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Regulation by the Pitcher Plant Sarracenia purpurea of the
Structure of its Inquiline Food Web

AARON M. ELLISON1

Harvard University, Harvard Forest, 324 North Main Street, Petersham, Massachusetts 01366

NICHOLAS J. GOTELLI
University of Vermont, Department of Biology, Burlington 04505

LESZEK A. BŁĘDZKI
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ABSTRACT.—Phytotelmata, the water-filled habitats in pitcher plants, bromeliad tanks, and



systems for studying the dynamics of aquatic food webs (e.g., Kitching, 2000, 2001; Kneitel
and Miller, 2002; Miller et al., 2002; Ellison et al., 2003; Srivastava et al., 2004). However, the
phytotelmata itself normally is regarded simply as a container for its inquilines: animals that
live commensally ‘‘within the nest or abode of another’’ (OED, 2019). It has been
recognized only rarely that the plant itself can mediate trophic interactions of inquiline food
webs.

Research with carnivorous pitcher plants has provided two notable examples of the
importance of phytotelmata on inquiline food webs. Bradshaw and Creelman (1984)
experimentally showed the carnivorous pitcher plant Sarracenia purpurea L. (Sarraceniaceae)
and two of its obligate inquilines, larvae of the pitcher-plant mosquito Wyeomyia smithii
(Coq.) and the pitcher-plant midge Metriocnemus knabi Coq., are mutualists. These two
inquilines accelerate the breakdown and decomposition of arthropod prey captured by S.
purpurea (Heard, 1994). Ammonium (NH4) and carbon dioxide (CO2) released as bacteria



and their food webs to determine if effects of experimental nutrient enrichment through
additions of prey and inorganic nutrients resulted from direct effects on the food web or
indirect effects mediated by the plant. We recognize that a focus on the macrobes will
overlook many important processes and interactions of the microbes present in S. purpurea
food webs. This is a general issue with studies of food webs (e.g., Pringle and Hutchinson,
2020) that will be able to be addressed as the microbial assemblages of S. purpurea continue
to be better characterized (e.g., Peterson et al., 2008; Miller and terHorst, 2012; Paise et al.,
2014; Canter et al., 2018; Boynton et al.. 2019; Zhang et al., 2020a, 2020b).

MATERIALS AND METHODS

STUDY SPECIES

Sarracenia purpurea (the northern, or purple, pitcher plant) is a long-lived (.50 y), rosette-
forming, carnivorous perennial plant common to bogs throughout Canada and the eastern
United States. Pitcher plants flower early in the growing season (May in Massachusetts)
before any new leaves are produced; flower buds for the following season are set in August –
September (Shreve, 1906). Pitcher plants have weakly developed root systems; nutrients are
obtained principally from insect prey attracted to the brightly colored pitchers and
extrafloral nectaries (Bennett and Ellison, 2009). Unlike the other 10 species of Sarracenia
(Mellichamp and Case, 2009), S. purpurea pitchers fill with rainwater and these
semipermanent pools (phytotelmata) are colonized by a suite of specialized invertebrates
and more generalist protists and bacteria (Addicott, 1974; Cochran-Stafira and von Ende,
1998; Błędzki and Ellison, 2003; Ellison et al., 2003; Peterson et al., 2008; Miller and terHorst,
2012; Paise et al., 2014; Canter et al., 2018; Boynton et al., 2019; Zhang et al., 2020a, 2020b).

Arthropod prey captured by the plant is the basal resource for this detritus-based food
web, which shreds the prey and mineralizes the available nutrients (Butler and Ellison, 2007;
Butler et al., 2008). Prey capture initially increases as pitchers open, expand, and harden;
reaches a peak when the leaves are 2–3 wk old; and then declines to near zero by the end of





We used a factorial response-surface design (Cottingham et al., 2005) in a ‘‘pulse’’

experiment (sensu Bender et al., 1984) in which five levels each of NH4NO3 (4.687, 9.375,
18.75, 37.5, and 75.0 mM) and PO



and hardened, 20 ml of nutrient solution was added to it, and the 20 ml level was marked on
the side of the pitcher with indelible ink. Every 2 wk the food web was pipetted out of each
pitcher and into a petri dish; the volume of the fluid was recorded. Presence of each
macrobe was determined in the field, and all were returned to the pitcher. Rotifers and
protozoa were counted in the lab in 1 ml subsamples taken at the same time; total counts of
rotifers and protozoa were extrapolated to the full volume by simple multiplication. After
field counts of invertebrates, the pitcher fluid was poured back into the pitcher and
additional nutrient solution was added to maintain the fluid level at 20 ml. This experiment
ran from 4 June–17 September 2001.

EXPERIMENT 2 – INTERACTIONS BETWEEN THE PLANT, NUTRIENTS, AND PREDATION ON FOOD-WEB STRUCTURE

The second experiment investigated how changes in food-web saturation resulted from
interactions between bottom-up effects of nutrient addition, top-down effects of predation,
and effects of the plant itself. We used a four-level factorial/response-surface experiment
with 212 nonflowering plants located at least 10 m (linear distance) from the lagg
surrounding the bog, separated from one another by at least 50 cm, and atop the Sphagnum
mat but not under shrubs or trees. As in Experiment 1, plants were assigned randomly to
unique combinations of treatments that included physically isolating the inquiline food web
within the phytotelmata.

