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Abstract

Resource variation along abiotic gradients influences subsequent trophic interac-

tions and these effects can be transmitted through entire food webs. Interactions

along abiotic gradients can provide clues as to how organisms will face changing

environmental conditions, such as future range shifts. However, it is challenging to

find replicated systems to study these effects. Phytotelmata, such as those found in

carnivorous plants, are isolated aquatic communities and thus form a good model

for the study of replicated food webs. Due to the degraded nature of the prey,

molecular techniques provide a useful tool to study these communities. We studied

the pitcher plant Sarracenia purpurea L. in allochthonous populations along an eleva-

tional gradient in the Alps and Jura. We predicted that invertebrate richness in the

contents of the pitcher plants would decrease with increasing elevation, reflecting

harsher environmental conditions. Using metabarcoding of the COI gene, we

sequenced the invertebrate contents of these pitcher plants. We assigned Molecu-

lar Operational Taxonomic Units at ordinal level as well as recovering species‐level
data. We found small but significant changes in community composition with eleva-

tion. These recovered sequences could belong to invertebrate prey, rotifer inquili-

nes, pollinators and other animals possibly living inside the pitchers. However, we

found no directional trend or site‐based differences in MOTU richness with eleva-

tional gradient. Use of molecular techniques for dietary or contents analysis is a

powerful way to examine numerous degraded samples, although factors such as

DNA persistence and the relationship with species presence still have to be com-

pletely determined.
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1 | INTRODUCTION

Spatial and temporal variation in resource distribution is present

throughout an organism's environment. Environmental resources and

stressors may be organized in a spatial hierarchy or along a gradient,

as is the case for heat stress and elevation, or pressure and ocean

depth (Desmarais & Tessier, 1999; Flesch & Steidl, 2010; Jones,

Baltz, & Allen, 2002; O'Gorman et al., 2012). Studies of how

resource use varies along environmental gradients are likely to be

important for understanding species invasions (Gallien et al., 2015),

and responses to climate change scenarios as species undergo range

shifts (Colwell, Brehm, Cardelus, Gilman, & Longino, 2008; Parme-

san, 2006). Gradients can also serve as natural experiments to

extrapolate the temporal variability of communities and ecosystems
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(Fukami & Wardle, 2005; Lester, Close, Barton, Pope, & Brown,

2014).

Elevation is one source of variation in resource distribution.

Resources alter either as a direct result of abiotic factors or from the

effects of abiotic factors on biotic components. Abiotic conditions

vary with elevation: higher altitudes are strongly associated with

exposure to colder temperatures (known as the lapse rate), more

extreme weather patterns, greater exposure to UV, lower atmo-

spheric pressure and lower oxygen availability (Blumthaler, 2012;

Hodkinson, 2005). Common biotic responses include shifts in species

distribution, or complete species replacement, as organisms differ in

their environmental tolerances (e.g., thermal limits Sundqvist, San-

ders, & Wardle, 2013). Although it was initially thought that biodi-

versity decreases with increasing elevation, Rahbek (2005)

demonstrated a peak in diversity at midelevation, which holds true

for 75% of elevational gradients examined (Rahbek, 2005; Sundqvist

et al., 2013), although different functional groups will vary in their

response (Sundqvist et al., 2013).

When gradients influence species distributions, we expect varia-

tion in trophic relationships within ecosystems. For example, the

change in biodiversity with elevation will influence predator–prey
and host–parasite interactions (Case, Holt, Mcpeek, & Keitt, 2005).

This is difficult to study on a spatially replicated scale in the field,

although attempts have been made experimentally (Greig, Wissinger,

& Mcintosh, 2013). Phytotelmata are isolated aquatic communities

that form natural mesocosms in living terrestrial plants, such as

bromeliads, tree holes and certain types of carnivorous plant (Kitch-

ing, 2000), and can be studied as small replicated ecosystems located

within a larger landscape (Kitching, 2000).

The leaves of pitcher plants form phytotelmata, connecting the

external environment to an enclosed aquatic food web of inquilines

that aid in the decomposition of invertebrate prey. Prey are sources

of nitrogen and phosphorus, which compensate for the nutrient‐poor
environments which the pitcher plants inhabit. Prey capture has

been shown to increase plant fitness (Zamora, Gomez, & Hodar,

1997), and the inquiline food web is limited by prey capture (Heard,

1994). Unlike bromeliads or tree holes, which are primarily contain-

ers, pitcher plants are an active part of the phytotelmata ecosystem.

While obtaining nutrients is crucial for both plant and inquiline biol-

ogy, it is not known to what extent the invertebrate contents of

pitcher plants are shaped by gradients such as elevation which can

structure resources. Here, we test the ecological hypothesis that

pitcher plant phytotelmata contents are influenced by elevational

gradients.

