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Fig. 1. Positions of carnivorous plant families in the current overall angiosperm phylogeny (Stevens, 2007; relationships within the

Lamiales from Müller et al., 2006). Families that are exclusively carnivorous are set in bold and highlighted in green; families with only one

(Dioncophyllaceae) or two (Bromeliaceae) carnivorous genera are set in italic and highlighted in yellow; and the family (Martyniaceae) with

the possibly carnivorous Ibicella lutea v.Eselt. is set in italic and highlighted in blue. Representative traps of each genus are illustrated

(drawings by Elizabeth Farnsworth), and the number of species in each genus is given in parentheses. The phylogenetic tree was drawn

using the MrEnt software package (Zuccon and Zuccon, 2006); branch lengths are drawn only to emphasize the location of carnivorous

families and otherwise are not meaningful (i.e., do not signify time since divergence or any other metric of relatedness).
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phylogenetic history of the angiosperms (Stevens, 2007) and
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‘Droseraceae’, the Lentibulariaceae, and the (Asian) pitcher

plants (Nepenthaceae).

In contrast to Darwin, Croizat (1960) asserted a common

http://jxb.oxfordjournals.org


overall angiosperm phylogeny (Stevens, 2007) reverses this,

and has the Sarraceniaceae with its pitcher traps sister to

a clade containing the sticky-leaved Roridulaceae and the

non-carnivorous Actinidicaceae. If this placement is con-

firmed, it would represent one instance among carnivorous

plant lineages of morphologically more complex traps (here,

pitchers) being ancestral to simpler sticky traps. Similarly, the

Australian endemic Cephalotus follicularis (Cephalotaceae)
has no apparent sticky-leaved ancestor (Fig. 1).

Within the monocots, carnivory has also evolved at least

twice in the Bromeliaceae genera Brocchinia (B. hectioides

Mez, B. reducta Baker, and possibly B. tatei L.B. Smith)

(Givnish,
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for a derived Central American/Mexican/Caribbean clade,

and the nrITS-based phylogeny was reasonably congruent

with Casper’s (1966) morphological classification, the

remaining clades identified by the nrITS-based phylogeny

were polyphyletic in the trnK-based phylogeny (Cieslak

et al., 2005). Resolving the infrageneric phylogeny of

Pinguicula requires clearer definition of informative morpho-

logical and molecular characters as well as sequence data
from a wider range of species.

Genlisea and Utricularia: In contrast to the ongoing system-

atic confusion in Pinguicula
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Merchant, 2006) linked the two varieties of S. purpurea

venosa more closely to each other than to S. purpurea

purpurea; and the three taxa diverge from each other by

about as much as S. rosea diverges from the S. purpurea

clade (Neyland and Merchant, 2006). Thus, either the three

other subspecies/varieties of S. purpurea each should be

raised to species status (as tentatively suggested by Neyland

and Merchant, 2006), or they should be considered as a
single species with broad geographic variability (as suggested

by Gleason and Cronquist, 1991; Ellison et al., 2004).

Rates of genetic change and new hypotheses arising
from carnivorous plant genomics

As phylogenetic hypotheses have stabilized and as more
gene sequence data have accrued for carnivorous plant

species, comparative analyses of evolutionary rates of the

different taxa have become possible. Initial attention has

focused on the Lentibulariaceae because of the extreme

specialization in trap morphology within the derived genera

Utricularia and Genlisea. Jobson and Albert (2002) found

that relative rates of nucleotide substitutions (based on

RRTree computations: Robinson-Rachavi and Huchon,
2000) in seven loci (trnL/matK intron, trnL second exon,

trnL-F spacer, rps16 intron, cox1, and 5.8S RNA) occurred

4–14 times faster in Utricularia than in Pinguicula. Similarly,

Müller et al. (2004) reported that Genlisea and Utricularia

have relative rates of nucleotide substitutions (relative to an

Amborella+Nymphaeales outgroup) in matK that are 63%

higher than they are in Pinguicula.8 Müller et al. (2004) also

found that substitution rates of Genlisea and Utricularia

were higher than those of 292 other angiosperm taxa, and

that four other carnivorous plant genera—Pinguicula,

Drosera, Nepenthes, and Sarracenia—had substitution rates

more in line with those of other angiosperms (Fig. 2).