The first treatment (factor) assessed the influence of the plant itself on the food web and
had three levels. Pitcher interiors were: [1] fitted with intact polyethylene tubes (2.2-cm
diameter) (inquilines and their fluid isolated from effects of pitchers; n ¼ 64 plants, 1
pitcher/plant); [2] fitted with perforated (ten 6.35 mm diameter drilled holes) polyethylene
tubes (polyethylene tube control; n ¼ 64 plants); or [3] left without polyethylene tubes
(unmanipulated control; n ¼ 64 plants).

The second treatment (ordinal factor used in the response surface) examined the effects
of N deposition. One of eight different concentrations of inorganic nitrogen (NH4NO3: 0,
1.56, 3.1, 6.25, 12.5, 25, 50, or 100 mg N/L) was added to a randomly selected plant; there
were n¼ 8 replicates of each N concentration in each set of 64 tube/tube-control/no tube
treatments. Because we assumed a constant uptake of NH4NO3 by pitcher tissue in control
and tube-control pitchers, and volatilization and uptake by bacteria in all pitchers, we
replaced fluid and nutrients with the appropriate NH4NO3 solution every 2 wk.

The third treatment (factor) examined effects of prey availability (organic nutrients).
Supplemental prey (10 lab-raised fruit flies/wk) were added to one-half of each inorganic N
3 tube combination.

Finally, because of the importance of Fletcherimyia at multiple points in this food web
(Błędzki and Ellison, 1998; Butler et al., 2008; Baiser et al., 2013), the fourth treatment
(factor) assessed the influence of this top predator on the development of the pitcher-plant
food web in the context of bottom-up effects of prey and inorganic N addition and habitat
effects of the pitcher itself. Second instar Fletcherimyia larvae were either removed from
pitchers (one-half of each N 3 tube 3 fruit-fly treatment combination) or added to pitchers
(one-half of each N 3 tube 3 fruit-fly treatment combination).

In total this factorial/response-surface design resulted in N¼ 2 plants in each tube 3 N 3

fruit-fly 3 Fletcherimyia treatment combination. We also haphazardly chose 20 additional
plants growing nearby in the bog as unmanipulated controls. One treated plant from each
treatment combination (96 pitchers) and half the unmanipulated controls were harvested
after 4 wk and the remainder after 8 wk. Food-web saturation in this experiment was
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treatment or Fletcherimyia addition (respectively v2
[2]¼3.4, P¼0.18 and v2

[1]¼0.03, P¼0.87;
Table 2).

Connections with the plant increased food-web saturation: food webs in pitchers without
tubes or with perforated tubes were significantly more saturated than food webs in pitchers
with intact tubes (Fig. 3, right panel; F2,173 ¼ 8.4, P , 0.01). Removal of Fletcherimyia from
plants led to an increase in food web saturation (Fig. 3, left panel; F1,173¼ 13.2, P , 0.01), as
this predator consumes both rotifers and Wyeomyia larvae. Neither additions of prey nor
inorganic nitrogen (NH4NO3-N) alone altered food-web saturation (F1,173 ¼ 0.8, P ¼ 0.37;
F1,173¼ 0.0, P¼ 0.88, respectively). However, there was a nutrient 3 Fletcherimyia interaction
(F1,182¼ 4.9, P¼ 0.03): in the presence of Fletcherimyia, increasing NH4NO3 led to decreased
saturation of the food web. In contrast in the absence of Fletcherimyia, increasing NH4NO3

FIG. 2.—Response surface of food-web saturation (defined in Table 1) in pitchers fed one of 25



led to increased saturation of the food web. None of the other two-way, three-way, or four-

way interaction terms was significant (P . 0.18, all cases).

DISCUSSION

Plant productivity, expressed as new biomass eaten by herbivores or shed litter



food web and preventing a switch to anaerobic conditions (Bradshaw and Creelman, 1984;
Joel and Gepstein, 1985; Sirota et al., 2013).

Further addition of inorganic N, as is occurring through atmospheric deposition,
increased food-web saturation at intermediate levels, but saturation declined as N addition
was increased further (Fig. 2). We hypothesize this result may reflect bottom-up effects of N
on microbial productivity (Moorhead and Sinsabaugh, 2006), shifts in how S. purpurea uses
different forms of N (Karagatzides et al., 2009), or interactions between the plant and the
bacteria that mineralize nitrogen for it (Butler et al., 2008; Mouquet et al., 2008). These
studies, and others with excess prey addition show shifts in the macrobial food web or
bacterial functional groups (see Northrop et al., 2021 for the latter), but no evidence of

FIG. 3.—Effects of tube treatment manipulation of the top predator on food-web saturation in the
Sarracenia purpurea macrobial food webs in the four-level tube 3 inorganic nitrogen 3 fruit-fly 3

Fletcherimyia manipulation. Data are pooled among nutrient and addition treatments, for which the main
effects were not statistically significant (see main text for ANCOVA results). In each panel the effects of
the three levels of the inserted tubes (intact, perforated, absent) are ordered along the x-axis; the two
different panels illustrate effects of the tube treatment without (left) or with (right) Fletcherimyia present
in the pitcher. Box-and-whisker plots illustrate median (dark horizontal line), upper and lower quartiles
(top and bottom of the box), and upper and lower hinges (length of vertical whiskers ¼
1.53interquartile range). Individual points represent data from each pitcher harvested in mid-
summer (grey points) or at the end of the growing season (black points).
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nutrient toxicity (sensu Camargo et al., 2005). Furthermore, N addition alters pitcher
morphology, reducing pitcher size (volume) while increasing the area of its photosynthetic
keel (Ellison and Gotelli, 2002; Bott et al., 2008). Although smaller pitchers have less
complex food webs (Gotelli and Ellison, 2006), this effect was not observed or measured
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