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1Université Montpellier II, UMR AMAP: Botanique et bioinformatique de l’architecture des plantes, CIRAD TA A51/PS2

34398 Montpellier cedex 5, France, 2INRA, UMR AMAP: Botanique et bioinformatique de l’architecture des plantes, CIRAD
TA A51/PS2 34398 Montpellier cedex 5, France, 3Biology Department, University of Brunei Darussalam, TungkuLink,

Gadong BE 1410, Brunei Darussalam and 4CNRS, UMR AMAP: Botanique et bioinformatique de l’architecture des
plantes, CIRAD TA A51/PS2 34398 Montpellier cedex 5, France

* For correspondence. E-mail Bazile.vincent@outlook.com or Laurence.gaume@cirad.fr

Received: 16 October 2014 Returned for revision: 25 November 2014 Accepted: 9 December 2014 Published electronically: 11 February 2015

� Background and Aims Nepenthes pitcher plants have evolved modified leaves with slippery surfaces and enzy-
matic fluids that trap and digest prey, faeces and/or plant detritus. Although the fluid’s contribution to insect capture
is recognized, the physico-chemical properties involved remain underexplored and may vary among species,
influencing their diet type. This study investigates the contributions of acidity and viscoelasticity in the fluid’s cap-
ture efficiency of two ant and two fly species in four Nepenthes species with different nutrition strategies.
� Methods Four Nepenthes species were studied, namely N. rafflesiana, N. gracilis, N. hemsleyana and N. ampul-
laria. Fluid was collected from pitchers of varying ages from plants growing in the field and immediately trans-
ferred to glass vials, and individual ants (tribe Campotini, Fomicinae) and flies (Calliphora vomitoria and
Drosophila melanogaster) were dropped in and observed for 5 min. Water-filled vials were used as controls.
Survival and lifetime data were analysed using models applied to right-censored observations. Additional laboratory
experiments were carried out in which C. vomitoria flies were immersed in pH-controlled aqueous solutions and
observed for 5 min.
� Key Results Pitcher fluid differed among Nepenthes species as regards insect retention capacity and time-to-kill,
with differences observed between prey types. Only the fluids of the reputedly insectivorous species were very
acidic and/or viscoelastic and retained significantly more insects than the water controls. Viscoelastic fluids were
fatal to flies and were able to trap the broadest diversity of insects. Younger viscoelastic fluids showed a better re-
tention ability than older fluids, although with less rapid killing ability, suggesting that a chemical action follows a
mechanical one. Insect retention increased exponentially with fluid viscoelasticity, and this happened more abruptly
and at a lower threshold for flies compared with ants. Flies were more often retained if they fell into the traps on
their backs, thus wetting their wings. Insect retention and death rate increased with fluid acidity, with a lower thresh-
old for ants than for flies, and the time-to-kill decreased with increasing acidity. The laboratory experiments showed
that fewer flies escaped from acidic solutions compared with water.
� Conclusions In addition to viscoelasticity, the pitcher’s fluid acidity and wetting ability influence the fate of in-
sects and hence the diet of Nepenthes. The plants might select the prey that they retain by manipulating the secretion
of Hþ ions and polysaccharides in their pitcher fluid. This in turn might participate in possible adaptive radiation of
this genus with regard to nutrient sequestration strategy. These plants might even structurally influence insect fall-
orientation and capture-probability, inspiring biomimetic designs for pest control.

Key words: Acidity, ant capture, carnivorous plant, digestive fluid, fly capture, insect capture, Nepenthes, pest con-
trol, pitcher plant, viscoelasticity.

INTRODUCTION

In habitats naturally poor in nutrients or characterized by a low
level of easily assimilated nitrogen, some plants use adaptations
that allow them to acquire nutrients through alternative
pathways (Chapin, 1980; Brundrett, 2009). Carnivorous plants
are conspicuous examples of such alternative strategies of
nutrition, as they produce leaves modified into traps which can
attract, catch and digest animal prey (mainly arthropods), and
assimilate the products of digestion (Lloyd, 1942; Givnish
et al., 1984; Juniper et al., 1989; Ellison et al., 2003).
These processes involve a variety of mechanisms at the

plant–insect interface that play key roles in the plant’s nutrient
uptake. Study of their functioning not only helps in understand-
ing how these plants survive in such impoverished environ-
ments, but also provides possible clues for bio-mimetically
inspired applications (Matusikova et al., 2004; Biteau et al.,
2008; Wong et al., 2011).

Among the adaptive characteristics of some carnivorous
plants is the capacity of glands to secrete highly acidic fluids.
Such fluid, usually called ‘digestive fluid’, is known to play an
important role in the digestion of prey by stocking endogenous
enzymes (White, 1910; Scala et al., 1969; Hatano and Hamada,
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2008; Schulze et al., 2012; Biteau et al., 2013) or by harbouring
acidity-specialized bacteria and other aquatic organisms in-
volved in a digestive mutualism with the plant (Bradshaw and
Creelman, 1984; Adlassnig et al., 2011; Takeuchi et al., 2011;
Chou et al., 2014). In ‘fly-paper’ types of carnivorous plants,
such as sundews or butterworts, the fluid also plays a major
role in prey capture (Juniper et al., 1989). In these plants, the
fluid is produced in the form of droplets secreted by stalked
mucilaginous glands and is highly retentive, especially towards
flying insects (Darwin, 1875; Juniper et al., 1989). The mucin
secreted by leaves of Drosera species (Droseraceae) is com-
posed of a polysaccharide (Rost and Schauer, 1977; Gowda
et al., 1982) that might be responsible for viscoelastic proper-
ties. In some species of Nepenthes (Nepenthaceae), a sister ge-
nus of Drosera, the fluid has similar properties (Gaume and
Forterre, 2007; Bonhomme et al., 2011b), probably inherited
from common ancestry (Gaume and Forterre, 2007).