Two hypotheses have been suggested to account for the

high rates of molecular evolution observed in Utricularia

and Genlisea. First, Jobson and Albert (2002) hypothesized

that a single or small number of changes in regulatory genes
could have led to rapid morphological evolution in Utri-

cularia. In particular, Jobson et al. (2004) focused on the

coxI subunit of cytochrome c oxidase. They showed that

a unique motif of two contiguous cysteine residues in coxI

has been subject to strong selection, and this novel structure

of coxI in Utricularia could help to provide the additional

metabolic energy required to reset Utricularia traps.

As Darwin and Croizat both noted, Utricularia shows
little differentiation between stems, shoots, and leaves. Such

‘relaxed’ morphology is often observed in aquatic and

epiphytic habitats, where neutral buoyancy (in the water)

or other supporting structures (for epiphytes) obviate the

need for structural tissues (such as large stems or wood).

Thus, the combination of a unique molecular mutation in

a key metabolic pathway and the relaxed morphological

requirements of aquatic and epiphytic habitats has been

hypothesized to be the driver of morphological diversity in

this genus (Jobson et al., 2004; Laakkonen et al., 2006). We

refer to this hypothesis as the ‘energetics hypothesis’.

Alternatively, Müller et al. (2004) pointed to the extreme

specialization of the traps in Genlisea and Utricularia

relative to the sticky leaves of Pinguicula and Drosera and

the pitfalls of Nepenthes and Sarracenia as paralleling the

differences in genetic substitution rates (Fig. 2). Like Jobson

et al. (2004), Müller et al. (2004) suggested that high

mutation rates in Utricularia and Genlisea are related to

relaxed morphological constraints. However, Müller et al.

(2004) further argued that morphological evolution in

carnivorous plants was achievable because they can directly
take up large biosynthetic building blocks, such as amino

acids, peptides, and nucleotides, that the plants obtain from

capturing and dissolving prey. Importantly, Müller et al.

(2004) suggested that Utricularia and Genlisea have more

predictable and frequent captures of prey in their habitats

relative to the other carnivorous genera, and that there is

a positive feedback between this reliable supply of prey and

Fig. 2. Relative rates of gene substitution in carnivorous plant

genera relative to the basal angiosperm (Amborella+Nym-

phaeales). Angiosperm taxa are arrayed on the x-axis from

smallest to largest rates of matK substitution rates. The relative

substitution rate on the y-axis is calculated as the difference

between K(Genlisea, outgroup)–K(other taxon, outgroup), where

K(taxon, outgroup)¼the maximum likelihood estimate of substitu-

tions per site between the taxon and the outgroup (Müller, 2005).

A rough estimate of the percentage difference in substitution rates

between two carnivorous plant taxa can be found as

100
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further morphological evolution. We refer to this hypothesis

as the ‘predictable prey capture hypothesis’.

These two hypotheses were formulated for carnivorous

Lentibulariaceae (Genlisea and Utricularia relative to Pingui-

cula), but the general pattern of complex traps being derived

relative to simple (sticky-leaf) traps (Fig. 1) suggests that these

hypotheses could apply across carnivorous plant lineages.

Although the broader application of these hypotheses to other
carnivorous plant lineages is necessarily speculative, testing

between the energetics and predictable prey capture hypothe-

ses nonetheless could provide further insights into factors

driving the evolution of carnivorous plants. These analyses are

the focus of the subsequent sections of this paper.