The morphological identification of prey is often complicated by

digestion and degradation. This problem has been encountered both

generally (Pompanon et al., 2012; Valentini et al., 2009), and specifi-

cally in pitcher plants, where studies refer to an unidentified mass of

insect exoskeletons (Cresswell, 1991; Horner, Steele, Underwood, &

Lingamfelter, 2012). Additionally, the characterization of food webs

involving generalist predators of insects has so far been beyond the

reach of most attempts, due to the huge numbers of links made with

prey species (Clare, 2014; Pompanon et al., 2012). Sequencing

technologies such as metabarcoding, the massively parallel sequenc-

ing of targeted gene fragments from all components of an environ-

mental sample, are now commonly used to analyse the partially

digested elements of diet. Metabarcoding is fast becoming the tool

of choice in dietary analyses, including work on a wide range of diet

types such as liquids (sap, blood, nectar, etc.), prey which do not

leave hard remains or where destructive sampling is not ethical, or

the material highly degraded (Clare, 2014; Pompanon et al., 2012).

Clustering sequences into Molecular Operational Taxonomic Units

(MOTU) (Floyd, Abebe, Papert, & Blaxter, 2002) can be used to quan-

tify diversity for subsequent ecological analyses (Clare, Chain, Little-

fair, & Cristescu, 2016).

In this study, we examine how the invertebrate contents of a

carnivorous pitcher plant (Sarracenia purpurea) alter over an eleva-

tional gradient. The natural range of S. purpurea extends from Florida

to subarctic Canada, in nutrient‐limited areas (Kneitel & Miller,

2002). However, S. purpurea has been frequently introduced in Bri-

tain, Ireland and central Europe from escaped ornamentals and delib-

erate planting in bog areas, and displays invasive characteristics in

certain areas of central Europe due to its frost‐hardy nature

(Adlassnig, Mayer, Peroutka, Pois, & Lichtsheidl, 2010; Walker, 2014;

Zander, Gravel, Bersier, & Gray, 2016). Sarracenia purpurea is a par-

ticularly interesting case for the study of elevation gradients as the

plant is allochthonous in the Alps, and thus, it has not undergone

long‐term adaptation to the environment. As such, we can assess

resource variation induced by elevational gradients against a back-

ground of species invasion.

In this study, we use DNA metabarcoding techniques to investi-

gate the contents of Sarracenia purpurea across sites in France and

Switzerland over an elevation gradient of 850 m. We assess how

MOTU richness and community composition of invertebrate con-

tents of pitcher plants changes with elevation, and test for linear

and other relationships between elevation gradient and MOTU rich-

ness. Finally, we predict that community dissimilarity will vary in

such a way that the most similar communities are closer in elevation

to each other.

2 | MATERIALS AND METHODS

2.1 | Sample collection

We collected samples of pitcher contents from Sarracenia purpurea

pitchers in five locations in the Alps, Jura Mountains and the Swiss

Plateau (Switzerland and France), between October 29 and Novem-

ber 28, 2014. Our sampling locations comprised of raised bogs, fens

and alpine wetlands at Champ Buet (46°36′41″N 6°34′41″E, ca.

600 m a.s.l), Frasne (46°49′35″N 6°10′25″E, ca. 800 m a.s.l), Les

Embreux (47°15′44″N 7°6′57″E, ca. 1000 m a.s.l), Les Tenasses

(46°29′28.37″N 6°55′15.00″E, ca. 1200 m a.s.l) and Les Mosses

(46°23′47.10″N, 7° 5′59.79″E, ca. 1450 m a.s.l). (NB: Full grid coor-

dinates will be given to interested members of the scientific commu-

nity by the corresponding author.) We downloaded temperature and

rainfall data from bioclim for these sites at 1‐km2 resolution (Fick &
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Hijmans, 2017) to characterize the sites, and these data are pre-

sented in Supporting information Table S1. Because these plants are

confined to bog sites, a true continuous gradient is not possible, and

thus we attempted to spread collections across even elevational

increases. Additionally, we assumed that phylogenetic relationships

amongst plant populations at different altitudes did not directly influ-

ence their contents. We collected at least 40 pitcher plant leaves at

each site, except at 800 m where we could only collect 25, because

fewer plants were available there. We targeted our collection to

undamaged pitchers of a similar size and age from a mixture of

clumps of S. purpurea within each site. We visually inspected the

contents of each pitcher for living organisms and found none. We

transferred the contents of each pitcher leaf with autoclaved cut‐off
pipette tips into a sterile 50‐ml macrocentrifuge tube (Zander et al.,

2016) and froze these at −20°C for molecular analysis.