In pitcher plants, trapping efficiency relies on their attractive-
ness, their capture performance and their retention capacity
(Juniper et al., 1989). With regard to retention capacity, the
fluid plays the last and ultimate role. However, in Nepenthes
the involvement of the digestive fluid in the trapping process
has long remained unclear, albeit suspected (Gaume et al.,
2002), and this might still be the case for several species be-
cause the physical properties of the fluid are somehow cryptic,
i.e. not conspicuous at first sight (Gaume and Forterre, 2007).
Most experiments aimed at clarifying the capture process of the
fluid have not been designed to truly distinguish the effect of
insect retention of pitcher walls from that of the fluid itself
(Gaume et al., 2002; Bohn and Federle, 2004; Di Giusto et al.,
2008). Indeed, the focus on the slippery surfaces of the pitcher
walls and their importance in the prey capture mechanism
(Juniper and Burras, 1962; Bohn and Federle, 2004; Gaume
et al., 2004; Gorb et al., 2013) may have consequently under-
valued the role of the digestive fluid.

The first experiment to have shown an isolated effect of the
fluid on insect retention was carried out on Nepenthes rafflesi-
ana by Gaume and Forterre (2007). In this species, rheological
measurements and high-speed video sequences performed un-
der laboratory conditions revealed that the viscoelasticity prop-
erty of the fluid was crucial to retaining insects, even when
fluids were greatly diluted, a situation that can occur in situ dur-
ing periods of high rainfall (Gaume and Forterre, 2007).
However, the contribution of old fluids (i.e. those probably di-
luted by rain) in the plant’s retention process has been ques-
tioned by some field observations (Bauer et al., 2009). It is thus
relevant to test the effect of viscoelasticity on fluids of different
ages. A field experiment attempted to test the isolated effect of
the fluid of two ‘viscoelastic species’ from Borneo, but this was
carried out on ants only (Bauer et al., 2011). Yet the Nepenthes
species used in these experiments distinguish themselves from
other Bornean species in capturing a high proportion of flying
prey (Moran, 1996; Moran et al., 1999; Gaume and Di Giusto,
2009). Experimental evidence on the effect of the fluid on fly-
ing visitors of Nepenthes plants is lacking. Moreover, although
viscoelasticity has been shown to be important for insect reten-
tion, it is not a feature shared by all Nepenthes species
(Bonhomme et al., 2011b). This raises the question of whether
the fluid has a role in insect retention in species having a rheo-
logically ‘water-like’ fluid.

In addition to viscoelasticity, other physico-chemical param-
eters of the fluid might be involved in prey capture. For in-
stance, insects are known to be susceptible to acidity, which
can affect their survival and community structure in freshwater
habitats (Tabak and Gibbs, 1991; Brodin and Gransberg, 1993;
Harrison, 2001). Despite this, the pH of Nepenthes pitcher fluid
is generally disregarded as a potential factor influencing insect
capture and survival. It has instead been suspected to have a
key role in prey digestion (Adlassnig et al., 2011), especially
given that the optimal activity of Nepenthes aspartic proteases
occurs at low pH (Athauda et al., 2004; Hatano and Hamada,
2008). Furthermore, acidity has also been shown to assist nutri-
ent uptake by facilitating the functioning of proton pumps, nec-
essary for the active transport of ions through plant tissues
(Juniper et al., 1989; Moran et al., 2010). There is therefore a
need to clarify the possible multi-functionality of acidic secre-
tions of pitchers, and their possible effect on the whole capture
process of the plant. In Drosera capensis, the mucilage com-
posed of an acidic polysaccharide shows maximum viscosity at
pH 5, which decreases when pH is raised or lowered (Rost and
Schauer, 1977). Therefore, as viscoelasticity and pH might be
linked, any attempt to disentangle their possible effects on in-
sect retention will be of value.

In this study we aimed to test, under field conditions, the iso-
lated effect of the fluid in the retention process of Nepenthes
pitcher plants, and to explore whether properties other than
those inherent to water might be involved. We investigate
whether the fluid’s own physico-chemical properties might
partly explain inter-specific differences in degrees of insecti-
vory, prey composition and thereby nutrition strategies in these
pitcher plants. We used the fluids of four Nepenthes species
and different age categories in experiments on four insect spe-
cies of two types (ants and flies) to address the following ques-
tions: (1) Are the fluids of all Nepenthes species generally able
to retain and kill insects or are there interspecific differences?
(2) Does the age of the fluid influence prey retention and death?
(3) Do the different fluids have similar effects on ants and flies,
in terms of their retention and killing powers? (4) Which fluid
properties (viscoelasticity or acidity) are most likely to explain
any observed differences? Another set of experiments was car-
ried out in the laboratory to investigate the specific role of acid-
ity in the fluid trapping process.

MATERIALS AND METHODS

Study site and studied plant species

Experiments were carried out in May–June 2013 in the Tutong
District of Brunei (Borneo). Four Nepenthes species, N. rafflesi-
ana, N. gracilis, N. ampullaria and N. hemsleyana Macfarl.
(formerly N. rafflesiana var. elongata Hort. or N. baramensis
Clarke, Moran and Lee), were selected for their distinct pH and
viscoelasticity properties. Ten plants of each species were ran-
domly chosen from two research sites. The two former species
were sampled on the open and degraded sandy forests of
Tutong (White Sands, 4�440N, 114�350E), while the two latter
species were sampled from heath forest (kerangas) along the
Labi Road (4�350N; 114�300E). Among these species,
N. ampullaria, which derives an important part of its nitrogen
from plant detritus, is the only one that has been proposed to be
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more detritivore than insectivore (Moran et al., 2003; Pavlovič
et al., 2011). The three others are insectivores with N. hem-
sleyana sometimes completing its diet with bat faeces (Grafe
et al., 2011).

Studied insect species

Prior trial experiments revealed that most ant workers [a ter-
restrial black Crematogaster sp., an arboreal red Crematogaster
sp., a Polyrhachis sp. and Oecophylla smaragdina (all 3–5 mm
long)] could not escape from a control device (water-filled vials).
In the present study, the ant species used belonged to the tribe
Campotini, Fomicinae, including a very common visitor of
Nepenthes species [Polyrhachis pruinosa (8 mm long)] and a
Nepenthes symbiont [Camponotus schmitzi (3 mm long), Clarke
and Kitching, 1995], both of which are hardly retained by watery
liquids (Bonhomme et al., 2011b). Experimental ants were col-
lected in the field, and held individually in pierced plastic con-
tainers for a maximum of 3 h before being used. Two fly species
[Calliphora vomitoria (8 mm long) and Drosophila melanogaster
(2 mm long)] of approximately the same size as the ants were
collected in the field and reared on a nutritive substrate.

