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ABSTRACT

For the past century, inputs of nitrogen and phosphorus to aquatic ecosystems have been
chronically elevated by human activities. Nutrient loading occurs at multiple scales, from
the discharge of wastewater into rivers to atmospheric inputs at the continental scale
caused by the burning of fuels and use of fertilizers. Ecosystem components such as
producer or consumer populations may respond stoichiometrically, either by actively
regulating nutrient uptake or passively absorbing nutrients from their environment.
Ecosystems may also respond to elevated nutrients through changes in species richness,
species composition, abundance, or biomass, and these effects may cascade through food
webs. Understanding these effects in natural systems is challenging because there are
large-scale gradients in nutrient deposition across latitude, elevation, and growing season
length. In this study, I quantified the responses of the microecosystem of the carnivorous
pitcher plant Sarracenia purpurea to experimental manipulations of nutrients. At the
small scale of a single bog in northern Vermont, I manipulated nitrogen and phosphorous
inputs and nutrient ratios in a replicated ecological press experiment, and measured
nutrient uptake, biomass, and abundance of various components of the Sarracenia
microecosystem. I also measured the same components in a survey of 28 bogs from
Florida to Maine. This transect encompassed geographic gradients of latitude, elevation,
and growing season length, as well as gradients of annual atmospheric N and P
deposition rates. I then compared the small-scale experimental effects of nutrient
additions on ecosystem components to the large-scale correlations of annual N and P
deposition rates with the same ecosystem components. I found strong concordance in
both direction and magnitude of effects of nutrient deposition on pathways of nutrient
transfer, but weaker effects on the trophic transfer of biomass and abundance. Pitcher
fluid, which is analogous to lake and stream water in aquatic ecosystems, tracked
experimental manipulations and depositional gradients in phosphorus, which is consistent
with nutrient dynamics of surface waters in undisturbed watersheds. Experimental and
natural nutrient additions also affected the growth and morphology of the leaves of S.
purpurea. Carnivorous traits such as relative tube diameter responded readily to
increasing N deposition at both small and large spatial scales, highlighting a new pathway
for nutrient deposition to affect ecosystem processes by altering the habitat volume for
the ecosystem. I also filled knowledge gaps of the model system S. purpurea. Algal,
cyanobacteria, and rotifer community structure within S. purpurea has been greatly
understudied within S. purpurea’s native range. My research presents the first large-scale
survey of algal inhabitants of S. purpurea, in which plants acted like larger ecosystems
that support diverse phytoplankton assemblages of algae and cyanobacteria. Pitchers of S.
purpurea were dominated by Chlorophyta in abundance whereas Cyanobacteria were
dominant in biovolume. My final research aim was to determine if the inquiline
Metriocnemus knabi aquatic larvae are capable of migration to new pitchers. With a
manipulative greenhouse experiment, I provide the first evidence that aquatic larvae of
M. knabi are capable of emigrating from unsuitable desiccated pitchers to suitable fluid-
filled pitchers.
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INTRODUCTION

Macronutrients nitrogen (N) and phosphorus (P) continue to increase globally
through atmospheric deposition as well as direct inputs, leading to changes in ecological
stoichiometry, community structure, and overall ecosystem functioning (Fowler et al
2013; Penuelas et al., 2013; Elser et al., 2010; Meunier et al., 2016). Globally, inorganic
N has doubled within the biosphere, this doubling can be contributed to anthropogenic
effects such as burning of fossil fuels and the application of crop fertilizers. Within the
biosphere in 2015 an estimated 165-259 Tg N yr! was produced, half of which can be
attributed to anthropogenic effects (Fowler et al 2013; Carnicer et al., 2015). With the
continuation of burning of fossil fuels and the human need for the expansion of food
production, N input/deposition is predicted to increase to 1.9 kg N ha! year -! by the end
of the 21 century (Lamarque et al., 2013). On a smaller scale human induced increases
to atmospheric P from fertilizers, combustion, and mineral aerosols are lower than that of
N, attributing to approximately 30% of atmospheric deposition (Wang et al., 2014).
Historically, an increase of nutrients and nutrient imbalances coming into aquatic
ecosystems has caused detrimental impacts to nutrient cycling, community structure,
component dynamics, and may accelerate eutrophication (Elser et al., 2009; Carpenter et
al., 1998; Elser et al 2007).

As aquatic ecosystems receive limiting nutrients of N or P, there may be an
increase in growth of some primary producers such as aquatic macrophytes, algae, and

blooms of cyanobacteria (Schindler 1977; Smith 1983). This increase in primary



production can have cascading effects throughout the ecosystem, as it can diminish light
penetration, deplete oxygen, and create dead zones. Overall, increases in nutrient
concentrations and nutrient imbalances can result in biodiversity loss, shifts in
community composition, decline or complete loss of habitat, change of component
biomass, and a decline in environmental parameters such as turbidity and oxygen
(Carpenter et al., 1998, Seehausen et al 1997; Smith 1998). In this work we refer to
components as the discrete parts of the ecosystem, such as fluid, individual plankton and
macroinvertebrate taxa, microbes, and plant tissue. Although there have been a wide
range of studies conducted on the impact of nutrient inputs into aquatic systems,
knowledge is still lacking on how each component within a system can respond and how
components interact with one another under nutrient imbalances and inundations.
Gradients in atmospheric nutrient deposition exist alongside other environmental
gradients such as latitude, elevation, and growing season length which all can have
similar impacts on ecosystem processes, confounding our understanding of the effects of
nutrient deposition. Comparison between small scale direct nutrient input experiments,
that eliminate confounding gradients, and large-scale gradients of nutrient deposition
within the same type of aquatic ecosystem are rarely done but important because it will
allow us to identify cause and effect.

