
phylogenetic analyses [phylogenetic generalized least-squares
(PGLS): F ⫽ 0.15, df ⫽ 2, 18, P ⫽ 0.860; F ⫽ 0.37, df ⫽ 7, 13,
P ⫽ 0.901, respectively]. Of possible biological significance is the
observation that mayflies tended to accumulate higher percentages (⬇39%) of Cd in this compartment than did stoneflies
(⬇18%) and caddis flies (17%). Phylogenetic signal in this trait
(K ⫽ 0.475; P ⫽ 0.057) was typical for physiological traits (see
above).
Correlations/Linkages Among Traits. The nonphylogenetic (star)

correlation between cadmium uptake (log ku) and elimination
(log ke) was 0.141 [ln maximum likelihood (ML) ⫽ ⫺16.2238;
P ⫽ 0.5435], and this correlation remained nonsignificant with
the effects of log body weight controlled (ln ML for model ⫽
⫺14.1105; partial r ⫽ 0.225; P ⫽ 0.3395). However, the phylogenetic correlation (tree) between log ku and log ke was larger,
0.357 (ln ML ⫽ ⫺13.6871, P ⫽ 0.1120) and became statistically
significant when the effects of log body weight were controlled
(ln ML for model ⫽ ⫺8.05635; partial r ⫽ 0.505; P ⫽ 0.0232).
Comparison of the likelihoods indicates that the phylogenetic
models better fit the data, and that the phylogenetic model
including log body weight is the best, significantly better than the
version without log body weight (ln likelihood ratio test, 2 with
1 df ⫽ 11.26; P ⫽ 0.0008). Therefore, size-independent log ku and
log ke appear to have evolved together in a correlated fashion.
Among all species, elimination rate constants (ke) and the
proportion of Cd bound to the HSP (detoxified) compartment
were negatively correlated regardless of whether ke was logtransformed or phylogeny was considered. The best models
based on AIC used a star phylogeny for log ke (r ⫽ ⫺0.80; P ⬍
0.0001). This relationship was driven by the strong tendency
within the Ephemeroptera (r ⫽ ⫺0.89; P ⬍ 0.01), suggesting that
mayfly taxa that do not efflux Cd effectively, instead allocate
considerable resources toward detoxifying Cd (Fig. 3). No other
relationships between biokinetic parameters and the proportional intracellular distribution of Cd were found.
Estimating Susceptibility Differences. As described (13), we predicted interspecific differences in dissolved Cd sensitivity by
integrating kinetic parameters (annual Cd bioconcentration
estimates) with estimates of detoxification capacity (the proportion of accumulated Cd that was measured in potentially sensitive subcellular fractions) (Fig. 4). This approach is aligned with
a critical residue approach for regulating trace metal inputs to
surface waters. These values for predicted metal concentrations
at potentially sensitive sites ranged over three orders of magnitude among all taxa. This integrated estimate had a strong
phylogenetic signal (K ⫽ 0.718; P ⬍ 0.01), which was even
stronger after removing the influence of body weight (K ⫽ 0.767;
P ⬍ 0.01).
PNAS 兩 June 17, 2008 兩 vol. 105 兩 no. 24 兩 8323

ENVIRONMENTAL
SCIENCES

feeding in relation to Cd uptake, but this trait was not significant
in any ku models (Table S2).
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Fig. 3. Inverse relationship between the ability to eliminate Cd from tissues
(log ke) and the association of Cd with HSPs. F, Ephemeroptera; ■, Plecoptera;
Œ, Trichoptera.