Field insect bioassays in Nepenthes fluids and water controls

As pitcher life span varies among species [estimated mean
(6s.e.) half lifetime in months from Osunkoya et al. (2008):
N. ampullaria, 2�4060�99; N. gracilis, 2�9660�99; N. hem-
sleyana, 0�9560�31; lifetime of N. rafflesiana from Di Giusto
et al. (2008): approx. 2 months], for each Nepenthes species
three comparable classes of relative pitcher age were defined as
‘young’, ‘medium’ and ‘old’ – these refer to the estimated first,
second and last third fragment of the life span for each species.
These age classes were based on the rank of the associated leaf
and the pitcher appearance (freshness, stains, colours). Upper
pitchers were gently removed from the plants and the experi-
ments were performed immediately. Five replicates were used
for each age class of fluid using a different plant for each repli-
cate or five sets of neighbouring plants (see below). Replicates
were performed using the fluid of a single pitcher or a mixture
of fluids from different pitchers of the same age class from the
same plant, except for N. hemsleyana. In this case, an individual
plant did not produce enough fluid, so replicates were based on
the fluids of several neighbouring plants. Thus, the ‘mixture’
effect tested as a random factor may reflect either a ‘plant’ ef-
fect or a ‘locality’ effect. Pyrex vials (height, 80 mm; width,
48 mm) were filled with 30 mL of pitcher fluid for each age
class per Nepenthes species. The fluids were previously cleaned
of their natural prey items. Five trials per insect species were
performed in the same fluid replicate. For each fluid, pH was
recorded using pH indicator paper with a precision-scale of 0�5
(AcilitVR , Merck KGaA, 64271 Darmstadt, Germany). A proxy
of the viscoelasticity was obtained by stretching the fluid be-
tween two fingertips and measuring the maximum length
reached by the resulting filament before breaking. For each
plant species, viscoelasticity was measured in this manner for
two fluids of the same age class. A viscoelasticity score was
thus noted for each age class of the same species as the mean of
the two measures obtained.

Experiments with ants were carried out on different plants
from those used for the flies, because freshness of the fluid and
of the insects was considered a priority. A total of 1200 bioas-
says (600 with ants and 600 with flies) were performed on 40
plants (ten plants of each of the four Nepenthes species, with
five plants used for the ants and five used for the flies). Fluids
of a given age category belonging to the five plants used for the
ants were a posteriori checked to have comparable pH and vis-
coelastic properties to their homologues used for the flies.

The flies were caught passively by covering their container
with a funnel, which was connected to a 1�5-cm-diameter plas-
tic pipe. Once a fly moved forwards and reached the extremity
of the pipe, the pipe was disconnected from the funnel, which
was then quickly closed with a lid, and the fly was gently blown
onto the experimental fluid from a height of 2 cm. The way the
flies fell onto the fluid was recorded (i.e. right-position fall or
back fall). Because humidity in the pipe could have wetted the
wings of the flies, the pipe was regularly checked and dried.

The ants were individually held in separate containers. To
begin the experiment, the lid of the container was quickly
replaced by a funnel coated with Fluon (Whitford, Runcorn,
UK). The whole unit was turned upside down 2 cm above the
experimental vial containing the fluid, leading the ant to fall
onto the fluid without any direct manipulation. Because it was
difficult to observe the orientation with which the ant landed in
the fluid, this was not scored.

Experimental combinations for each insect category (fly or
ant) comprised five individuals of each of the two insect species
thrown onto each fluid replicate for the three age categories of
each Nepenthes species. Additionally, three control vials were
filled with distilled water and insect trials were achieved in wa-
ter using the same experimental design following each
Nepenthes species experiment, for three water replicates per in-
sect species, and a total of 240 bioassays.

A stopwatch was triggered for 5 min, as soon as the insect
touched the fluid surface. An insect was scored as ‘escaped’, if
it fled away or succeeded in lifting all six legs out of the fluid.
Otherwise, if it stopped moving within this timeframe, it was
scored as ‘prostrate’. Prostrate individuals were considered to
be dead, as none was found to recover (in the fluid) in the fol-
lowing 24-h period. If an insect had not escaped, but remained
active in the fluid after 5 min, it was recorded as ‘retained’.

Laboratory fly bioassays in pH-controlled solutions

The isolated effect of fluid acidity on trapping efficiency was
tested in the laboratory on the blue fly (Calliphora vomitoria)
only because it was the easiest of the two ubiquitous flies to
manipulate and because we did not have access to the ants used
in the field. An experimental pH 2 solution (mimicking the pH
often reached by a number of Nepenthes species) was obtained
by diluting 37 % hydrochloric acid into distilled water at 25 �C.
The pH of the solution was controlled with a previously cali-
brated SB70P VWRVR sympHonyTM pH meter. Hydrochloric
acid was chosen to factor out any additional physical effect
likely to influence insect trapping, such as the wetting effect ob-
served in acetic acid.

In a preliminary experiment, the blue flies were thrown onto
the acidic solution using the same experimental design as in the
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field but none of the ten flies dropped were retained and all es-
caped in a few seconds. We concluded from these preliminary
observations that acidity alone is not sufficient to catch the
flies. We then deliberately used an experimental design that
forced the flies to be immersed in the fluid. To this end, the fly
was first blocked in a pipe in the same way as in the field exper-
iment. The extremity of the pipe was then plunged into the fluid
and the air contained in the pipe aspirated in such a way that
the fluid was sucked up into the pipe, wetting the insect for less
than 0�5 s. Both fly and liquid were expelled from the pipe, the
orientation with which the fly came up to the surface was re-
corded, and the stopwatch was triggered. Fifty-two fly bioas-
says were thus carried out, 26 in distilled water and 26 in the
acidic solution. When the flies were observed to be caught at
the end of the 5-min observation sessions, they were gently re-
moved from the solution and the time before take-off was
recorded.

Statistical analyses

Data were analysed using R version 2.10.1 (www.r-project.
org) and SAS version 9.3 (SAS Institute Inc., Cary, NC, USA).