N and P are essential to living organisms and play considerable roles in organisms
and their environments. N is essential to life as it is a major structural component of DNA
and RNA, present within muscles and tissues, a major component of proteins, nucleic
acids, amino acids, chlorophyll, and serves as a nitrogenous base in ATP. Similarly, P is

also a component of DNA, RNA, and ATP, it is present in phospholipid membranes, and
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is also prominent in bone, enamel, and present in insect exoskeletons. Besides singular
nutrient content, ratios of these elements along with other macro-nutrients can give
insight on aspects such as growth rate, nutrient limitation, life history adaptations,
community structure, and behavior (Sterner and Elser 2002). For example, C:N ratios can
be an indicator of food or resource quality, a low C:N ratio of plant tissue can mean a
higher quality consumable to herbivores due to the increase in protein content (Haddad
2001). C:P or N:P ratios can give insight on growth rate, for example low C:P or N:P
ratios mean a higher P content, P rich RNA promotes rapid rates of protein synthesis,
which are more prominent in fast growing organisms (Elser et al 2000). Resource ratios
are also used in predicting species diversity, aspects of coexistence, and dominance of a
specific species (Tilman 1982, Grover and Grover 1997).

How an organism or ecosystem component responds elementally to input of
nutrients can vary, organisms may show homeostatic regulation, in which their ratios will
be regulated and remain the same or show plasticity in which their elemental content or
ratios will vary, often tracking the resources coming into the system (Persson et al.,
2010). Changes in nutrient for one component of a system can impact resources,
processes, and functions for other components up the trophic ladder and for the entirety
of the ecosystem. Turnover events can also occur due to changes in nutrient
input/deposition of nutrients. Some organisms can reach elemental thresholds and are not
able to efficiently utilize all available resources which can allow for the introduction of
new organisms that can withstand the new resources and then potentially push out the
original organism (Hecky 1982). Ecosystems may or may not experience stoichiometric

flexibility, in which components making up the system show compensatory mechanisms
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(i.e., plasticity, regulation, compositional shifts) to maintain function. Historically,
stoichiometric research has been limited to single groups commonly primary producers
and neglect other components due to physical constraint. My work aims to expand on
previous stoichiometric research by collecting data on stoichiometry, community
structure, and environmental responses at an entire ecosystem level across a wide range
of current and predicted concentrations and N:P ratios.

Capturing each component’s response to nutrient input/deposition at a singular
moment in time can be an impossible task on a large-scale aquatic system. S. purpurea, a
carnivorous perennial herb makes an ideal model system, as each plant contains self-
replicates in the form of tubular leaves that hold aquatic microcosms (Ellison et al.,
2004). Although S. purpureas leaves are capable of both photosynthesizing and capturing
prey, most of the nutrients used by the plant come from atmospheric deposition (Newell
and Natase 1998; Kneitel and Miller 2002; Anderson and Midgley 2003; Juniper et al.,
1989). The aquatic ecosystems contained within S. purpurea’s leaves are complex and
contain components like that of larger aquatic systems. Leaves are habitat to obligate
invertebrates that aid in prey nutrient acquisition. Larval Diptera species that inhabit the
leaves include a top predator Fletcherimyia fletcheri (Flesh fly), a shredder of prey
Metriocnemus kabi (Pitcher plant midge), and an omnivorous filter feeder Wyemoyia
smithii (Pitcher plant mosquito) that consumes shredded prey, bacteria, and protozoans
(Addicott 1974; Butler et al., 2008; Forsyth Robertson 1975). Other obligate inhabitants
are Habrotrocha rosa (Bdelloid rotifer), Sarraceniopus gibsoni (Histomatid mite), and

facultative inhabitants of protozoans, bacteria, rotifers, phytoplankton and zooplankton



(Addicot 1974, Cochran-Stafira and von Ende 1998; Miller et al., 1994; Bledzki and
Ellison 2003).

My research aim was to use a complete aquatic ecosystem to measure singular
ecosystem component’s response to varying concentrations and gradients of nutrient
input or deposition. I used a press experiment on the micro aquatic ecosystem held within
S. purpurea’s leaves, into which predicted concentrations of N and P were inputted.
These concentrations of N and P were derived from continental gradients across the east
coast of the United States. We then linked results from the press experiment to a large
scale continental survey of S. purpurea over varying gradients of N and P deposition at
28 sites along the east coast of the United States in the following year (Chapter I). From
both the experiment and survey, stoichiometric, community structure, and biomass were
measured to find concordant responses to nutrient inputs and deposition. In addition to
my examination of aquatic ecosystem response to nutrient input and deposition, I
attempted to clarify different conclusions in the literature on the morphological response
of S. purpurea to nutrient inputs and deposition (Chapter II).

Although there is a wide range of work on this model system, there are some
components of the system that are still understudied. I conducted the only large scale
algal, cyanobacteria, and rotifer survey within S. purpurea (Chapter III). I also conducted
an experiment on the obligate invertebrate Metricocnemus knabi larvae (Pitcher plant
midge) to determine if these obligate aquatic larvae are capable of emigrating when faced
with unsuitable habitat in the form of pitcher desiccation (Chapter IV). Both the plankton

survey and observations of emigration contribute novel information to the current state of



knowledge on this model system and the general ecology and natural history of these
organisms.