To explore the role of phylogeny in explaining susceptibility
differences among species to dissolved Cd, we compared regression models as described above (Table S5). The best-fit regression model based on AIC included weight (P ⫽ 0.017) and family
(P ⬍ 0.001), indicating a strong phylogenetic component to Cd
susceptibility. In addition, it appears that within a given family,
smaller-bodied species tend to be more sensitive to Cd than
larger ones.
Discussion
Our primary purpose was to evaluate the potential for comparative studies to reveal patterns of diversity in traits related to
susceptibility to a stressor. Our approach differs from traditional
trait-based work (10, 11, 38) in insects in two major ways. First,
we focus on physiological traits rather than ecological traits. We
show that variability among taxa in susceptibility to a given level
of stress, as defined by bioaccumulation into potentially toxic
sites, can be strongly driven by phylogenetically linked physiological traits. Functional traits such as choice of food or seasonal
aspects of development could result in different exposures in the
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same habitat or the presence of sensitive life stages during
periods of elevated metal exposure (spring run-off for example).
However, here we show that the mechanistic linkage between
physiology and a taxon’s performance is powerful in the widely
divergent aquatic insects we studied. Second, we adopt a phylogenetic perspective rather than a functional guild approach,
because the tendency for related organisms to be similar to one
another is pervasive (15, 16). Although we were specifically
interested in testing whether this phylogenetic signal holds true
for physiological traits related to Cd susceptibility, the approach
may be applicable to susceptibility to other stressors as well.
Individual traits related to Cd bioaccumulation exhibited
phylogenetic signal (elimination more so than uptake). This
tendency for related animals to be physiologically similar has
practical implications. If widespread, it may be used to overcome
the inherent limitation in the number of species that can be
studied in physiological experiments. It may eventually be possible to predict physiological performance in a taxon that has yet
to be studied on the basis of its phylogenetic position, provided
sufficient information is available for close relatives (e.g., see
refs. 15 and 26). The current dataset is probably insufficient for
making predictions beyond the family level (because of limited
sample size and hierarchical structure within families). However,
it is tempting to think that relatively fast uptake in ephemerellid
mayflies or poor elimination in heptageniid mayflies could be
hallmarks of those families. It is possible that more phylogenetically focused comparative studies, within a given family, for
example, might allow for reasonable predictions for all members
of that family (see ref. 26).
In combination, traits related to bioaccumulation and detoxification appeared to identify metal-sensitive species. Our studies identified the genus Ephemerella and two heptanegiid mayflies as being particularly susceptible to dissolved Cd. These
findings give mechanistic support to observations that these taxa
are consistently absent from metal-contaminated habitats in
nature (40) and are consistently more sensitive to metals in
sophisticated toxicity tests (39–41). The presence of a relatively
strong phylogenetic signal associated with the integrated trait of
‘‘sensitivity to dissolved Cd’’ suggests that sensitivity to metals
may eventually be predictable on the basis of phylogenetic
position, as described above. Given that this design was not a
‘‘common garden’’ experimental design (42), and species came
from various locations in the United States, the degree of
phylogenetic signal associated with these data is encouraging.
We found a positive correlation between the bioaccumulation
parameters ku and ke, but only after controlling for the influence
of body weight and considering phylogeny. We offer two potential explanations, not mutually exclusive (23), for why these two
traits may have evolved in a correlated fashion. First, they may
be positively genetically correlated, perhaps because some genes
pleiotropically affect transporter densities in parallel in some
tissues or organs. Quantitative-genetic analyses could test this
hypothesis. Second, selection may have favored their correlated
evolution. Studies of selection in laboratory mesocosms could
test this idea. We also found a potential tradeoff between the
ability to eliminate Cd and the ability to detoxify it and speculate
that in insects an enhanced ability to eliminate may be a better
strategy than expressing proteins or peptides for detoxification.
The storage of metals in extracellular granules could be an
efficient means of evading toxicity (43, 44), but we were unable
to differentiate Cd associated with chitin with granules in our
studies. Species that do well at eliminating, detoxifying, and/or
storing metals, such as H. californica, are able to thrive in
metal-rich environments (21).
The most reliable estimates of metal susceptibility still come
from field-based observational approaches, where metals are
usually present in mixtures, and dietary pathways of accumulation may in fact predominate in predatory insects (e.g., refs. 14,
Buchwalter et al.