Pattern and process in prey capture by
carnivorous plants

‘Now it would manifestly be a great disadvantage to the

plant [Dionaea muscipula] to waste many days in remaining

clasped over a minute insect, and several additional days or

weeks in afterwards recovering its sensibility; inasmuch as

a minute insect would afford but little nutriment. It would be

far better for the plant to wait for a time until a moderately

large insect was captured, and to allow all the little ones to

escape; and this advantage is secured by the slowly intercross-

ing marginal spikes, which act like the large meshes of

a fishing-net, allowing the small and useless fry to escape.’

(Insectivorous plants, pp. 251–252).

The available phylogenetic data suggest that in all

carnivorous lineages except perhaps the Sarraceniaceae/

Roridulaceae clade (Fig. 1), complex traps (pitchers, eel

traps, bladders) are derived relative to sticky-leaved, flypa-

per traps (Ellison and Gotelli, 2001). Müller et al. (2004)
hypothesized that carnivorous genera with rapidly evolving

genomes (Genlisea and Utricularia) have more predictable

and frequent captures of prey than do genera with more

slowly evolving genomes; by extension it could be hypoth-

esized that, in general, carnivorous plants with more

complex traps should have more predictable and frequent

captures of prey than do those with relatively simple traps.

Increases in predictability and frequency of prey capture
could be achieved by evolving more elaborate mechanisms

for attracting prey, by specializing on particular types of

prey, or, as Darwin suggested, by specializing on particular

(e.g., large) sizes of prey. In all cases, one would expect that

prey actually captured would not be a random sample of

the available prey. Furthermore, when multiple species of

carnivorous plants co-occur, one would predict, again

following Darwin,9
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flies (Fig. 3), whereas captured prey of aquatic Utricularia

spp. is dominated by Cladocera (mean¼37% of prey) and

cyclopoid copepods (mean¼36% of prey).10

Do different carnivorous plant genera specialize on
particular prey?

Methods of data analysis: The first question considered was
whether there was any indication of specialization by

different carnivorous plant genera. A specialist would be

one whose prey consisted of many individuals of only a few

prey taxon, whereas a generalist predator would have prey

consisting of relatively few individuals spread among many

different prey taxon. A useful index of specialization is

Hurlbert’s (1971) probability of an interspecific encounter

(PIE):

PIE ¼ N

N � 1
3 1:0� +

S

i¼1

ðpiÞ2

in which S is the number of prey taxa, pi is the
proportion of prey taxon i in the sample, and N is the
total number of individual prey items in the sample. PIE
ranges from 0 to 1, and can be calculated for data
measured in disparate units such as counts, percentages,
or densities (Gotelli, 2008).

In this analysis, PIE has a simple and direct statistical

interpretation: if an investigator randomly sampled two

individual prey items from the same trap (or set of traps

that are pooled for a species in a site), what are the chances

that they represented two different prey taxa? A value of
PIE close to 1 implies that the carnivorous plant genus was

not a prey specialist because any two randomly sampled

prey items would probably be from different prey taxa. In

contrast, a value of PIE close to 0 implies specialization on

a single prey taxon because any two randomly sampled prey

items would probably be the same. Note that the value of

PIE contains no information about the identity of the prey

taxa, only the numbers of prey taxa and the relative
distribution of individuals among them. Thus, two carnivo-

rous plant genera might have identical values of PIE, but

share no prey taxa in common.