By linking results from a small-scale press experiment, free of confounding
environmental factors, to a large survey across the ecosystems range, we found strong
concordance of nutrient transfers among ecosystem components from deposition to fluid,
from fluid to plant tissue and microbes and through to its consumer, W. smithii. In this
work, cyanobacteria are not included in the microbe component but are included in the
plankton component. Microbes acted as a sink for nitrogen and phosphorus for fluid and
detritus, altering both its nutrient content in as well as its overall biomass. M. knabi,
although static in its nutrient content, increased in biomass in response to detrital
biomass. We also confirmed S. purpurea morphology responds to nutrient gradients,
reducing carnivorous traits in elevated nutrient environments. And we highlighted a new,
yet obfuscating pathway for nutrient deposition to impact ecosystem function—the
volume of the aquatic ecosystem itself can respond to gradients in nutrient deposition.
My research on the plankton community of S. purpurea found that within S. purprueas
native range the pitchers contained a diverse group of algae, cyanobacteria, and rotifers.
My novel research on the obligate M. knabi larvae determined that the aquatic larvae is
capable of successful emigration from a desiccated pitcher to a new viable fluid filled
pitcher. By furthering our knowledge on S. purpurea it will fill gaps in both the natural

history of the plants and its inhabitants but also how this aquatic microsystem functions.
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CHAPTER I: AQUATIC ECOSYSTEM RESPONSE TO EXPERIMENTAL INPUT AND NATURAL

GRADIENTS OF N AND P DEPOSITION USING THE MODEL SYSTEM SARRACENIA PURPUREA

ABSTRACT

Spatial gradients of nitrogen and phosphorous deposition and their ratio potentially
control the ecosystem processes of nutrient uptake by producers and the transfer of those
nutrients and biomass to their consumers. The rain-filled, cup-shaped leaves of the
carnivorous pitcher plant Sarracenia purpurea support an aquatic ecosystem that is a
model for studying these processes. I compared experimental manipulations of nutrients
at the small-scale, free of the confounding factors of latitude, elevation, and growing
season length, with large-scale variation in rates of atmospheric nutrient deposition. This
comparison facilitates the identification of cause-and-effect relationships between
atmospheric nutrient deposition and the structure and function of aquatic ecosystems. In a
single ombrotrophic bog in northern Vermont, I measured the response of nutrient
content, biomass, and abundance of ecosystem components to field manipulations of
nitrogen and phosphorous inputs. At 28 bogs surveyed across gradients of latitude,
elevation, and growing season length from Florida to Maine, I measured the response of
nutrient content, biomass, and abundance of the same components and correlated them
with atmospheric N and P deposition rates at each site. Across the algal taxa, consumer
taxa, plant tissue, detritus, and pitcher fluid, both the direction and magnitude of the
small-scale and large-scale standardized effects were highly concordant, with stronger

effects of phosphorous input than nitrogen input regarding nutrient transfers. In contrast,
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biomass responses of most ecosystem components to small-scale nutrient manipulations
were weak and were largely uncoupled from biomass responses to large-scale variation in
atmospheric deposition rates. In addition, taxa abundance responded largely to N:P ratios,
often decoupled from absolute deposition rates of N or P. These results confirm that
large-scale associations of atmospheric deposition with nutrient stoichiometry of primary
producers and consumers reflect cause-and effect relationships, and that ecosystem
stoichiometry may be more limited by the availability of phosphorous than nitrogen. In
contrast, there is less evidence that biomass transfers among ecosystem components are

related to atmospheric deposition and nutrient availability.

INTRODUCTION

Anthropogenic sources of nutrients play a significant role in altering the relative
availability of macro-nutrients within the (Pefuelas et al. 2013). This alteration occurs at
multiple spatial scales, from the discharge of wastewater into rivers, to industry creating
continental sized gradients in atmospheric deposition. By their spatial nature, these
gradients in nutrient deposition exist across other confounding gradients such as
temperature (Paerl et al. 2019). Therefore, multi-scale studies are needed to confirm
causation at large spatial scales with experimental methods at the small scale where other
gradients do not exist (De Frenne et al. 2013).

The anthropogenic load of nitrogen in the biosphere was estimated to be 259 Tg N
yr'in 2015, this value is similar in magnitude to the amount of fixed N in the biosphere
produced by natural processes (Carnicer et al., 2015). As N has doubled in the

atmosphere, P, which is extremely low in the atmosphere, has increased by roughly 30%
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due to fertilizers, combustion, and mineral aerosols (Wang et al. 2014). These increases
and imbalances of depositional nutrient inputs have led to the eutrophication of
freshwater ecosystems in the Northern hemisphere (Wurtsbaugh et al. 2019). Nutrient
enrichments and imbalances in aquatic ecosystems can have detrimental impacts, such as
the deterioration of water quality, reduction of dissolved oxygen, production of turbidity,
compositional shifts, loss of species, deterioration or complete loss of suitable habitat,
and alteration of ecosystem functioning (Carpenter et al., 1998; Seehausen et al., 1997;
Smith 1998; Karez et al. 2004; Rabalais 2002). With current and predicted increased
inputs of N and P into aquatic ecosystems, it is necessary to continue to gather knowledge
on how entire aquatic ecosystems and their components uptake and transfer N and P and
how biomass and community structure respond.

Component stoichiometry, or their elemental N, P, and NP, can respond in two
ways to nutrients entering an ecosystem, components can either show homeostatic
regulation or plasticity in their elemental content or nutrient ratios. Homeostasis will
occur when organisms or an ecosystem component are constrained in elemental content
or a specific nutrient ratio and will not alter in response to changing of nutrients in the
ecosystem or in its consumable resources (Persson et al., 2010). Opposite of homeostatic
regulation, organisms or components may show plasticity in elemental content or nutrient
ratios in response to nutrient input (Hillebrand et al., 2007; Bertram eta al.,2008; Sterner
et al., 1998; Teurlincx et al., 2017).