Materials and Methods
Insect Collecting and Handling. All of the insect larvae used in these studies were
field-collected from streams in Northern California, Colorado, Oregon, and North
Carolina by using a D-frame kick net (Table S1). Species were selected based on
phylogenetic considerations and local availability. Sites were chosen to minimize
the potentially confounding influence of metal exposure history (21) (highquality streams supporting a diversity of insects). Insects were held in an environmentally controlled room with a light/dark photoperiod of 16:8 h and a constant
temperature of 15°C. Soft artificial river water (48 mg/liter NaHCO3, 30 mg/liter
CaSO4䡠2H2O, 30 mg/liter MgSO4, and 2 mg/liter KCl, adjusted to pH 6.85 by
additions of 0.1 N NaOH) was used for acclimation (at least 4 days) to laboratory
conditions and experiments. During acclimation, insects were fed a diet consisting of alfalfa, Spirulina aquarium flake food (O.S.I. Marine Lab), TetraMin fish
food, or Lumbriculus variegatus ad libitum depending on the dietary requirements of each taxon. Insects were not fed for 1 day before experiments to reduce
fecal material output and metal sorption onto fecal material during aqueous
exposures. Only apparently healthy, intact, active animals were used in these
experiments. A phylogeny of test species was compiled based on trees assembled
on the Tree of Life web site (www.tolweb.org/tree). Physiological measures were
mapped onto this phylogeny.
Physiological Experiments. The methods used in these physiological studies have
been reported (13, 21). Larvae were exposed to an environmentally relevant
concentration of Cd (⬇4.6 nM) in artificial soft water. The gamma-emitting
isotope 109Cd was used to follow Cd accumulation and efflux kinetics in vivo by
using a PerkinElmer Wallac Wizard 3-inch gamma counter. The accumulation
phase of the experiment lasted 5 days for all taxa except for experiments with
Rhyacophila sp. and H. californica (6 days). Approximately half of the larvae were
used to conduct elimination experiments lasting 9 –12 days. Briefly, insects were
maintained in Cd-free water and assayed daily to monitor the loss of radioactivity
from each larva. Efflux of Cd generally followed a biphasic pattern, and we
focused on the slow phase of efflux as it more likely represents loss during
long-term exposure scenarios (32, 48). Therefore, loss constants (ke) were estimated by fitting efflux data after the first day of loss.