We first tested whether the retention rates at 5 min (including
dead and living insects) differed among (1) the Nepenthes spe-
cies, (2) the Nepenthes species and a water control, (3) fluid
ages, (4) the mixture (equivalent to a ‘plant’ or a ‘locality’ ef-
fect), (5) the type of insect (ant/fly) and (6) the insect species.
For this we performed logistic regressions using the GLIMMIX
procedure for mixed models, with a nested structure, SAS er-
rors of type 3 and backward selection. Selecting variables only
when they explained a significant part of the variance when en-
tered in last position in the model (i.e. taking into account errors
of type 3) allowed us to overcome any problem of multicolli-
nearity. Type 3 tests thus ensure that each variable used in the
model brings its own significant information. The fixed vari-
ables were FluidOrigin, FluidAge nested within FluidOrigin,
InsectType and InsectSpecies nested within InsectType, and the
random variable was Mixture nested within FluidAge and
FluidOrigin. In our data set, FluidOrigin matched five modali-
ties (the four Nepenthes species and the ‘water control’) be-
cause we aimed to compare the Nepenthes species with this
control design. Our aim was then to explore which properties of
the plant species or of the fluid age could explain part of the ob-
served effects of these previous variables on the variances of in-
sect retention rates. We thus removed FluidOrigin and
FluidAge as explanatory variables in the model and instead
tested whether variations in the retention rates could be signifi-
cantly explained by variations of the fluid pH and fluid
viscoelasticity.

Using logistic regressions, we then analysed separately for
ants and flies the true survival data [i.e. those for which insect
fate (dead/escaped) was certain at the end of the 5-min observa-
tion session], and for each insect type, we tested which fluid
properties (i.e. age, pH, viscoelasticity) and which insect prop-
erties (species, time spent in the fluid, fall orientation) affected
their probability of death significantly. The time spent in the
fluid was log-transformed as usually done in analyses of sur-
vival time. Viscoelasticity was taken both as a quantitative vari-
able (Visco) and as a simplified binary variable (VE). Only the

variable out of the two that still explained a significant part of
the variance – when the other was taken into account – was
kept in the model. Data were corrected for overdispersion when
necessary, using the ratio of Pearson’s chi-square to the associ-
ated number of degrees of freedom.

Then, for each insect type, we analysed what happened at
5 min (300 s). To this effect, we used the predictions obtained
in the previous model dealing with insect fates at times before
5 min. ‘Death’ was ascribed to insect fate at 5 min if the proba-
bility of death obtained in the previous model was superior to
0�5, and if not ‘escape’ was otherwise ascribed. We then ana-
lysed data for which the predicted fate was different from the
observed fate. We observed only three discordances out of 543
known fates for flies and 20 discordances out of 644 known
fates for ants. As error rates were below 0�05 in each of these
cases, the accuracy of the model was considered satisfactory.

We thus decided to take into account the predictions of the
logistic regressions to analyse survival times for each insect cat-
egory, i.e. using for ‘unknown fates at 5 min’ fates obtained
from the predictions of the previous models. To this end,
LIFEREG procedures adapted for time analysis of right-cen-
sored observations were used with a weight design. For known
fates (observed before 5 min), weight¼ ‘1’ was assigned for
death and weight¼ ‘0’ was assigned for escape. For unknown
fates (still alive after 5 min), the weight was equal to the proba-
bility of death obtained in the previous model.

For the laboratory experiment, the proportions of flies that
were caught in the acidic solution were compared with those
caught in water using a v2 test or Fisher’s exact test when at
least one cell had a theoretical number below 5.

RESULTS

Probability of insect retention at 5 min

Retention rates of insects in isolated fluids varied greatly ac-
cording to fluid origin (P< 0�0001) and relative age
(P< 0�0001), but there was no random effect of the mixture
(Table 1). This absence of a ‘mixture’ effect reflects the ab-
sence of any ‘plant’ or ‘locality’ effect. Retention rates also
vary significantly with insect type (P< 0�0001) and insect spe-
cies (P< 0�0001) (Table 1A). The retention probability of flies
was higher than that of ants overall (Fig. 1). The small ant
C. schmitzi, a symbiont of Nepenthes species (Clarke and
Kitching, 1995), had the least chance of being retained by a
fluid, while the large fly C. vomitoria was the most likely to be
retained (Fig. 1).

Interestingly, the fluid of N. rafflesiana (P< 0�0001),
N. hemsleyana (P< 0�0001) and N. gracilis (P< 0�0001) dif-
fered significantly from water in retention rate, but this was not
so for N. ampullaria (P¼ 0�91) (Table 1B). All of the 120 ants
and 112 of the 120 flies dropped onto water succeeded in escap-
ing. The fluids associated with the highest rates of retention
were those of N. rafflesiana and N. hemsleyana, followed by N.
gracilis and N. ampullaria, in order of decreasing importance
[Fig. 1, interspecific differences were significant (P< 0�0001)]
according to Least Squares Mean tests for the logistic regres-
sion). Young fluids were overall better at retaining insects than
older ones (Table 1A, Fig. 1). As Nepenthes species and fluid
age category are known to vary in pH and fluid viscoelasticity
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(Clarke, 1997; Bauer et al., 2009), we included the latter two
variables in a new model. We also refined the model by testing
whether the way the insect (flies) fell onto the fluid affected its
retention probability. We showed that both pH and viscoelastic-
ity explained significantly the variances observed for insect re-
tention rate (Table 2). The probability of insect retention
decreased with pH more quickly for ants than for flies (signifi-
cant pH� InsectType interaction, Fig. 2A), whereas retention
increased with viscoelasticity more drastically (and at a lower
threshold) in flies compared with ants (Fig. 2B). There was also

TABLE 1. Plant and insect parameters affecting fluid retention

(A) Explanatory variables (Dependent variable¼ insect retention (0/1))

ndf ddf F P

Mixture: estimated covariance¼ 4�09�10–18 n.s.
FluidOrigin 4 130 50�46 <0�0001
FluidAge(FluidOrigin) 8 130 13�26 <0�0001
InsectType 1 130 108�74 <0�0001
InsectSpecies(InsectType) 2 1294 21�69 <0�0001

(B) Parameter estimates (least square means)

z Value P Estimate s.e.