2.2 | Molecular techniques

Prior to extraction, we dried the samples for 48 hr at 40°C in a Her-

atherm oven (Thermo Scientific). We extracted DNA using a Qiagen

Blood and Tissue kit (Qiagen, UK), with some modifications to the

protocol as follows. We added enough ATL buffer to cover the

entire sample and then incubated these at 56°C for 48 hr with shak-

ing to mix the contents. We then transferred 180 μl of liquid from

this material to a 2‐ml Eppendorf tube with 20 μl proteinase K, vor-

texed gently and incubated at 56°C for 3 hr. After precipitation and

purification, we eluted DNA in 35 μl molecular grade water and

stored it at −20°C prior to sequencing. It is likely that different

pitcher plants captured different volumes of invertebrate contents in

this study, which could influence the final results of the community

composition analysis. It was impossible for us to standardize these

volumes because the contents of a pitcher plant are highly degraded

and mixed with varying amounts of organic matter, which is impossi-

ble to separate from the invertebrate contents. Moreover, standard-

ization could mask natural variation in what the pitcher plants

capture. For this reason, we chose to take an “eDNA” approach to

extracting DNA from the pitchers, by soaking the entire contents in

the buffers of the first stage of the DNA extraction.

We PCR amplified a 157‐bp fragment of the cytochrome c oxi-

dase subunit 1 (COI) region using primers ZBJ‐ArtF1c and ZBJ‐
ArtR2c (Zeale, Butlin, Barker, Lees, & Jones, 2011), modified using

adaptors for the IonTorrent platform (Clare, Symondson, & Fenton,

2014). Our PCR protocols were modelled on Bohmann et al. (2011).

Our PCR was conducted in a 20‐μl reaction of 10 μl of Qiagen multi-

plex PCR master mix (Qiagen, CA), 6 μl of water, 1 μl of each 10 μM

primer and 2 μl of DNA. The thermocycler reaction was as follows:

95°C, 15 min; 50 cycles of 95°C, 30 s, 52°C, 30 s, 72°C, 30 s, 72°C,

10 min. We visualized our amplicons on a 2% agarose 96‐well pre-

cast E‐gel (Invitrogen, Life Technologies) and performed size selec-

tion using the PCRClean DX kit (Aline Biosciences). We eluted the

product in molecular grade water and measured the concentration

on the QUBIT 2.0 spectrophotometer using a Qubit dsDNA HS Assay

Kit (Invitrogen, Life Technologies). We performed high‐throughput

sequencing (HTS) on the Ion Torrent (Life Technologies) sequencing

platform using a 316 chip following the manufacturer's guidelines

but with a 2× dilution. All PCR and sequencing steps were com-

pleted at the Biodiversity Institute of Ontario, Guelph, Canada.

Following Brown et al., 2014, Clare, Symondson, Broders et al.,

2014 and Clare, Symondson, Fenton et al., 2014, MID sequences

were used on both forward and reverse primers (dual indexing)

allowing us to uniquely tag all samples while reducing primer costs.

We assigned each sample a unique primer combination, so all

sequences could be identified to original samples.

2.3 | Bioinformatic analysis

We cleaned and filtered sequences using Galaxy (Blankenberg et al.,

2010; Giardine, Riemer, & Hardison, 2005; Goecks, Nekrutenko, &

Taylor, 2010). We demultiplexed the reads using forward and

reverse MID combinations, and we removed primers, MIDs, and

adaptors, and collapsed sequences to unique haplotypes. We filtered

reads by length, retaining only those that were 151–163 bp (the tar-

get amplicon is 157 bp). Using custom bash scripts, we removed

haplotypes containing only one copy (singletons): a common practice

which reduces the probability of including false positives from

sequencing errors (Alberdi, Aizpurua, Gilbert, & Bohmann, 2017). We

then processed our sequence data in two different workflows to

both quantify biodiversity (with clustered MOTU data) and also to

investigate whether we could assign species‐level taxonomic identity

(with BLAST searches on the unclustered raw haplotypes).

We clustered the sequences into MOTU at 92% similarity using

QIIME (Caporaso et al., 2010) and picked a consensus sequence

from each MOTU using the pick_otu and uclust functions. We selected

a clustering level that generated the minimum amount of apparent

underestimating or overestimating of species diversity (e.g., when

two MOTU received the same assignment in BLAST/MEGAN, the data

were considered “oversplit”). As with Salinas‐Ramos, Herrera

Montalvo, León‐Regagnon, Arrizabalaga‐Escudero, & Clare, 2015

(another study on invertebrates using the same primer pair), we

found the best results for MOTU delimitation were obtained at the

92% similarity value. We screened for MOTU based on chimeras using

the MOTHUR pipeline (Schloss et al., 2009). To assign taxonomic

information to each MOTU, we ran a BLAST search against an

in‐house database originating from >600,000 COI sequences

downloaded from the NCBI database. We then used MEGAN version

5.10.7 (Huson, Auch, Qi, & Schuster, 2007) to visualize this

taxonomic information using the following lowest common ancestor

(LCA) parameters: Min score = 150.1, Max expected = 0.001, Top

per cent = 10.0, Min support = 1, LCA per cent = 100.0, Min

complexity = 0.2.