refrigerated, N2-saturated, 0.05 M Tris䡠HCl buffer (pH 7.4). The homogenate
was subsequently separated by differential centrifugation and chemical and
heat treatments into five operationally defined subcellular fractions following described procedures (20, 21, 33, 49). These fractions included cell debris,
cellular organelles, microsomes, cytosolic proteins denatured by heat treatment (heat-denatured proteins, HDPs), and HSPs. In previous papers, we have
referred to these cytosolic protein fractions as metallothionein-like proteins
and nonmetallothionein-like proteins (13, 14, 21). Here, we have changed our
nomenclature because our recent work has failed to demonstrate the presence of cysteine-rich, metallothionein-like proteins in the HSP fractions of
various aquatic insects. Rather, it seems that this fraction is dominated by
glutathione (L.X. and D.B.B., unpublished work). We maintain the convention
of assuming that Cd in the HSP fraction represents detoxified Cd (36, 50). The
heat-denatured fraction represents a variety of larger cytosolic proteins (20).
Data from the subcellular fractions were summed into operationally defined
metal-sensitive and detoxified compartments. The metal-sensitive compartment comprised the HDP, microsomal, and organellar fractions, each containing sites potentially vulnerable to Cd binding. The detoxified metal compartment was Cd associated with HSP. Cd in the cell debris fraction was interpreted
as being associated with metal-rich granules or biologically inert tissue such as
chiton and was not considered toxicologically important.
Statistics. For a univariate measure of phylogenetic signal, we computed the
K statistic of Blomberg et al. (15) and used their randomization test for
statistical significance, based on the mean-squared error (their Matlab
PHYSIG.m program). We also applied these procedures after removing correlations with log body weight as described (15).
To elucidate whether phylogenetic signal was pervasive (distributed
throughout the phylogenetic tree for the species under study) or occurred
mainly in relation to disjunctions among orders or families, we compared
regression models that included log body weight and either order or family
(both coded as K ⫺ 1 dummy variables, where K is the number of orders or
families) as independent variables. We included body weight because, on first
principles, many physiological traits are expected to scale allometrically. For
consistency among traits we retained body weight in models even when it was
not statistically significant (i.e., P ⬎ 0.05). Alternative models were also
computed for either a star phylogeny [no hierarchical structure, as is assumed
by conventional statistical analyses (26, 48)] or the specified phylogenetic tree
(PGLS), using Pagel’s arbitrary branch lengths as implemented in the DOS
PDTREE program (27). In addition, for the hierarchical phylogenies, we allowed branch lengths to vary between those indicated by the original input
tree and a star phylogeny, in a way consistent with an Ornstein-Uhlenbeck
(OU) model of (residual) trait evolution. Finally, we ran models that included
feeding strategy as a quantitative trait, scored as 0 ⫽ nonpredator, 0.5 ⫽
intermediate, 1 ⫽ predator (see Table S1). All models were analyzed by using
the Regressionv2.m Matlab program of Lavin et al. (30).
As an indicator of the relative support of models, we examined the AIC,
using the smaller-is-better formulation [AIC ⫽ (⫺2 ⫻ ln ML) ⫹ (2 ⫻ no. of
parameters)]. When comparing a series of models, the one with the lowest AIC
is considered to provide the best fit to the data. As a rule of thumb, models
whose AIC is ⱕ2 units larger can also be said to have substantial support (29,
30, 51). Note that MLs are used for computing the AIC, whereas restricted
maximum likelihood (REML) is used for estimating coefficients in the model,
such as the allometric scaling exponent and the OU transformation parameter, d.
To test for correlations between traits, we computed phylogenetically
independent contrasts in the DOS PDTREE program (26, 27). To control for the
effects of log body weight, we computed partial correlations (through the
origin) with the contrasts using the REGRESSION procedure of SPSS version
11.5. We compared ln MLs (from Regressionv2.m) to determine which models
(phylogenetic or not, with or without log body weight) best fit the data.

Subcellular Fractionation. After the accumulation phase of the experiment,
approximately half of the larvae were assayed for 109Cd and homogenized in
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Table S1. Taxa, sampling locations, weights and number of individuals used in comparative studies of cadmium bioaccumulation and
detoxification
Family

Genus species

Sampling location

Body Weight ⫾ SD

n

Feeding

Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Plecoptera

Heptageniidae
Heptageniidae
Isonychiidae
Isonychiidae
Ephemerellidae
Ephemerellidae
Ephemerellidae
Perlidae

Mccaffertium ithaca
Rhithrogena morrisoni
Isonychia tusculanensis
Isonychia sp.
Ephemerella subvaria
E. excrucians
Drunella grandis
Claassinea sabulosa

76.9 ⫾ 4.5
27.4 ⫾ 1.3
51.5 ⫾ 1.5
48.2 ⫾ 2.1
29.3 ⫾ 1.8
6.6 ⫾ 1.1
157.4 ⫾ 9.4
96.7 ⫾ 9.4

40
22
20
9
40
30
30
20

0
0
0
0
0
0
0.5
1

Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera

Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlodidae
Perlodidae
Perlodidae
Pteronarcydae
Hydropsychidae
Hydropsychidae
Rhyacophilidae
Rhyacophilidae

Paragnetina sp.
Doroneuria baumanni
Calineuria californica
Acroneuria abnormis
Hesperoperla pacifica
Skwala sp.
Isogenoides hansoni
Baumanella alameda
Pteronarcys dorsata
H. californica
Cheumatopsyche sp.
Rhyacophila fuscula
Rhyacophila sp.