N. ampullaria vs. Water 0�11 0�9130 0�06117 0�5600
N. ampullaria vs. N. hemsleyana 12�25 <0�0001 9�1181 0�7443
N. ampullaria vs. N. gracilis 4�44 <0�0001 2�0674 0�4658
N. ampullaria vs. N. rafflesiana 12�81 <0�0001 11�3268 0�8843
Water vs. N. hemsleyana 12�52 <0�0001 9�0569 0�7237
Water vs. N. gracilis 4�67 <0�0001 2�0062 0�4296
Water vs. N. rafflesiana 12�99 <0�0001 11�2657 0�8670
N. hemsleyana vs. N. gracilis –11�23 <0�0001 –7�0507 0�6277
N. hemsleyana vs. N. rafflesiana 4�56 <0�0001 2�2087 0�4840
N. gracilis vs. N. rafflesiana 11�74 <0�0001 9�2595 0�7886

(A) Results of a mixed nested logistic regression model testing for the ran-
dom effect of mixture and the fixed effects of fluid origin (four Nepenthes spe-
cies and water control), fluid age (young, medium, old), type of insect (fly,
ant) and insect species on insect retention rates.

(B) Results of pairwise comparisons of the associated least squares means
testing differences in the retention rates between fluids of each species or water.
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FIG. 1. Insect retention probability. Mean (6s.e.) retention rates of two fly species (the blow-fly Calliphora vomitoria and the fruit-fly Drosophila melanogaster) and
two ant species (the big ant Polyrhachis pruinosa and the smaller one Camponotus schmitzi) in the fluids of different age categories (Y¼ young, M¼ middle age,

O¼ old) of four Nepenthes species and a water control. Numbers above columns indicate the sample size.

TABLE 2. Fluid and insect parameters affecting retention rates

Explanatory variable ndf v2 P

Visco 1 688�77 <0�0001
pH 1 44�20 <0�0001
InsectType 1 4�78 0�0312
InsectSpecies(InsectType) 2 7�39 0�0367
FallOrientation(InsectType) 1 14�31 0�0002
Visco� InsectType 1 44�00 <0�0001
pH� InsectType 1 23�28 <0�0001
Visco� InsectSpecies(InsectType) 2 58�86 <0�0001
pH� InsectSpecies(InsectType) 2 5�85 0�0537

Results of a nested logistic regression model testing for the effects of the
fluid’s viscoelasticity (considered as a quantitative variable), the fluid’s pH,
the type of insect and the insect species on insect retention rates. Dependent
variable¼ insect retention (0/1).
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an interspecific effect of insect type, which affected the
slope for retention rate of the fly species against pH (that of the
blow-fly decreased more slowly than that of the fruit-fly),
and the slope for retention rate of the ant species against visco-
elasticity (the retention of C. schmitzi being slower than that of
P. pruinosa) (Fig. 2B, significant interactions, Table 2).
The way the flies fell onto the fluid strongly influenced their
probability of being retained (Table 2), with retention rates
being significantly higher when they landed on their backs
(dorsal surfaces).

Insect survival probability or killing ability of the plant

Results of the model that best explained the variance for fly
death and that minimized discordance between observed and
predicted fly fates are given in Table 3A. The variables that
best explained the probability of death were time spent in the
fluid and fluid viscoelasticity (when encoded as a binary vari-
able). This means that as long as the fluid is slightly viscoelas-
tic, the flies are very likely to be retained and killed, in relation
to duration in the fluid. Only flies that had remained in the fluid
for a few seconds, not long enough to wet their wings, success-
fully escaped. pH and fall orientation alone did not significantly
affect survival probability (Table 3A). Their effects were proba-
bly concealed by the strong effect of time in fluid, a variable
highly correlated with both pH and fall orientation (replacing
time in the fluid with these variables revealed their significance:
v2¼ 5�09, P¼ 0�02; v2¼ 6�04, P¼ 0�01, respectively, using a
logistic regression). Note, however, that the interaction of these
variables was significant, which means that the survival proba-
bility of a fly decreases with fluid acidity more quickly when it
falls on its back.

As for the ants, results of the model that best explained the
variances for insect death and that minimized the discordance

number between observed and predicted insect fates are dis-
played in Table 3B. The time spent in the fluid was not a good
predictor of survival for ants (v2¼ 1�43, P¼ 0�23). The degree
of viscoelasticity was a better predictor than the viscoelasticity
taken as a binary variable, as the latter was no longer significant
when considering the former (v2¼ 0�001, P¼ 0�99). Relative
age of the fluid significantly affected the survival probability of
ants, while this variable was not retained by the model
performed on the flies (v2¼ 3�26, P¼ 0�92). To sum up, the
probability of death of an ant increases with degree of visco-
elasticity of the fluid and fluid relative age. Here again, the
effect of pH (not significant: v2¼ 0�64, P¼ 0�42) was probably
masked by effects of the Nepenthes species and fluid relative
age. Nonetheless, pH became significant in the model when
tested independently of these two variables (v2¼ 17�30,
P< 0�0001).
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TABLE 3. Parameters affecting insects’ death

Explanatory variable ndf Wald v2 P

(A) Flies, Dependent variable¼ death (0/1)
VE 1 6�0786 0�0137
pH 1 2�1514 0�1424
FallOrientation 1 2�8056 0�0939
LogTime 1 15�2531 <0�0001
pH�FallOrientation 1 3�8491 0�0498

(B) Ants, Dependent variable¼ death (0/1)
FluidOrigin 4 6�3020 0�1777
Visco 1 31�6832 <0�0001
FluidAge(FluidOrigin) 7 25�8307 0�0005

Results of a logistic regression model testing for the effects of fluid origin,
fluid age, fluid viscoelasticity (‘Visco’ as a quantitative variable and ‘VE’ as a
qualitative variable), fluid pH, insect species and their interactions on death
rates of (A) flies and (B) ants. Only significant variables were kept in the final
models according to the backward selection procedure.
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Influence of fluid and insect-fall orientation on prey composition

Figures 3 and 4 summarize the known insect fates and the as-
signed insect fates obtained from predictions of the logistic
models (see the procedure in the Methods for insects not killed
at the end of the 5-min session).

As shown in Fig. 3, the fluid greatly influences prey compo-
sition (i.e. the relative abundances of insect species in the prey
spectrum), which was, for each Nepenthes species, very differ-
ent from the composition of insects initially dropped (Fisher ex-
act test, P< 10–6 for each Nepenthes species). Interestingly, it
is the difference between the two types of insects (flies/ants)
that essentially explained the interspecific differences in death
rates. This is particularly clear for the two viscoelastic
Nepenthes species (i.e. N. rafflesiana and N. hemsleyana) for
which the death rates within a type of insect were equivalent.
These Nepenthes species were able to kill almost all the flies
initially dropped, but were significantly less efficient (albeit far
more than their congeners) against ants. Note also that these
species have the most diversified prey spectra.