2.4 | Ecological analysis

We organized our data as MOTU presence/absence within each sam-

ple and then as frequencies of MOTUs detected across all the sam-

pling units (pitchers) for that elevation. For example, if MOTU X was
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found in 10 of 40 pitchers in a site, it had an incidence of 0.25.

Pitchers were used as the sample units for calculating all species

richness and diversity estimates, and rarefaction curves. All analyses

were completed in R (version 3.3.0; R Development Core Team

2016).

2.4.1 | MOTU richness and diversity

We visualized MOTU richness rarefaction curves for each elevation

using incidence frequency data in INEXT (version 2.0.12; Hsieh, Ma, &

Chao, 2016a,b). Chao and Jost (2012) found that rarefaction/extrap-

olation by sample completeness rather than sample size gives rise to

meaningful comparisons between communities and also ranks them

more efficiently. They recommend rarefying or extrapolating based

on the minimum sample coverage obtained with double the refer-

ence sample size (Chao & Jost, 2012). We therefore examined MOTU

richness using rarefaction and extrapolation based on sample cover-

age of 0.679 (the minimum sample coverage obtained with double

our sample size). We used the point estimation function in INEXT to

calculate 84% confidence intervals for these richness estimates

based on Hill numbers. While intuitively a 95% confidence interval

would be equivalent to 5% Type 1 error, simulation studies demon-

strate that in reality, an 84% confidence interval is more likely to

reflect this error, and that a 95% confidence interval is overly con-

servative (MacGregor‐Fors & Payton, 2013; Payton, Greenstone, &

Schenker, 2003). This is used in other empirical papers and reviews

on species richness estimates (for example, Gotelli & Colwell 2011;

Whitworth, Villacampa, Serrano Rojas, Downie, & MacLeod, 2017).

We calculated the exponential Shannon diversity (q = 1) and

inverse Simpson concentration (q = 2) for each site using the same

sample coverage of 0.679, as above, using SPADER (version 0.1.1;

Chao, Ma, & Hsieh, 2015). We presented results using effective

numbers of species (i.e., Hill numbers q = 0, q = 1 and q = 2), follow-

ing Whitworth et al. (2017), because this allows meaningful compar-

ison of estimates (Chao & Jost, 2012). Chiu, Jost, and Chao (2014)

recommend reporting the diversity for all species (q = 0), “typical”
species (q = 1) and dominant species (q = 2).

We tested for a possible monotonic trend in per pitcher MOTU

richness using a linear mixed model implemented in the lme4 pack-

age in R (Bates, Maechler, Bolker, & Walker, 2015). Per pitcher MOTU

richness was coded as the response variable, elevation was coded as

a continuous fixed effect predictor, and site was included as a ran-

dom effect to take into account the site‐based structure of our

experimental design. For both this model and the ANOVA below,

MOTU richness was positively skewed, so we applied a square‐root
transformation to this variable. We coded an additional model with-

out elevation as the fixed effect and compared the two models using

AIC to examine the explanatory power of the elevation term. We

did not consider the explanatory term of elevation to contribute to

the model if the models did not differ from each other by more than

two AIC points.

Because a monotonic linear trend is not the only biologically

plausible ecological scenario to describe how MOTU richness varies

amongst different elevations (see discussion in Rahbek, 2005), we

also conducted an ANOVA on per pitcher MOTU richness with site

coded as an explanatory factor. This addresses the general question

of whether differences in MOTU richness are greater between sites

than they are within sites.

2.4.2 | Community composition

MOTU which MEGAN could not assign were removed from the data set.

We used the taxonomic assignments from MEGAN to perform simple

calculations of the frequency of each order across the entire data set

(the number of taxa from a given order expressed as a proportion of

the total number of taxa from all orders). We then graphically exam-

ined community composition by calculating the proportion of each

order present at each site (the proportion of pitchers the MOTU is

found in expressed as the total number of pitchers at that elevation).

To further probe the contents of each pitcher and to try to

assign species‐level identifications to sequences, we performed a

BLAST search of all unclustered sequences against this database. We

then extracted all results with 99% and 100% identity to a reference

sequence, with bit scores ≥250 and with no gaps using a custom

built python script. We used European and worldwide biodiversity

databases to check the geographic distributions of each species

match obtained, including BOLD (Ratnasingham & Hebert, 2007,

2013), PESI (2017), GBIF.org (2017), and ITIS (2017). In the rare

cases where location could not be determined by these databases,

we performed literature searches using Web of Science.