The macro-nutrients of N and P are both limiting in freshwater systems.
Generally, lake water responds readily to changes in atmospheric nutrient deposition. As

lakes that receive high amounts of N deposition have elevated NOs-in surface waters and
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overall higher total nitrogen (TN) as well, total phosphorus (TP) in lake water is
positively correlated to TP deposited (Elser et al. 2009; Camarero & Catalan 2012). Other
freshwater systems such as rivers will have concentrations of dissolved inorganic N
correlated to atmospheric inorganic nitrogen (Jaworski et al. 1997). These patterns in
deposition are creating large imbalances in N:P ratios in freshwater aquatic ecosystems
which can have cascading effects throughout an ecosystem leading to alterations of
economically important components of freshwater ecosystems. N deposition can also
increase the N:P ratio of plant stoichiometry in both aquatic macrophytes and terrestrial
plants (Sardans and Pefuelas 2012). Lower trophic levels such as primary producers are
often more readily affected by deposition by higher trophic levels. Insects often remain
homeostatic in their nutrient ratios even with changes in nutrient deposition (Tao and
Hunter 2012). Although some organisms are not directly affected by deposition, their
resources may be. As resource stoichiometry changes, predators may change their
feeding strategy to maintain a strict ratio. Although previous work highlights individual
species or trophic levels respond to N or P deposition, there is minimal work on multiple
or a complete ecosystem’s stoichiometric response to atmospheric nutrient deposition.
In addition to stoichiometric responses, atmospheric deposition can also affect
community assembly, nutrient input of N and P can impact species richness, abundance,
and the overall structure of trophic levels (Oksanen et al. 1981, Abrams 1993, Tilman
1982, Dodson et al. 2000). Nitrogen addition can have negative effects on the diversity
in an ecosystem, as plant species richness and abundance can decline with increasing
nitrogen (Midolo et al., 2018). Nutrient addition in aquatic ecosystems often leads to

compositional turnover of species, where at different nutrient concentrations certain
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species are favored over others (Dodds et al., 1989; Reed et al., 2016; Xu et al., 2010).
Generally, P has a positive effect on aquatic invertebrate biomass because there are
strong bottom-up pathways due to increased resource availability (Nessel et al. 2021).
Acidification due to N deposition in aquatic ecosystems decreases invertebrate,
vertebrate, algal diversity, and impacts community composition (Ormerod 1992). It is
necessary for researchers to be aware of how nutrients are affecting community structure
and how the structure is affecting overall ecosystem functioning, as diversity is needed
for maintaining function (Tilman et al. 1997).

Sampling an entire aquatic ecosystem such as a lake or pond for response to
nutrient input and deposition would be an arduous if not an impossible task. Using an
aquatic ecosystem held within the phytotelmata, or water holding pitchers, of the model
system Sarracenia purpurea (northern pitcher plant) allows for every individual and
ecosystem component to be measured. Sarracenia purpurea inhabits nutrient deficient
wetland ecosystems throughout the east coast of Canada and the United States (Ellison et
al. 2004). Sarracenia purpurea has a poor root system and most of the nutrients that
come into the system are from atmospheric deposition or invertebrate prey that enter the
phytotelmata (Butler and Ellison 2007, Ellison and Gotelli 2002, Juniper et al. 1989,
Chapin and Pastor 1995, Ellison and Gotelli 2001). Unlike, other carnivorous plant
species, S. purpurea does not contain chitinases (Folkerts 1999, Gallie and Chang 1997).
Prey that enters the system are initially shredded and broken down by obligate Diptera
larvae Fletcherimyia fletcheri (flesh fly), Metriocnemus knabi (pitcher plant midge), and
bacteria. Bacteria within S. purpurea are consumed by plankton species including an

obligate bdelloid rotifer Habrotrocha rosa, an obligate histomatid mite Sarraceniopus
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gibsoni, protozoans, an obligate Diptera larvae Wyeomyia smithii (pitcher plant
mosquito), of which will also consume plankton and protozoans (Addicott 1974; Butler et
al., 2008; Forsyth Robertson 1975; Cochran-Stafira & von Ende 1998; Miller et al., 1994;
Bledzki & Ellison 2003). These complex trophic interactions are like that of larger
aquatic ecosystems, making it a suitable model system.

In this research we aimed to determine the effects of direct nutrient input of N, P,
and N:P in a small-scale press experiment and then link those results to the effects of
gradients of atmospheric nutrient deposition of N, P, and N:P across a large-scale
continental survey. Concordance between responses at the small-scale, free of
confounding environmental gradients, with responses at the large-scale provides strong
evidence of causal pathways. The main objective of this study was to ascertain causal
pathways of the effects of gradients of N, P, and N:P on aquatic ecosystems. It was
hypothesized that ecosystem components within S. purpurea would vary in
stoichiometric responses to input/deposition of nutrients. We predicted the components of
pitcher fluid and plant tissue would be plastic in response to input/deposition, as larger
aquatic systems like lakes and ponds will track wet depositional rates in their water
chemistry. N and P are also common limiting nutrients within plants and with plants
being capable of luxury consumption we predicted that plants would uptake and store
excess nutrients coming into the system. We predicted that the microbial community and
aquatic invertebrates will remain static in elemental content, as microbes can maintain
optimal growth ratios through enzymatic adjustment or selective feeding. Aquatic
invertebrates were also predicted to remain static in response to nutrient input/deposition

due to assimilation, excretion, and selective feeding.
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We were also interested in how community assemblage varies across gradients of
nutrient input/deposition. The response of phytoplankton community structure to nutrient
deposition often varies across other gradients such as temperature (Schulhof et al. 2019).
In this work we’ll explore these causal mechanisms. We hypothesized that structure of
ecosystem components will change in response to nutrient input and atmospheric
deposition of N and P. We predicted that abundance and biomass of obligate
invertebrates and plankton will increase in response to their food which will become
more available due to elevated N and P. Findings to these above-mentioned hypotheses
will aid in filling current knowledge gaps of ecological stoichiometry and response of
aquatic ecosystems to N and P inputs/deposition and provide evidence of direct causal

pathways from nutrient deposition to ecosystem response.