In addition to PIE, the proportion of prey items

represented by ants (Formicidae) and the proportion

represented by flies and mosquitoes (Diptera), two of the

most important prey taxa for most carnivorous plants, were

also analysed. PIE and the proportion of ants and flies were
arcsine-square root transformed prior to analysis (Gotelli

http://harvardforest.fas.harvard.edu/data/p11/hf111/hf111.html
http://harvardforest.fas.harvard.edu/data/p11/hf111/hf111.html
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specialization values (low PIE). Captures of ants were much

less frequent for the sticky traps of Drosera (3.4%) and

Pinguicula (0.5%), and for the aquatic, bladder-trapping

Utricularia (0%). Flies predominated in the diets of Drosera

(44%) and Pinguicula (52%) (Fig. 4C), but were uncommon

prey for Utricularia (3%) and Sarracenia (14%). A

notable outlier was a single study of Sarracenia purpurea by

Judd (1959), in which 690 of 1095 prey (63%) were

Diptera (not identified to suborders or families by Judd,

1959).
Collectively, these results illustrate that different genera

of carnivorous plants do indeed selectively capture different

prey taxa. In some cases, the differences simply reflect

habitat differences: ants and adult flies are unavailable to

aquatic Utricularia or terrestrial Utricularia with subterra-

nean traps. However, the statistical significance of differ-

ences in captures of flies and ants by pitchers (Sarracenia

and Nepenthes) and sticky traps (Drosera and Pinguicula) is

not dependent on the inclusion of Utricularia in the

analysis, but rather do appear to reflect the different

morphological specializations in these genera.

Are they really specialists? Comparisons of captured
prey and available prey

Although the frequencies of prey collected in carnivorous

plant traps are rarely equiprobable, a predominance of

a single prey taxon, such as ants, need not indicate

specialization because some taxa simply may be more

abundant than others. In five published studies (Watson

et al., 1982; Zamora 1990, 1995; Antor and Garcı́a, 1994;

Harms 1999), the investigators not only collected prey

from carnivorous plants but also used passive traps in the

habitat to sample available prey. Watson et al. (1982) used

life-sized and -shaped cardboard models of Drosera

erythrorhiza coated with Hyvis 10 (a tacky inert compound

based on polymerized butane) to assess prey available to

Drosera erythrorhiza in the field. Zamora (1990) used life-
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Methods of data analysis: To quantify the similarity of the

prey captured by plants to the prey collected in passive

traps, we used the Jaccard index, J (Jaccard, 1901):

J ¼ a

a þ b þ c

in which a is the number of shared species between two
samples (plant traps and passive traps), and b and c are
the number of unique species in each of the two samples.
The Jaccard index was modified recently by Chao et al.
(2005) to incorporate relative abundance and to account
statistically for undetected shared species that might be
present, but that did not occur in the samples. Like J, the
Chao–Jaccard (or JChao) index ranges from 0.0 (no
shared to species) to 1.0 (all species shared). JChao was
calculated using the EstimateS software package (Colwell
2005); 1000 bootstrap replications were used to estimate
parametric 95% confidence intervals for the point-
estimates of JChao.

Results: In all cases, JChao was close to 1.0, indicating a very

high similarity between prey captured by the plants and
prey captured by inert traps or taken in a grab sample

(Fig. 5). For each pairwise comparison (captures by plants

versus prey available), the confidence interval bracketed 1.0

(Fig. 5), so the null hypothesis that these carnivorous plants

were behaving as passive sampling traps could not be

rejected. The occasional observations of mass captures of

locally abundant insects (Oliver, 1944; Evans et al., 2002)

are in line with this conclusion, as is Folkerts’s (1992)

observation that the majority of ants captured by Sarrace-

nia minor, S. flava, and S. purpurea in the southeast USA

are the very abundant, non-native fire ant Solenopsis invicta

Buren. These results do not necessarily imply that carnivo-

rous plants are not ‘specialized’ in their diets. Rather, the

observed degree of specialization is similar to that of

a simple passive trap of similar size and shape. Unique

coloration (e.g. Schaefer and Ruxton, 2008) or chemical
attractants (e.g. Jaffe et al., 1995; Moran, 1996) of some

carnivorous plant genera do not appear to contribute much

to the composition of captured prey. Rather, selectivity of

a trap can be understood largely based on the simple

geometry of its size, shape, and orientation. As a caveat,

note that the majority of these results are for genera

(Pinguicula, Sarracenia) that have traps that have relatively

passive mechanisms for attracting prey.