We assessed the correlation between community distance and

elevational distance using the MOTU to which MEGAN had assigned

taxonomy. We implemented this analysis using a partial Mantel test

(Smouse, Long, & Sokal, 1986) performed using the “VEGAN” pack-

age in R (Oksanen et al., 2016). We tested the binary Jaccard com-

munity dissimilarity matrix of MOTU per pitcher against a

dissimilarity matrix of elevation. The format of the partial Mantel

test allows us to control for a third dissimilarity matrix of geo-

graphic variables. This was necessary because some sites were not

geographically evenly distributed—some sites which were further in

terms of elevational distance were closer together geographically.

We calculated a partial Mantel R statistic based on a Pearson's pro-

duct‐moment correlation (recommended by the “VEGAN” documenta-

tion) using 999 permutations to detect the correlation between

community dissimilarity and environmental dissimilarity (in this case,

elevation).

3 | RESULTS

3.1 | Bioinformatic analysis

We sequenced the contents of 193 Sarracenia purpurea pitchers

across the five sites in France and Switzerland (Figure 1a and b).

After demultiplexing and collapse to unique haplotypes, each pitcher

contained an average of 3023 ± 1,880 haplotypes (mean ± SD). On

average, haplotypes were 152 bp long, ranging in length from 15 to
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243 bp. We removed 75,674 haplotypes (13.0%) during length filter-

ing. 78.8% of length‐filtered haplotypes were singletons and were

also removed. For 13 samples, once all steps had been completed,

the file was empty and was therefore removed from the analysis. All

bioinformatics statistics are summarized in Table 1.

3.2 | Ecological analysis

After clustering, we found 843 unique MOTU across all sites using a

92% MOTU delimitation criteria. Of these, 11 were removed as proba-

ble chimeras. After visualization of taxonomic information in MEGAN,

1 MOTU was identified as an “environmental sample” (most likely a

bacterial or fungal sequence) and therefore removed from further

statistical analysis. Each pitcher contained an average of 17.4 MOTU,

but the distribution of MOTU within pitchers was uneven, ranging

from 0 (no MOTU assigned as per above) to 66 per pitcher. Each MOTU

appeared an average of 3.8 times over the entire study, but the fre-

quencies of MOTU were also highly variable, ranging from 1 to 83

occurrences within pitchers over the entire study; 437 MOTU

appeared just once across the study, indicating the presence of many

rare MOTU.

3.2.1 | MOTU richness and diversity

Table 2 presents elevation measures of MOTU richness and diversity

using Hill numbers q = 0, 1 and 2 (the effective MOTU numbers corre-

sponding to exponential Shannon and inverse Simpson concentra-

tion) using MOTU rarefied or extrapolated to even sample coverage

(Figure 2).

Our results from the linear mixed model indicate that we found

no monotonic directional trend in per pitcher MOTU richness (Model

1 (including elevation as a continuous factor) AIC: 681.53, Model 2

(without elevation) AIC: 682.11). The difference in AIC between the

two models was not greater than 2 (a difference greater than 2 is

commonly taken to indicate significant explanatory power for a term

present in one model but absent from the other). We tested site‐
specific differences in MOTU richness with an ANOVA, which was

nonsignificant (Figure 3, F4,175 = 1.34, p = 0.257). See Supporting

information Table S2 for a full table of all statistical results.

3.2.2 | Community composition

Two hundred and nineteen MOTU were unassigned by MEGAN and

therefore removed for community composition analysis, leaving 612

unique MOTU. Each pitcher had an average of 2.67 unassigned MOTU,

and unassigned MOTU ranged from 1 to 34 occurrences in the entire

data set. Diptera represented the most dominant order at all five

elevations (Figure 4). Of the ten most common MOTU across the

study, eight were identified as Diptera. Following Diptera (48.7% of

unique incidences in the study), MOTU were most commonly assigned

to Lepidoptera (10.6%) and Coleoptera (4.6%) at the order level.

The results of the partial Mantel test were significant (r = 0.059,

p = 0.023), although the effect is small, as indicated by the low r

value. This indicates that only a small proportion of the variance in

(a) (b)

F IGURE 1 (a) Sarracenia purpurea with possible invertebrate prey at the lowest elevation (600 m) (photo credit: Axel Zander). (b) Locations
of the sampling sites in the Swiss Alps and France

TABLE 1 Total and per pitcher sequence numbers for each stage
of bioinformatics analysis using Ion Torrent data

Total
Per pitcher
mean ± SD

After demultiplexing 2,820,108 14,612 ± 7,463

After collapse to unique

haplotypes

583,520 3,023 ± 1,880

After length filtering 507,846 2,631 ± 1,986

After singleton removal 107,907 583 ± 393

LITTLEFAIR ET AL. | 5



community compositional similarity is explained by dissimilarity in site

altitude, having controlled for any effect of geographic separation.

We also examined top BLAST hits at the 99% and 100% sequence

similarity without clustering into MOTU in order to obtain possible

genus and species‐level identifications. A full list of best BLAST assign-

ments is presented in Supporting information Table S3. We obtained

162 matches with high similarity to known species and for which we

could confirm a west European distribution covering the study area.