Figure 4 illustrates how the way the flies initially touch the
fluid influences their fate and thus the composition of the prey
spectrum. This effect of fall orientation was significant for wa-
ter and for the two Nepenthes species having a non-viscoelastic
fluid (Fisher exact tests, Pwater¼ 0�0056, Pampullaria¼ 0�0136,
Pgracilis¼ 0�0073). The strongest effect of viscoelasticity
masked this effect, which thus was non-significant for N. hem-
sleyana (P¼ 1) and N. rafflesiana (P¼ 0�49). Confirming re-
sults previously statistically treated, for non-viscoelastic
species, this difference seems to increase when pH decreases,
being stronger for N. gracilis, which has the most acidic fluid.

Survival times

The estimated half-life of the prey (time to 50 % mortality,
mean6s.e.) in Nepenthes fluids was variable among the insect

species (Fig. 5). For example, in viscoelastic fluids, P. pruinosa
had the longest estimated half-life (1206�916563�78 s, n¼ 75),
followed by the two flies (C. vomitoria: 258�5645�5 s, n¼ 147;
D. melanogaster: 355�8664�0 s, n¼ 149) and then C. schmitzi
(127�456 37�89 s, n¼ 75).

For the flies, according to the right-censored model
applied to lifetime data, time to death in any fluids (including
water) was significantly affected by fluid age, fluid origin, pH,
insect species and fall orientation (Table 4A, Fig. 5). Time to
death was shorter for the blow-fly than for the fruit-fly. It
decreased significantly when acidity increased and it was
significantly shorter when the insect fell on the back side
(dorsal surface) rather than on the right side (ventral surface)
(Table 4A, parameter estimates). Time to death also varied
with fluid age, but differently according to fluid origin. It
tended to decrease with fluid age for species with a viscoelastic
fluid (N. rafflesiana and N. hemsleyana), i.e. those for which
the estimations based on higher numbers were also the most
accurate.

As for ants, which died only in species having a viscoelastic
fluid, i.e. N. hemsleyana and N. rafflesiana, time to death was
affected by fluid age, being shorter for older fluids (Table 4B,
Fig. 5). It varied considerably between the insect species, being
shorter for C. schmitzi than for P. pruinosa according to the
model applied to right-censored observations (Fig. 5).

Isolated effect of acidity on flies

Eleven of the 26 flies promptly immersed in the acidic solu-
tion were observed to be caught at the end of the 5-min obser-
vation sessions versus only four of the 26 flies promptly
immersed in water. The differences were significant according
to a v2 test (v2¼ 4�6, P¼ 0�03). Interestingly, none of the six
flies observed in the back side position succeeded in escaping
from the acidic solution whereas eight out of the ten flies
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observed in the back side position managed to escape from
water, the difference being highly significant (P¼ 0�007,
Fisher’s exact test). All the flies observed to be caught in the
5-min sessions were alive. They all spent time cleaning them-
selves after removal from the fluid at the end of the experiment.
However, the time elapsed before the flies that were immersed
flew away was on average increased threefold in acidic solution
compared with water solution (acid, 3869�2 s; water,
12�863�3 s).

DISCUSSION

This study shows that the fluid of carnivorous species of the ge-
nus Nepenthes has retentive properties that differ from those in-
herent to water. Both the viscoelasticity and the pH of the
pitcher fluids are strongly correlated to insect capture. The ef-
fect of viscoelasticity is shown to be ‘all or nothing’ for flies
and more progressive for water-resistant ants but with a delayed
threshold. Insect retention increased with fluid acidity earlier
but more gradually in flies than in ants. The way the flies
initially touched the fluid influenced their fate, all the more so
as the fluid was acidic. Additional experiments in prepared
acidic solutions showed an effect of acidity only in situations of
insect wetting. According to their properties, the fluids of
Nepenthes species do not trap the same quantity and quality of
insect species. These findings raise some important questions.
What are the fine mechanisms at the insect–fluid interface
that can explain insect trapping and the differences
observed between insect categories? What are the possible
implications for pest control? To what extent are these results
relevant for the evolutionary ecology of Nepenthes carnivorous
plants?

Mechanisms at the insect–fluid interface in Nepenthes pitcher
plants: research avenues for bio-inspired traps?

First, viscoelasticity is shown to be the fluid’s most powerful
property regarding insect retention in Nepenthes pitcher plants.
The role of viscoelasticity in the trapping system of Nepenthes
species has been previously demonstrated, but only in the labo-
ratory using greenhouse plants and non-native insects (Gaume
and Forterre, 2007; Bonhomme et al., 2011b). Here the bioas-
says are shown to be conclusive in the field, using insects found
on Nepenthes pitcher plants. Our results further showed that
viscoelasticity is lethal for the great majority of insects tested
and that it allows the plants to kill insects, such as water-resis-
tant ants and flying insects that may not have been killed by
rheologically ‘water-like’ fluids. It seems clear that C. schmitzi,
which is able to swim in the Nepenthes fluid (Clarke and
Kitching, 1995; Bohn et al., 2012), has behavioural adaptations
that prevent it from sinking. The ant P. pruinosa has a thick
waxy layer on its cuticle, the bloom or ‘pruine’ from which it
takes its name, and which has, like any lipid surface, hydropho-
bic and anti-wetting properties (Holdgate, 1955). This may ex-
plain why no specimen of these two species has died in water
or ‘water-like’ fluids while all of the ant specimens of two
Crematogaster species and Oecophylla smaragdina were found
to sink in water. Moreover, flies bear on their body numerous
hairs which, among other functions, may protect them against
wetting (Perez-Goodwyn, 2009). This is at least so for
Calliphora flies, which exhibit wide contact angles of water
droplets on their hairy cuticle (Holdgate, 1955). In Nepenthes
viscoelastic fluids, which have water-comparable surface ten-
sion, trapping does not occur because of surface properties but
rather because of the fluid’s extensional viscosity, which offers
resistance to insect stretching (Gaume and Forterre, 2007).
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Trapping occurs as soon as the elastic forces created by insect
movements have no time to relax. Thus, an abrupt transition of
capture rate with fluid viscoelasticity is expected. This is pre-
cisely what is observed, as attested by the sigmoid functions