MATERIALS & METHODS

Molly Bog Experimental Design

To measure the effect of nutrient input on aquatic ecosystem components, we
experimentally manipulated nutrient input to the model system S. purpurea at Molly Bog,
in Morristown, Vermont (44.500253°N, -72.639624°W) in the summer of 2018. We used
a regression-based design with 5 concentrations of nitrogen 0.0875,0.175,0.35,0.7, and
1.4 mg/l and 5 values of phosphorus 0.025,0.05,0.1,0.2, 0.4 mg/l. Solutions of nitrogen
and phosphorus were created using stock NH,Cl and NaH,PO,, as these forms are readily
available for the plant to uptake (Gray et al. 2006). In addition to the 5 x 5 regression-
based design, 8 additional experimental N & P concentrations were included to replicate

the most common ratios made from the regression concentration design (Figure 1). In
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total there were 9 treatment ratios among the 33 N & P concentrations. Ratios of the
design included the N:P ratios of 3.5 and 7 replicated 6 times, 14 and 28 replicated 5
times, 1.75 replicated 4 times, 0.87 replicated 3 times, 0.44 replicated twice, and outlier
ratios of 0.22 and 56 with no replicates. The concentrations of nitrogen and phosphorus
were based on national atmospheric deposition data as well as predicted future deposition
rates (National Atmospheric Deposition Program 2018, Galloway et al. 2008).
Molly Bog Experimental Protocol

A total of 38 mature non-flowering S. purpurea were chosen randomly at Molly
Bog. All plants in the experiment were a minimum of 15 cm in basal diameter and
contained a minimum of 5 living pitchers containing fluid. Experimental plants were
separated from each other by a minimum of 0.5 meters. Of the 38 plants, 33 were
randomly assigned concentrations of nitrogen and phosphorus and N:P ratios from the
experimental design and 5 plants were randomly assigned as controls, receiving reversed
osmosis (RO) water with minimal values of N and P (TN <0.02 mg/L, TP 0.005 mg/L).
Once plants were chosen, fluid was removed from every pitcher. Pitchers of each plant
were then rinsed with RO water and each given the assigned concentrations and ratios of
nitrogen and phosphorus. This was a press experiment: for a total of 10 weeks starting on
July 19, 2018, each week or after every rain event plants were topped off with the
assigned solution of N and P.
Molly Bog Experiment Final Measurements

At the end of 10 weeks, ecosystem components of pitcher fluid, plant tissue,
detritus, obligate invertebrates, and microbial community were collected for elemental

analysis and plankton for species identification and biovolume calculation. Fluid from
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every pitcher in the plant was filtered through a 25 ¢ mesh filter to capture plankton and
invertebrates, the volume of fluid was measured in a 100 ml graduated cylinder and then
filtered through a 0.22 y hydrophilic PTFE filter to capture the microbial community.
The fluid was then homogenized into one sample for each plant. Samples were preserved
with sulfuric acid based on EPA methodology and analyzed for ammonium, nitrate,
phosphate, TN, and TP via ICP and CFA (Cary Institute of Ecosystem Studies,
Millbrook, New York). Plant tissue of the youngest pitcher was collected from each plant
and rinsed. Plant tissue was dried at 60°C for 72 hours and ground using a Thomas Wiley
Mill (Thomas Scientific, Swedesboro, New Jersey) to a measurement of 1 mm. Plant
tissue was analyzed for N content using combustion analysis using via LECO CHN628
(LECO Corporation, USA) and P by inductively coupled plasma atomic emission
spectrophotometer (ICP-OES, Perkin Elmer Avio 200). Detritus from each pitcher was
collected by scrapping the inside and bottom of each pitcher with a laboratory spatula.
Detritus for each plant was dried at 60°C for 72 hours and homogenized. Detritus was
analyzed for C, N, and P by the same means used for plant tissue. Obligate invertebrates
were collected by picking them off the 25 y mesh filter with flexible tweezers. The mesh
filter was then inverted over a 50 ml conical tube and rinsed with RO to extract the
plankton. The plankton samples were preserved in Lugols and measured using a
PhycoTech Nannoplankton Counting Chamber. For each sample, 300 natural units were
counted. Organisms were identified to lowest possible taxonomic identification at genus
or species based on morphological attributes at 40x magnification using a Nikon 50i
clinical grade microscope. Taxonomic identification was conducted using a variety of

keys and resources (Komarek 2008; Komarek and Anagnostidis 2007; Wehr et al., 2015;
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Hindak 2008; Patrick and Reimer 1966; Prescott et al., 1972; Smith 1950) and biovolume
was calculated following Hillebrand et al. (1999) and Olenina (2006) methodologies.
Obligate invertebrates were identified and counted. Once invertebrates were visually
determined to have emptied their stomach contents (~24 hours), they were dried at 60°C
for 72 hours. All invertebrates and prey were then individually weighed on a micro
balance (ultra-micro balance, Sartorius, Gottingen, Germany, precision 0.1 xg) and then
analyzed for N and P. The microbial community was collected by filtering pitcher fluid
through a 0.22 u hydrophilic polytetrafluorethylene membrane filter that was flash frozen
in field and stored at -80°C until analysis. Filters were dried at 60°C until constant weight
(~ 6 days) and then weighed on a microbalance and analyzed for N and P.
Large Scale Survey

To measure the effect of atmospheric nutrient deposition on aquatic ecosystem
components, we conducted a survey of 28 sites along the Eastern coast of the United
States from the Florida panhandle to Northern Maine from June 27" to August 20, 2019
(Figure 2). At each site, we selected 15 random pitcher plants separated from each other
by a minimum of 0.5 m. Plants were at least 15 cm in basal diameter, nonflowering, and
contained a minimum of 5 pitchers. All measurements were identical to the Molly Bog
Experiment. Only a subset of the samples (3 of the 15 plants) per site were the analyzed
for N and P.
Statistical Analysis