Similar to the MOTU analysis, Diptera represented the highest propor-

tion of hits recovered (65%), followed by Lepidoptera (20%) and

Hymenoptera (3.7%). Matches also included four species of beetle,

two species of spiders, two rotifers and two millipedes. Many of the

Diptera were represented by families such as the Sarcophagidae (flesh

flies), Calliphoridae (blow flies) and Culicidae (mosquitoes). Sequences

appearing in over 30 pitchers across the entire study matched to refer-

ence sequences from Sarcophaga carnaria, Sarcophaga jeanleclercqi,

Sarcophaga lehmanni, Sarcophaga pyrenaica, Sarcophaga subvicina, Sar-

cophaga variegata, Polietes lardarius and Drosophila suzukii.

4 | DISCUSSION

The application of ecological analyses such as assessments of rich-

ness, diversity and community similarity to eukaryotic metabarcoding

TABLE 2 Per site species richness and diversity indices based on data rarefied/extrapolated to a sample size coverage of 0.679, calculated
with the INEXT package in R

Altitude (m) 600 800 1,000 1,200 1,450

Rarefied/extrapolated sample size, based on even sample coverage (0.679) 32 36 28 44 44

Method Rarefaction Extrapolation Rarefaction Extrapolation Extrapolation

MOTU richness (q = 0) 299.2 282.4 273.8 323.2 363.8

Exponential Shannon diversity (q = 1) 206.0 197.3 194.4 225.0 246.5

Inverse Simpson concentration (q = 2) 129.4 126.2 129.5 145.5 155.4

F IGURE 2 INEXT species accumulation curves using incidence frequency data and created using the INEXT package in R. Curves have been
extrapolated to an endpoint of 102 (double the sample size) with 500 bootstrap replications

0
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10
15

20

Elevation (m)

M
O
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 ri
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ss

600 800 1,000 1,200 1,450

F IGURE 3 Per pitcher MOTU richness at each site elevation. Error
bars are 95% confidence intervals
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data is a relatively recent analytical advance (Willerslev et al., 2014).

Here, we use these analyses to explore the contents of allochtho-

nous pitcher plant populations over an 850 m elevation gradient.

We detect MOTU which we were able to assign to a range of inverte-

brate taxa, and found that Diptera are the most frequently detected

arthropod order, followed by Lepidoptera and Coleoptera. We were

also able to match sequences directly against a reference database

and obtained species‐specific hits which were consistent with possi-

ble pitcher plant prey, pollinators and inquilines. Community similar-

ity was linked to changes in elevation; however, this effect was

small. We found no monotonic directional trend in per pitcher MOTU

richness with increasing elevation, nor did we find site‐specific dif-

ferences in MOTU richness. The advantages of DNA metabarcoding

for resolving the taxonomy of partially digested material are clear: in

this study and elsewhere (Bittleston, Baker, Strominger, Pringle, &

Pierce, 2016; Satler, Zellmer, & Carstens, 2016), we were able to

rapidly assess the contents of many pitchers, even when morpholog-

ical analysis was difficult due to a loss of identifying features in the

process of digestion by the carnivorous plant.

4.1 | Contents of pitchers identified by
metabarcoding

Our results identified members of the Diptera, Coleoptera, Hymenop-

tera, Hemiptera and Lepidoptera orders, which are similarly found in

morphological studies and in the native populations in North America

(Table 3). By far the most species‐rich order that we identified was

Diptera, which was found widely across all sites. This result is consis-

tent with previous morphological studies in North America (Cresswell,

1991), and Europe (PhD thesis: Zander, 2017). Dipteran MOTU most

likely represents prey items, but in North America midge and fly larvae

also appear as keystone predators in the food web of pitcher plants

(Cochran‐Stafira & Von Ende, 1998; Heard, 1994). The mosquito

larva Wyeomyia smithii (the keystone predator in North American

S. purpurea) is not distributed in central Europe (Adlassnig, Peroutka,

& Lendl, 2011; Gebühr, Pohlon, Schmidt, & Küsel, 2006), although

other members of the Culicidae family appear in our results. While

Adlassnig et al. (2010) detected Sarcophagidae larvae inside European

populations of congeneric Sarracenia flava; other researchers did not

find arthropod inquilines living inside the pitchers during their studies

(Gebühr et al., 2006; Zander, Bersier, & Gray, 2017; Zander et al.,

2016). The presence of insect inquilines, which are able to leave the

pitcher after metamorphosis, seems to be unresolved in the European

populations. A final possible source of Dipteran DNA could be from

the pollinators of S. purpurea (Jürgens, Sciligo, Witt, El‐Sayed, & Suck-

ling, 2012), as it is possible that our metabarcoding approach detects

Dipteran DNA which has been transferred during these visits.