Niche overlap among co-occurring carnivorous plants

Darwin (1859) speculated that competition between species

is more severe within a genus. If this is true, co-occurring
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(1993) provided data on co-occurring species of Drosera

in, respectively, the southeastern USA, Germany, The

Netherlands, and southwestern Australia. These same data

were part of the prey utilization analyses described above,

but here these data are isolated for more detailed analysis of

niche overlap.

Methods of data analysis: How much niche overlap would

be expected by chance, in the absence of any competition?

The EcoSim software (Gotelli and Entsminger, 2007) was
used to quantify niche overlap using Pianka’s (1973) index

of overlap in resource use:

O12 ¼
+
n

i¼1

p1i p2iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
+
n

i¼1

�
p2

1i

��
p2

2i

�s

where p1i and p2i are the proportion of prey used by
species 1 and species 2, respectively. O12 ranges from 0.0
(no shared prey) to 1.0 (identical prey utilization), and is
calculated for each pair of species in an assemblage. For
assemblages with more than two species, the average of
all pairwise values of Oij was calculated, where i and j
index each species. Null model analysis (Gotelli and
Graves, 1996) is a statistical method for randomizing
ecological data to see whether patterns are more extreme
than expected by chance. Thus, to determine whether our
average value of Oij differed from that expected under
the null hypothesis that the niche overlap reflected only
random interactions, the software ‘reshuffled’ the ob-
served utilization values to generate expected overlap in
a null community that was unstructured by competition.
We used the ‘RA-3’ algorithm in EcoSim; it retains
observed niche breadths within a species, but randomizes
the particular prey categories that were used. This
algorithm has good statistical properties (Winemiller and
Pianka, 1990) and has been used in many other studies of
niche overlap (reviewed in Gotelli and Graves, 1996).

Results: For the most species-rich assemblages [five species

of Sarracenia (Folkerts, 1992) and five species of Drosera

(Verbeek and Boasson, 1993)], niche segregation was not

observed (Table 1). In the Sarracenia assemblage, the

highest observed niche overlap was between Sarracenia

flava and Sarracenia purpurea (overlap ¼0.99), and the

lowest overlap was between Sarracenia leucophylla and

Sarracenia psittacina (overlap¼0.26). The average overlap

for all 10 unique pairs was 0.637 (Table 1), which is about

midway between complete segregation (0.0) and complete

overlap (1.0). However, in the simulated ‘null assem-

blages’, the average niche overlap was only 0.197, and the

observed overlap in the real Sarracenia community was
larger than that found in 998 out of 1000 simulation trials.

Thus, the real five-species Sarracenia assemblage (and all

pairwise comparisons) showed significantly more niche

overlap than expected by chance (P¼0.002), directly

contradicting the hypothesis of niche segregation in

sympatry.

Similar results were found for five species of co-occurring

Drosera at the Fitzgerald River site in southwestern

Australia (Verbeek and Boasson, 1993). Observed pairwise

niche overlaps ranged from 0.65 (D. menziesii versus D.

paleacea) to 0.92 (D. glanduligera versus D. paleacea). The

average overlap for the pooled assemblage was 0.534, >96%
of the 1000 simulations (Table 1). This result again

suggested significantly more niche overlap than expected by
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the sensation of the most perfect smoothness. The use of

a good microscope will determine this point.’

(Macbride, 1818: 52)

The statistical analysis of the prey spectra (Figs 3 and 4)

revealed that at relatively coarse taxonomic resolution
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local environmental conditions (Dı́az-Olarte et al., 2007), not

on a direct facilitation of periphyton growth by Utricularia

(cf. Ulanowicz, 1995). Determining causal relationships
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considered decaying litter as a nutrient source and a third
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The costs of carnivory

The costs of carnivory have been assessed much less

frequently than the benefits, perhaps because measuring

energy foregone is more difficult than measuring increased

growth, photosynthetic rates, or seed set. However, the

existing measurements do suggest that the costs can be

substantial. Among carnivorous plants with flypaper traps,

carbon and nutrients (in proteins) must be allocated to

construction of specialized leaf glands, sticky mucilage, and

digestive enzymes. Pate (unpublished data, as cited in Pate,

1986, p. 320) reported that Australian
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contiguous cysteines—from that seen in 99.9% of coxI

sequences recorded from Archaea, bacteria, or eukaryotes.