36°22’10‘‘N, 80°59’30’’W
40°39’30‘‘N, 122°55’30’’W
36°05’00‘‘N, 79°01’00’’W
36°22’10‘‘N, 80°59’30’’W
36°22’10‘‘N, 80°59’30’’W
40°39’30‘‘N, 122°55’30’’W
40°39’30‘‘N, 122°55’30’’W
40°40’01‘‘N,
105’’13’32‘‘W
36°22’10’’N, 80°59’30‘‘W
44°27’23’’N, 121°38’41‘‘W
37°17’20’’N, 122°04’20‘‘W
36°22’10’’N, 80°59’30‘‘W
37°17’20’’N, 122°04’20‘‘W
37°17’20’’N, 122°04’20‘‘W
36°22’10’’N, 80°59’30‘‘W
37°04’35’’N, 121°28’02‘‘W
36°22’10’’N, 80°59’30‘‘W
40°23’58’’N, 122°07’44‘‘W
36°04’42’’N, 79°00’31‘‘W
36°22’10’’N, 80°59’30‘‘W
37°16’07’’N, 122°18’51‘‘W

92.9 ⫾ 7.9
335.6 ⫾ 142
105.1 ⫾ 10.1
195.0 ⫾ 23.0
144.3 ⫾ 17.4
78.8 ⫾ 6.8
108.5 ⫾ 13.2
34.9 ⫾ 1.6
139.0 ⫾ 5.4
24.4 ⫾ 1.8
18.9 ⫾ 1.2
69.7 ⫾ 4.3
34.2 ⫾ 1.9

14
12
20
16
10
10
6
9
18
40
40
23
30

1
1
1
1
1
1
1
1
0
0
0
1
1

Order

Feeding strategies were coded as predators (1), nonpredators (0), and intermediate (0.5).
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Table S2. ke models
Model
Star
PGLS
OU
Star
PGLS
OU
Star
PGLS
OU
Star
PGLS
OU
Star
PGLS
OU
Star
PGLS
OU

Parameters
Log (wt)
Log (wt)
Log (wt)
Log (wt) and family
Log (wt) and family
Log (wt) and family
Log (wt) and order
Log (wt) and order
Log (wt) and order
Log (wt) and feeding
Log (wt) and feeding
Log (wt) and feeding
Log (wt) family and feeding
Log (wt) family and feeding
Log (wt) family and feeding
Log (wt) order and feeding
Log (wt) order and feeding
Log (wt) order and feeding

d

0.7007

7.63 ⫻ 10⫺9

0.7650

0.6654

7.63 ⫻ 10⫺9

0.8304

P, wt
0.0768
0.0081
0.0136
0.0082
0.0082
0.0082
0.1867
0.0104
0.0143
0.5916
0.0174
0.0352
0.0192
0.0120
0.0192
0.2855
0.0193
0.0236

P, clade

P, feeding

ln ML

AIC

0.0551
0.7730
0.5734
0.4531
0.4470
0.4531
0.5081
0.8835
0.8395

⫺14.6576
⫺11.1458
⫺10.4368
5.22548
⫺5.1685
5.2254
⫺9.6366
⫺10.607
⫺8.47348
⫺12.453
⫺11.0959
⫺10.1292
5.78766
⫺4.5910
5.78764
⫺9.34013
⫺10.5924
⫺8.33224

35.3152
28.2916
28.8736
9.54905
30.3370
11.5491
29.2733
31.2139
28.9470
32.9059
30.1918
30.2584
10.4247
31.1820
12.4247
30.6803
33.1849
30.6645

0.0004
0.3227
0.0004
0.0172
0.6465
0.4855

0.0020
0.3155
0.0020
0.0933
0.6814
0.5866

Best-fit model is indicated in bold.
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Table S3. Subcellular Cd compartmentalization after exposure to 0.52 g䡠literⴚ1䡠Cd
Fractions
Metal sensitive