Although the particular inquiline and prey species differ between

native and allochthonous populations, invertebrate functional groups

may be important biological predictors of pitcher plant range, as

inquiline successional stages are thought to be similar in pattern

(Gray, Akob, Green, & Kostka, 2012; Zander et al., 2016).

We did not detect high numbers of ants, despite the fact that

these are frequently found as prey in studies of North American plants

(Newell & Nastase, 1998), and that ant species richness is high in both

Switzerland and France (175 and 172 species respectively: http://

www.antwiki.org/wiki/). Few studies exist of prey capture by the

European populations of S. purpurea, but two counted the Formicidae

family amongst its prey (Adlassnig et al., 2010, PhD thesis: Zander,

2017), although the former study also highlighted the generally low

species richness of prey caught by these allochthonous populations of

S. purpurea. Hymenoptera species which were detected belong to the

sawfly, wasp and parasitic wasp groups. We matched 13 MOTU to the

order Adinetida, which includes rotifers that participate in the S. pur-

purea food web by feeding on bacteria. However, if rotifers die within

the pitcher, they will be digested as well, and DNA detection could

result from these dead rotifers. Fifteen MOTU were matched to the Ara-

neae order, which could be due to spiders sealing pitchers with their

webs (Cresswell, 1991) in order to predate on insects, or appearing as

pitcher plant prey themselves (Ellison & Gotelli, 2009).
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F IGURE 4 Proportions of orders found within the contents of
Sarracenia purpurea at each elevation, using assignment of taxonomic
information in MEGAN for MOTU. The six most common orders are
displayed here. “Not order” indicates that taxonomic information
was assigned higher than order level (e.g., class), and “Other order”
indicates the small proportion of other, less common, orders found

TABLE 3 Typical contents of a Sarracenia purpurea pitcher plant
found in native ranges in North America

Heard, 1998 (260
pitchers over
2 years in one
bog,
Newfoundland,
CA)

Cresswell, 1991
(214 pitchers
over 55 days in
one bog,
Brighton,
Michigan)

Judd, 1959
(489 pitchers
over 2 years in
Byron bog, SW
Ontario)

Hymenoptera 33% 9.7% 11%

Diptera 33% 71% 63%

Gastropoda 8%

Coleoptera 7% 5.5% 14%

Collembola 7.3%

Lepidoptera 2%

Araneida 2%
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4.2 | Effects of elevation

Interestingly, we did not find evidence to support a decrease in the

MOTU richness of pitcher plant contents at high elevations, but

instead found no trend. It is possible that our sampling strategy did

not cover a sufficiently large gradient to make a change in MOTU rich-

ness detectable. For example, Rahbek, 2005 reported that patterns

of species richness changed depending on the length of the sampled

gradient and grain size (scale of analysis). More drastic changes in

pitcher contents in our analysis could be expected at the timberline

and snowline in the Alps (Meyer & Thaler, 1995), but plant distribu-

tion (and therefore our sampling) is limited by the existence of bog‐
like habitats for the plants. Due to the distribution of pitcher plants

in discrete bog habitats, it was difficult to sample the plants on a

continuous elevational gradient and examine directional trends in

this way. We were additionally constrained by the limited number of

sites available for study, which would make only the strongest direc-

tional effects detectable. We therefore also chose to include one

test which did not directly interrogate a directional gradient in MOTU

richness (ANOVA), but found no additional site‐specific differences

in MOTU richness. Alternatively, it may be possible that pitcher plant

contents do not mirror external invertebrate richness but are con-

trolled by other processes which act as a buffer between external

invertebrate richness and the contents of the plant. Care was taken

to select pitchers of a similar age and size, but other plant‐specific
factors might be at play, such as capture efficiency of prey.

We found a small but significant positive correlation between

distance matrices of community composition and elevation. Previous

studies of invertebrate fauna in the Alps have found changes in com-

munity composition at higher elevations, for example, reports of an

increase in the proportion of Diptera relative to other orders (Pape

et al., 2015), and a decrease in the species richness of wild bees

(Hoiss, Krauss, Potts, Roberts, & Steffan‐Dewenter, 2012). Studies to

date have been based on populations of free‐living invertebrates,

whereas here we examined the contents of a carnivorous plant. It

would take further work to investigate whether the contents of

plants reflects external invertebrate diversity. The lack of change in

MOTU richness and small change in invertebrate community composi-

tion does suggest that the contents of S. purpurea are reasonably

homogenous throughout the sites we studied. Given that at least

some of this detritus will be digested and form a nitrogen source for

the plant, it appears that S. purpurea is able to obtain an adequate

diet to establish non‐native populations even at elevations as high as

1450 m, which has implications for its spread and establishment

around non‐native Europe, and possibly to more northern parts of

Europe during regional warming.