obtained for ants and flies (Fig. 2). The earlier threshold of cap-
ture for flies may largely be explained by the presence of wings,
because their large surface/weight ratios increase the fluid’s re-
sistance to their movement. Interestingly, the capture rate of the
ant C. schmitzi is slower than that of P. pruinosa. As discussed
by Gaume and Forterre (2007), escape of an insect from a vis-
coelastic fluid depends on how slowly it moves. This is proba-
bly the strategy adopted by the N. bicalcarata symbiont
C. schmitzi (Clarke and Kitching, 1995; Bazile et al., 2012).
Indeed, C. schmitzi showed less sign of agitation than the other
insects when dropped into the fluid and has been measured to
have low stepping frequencies and a large phase delay within a
given pair of legs (Bohn et al., 2012). This slow period of
swimming stroke might be the result of coevolution and denotes
its adaptation to pitcher life. While insect definitive capture is a
positive function of viscoelasticity, there is no significant corre-
lation between time to death and viscoelasticity for the two in-
sect types of this study (flies and ants). Unexpectedly, in
species having a viscoelastic fluid, the estimated time to death
was found to decrease with fluid age, i.e. to decrease while vis-
coelasticity decreases. This means that something else should
explain rapid death of prey in old, weakly viscoelastic fluids. A
conspicuous singularity of old fluids compared with younger
fluids is that they are in contact with numerous prey items.
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TABLE 4. Parameters affecting insects’ time to death

Explanatory variable ndf Wald v2 P

(A) Flies, Dependent variable¼DeathTime (right-censored at 300 s)
pH 1 9�8366 0�0017
FluidOrigin 4 50�9673 <0�0001
FluidAge(FluidOrigin) 8 81�6622 <0�0001
InsectSpecies 1 7�5618 0�0060
FallOrientation 1 18�9018 <0�0001

(B) Ants, Dependent variable¼DeathTime (right-censored at 300 s)
FluidOrigin 1 3�1756 0�0747
FluidAge(FluidOrigin) 3 13�1007 0�0044
InsectSpecies 1 25�7284 <0�0001

Results of a right-censored survival time model (censured at 300 s) testing
for the effects of fluid origin, fluid age, fluid viscoelasticity (‘VE’ as a binary
variable and ‘Visco’ as a quantitative variable), insect species, fall orientation,
pH and their interactions on time to death of (A) flies and (B) ants. Only
significant variables were kept in the final models according to the backward
selection procedure.
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It has been reported that secretion of naphtoquinones, known to
have cytotoxic effects, is induced by prey in the pitcher of
N. khasiana (Eilenberg et al., 2010; Raj et al., 2011) and
N. alata (Buch et al., 2013). It is thus tempting to suggest that
in older plants, alkaloids, triggered by the insects themselves, in
addition to having potential antimicrobial activity (Buch et al.,
2013), play a chemical and ultimate role in the death of insects
in Nepenthes pitcher plants. Supporting this idea is our observa-
tion that no blue-fly died in the acidic solution during the 5-min
experiments carried out in the laboratory.

Without being lethal, acidity is revealed to affect insect per-
formance. This result is new and worthy of attention as acidity
was not previously suspected to take part in the trapping system
of Nepenthes pitcher plants. Although the observed correlation
between fluid acidity and insect life span might only be the by-
product of other pH-dependent factors such as enzyme cytolytic
activity, which may be the main cause of an insect’s slowdown,
there are several arguments that support a direct effect of pH in-
stead. First, it seems more credible that a cytolytic effect, such
as that caused by enzymes, would be measurable over a longer
time scale. Acidity is more likely to trigger a rapid insect re-
sponse, as observed in this study. Second, acidity is known to
negatively influence insect behaviour and survival in freshwater
habitats (Tabak and Gibbs, 1991; Brodin and Gransberg, 1993;
Harrison, 2001). Last but not least, we experimentally showed
the isolated effect of acidity in laboratory experiments on fly re-
tention in wetting situations. Acidity alone may not prevent the
escape of flies but it may greatly impede flies’ take-off or re-
covery provided that they have been immersed. This highlights
a synergetic effect of acidity and wetting properties of the fluid.
In viscoelastic fluids, wetting occurs as soon as the insect be-
gins to move (wetting occurs in dynamic not in static situations,
Gaume and Forterre 2007). To explain the flies’ capture in the
acidic fluid of N. gracilis, one might expect the presence of ei-
ther a wetting agent or, at very weak concentration, a polysac-
charide responsible for the viscoelastic properties. According to
our results, C. schmitzi seems to die more quickly than P. prui-
nosa in the acidic and viscoelastic fluids of N. hemsleyana
and N. rafflesiana. This might be explained by the better anti-
wetting properties of P. pruinosa, a frequent visitor of
Nepenthes (Di Giusto et al., 2008; Bonhomme et al., 2011a).
Indeed, C. schmitzi is easily wetted by fluids (Bohn et al.,
2012) and its cuticle, not covered by a thick layer of ‘pruine’
such as in P. pruinosa, is probably more permeable and thereby
more sensitive to homeostatic and pH changes of the liquid
(Harrison, 2001). This is therefore not a hazard if the ant is as-
sociated with N. bicalcarata, one of the species having the less
acidic fluid (Moran et al., 2010; Bonhomme et al., 2011a). It is
even argued that N. bicalcarata actively manipulates its fluid
pH to maintain low acidity (Moran et al., 2010), which thus
appears to be of high adaptive significance for the symbiotic
but pH-sensitive ant C. schmitzi. In the genus Nepenthes, fluid
acidity might have evolved primarily in response to the plant’s
digestion requirements with regard to enzyme activity and con-
stitutes only a secondary adaptation to insect retention.
However, some genera of carnivorous or proto-carnivorous
pitcher plants, although believed to lack enzymes in their fluid,
display species with low-pH (<4) fluids, such as a few
Sarracenia species or Brocchinia tatei (Juniper et al., 1989). It
is thus tempting to consider that for those species, particularly

those forming substantial tanks, the primary role of acidity is
insect retention.