To compare the direction and magnitude of the effect of nitrogen, phosphorus,
and N:P on ecosystem components at the experimental scale to the large scale, we

extracted standardized slope coefficients from paired Structural Equation Models (SEMs)
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fit by the R package lavaan (Rosseel, 2012). In this work, concordance was defined as
directional agreement (+ and + or — and —) in slope coefficients between the experiment
and survey. Discordance was defined as directional disagreement (+ and — or — and +) in
slope coefficients between the experiment and survey. SEMs were chosen over simple
linear models due to the functionality of covariance structures within SEMs that allow for
slope coefficients to represent effects beyond other covarying independent variables. For
example, the slope (or effect) of N deposition on the abundance of a component is the
effect of N beyond the effect of NP or P. A total of 10 SEMs were fit using a maximum
likelihood estimator and all response variables were scaled to O to 1 to meet the variance
requirements of the SEM model fitting process. Of the 10 SEMs, 6 were for
stoichiometry: 1 model for N in Molly Bog, 1 for N across the survey, 1 P Molly Bog, 1
P survey, 1 N:P Molly Bog, and 1 N:P survey. Of the remaining 4 SEMs, 2 were for
biomass (biovolume in the case of algae): 1 for Molly Bog and 1 for across the survey.
And finally, 2 were for abundance: 1 for Molly Bog and 1 for across the survey. Because
microbes and detritus only have biomass data, their biomass values were included in the
abundance SEMs to complete the food web. To account for the effect of fluid volume
(ml) on biomass (mg) and abundance (count), these response variables were converted to
densities by dividing by the total volume of fluid extracted from each plant except for the

response variables pitcher biomass and pitcher count.
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RESULTS

Stoichiometry

Phosphorus experimental inputs in Molly Bog (mb) and depositional phosphorus
across the survey (s) had concordant positive effects on phosphorus concentrations in
pitcher fluid (standardized coefficient for mb 0.31 and for s 0.13) and pitcher tissue (mb
0.32,50.43) (Table 1; Figure 3). Phosphorus content of detritus also had concordant
positive effects on fluid concentrations (mb 0.06, s 0.33). Beyond the effects of
phosphorus experimental input or deposition on tissue, fluid had positive effects on tissue
content (mb 0.16, s 0.15). Microbial phosphorus content responded negatively to fluid
phosphorus concentrations (mb -0.04, s -0.08).

Nitrogen experimental inputs and deposition over the survey did not have
concordant effects on fluid (mb 0.15, s -0.07) or tissue (mb -0.16, s 0.26) nor between
detritus and fluid (mb -0.03, s 0.03). Similar, to phosphorus, nitrogen concentrations in
fluid had positive effects on nitrogen content of tissue (mb 0.16, s 0.20) and microbial
nitrogen content responded negatively to fluid nitrogen concentrations (mb -0.23, s -
0.01).

N:P of experimental inputs and deposition did not have concordant effects on
fluid (mb 0.32, s -0.09) or tissue (mb -0.04, s 0.17) nor between detritus and fluid (mb -
0.08,50.02). The N:P content of microbes responded negatively to the N:P of fluid (mb
-0.18, s -0.06) and additionally to the N:P of detritus (mb -0.05, s -0.07). The N:P content

of W. smithii, the bacteria consuming mosquito larvae, responded negatively to the N:P
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content of microbes (mb -0.23, s -0.09). The N, P, or N:P of M. knabi, the detritus
consuming midge larvae, did not respond to the N, P, or N:P of detritus.
Biomass

Phosphorus experimental inputs in Molly Bog and depositional phosphorus across
the survey had no concordant effects on pitcher biomass (mb -0.10, s 0.28) but had
negative effects on the biovolume of Chlorophyta (green algae) (mb -0.18, s -0.78) (Table
2, Figure 4). Cyanobacteria, Bacillariophyta (diatoms), and plankton biovolume overall
did not respond concordantly to inputs or deposition of P, while the biomass (mg/1) of
microbes responded positively to phosphorus inputs and deposition (mb 0.13, s 0.48).

Microbial biomass (mb 0.14, s -0.20) and plant tissue biomass (mb 0.31, s -0.21)
did not respond concordantly to nitrogen inputs or deposition nor did any plankton
biovolume component or overall plankton biovolume. Microbial biomass (mb 0.71, s
0.06) and M. knabi biomass (mb 0.12, s 0.03) responded concordantly to the biomass of
detritus (mg/l). W. smithii did not respond concordantly to any of the plankton biovolume
components or overall plankton biovolume nor the biomass of microbes.
Abundance

Phosphorus experimental inputs in Molly Bog and depositional phosphorus across
the survey had positive concordant effects on pitcher count (mb 0.14, s 0.35) but no
concordant effects on components of plankton abundance (#/ml) or plankton abundance
overall.

Nitrogen experimental inputs and deposition had concordant negative effects on
the abundance (#/ml) of Cyanobacteria (mb -0.27, s -0.24), Chlorophyta (mb -0.03, s -

0.18), plankton overall (mb -0.23, s -0.39), and pitcher count (mb -0.37, s -0.23) while
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Bacillariophyta did not respond concordantly (mb -0.46, s 0.34). Beyond the concordant
negative effects of nitrogen on pitcher count, overall plankton abundance, Chlorophyta
abundance, and cyanobacteria, N:P deposition had a concordant positive effect on these
components (Table 3, Figure 5).

The abundance W. smithii responded concordantly to Chlorophyta (mb 0.03, s
0.08) but not to overall plankton abundance nor Cyanobacteria or Bacillariophyta. The
abundance M. knabi did not respond concordantly to the biomass of detritus (mb 0.28, s -

0.01).

DISCUSSION

The goal of this study was to find casual effects of nutrient deposition on aquatic
ecosystems by finding concordance between a small-scale experiment free of
confounding environmental gradients to large-scale effects observed in a survey across
the native range of the ecosystem.