4.3 | Molecular and bioinformatic methods

We recovered a short target fragment length (157 bp) to maximize

recovery in a system where DNA might be degraded by enzymes or

the food web within S. purpurea. Primer and reference library selec-

tion plays an important role in taxonomic recovery in DNA

metabarcoding studies. A related study targeted the contents of a

congeneric pitcher plant with a different target region, the large sub-

unit 28S rRNA region (Satler et al., 2016). The authors recovered

many more fungal sequences, with arthropods making up a smaller

proportion of recovered hits than in our study, alongside protozoans

and annelids. However, we used a primer originally designed specifi-

cally for studies on degraded invertebrate matter, in conjunction

with a local reference library composed of majority invertebrate ref-

erence sequences, and thus, the difference is not surprising. We per-

formed two analyses with our sequences. First, we assigned all

sequences to MOTU with only ordinal‐level identifications, and second,

we compared sequences to a known database to retrieve any spe-

cies‐level identifications. The first analysis is used as a statistical

method to compare the levels of richness and diversity at the ordinal

level but should not be conflated with taxonomic assignment (see a

discussion in Clare et al., 2016). Different bioinformatic parameters

used to define MOTU can produce extensive variation in MOTU esti-

mates, although this is unlikely to strongly influence ecological analy-

ses (Clare et al., 2016). For this reason, we have used a low

clustering threshold (92%) to minimize the generation of false OTUs

rather than to recover a particular taxonomic rank. In the second

analysis, we identify species through comparison to our known refer-

ence database. Reference collections for invertebrates even in Eur-

ope are still largely incomplete, and most reference collections

contain a bias towards species of charismatic or economic interest

and some species still remain undescribed. For example, a sampling

campaign involving the collection of Diptera specimens in the north

east of Italy found 10 species new to science (Ziegler, 2012).

Because of this, we have not performed an ecological analysis of

these data assigned at species level, but present these simply as spe-

cies that are likely present in the pitchers.

4.4 | DNA degradation and the use of
metabarcoding

Little is known about how the processes of decomposition or diges-

tion affect the detection of DNA, and how long the DNA of inver-

tebrate prey remains in the pitcher after decomposition. In

freshwater systems, the persistence of eDNA in water has been

estimated not to exceed 25 days (see discussion in Turner, Uy, &

Everhart, 2015), with degradation likely to occur through exposure

to abiotic factors such as UV components of light. There are some

studies, which detect DNA for much longer lengths, for example,

132 days in lake sediments (Turner et al., 2015), 88 days in spider

webs (Xu, Yen, Bowman, & Turner, 2015), and of course DNA can

be extracted from sediment cores that are much older (Willerslev et

al., 2014). Fewer studies relate to how digestion affects prey DNA

within animals (and no studies exist for carnivorous plants), but

Wallinger et al. (2015) showed that DNA persisted in the gut of

carabid beetles for at least 72 hr after feeding (the maximum time

point measured in their experiment) and that the persistence of

DNA after digestion was likely to be prey species‐specific. Complex

and unpredictable processes associated with digestion and
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degradation will influence detection of species, estimates of MOTU

and subsequent ecological analyses in metabarcoding studies of diet.

The fact that DNA is likely to persist for some time, and originate

from multiple sources (e.g., prey, inquilines, pollinators, traces of

eDNA in this study), could blur the strict relationship between spe-

cies presence and species detection, given its persistence in the

environment. However, DNA‐based techniques will be informative

in providing medium‐ to long‐term estimates of dietary contents if

DNA persists inside the digestive parts. The use of environmental

RNA is also likely to be of interest in the study of pitcher plants

due to its shorter half‐life (Littlefair & Clare, 2016; Pochon, Zaiko,

Fletcher, Laroche, & Wood, 2017), which could possibly discriminate

between dead prey and living inquilines in a study such as this.

Pitcher plants represent an ideal system to test this in, because their

passive feeding strategies can be more easily manipulated than that

of active predatory animals.

5 | CONCLUSIONS

We used metabarcoding techniques to elucidate the contents of

allochthonous populations of the pitcher plant Sarracenia purpurea

along an elevational gradient. Molecular techniques have rarely been

applied to carnivorous plants, but were instrumental in this study in

determining the richness of invertebrate MOTU, as well as matching

to species‐level sequences against a reference database. We found

no evidence for a directional trend or site‐specific differences in

MOTU richness, but did see small but significant changes in the com-

munity composition of the pitcher. Metabarcoding can be usefully

applied to future carnivorous plant studies, as partially degraded

invertebrate prey exoskeletons present a particular challenge for

morphological identification. Although limited to bog habitats, S.

pupurea appears to be obtaining similar pitcher contents compared

to North American populations (Cresswell, 1991; Heard, 1998; Judd,

1959), even at high altitudes, indicating that European populations

appear well established, with implications for the invasion biology of

carnivorous plants.
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