This dicysteine motif causes a conformational change that

at least partly decouples this protein’s electron transport

function from its proton pumping function. Laakkonen
et al. (2006) estimated that this conformational change

optimizes power output when the bladder trap is reset.

Although there is an associated respiratory cost to this
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2. Molecular data have strongly supported infrageneric mor-

phology-based classification systems for the speciose car-

nivorous genera of Utricularia and Genlisea, but do not

agree with morphological-based classifications of Drosera,

Pinguicula, or Sarracenia. Better integration of morpholog-
ical and molecular data (cf. Williams et al., 1994), along

with full genomic sequences of representative carnivorous

plant species, could help to r

www.nescent.org/wg_EvoViz/GeoPhyloBuilder
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(and lower) level data are harder to come by. Specialization

and niche segregation may become more apparent if prey

are sorted to finer taxonomic levels.

2. Measures of specialization, niche overlap, capture rate,

and capture efficiency are all potentially biased without

parallel measurements of available prey (cf. Gotelli and

Graves, 1996) and prey size. Future studies of prey

capture by carnivorous plants should also measure the
relative abundance of potential prey in the surrounding

habitat.

3. The dichotomy between ‘passive’ and ‘active’ traps needs

to be rethought. Darwin observed movement by the

tentacular glands in Drosera and hypothesized selectivity

in size of prey captured by Dionaea. Macbride (1818)

proposed the existence of a frictionless peristome in

Sarracenia, and Federle and his colleagues (Bohn and
Federle, 2004; Bauer et al., 2008) found such frictionless

surfaces in Nepenthes. The amount of friction, however,

can be controlled either by environmental conditions

(rain, fog) or by the plant itself (nectar secretion).

Because hypotheses regarding the evolution and diversi-

fication of carnivorous plants depend, at least in part, on

mechanisms and rates of prey capture, renewed attention

should be focused on the activity of ‘passive’ traps,
especially in the pitcher plants and in Genlisea.

4. Similarly, better assessment of the relative importance of

environmental control and direct control by the plant

itself of periphyton abundance on Utricularia traps and

its role in prey capture will help to clarify exactly how

active these traps are (Lloyd, 1942; Meyers, 1982). Such

studies will also expand the focus of research on prey

capture by carnivorous plants beyond simple predator–
prey models (cf. Ulanowicz, 1995; Dı́az-Olarte et al.,

2007).

Carnivorous plant energetics

1. The benefits of botanical carnivory are well established

(Ellison, 2006). More importantly, an assessment of the

relationship (or lack thereof) between changes in growth

rate and underlying ecophysiological processes such as

photosynthesis and respiration or tissue nutrient content

and stoichiometry (see Shipley, 2006) would unify the
currently discordant data on responses of carnivorous

plants to experimental prey and nutrient additions.

2. Available data indicate that most responses to prey

addition do not occur in the fed traps, but in traps and

leaves that are subsequently produced (Butler and

Ellison, 2007; Farnsworth and Ellison, 2008). Therefore,

not only should future studies assess changes in Amass in

leaves produced subsequently to feeding, but they should
also better delineate where nutrients are stored and how

they are subsequently remobilized in current and future

growing seasons. Stable isotopes can be used effectively

for such studies (Butler and Ellison, 2007; Butler et al.,

2008).

3. Measurements of the costs of carnivorous structures have

http://jxb.oxfordjournals.org
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