Stoichiometry

The phosphorus concentration of pitcher fluid, the fluid being analogous to the
water medium of larger aquatic ecosystems, responded positively to phosphorus
concentrations in experimental inputs and atmospheric deposition. Atmospheric
phosphorus deposition is largely confounded by terrestrial phosphorus inputs, but recent
work has shown that high elevation lakes, largely free of watershed disturbances, may be
more at risk of atmospheric phosphorus deposition than previously thought (Brahney et
al. 2015). In addition, numerous Vermont oligotrophic lakes with largely untouched

watershed are experiencing significant, positive trends in lake phosphorus concentrations,
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but little is known about potential causes (Merrell and Pierson, 2021) —perhaps
atmospheric deposition of phosphorus is responsible. Monitoring of atmospheric
phosphorus deposition is limited compared to nitrogen deposition, therefore, to better
understand threats to oligotrophic lakes, more monitoring should be done. The
phosphorus concentration of pitcher fluid also had a positive, concordant response to the
phosphorus content of detritus, or the remains of prey and other organic materials
captured by the pitchers. In stream watersheds with minimal disturbance, allochthonous
input, or organic matter of natural origin, accounts for a major portion of phosphorus
concentrations (Meyer and Likens 1979). The phosphorus concentration of pitcher tissue,
analogous to macrophytes in aquatic ecosystems, had a concordant positive response to
phosphorus inputs and deposition, and beyond just inputs and deposition, pitcher tissue
responded positively to the phosphorus concentration of the pitcher fluid. Thus, pitcher
tissue appears to be plastic in response to ambient phosphorus concentrations. Similar
findings have been found for Myriophyllum spicatum, an important invasive species in
North American lakes (Carpenter & Adams 1977). The phosphorus content of microbes
had a concordant negative response to fluid phosphorus. The uptake of phosphorus by
microbes may be faster than inputs/deposition into the system. Bacteria and lakes have
been found to be extremely flexible in their phosphorus content (Godwin & Cotner,
2015). The microbes within the fluid of S. purpurea are acting similarly to phosphorus
removing bacteria in wastewater treatment facilities (Kuba et al. 1997; Khoshmanesh et
al. 2002). Our results demonstrated that bacteria were plastic sinks in their response to
ambient phosphorus concentrations but not plastic in response to detritus phosphorus.

The phosphorus content of M. knabi was static in response phosphorus content of
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detritus, its food source, and W. smithii was static in response to the phosphorus content
of microbes, its food source. In experiments investigating diet treatments for insects as
food and feed shows that the phosphorus content of insects was static across varying
treatments (Oonincx & Finke et al. 2021).

The nitrogen concentration of pitcher fluid did not respond concordantly to
nitrogen input or deposition nor detritus and therefore appears static. Nitrogen
concentrations in lakes and rivers readily respond to atmospheric nitrogen deposition
(Elser et al. 2009; Clarke, Mueller & Mast 2000; Jiang et al. 2022). The nitrogen content
of plant tissue, though, did respond concordantly to the nitrogen concentration of pitcher
fluid, similarly to the magnitude and direction of phosphorus mentioned above. Aquatic
macrophytes are often plastic in their nitrogen content (Benoitn et al. 2007). Similarly,
but less in magnitude compared to the phosphorus content of microbes, the nitrogen
content of microbes responded negatively and fluid nitrogen concentration. Microbes are
likely acting as a sink, removing nitrogen from the fluid. Similar to the phosphorus
content of microbes and detritus, their primary consumers W. smithii and M. knabi did
not respond concordantly and are generally static in their nitrogen content. Nearly all the
variation in nitrogen content of insects could be accounted for by taxa identity, life stage,
or gut contents (Fagan et al. 2002). One major concern we have with our work is the
possibility of N escaping to the atmosphere through denitrification which is unaccounted
for.

The N:P content of microbes had a concordant negative response to both the N:P
concentration of pitcher fluid and the N:P content of detritus. Also, bacteria could be
selectively feeding on detritus, altering their own N:P. The N:P content of W. smithii also
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concordant negative response to the N:P concentration of microbes, and therefore maybe
selectively removing higher N:P microbes and leaving lower N:P microbes.
Biomass

The biomass of pitcher tissue had no concordant response to the phosphorus
concentration of inputs and deposition, even though as mentioned above the phosphorus
content of the tissue did respond to inputs and deposition. This is counterintuitive when
considering phosphorus as a fertilizer for aquatic macrophytes (Carr 1998). The unique
properties of S. purpurea’s carnivorous trait may elucidate this phenomenon—see
chapter II. In addition, biomass of pitchers may be responding to other environmental
gradients not considered. The biovolume (cells/ul) of Chlorophyta (green algae) had a
concordant negative response to phosphorus input and deposition. This too is
counterintuitive as we would expect phosphorus to fertilize Chlorophyta, increasing their
biovolume (Sagrario et al. 2005). The reduction in biovolume of Chlorophyta may be due
to a competitive advantage of cyanobacteria at low N, but in this chapter, we did not
investigate relative biovolume of plankton components. More analysis of our data should
be done. In chapter II we will discuss potential reasons for this counterintuitive response
such as the unique carnivorous traits that are responsive to phosphorus. Trophic
interactions with W. smithii may also be confounding our understanding of phosphorus.
Phosphorus had no concordant effects on other plankton components or plankton overall.
The biomass of microbes had a concordant positive response to the phosphorus
concentration of inputs and deposition. Biomass of microbes readily responds to ambient
phosphorus concentrations in terrestrial ecosystems, but in freshwater literature much of

the relationship studied between bacterial biomass and phosphorus is viewing bacteria as
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a facilitator of the release of phosphorus from lake sediments or phosphorus stimulating
bacteria to breakdown leaf litter in streams (Liu et al. 2012). We find that across multiple,
unknowable environmental gradients in the survey and in the controlled experimental
design of Molly Bog, phosphorus consistently increased microbe biomass.