Taxon

Detoxified
HSP

HDP

Organelles

Microsomes

Cell debris

Mccaffertium ithaca
Rhithrogena morrisoni
Isonychia tusculanensis
Isonychia sp.
Ephemerella subvaria
Ephemerella excrucians
Drunella grandis
Claassinea sabulosa
Paragnetina sp.
Doroneuria baumanni
Calineuria californica
Acroneuria abnormis
Hesperoperla pacifica
Skwala sp.
Isogenoides hansoni
Baumanella alameda
Pteronarcys dorsata
Hydropsyche californica
Cheumatopsyche sp.
Rhyacophila fuscula
Rhyacophila sp.

41.3 ⫾ 2.4
69.4
63.3 ⫾ 0.5
37.1 ⫾ 5.4
21.2 ⫾ 0.6
35.8
6.9 ⫾ 0.9
8.8 ⫾ 3.6
31.8 ⫾ 0.7
7.2 ⫾ 1.1
3.4 ⫾ 0.7
33.9 ⫾ 1.2
7.7 ⫾ 4.8
30.9 ⫾ 2.8
10.3 ⫾ 0.3
29.4 ⫾ 3.1
19.7 ⫾ 5.1
25.2 ⫾ 0.7
21.2 ⫾ 4.7
20.6 ⫾ 8.4
2.9

15.6 ⫾ 1.6
6.8
6.8 ⫾ 2.5
11.3 ⫾ 3.5
27.9 ⫾ 0.3
33.0
14.2 ⫾ 1.2
15.5 ⫾ 3.0
2.6 ⫾ 0.2
24.7 ⫾ 7.1
21.9 ⫾ 2.4
2.5 ⫾ 0.1
32.7 ⫾ 5.6
14.7 ⫾ 1?
48.7 ⫾ 0.3
15.4 ⫾ 2.8
34.3 ⫾ 3.1
16.9 ⫾ 0.5
18.8 ⫾ 4.7
5.6 ⫾ 2.5
20.4

5.8 ⫾ 0.4
4.1
5.5 ⫾ 0.8
10.2 ⫾ 2.4
7.0 ⫾ 0.9
5.2
16.8 ⫾ 0.2
14.1 ⫾ 5.4
6.9 ⫾ 3.7
7.6 ⫾ 0.8
7.9 ⫾ 1.6
4.7 ⫾ 0.6
8.8 ⫾ 0.0
7.9 ⫾ 0.7
7.2 ⫾ 0.3
10.2 ⫾ 0.8
9.2 ⫾ 1.7
10.8 ⫾ 3.3
11.5 ⫾ 1.3
8.4 ⫾ 0.8
2.3

8.6 ⫾ 1.2
5.0
6.0
14.1 ⫾ 3.6
11.1 ⫾ 0.1
10.5
20.4 ⫾ 4.2
6.7 ⫾ 1.2
2.4 ⫾ 0.4
11.1 ⫾ 0.0
11.5 ⫾ 0.4
5.8 ⫾ 0.3
8.8 ⫾ 1.5
8.1 ⫾ 0.1
7.9 ⫾ 0.5
10.8 ⫾ 4.3
7.1 ⫾ 1.2
9.8 ⫾ 0.3
19.3 ⫾ 2.7
4.6 ⫾ 1.2
10

28.8 ⫾ 2.6
14.7
18.3 ⫾ 2.2
27.2 ⫾ 4.4
32.8 ⫾ 0.1
15.4
41.6 ⫾ 7.8
52.9 ⫾ 4.0
56.2 ⫾ 3.4
48.4 ⫾ 6.8
55.4 ⫾ 6.7
53.2 ⫾ 1.7
41.9 ⫾ 3.9
38.4 ⫾ 4.6
25.9 ⫾ 0.5
34.3 ⫾ 3.8
28.5 ⫾ 5.4
37.3 ⫾ 4.8
29.2 ⫾ 10.0
60.7 ⫾ 5.4
64.4
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Table S4. ku models
Model
Star
PGLS
OU
Star
PGLS
OU
Star
PGLS
OU
Star
PGLS
OU
Star
PGLS
OU
Star
PGLS
OU