Finally, the way the fly initially touches the fluid influences
its fate. This orientation effect appears to be significant when it
is not concealed by the stronger effects of viscoelasticity. The
magnitude of the fall orientation effect on death rate increases
with the pH of the fluid. This is observed from our experiments
using Nepenthes fluids and secondarily confirmed by our exper-
iments in acidic solutions. Falling dorsally on its wings reduces
the survival chances of a fly, probably because (1) the wings of-
fer a larger contact area and retention points compared with
tarsi, and (2) the wings are not as rough as the rest of the insect
body, and hence are more easily wetted (Holdgate, 1955;
Perez-Goodwyn, 2009). This effect may explain the higher cap-
ture and death rate of flies than of ants in all of the fluids tested.
As nectar glands of Nepenthes pitcher plants are often sunk be-
tween the curved teeth of the pitcher rim (Owen and Lennon,
1999), tentatively this may lead insects to bend in a reversed
position before losing their foothold (Juniper et al., 1989) and
land on the fluid ventral surface upwards.

This observation on the importance of the insect landing po-
sition and the results pertaining to pH, wetting and viscoelastic-
ity may help the design of biomimetic traps. Synthetic pitfalls
devoted to the trapping of flying insects could be greatly and
easily improved if they also included an acidic substrate and a
landing platform. Both the inclination angle and the height of
the platform should be optimized and adapted to the insect
weight, to make an insect systematically fall upside down on its
wings and with a kinetic energy sufficient to cause body im-
mersion. Such physical parameters have been shown to influ-
ence the fall orientation of buttered toast, which does not
merely follow a binomial law with equiprobability (random
phenomenon: 0�5/0�5) or ‘Murphy’s law’ (‘If it can go wrong,
it will’) as previously thought (Matthews, 1995). The viscoelas-
tic properties of the Nepenthes fluid may also serve as a model
for the development of insect glues. Indeed, biopolymers could
be added to a water-based fluid (Bergeron et al., 2000) to obtain
the necessary viscoelastic properties, i.e. its propensity to make
long-lived filaments that resist stretching and prevent insect es-
cape. Finally, at a larger scale, the development of pesticide or
fertilizer sprays that avoid the problem of drop bouncing on
plants may be economically and ecologically valuable, as it
would prevent the release of large amounts of chemicals that
otherwise would have spread with the well-known conse-
quences for soil pollution.

Fluid characteristics and their influence on the plant’s diet

The fluid is thus an important part of the complex mecha-
nism of capture in Nepenthes carnivorous pitcher plants,
which have long being considered to rely on passive gravity-
dependent pitfall traps. It is clear that the fluid, by its own
physical properties, is able to influence the pitcher’s prey com-
position and thereby the plant’s diet. Differences in both acidity
and rheology partly explain inter-specific differences in capture
strategies. First, it is noteworthy that fluids with trapping phys-
ico-chemical properties such as acidity and viscoelasticity
characterize only insectivorous species. Species such as
N. ampullaria, which is known to be more detritivorous than
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carnivorous (Moran et al., 2003; Pavlovič et al., 2011), do not
need to have an insect-retentive fluid. This may explain why its
fluid is neither very acidic nor viscoelastic. The absence of
strong acidity in this species may reflect only the absence of
functional proteolytic enzymes such as nepenthesins, which op-
timally function at low pH (Athauda et al., 2004). Indeed, the
plant relies on microorganisms (Takeuchi et al., 2011) and a
complex food web to decompose organic matter (Mogi and
Yong, 1992) and our results pertaining to the effect of pH on in-
sect fitness also support the hypothesis that N. ampullaria also
actively maintains low acidity to protect such a mutualistic in-
fauna (Alcala and Dominguez, 2003; Moran et al., 2010). The
‘all or nothing’ effect on flying prey of fluid viscoelasticity,
which is observed here at a low level of viscoelasticity, con-
firming previous laboratory results (Bonhomme et al., 2011b),
clearly demonstrates that fluid viscoelasticity gives no chance
to flying prey. Species such as N. rafflesiana have a trapping
feature that successfully targets flying insects, such as the pro-
duction of sweet odours (Di Giusto et al., 2010), and lack the
waxy layer particularly efficient for ant capture (Gaume and Di
Giusto, 2009). But why do the young fluids of such Nepenthes
species have high degrees of viscoelasticity if a weak viscoelas-
ticity is sufficient to catch flies? First, species with viscoelastic
fluids grow in perhumid regions (Moran et al., 2013) and are
thus more likely to have their fluid often diluted by rainfall, as
probably attested to by the observed decrease of viscoelasticity
with fluid age. Therefore, fluids initially having high concentra-
tions of polysaccharides have a greater chance of circumventing
the water-dilution problem. Secondly, the effect of fluid visco-
elasticity is more progressive on at least water-resistant ants,
which require a greater degree of viscoelasticity than flies to be
retained. As ants are abundant in most tropical forests
(Davidson and Patrell-Kim, 1996), it is important for the plant
to have a weapon that is also widely efficient on this more ubiq-
uitous type of prey.

Species such as N. gracilis, which has a crawling and terres-
trial habit, and which encounters and traps mostly terrestrial ants
(Moran et al., 1999), do not need to have a viscoelastic and
retentive fluid, but rather rely on the waxy layer to efficiently re-
tain their prey (Bonhomme et al., 2011b) and on the acidity to
kill them (this study). The question remains as to why N. hem-
sleyana, which is reputed to be coprophagous (Grafe et al.,
2011), maintains a viscoelastic fluid with high retentive ability
and that is potentially harmful for the so-called mutualistic bat
reported to defecate in its pitcher? It is possible that this visco-
elastic fluid is a remnant character from a common ancestry with
the sister species, N. rafflesiana. A second hypothesis is that
insects are a more reliable food resource than bat faeces to N.
hemsleyana. On the whole, bats visit only relatively few individ-
ual plants (Grafe et al., 2011), while insects are always found in
the plants’ traps in significant diversity (Di Giusto et al., 2009),
suggesting that bats could be engaged more opportunistically
than mutualistically in their relationship with N. hemsleyana.

In conclusion, Nepenthes pitcher plants might select the prey
they retain and thereby their type of diet by manipulating the
secretion of Hþ ions and polysaccharides in their pitcher fluid.
This finding is of high adaptive significance and might partly
explain the possible adaptive radiation of this genus with regard
to the nutrient sequestration strategies of different species in
various habitats (Pavlovič, 2012). Moreover, our unique

observation that the orientation with which a fly lands on acidic
fluids determines its fate leads to several novel questions as to
how the structural associations of nectar glands, curved teeth
and pitcher rim may manipulate the feeding position of an in-
sect and its probability of being trapped. This provides a basis
for the design of bio-inspired traps.
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