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energy or resources relative to what initiated the state change (i.e.,
hysteresis). In the last several years, many researchers have suggested
that a wide range of ecological systems are poised to “tip” into new
regimes (Scheffer et al., 2009; Petraitis and Dudgeon, 2016), or even
that we are approaching a planetary tipping point (Barnosky et al.,
2012); but see (Brook et al., 2013). Because identifying changes in the
underlying state variables of most ecosystems require high frequency,
long-term measurements (Wilson et al., 2013), our understanding of the
causes and consequences of ecological regime shifts has progressed
relatively slowly. More rapid progress could be achieved by working
with well-understood systems that can be described mathematically
and manipulated experimentally over shorter time scales.

It is rare to find an ecological system in which the occurrence of a
regime shift, and its cause-and-effect relationship with one or more
underlying environmental drivers, is unambiguous (Bestelmeyer et al.,
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order of decades to centuries (Contamin and Ellison, 2009)—and de-
pends not only on slowing or reversing directional changes in under-
lying state variables but also on the internal feedback dynamics of the
system. Other aquatic systems, including fisheries (Biggs et al., 2009),
rocky intertidal communities, and coral reefs (Petraitis and Dudgeon,
2016) have provided additional empirical support for these model re-
sults in terms of both dynamics and duration (Dakos et al., 2012).

In a previous study, we experimentally demonstrated that organic-
matter loading (i.e., the addition of excess insect prey to pitchers) can
cause a shift from oligotrophic to eutrophic conditions in a naturally-
occurring microecosystem: the water-filled leaves of the northern (or
purple) pitcher plant, Sarracenia purpurea L. (Sirota et al., 2013). We
use the term “microecosystem” here because the pitcher plant and its
inquiline food web is a naturally occurring, co-evolved community of
organisms, which is not necessarily the case for microcosms (Odum,
1996). In the typically five-trophic level Sarracenia microecosystem,
bacteria reproduce rapidly and drive the nutrient-cycling dynamics
(Butler et al., 2008). Prey additions cause shifts from oligotrophic to
eutrophic states in hours or days rather than years or decades. Further,
the comparatively small volume of individual pitchers, the ease of



ecology, whose dynamics depend on a limiting resource (e.g., Mulder
and Hendriks, 2014).

We modeled the dynamics of the trophic state of the Sarracenia
microecosystem using an equation of the same underlying form as Eq.
(1):
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Each model term is described below and summarized in Table 1.
The model (Eq. (3)) of the Sarracenia microecosystem (Fig. 2A) is





∼K Uw (0.0001, 3), β∼ U(1.0E−6, 2.0E−3) and



t =9360min), the system jumped into its alternative state: BOD in-
creased rapidly then declined slowly as prey was mineralized (grey line
in Fig. 3B). The combination of the smooth, slow recovery response of



set of 58 previously published food webs (Lau et al., 2017), in which
1.27–66.2% of available detritus or organic matter is decomposed each
day. When we set the decomposition parameter (β) equal to 2.57E-6,
the overall decomposition rate approached the mean of the published
food webs (24.22 ± 2.79% [SE]). This value for β is within the para-
meter space that we observed experimentally, and used in our sensi-
tivity analysis, and suggests that insights gained from the Sarracenia
microecosystem should be scalable to larger systems.

Although the dynamics of the Sarracenia microecosystem share si-
milarities with lake, stream and other large-scale ecosystems, there are
several differences that should be noted. First, oxygen levels in the
pitcher plant are dynamically controlled by photosynthesis of the plant
that serves as a strong driver of oxygen levels. In lakes, the primary
oxygen production is carried out by phytoplankton, which are im-
mersed in the aquatic system. Second, lake food webs are “green” (i.e.,
plant-based); whereas pitcher plant food webs are “brown” (detritus-
based Butler et al., 2008). In lakes, the shift to a eutrophic state occurs
through addition of limiting nutrients (usually N or P), accumulation of
producer biomass that is uncontrolled by herbivores (see Wood et al.,
2017, and subsequent decomposition that increases biological oxygen
demand (Carpenter et al., 1995; Chislock et al., 2013). The Sarracenia
microecosystem's “brown” food web also experiences an increase in
oxygen demand and microbial activity; however, this occurs during the
breakdown of detritus that is characteristic of its shift from an oligo-
trophic to a eutrophic state (Sirota et al., 2013). Even though the source
of the nutrients in the Sarracenia microecosystem is “brown”, the
functional shape of the pathways involved in its nutrient cycling are
similar to those in lakes with “green” food webs and are likely to lead to
similar qualitative dynamics of both systems.

The results of our model and sensitivity analyses, combined with
previously published empirical data (Sirota et al., 2013), suggest that
the Sarracenia microecosystem could be employed as a powerful system
with which to develop new understanding of the dynamics of complex
ecosystems. The food web of S. purpurea consists of species that share an
evolutionary history, multiple trophic levels, and interactions that have
been shaped by both environmental and co-evolutionary forces (Ellison
and Gotelli, 2009; Bittleston et al., 2016). Its abiotic environment and
food web are comparable in complexity to large lakes (Srivastava et al.,
2004; Kitching, 2000; Baiser et al., 2016). It features similar critical
transitions and non-linear dynamical behavior that are of broad interest
for theoretical ecologists.

Mesocosm studies have been critiqued for lacking any or all of these

characteristics (Carpenter, 1996), but a recent meta-analysis of the
scaling relationships of the half-saturation constant (Kw) provides evi-
dence that uptake of nutrients such as nitrogen and phosphorus by food
webs, and inter-trophic nutrient transfers, all are nearly invariant to
spatial scale (Mulder and Hendriks, 2014). At the same time, the dy-
namics of the Sarracenia microecosystem play out over days, rather
than years, decades, centuries, or even longer. Thus we conclude that,
similar to previous work that has demonstrated the ability to scale up
ecosystems processes (e.g., Capps et al., 2014), the pitcher-plant mi-
croecosystem provides an experimental system and computational
model with which to study the linkages between “green”, and “brown”
food webs (Butler et al., 2008; Wolkovich et al., 2014; Sitvarin et al.,
2016) in the context of a food-web with an evolutionary history.
Therefore, this system provides a powerful tool for identifying early
warning signals of state changes in ecosystems that are of crucial im-
portance for environmental management (Abbott and Battaglia, 2015;
Hoekman, 2010).
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