Parameters
Log (wt)
Log (wt)
Log (wt)
Log (wt) and family
Log (wt) and family
Log (wt) and family
Log (wt) and order
Log (wt) and order
Log (wt) and order
Log (wt) and feeding
Log (wt) and feeding
Log (wt) and feeding
Log (wt) family and feeding
Log (wt) family and feeding
Log (wt) family and feeding
Log (wt) order and feeding
Log (wt) order and feeding
Log (wt) order and feeding

d

0.3816

7.63 ⫻ 10⫺9

0.6360

0.3987

7.63 ⫻ 10⫺9

0.7086

P, wt
0.4837
0.6535
0.6099
0.6635
0.8382
0.6635
0.6071
0.6614
0.6527
0.9079
0.9556
0.9750
0.9165
0.9955
0.9165
0.8310
0.9250
0.9021

P, clade

P, feeding

ln ML

AIC

0.2089
0.2783
0.2358
0.7889
0.7861
0.9324
0.3308
0.3188
0.3157

⫺15.2757
⫺16.2628
⫺14.0830
ⴚ1.95539
⫺12.0801
⫺1.9554
⫺14.6487
⫺16.1857
⫺13.6433
⫺14.3287
⫺15.558
⫺13.1847
⫺1.88376
⫺12.0066
⫺1.88378
⫺14.0085
⫺15.5130
⫺12.9766

36.5515
38.5255
36.1660
23.9108
44.1602
25.9108
39.2975
42.3714
39.2866
36.6574
39.1160
36.3693
25.7675
46.0131
27.7676
40.0169
43.0259
39.9532

0.0124
0.5763
0.0124
0.6020
0.9395
0.2615

0.0296
0.7213
0.0296
0.7835
0.9663
0.9385

Best-fit model is indicated in bold.
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Table S5. Composite susceptibility models
Model
Star
PGLS
OU
Star
PGLS
OU
Star
PGLS
OU
Star
PGLS
OU
Star
PGLS
OU
Star
PGLS
OU

Parameters
Log (wt)
Log (wt)
Log (wt)
Log (wt) and family
Log (wt) and family
Log (wt) and family
Log (wt) and order
Log (wt) and order
Log (wt) and order
Log (wt) and feeding
Log (wt) and feeding
Log (wt) and feeding
Log (wt) family and feeding
Log (wt) family and feeding
Log (wt) family and feeding
Log (wt) order and feeding
Log (wt) order and feeding
Log (wt) order and feeding

d

0.7906

7.63 ⫻ 10⫺9

0.8417

0.6403

7.63 ⫻ 10⫺9

0.6989

P, wt
0.0440
0.0210
0.0255
0.0172
0.0281
0.0172
0.0823
0.0237
0.0261
0.7345
0.0808
0.1247
0.1183
0.0810
0.1183
0.2086
0.0741
0.0818

P, clade

P, feeding

ln ML

AIC

0.0030
0.0330
0.0203
0.8107
0.9429
0.8107
0.0263
0.0507
0.0416

⫺18.5129
⫺14.5544
⫺14.1148
3.77389
⫺6.1503
3.77387
⫺13.0972
⫺13.8504
⫺11.8134
⫺13.2269
⫺11.8294
⫺10.7431
3.83119
⫺6.14518
3.83117
⫺9.75819
⫺11.2680
⫺8.62619

43.0258
35.1089
36.2297
12.4522
32.3006
14.4523
36.1944
37.7009
35.6268
34.4539
31.6589
31.4863
14.3376
34.2904
16.3377
31.5164
34.5360
31.2524

0.0001
0.1233
0.0001
0.0125
0.5656
0.4533

0.0035
0.4112
0.0035
0.0712
0.6520
0.4583

Best-fit model indicated in bold.
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