Nitrogen alone had no concordant effect on the biomass of pitcher tissue,
plankton biovolume (cells/ul) or any of its components, nor on microbial biomass (mg/1).
As mentioned above, this is counterintuitive because we generally think of nitrogen as a
fertilizer. We find that nitrogen is not driving biomass or its transfer though the food web
of this ecosystem and rather it is its ratio to phosphorus that does. But again, as
mentioned above, N might be escaping to the atmosphere which we did not account for.

N:P concentrations of input and deposition had concordant positive effects on the
biomass of pitcher tissue. A global review of nitrogen and phosphorus additions to
terrestrial ecosystems found N:P explained more variation in the accumulation of above
ground biomass than nitrogen alone (Peng et al. 2018). Conversely, N:P concentrations of
input and deposition had concordant negative effects on the biovolume of Chlorophyta.
At first glance this does make sense because just above we stated that Chlorophyta
responded negatively to phosphorus —less phosphorus mathematically implies a larger
N:P. But, considering the covariance structures in SEMs, the standardized coefficients
reflect the effect of N:P if phosphorus is held constant. We can interpret this as follows:
phosphorus may reduce Chlorophyta biovolume, but when the N:P is reduced beyond
reductions in phosphorus, N:P still has deleterious effects on the biovolume of
Chlorophyta independent of phosphorus. Additionally, warming temperatures shift the

optimal N:P supply ratio upwards for algal communities potentially complicating our
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interpretation of results (Thrane, Hessn, & Anderson 2017). N:P concentrations of input
and deposition had no concordant effects on microbes or any of the non-Chlorophyta
algal taxa. Often top-down pressures override the effects of changes in ambient N:P, and
warming can also flip the importance of top-down or bottom-up pressures on algal
communities (Spilling et al. 2019; Shurin et al. 2012).

The biomass of microbes (mg/l) and the biomass M. knabi (mg/1) had concordant
positive responses to their food source, detritus. In stream ecosystems bacterial biomass
has a strong positive correlation with leaf litter biomass, a form of allochthonous input
analogous to prey in pitchers, as well as detritivorous insect larvae and leaf litter in
aquatic ecosystems (Hieber & Gessner 2002; Wissinger et al. 2018). The biomass of W.
smithii (mg/1) did not respond concordantly to the biovolume of plankton or biomass of
microbes.

Abundance

The number of pitchers per plant had a concordant positive response to
phosphorus deposition and input. As mentioned above, phosphorus had no concordant
effect on the biomass of the newest pitcher, therefore S. purpurea may be using
phosphorus to produce more pitchers rather than pitcher mass of the youngest pitcher.
Elevated phosphorus concentrations can stimulate dense shoot growth of certain aquatic
macrophytes shifting the macrophyte from a single, large stem to multiple short stems
(Dino, Thiebaut, & Muller 2007). Phosphorus input and deposition had no other
concordant effect on plankton abundance (#/ml).

Nitrogen input and deposition had concordant negative effects and N:P had

concordant positive effects on all the following components, pitcher count, over plankton
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abundance, Chlorophyta abundance, and Cyanobacteria abundance. Given N:P had no
positive effect on biovolume of plankton, perhaps higher N:P is selecting for smaller
bodied, more abundant taxa. Regarding cyanobacteria, higher N:P fertilizer in
experimental ponds increased cyanobacteria abundance (Qin & Culver, 1996). We found
a negative relationship with nitrogen and a positive relationship with N:P which is
generally confusing because more N implies a larger N:P. Due to the covariance
structures in SEMs holding N:P constant in the estimating of the standardized coefficient
of N, we find that the effect of N:P can be truly independent of N. Overall, increasing
N:P input and deposition can have positive effects on abundance of these plankton taxa
while increasing nitrogen deleteriously effects abundance. Unlike the relationship
between biomass of W. smithii and biomass of Chlorophyta, W. smithii’s abundance had a
concordant positive response to the abundance of Chlorophyta. Because the abundance of
W. smithii did not respond to Cyanobacteria or Bacillariophyta or plankton overall, we
find that W. smithii is selectively feeding on the potentially more palatable Chlorophyta
(Ndebel-Murisa et al. 2010).
Conclusion

Our two-scale design of a press experiment in a single bog, free of confounding
environmental gradients, coupled with a large-scale survey across the native range of the
S. purpurea allowed us to identify pathways of N, P, and N:P through an aquatic
ecosystem, confirm causal effects of N, P, and N:P on ecosystem processes of biomass
transfer and ecosystem structure. We confirmed the plastic nutrient stoichiometry of
some components and the static nutrient stoichiometry of others. Pitcher fluid phosphorus

responded positively to phosphorus deposition across the Eastern United States as well as
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across experimentally manipulated pitchers in a single bog giving evidence for
atmospheric deposition of phosphorus being significant source to high mountain lakes
with historically undisturbed watersheds. Phosphorus content of pitcher tissue responded
positively to both depositional phosphorus and fluid phosphorus concentration, inducing
production of more pitcher shoots. Microbes acted as a nitrogen and phosphorus sink,
depleting pitcher fluid of these nutrients and increasing its biomass with elevated
phosphorus deposition and detrital accumulation. M. knabi, although increasing in
biomass in response to increased detrital biomass, remained static in its stoichiometry.
Although W. smithii did not respond in biomass or abundance to microbial biomass, a
food source, its own N:P had an inverse response to the N:P content of microbes,
highlighting a potential stoichiometric feeding strategy of the species. W. smithii also
increased its abundance, selectively feeding on more palatable Chlorophyta. And finally,
we identified a novel pattern: the effects of N:P on ecosystem structure can act
independently of nitrogen and phosphorus, a phenomenon worth looking more into.
Strong concordance between the small scale press experiment and the large scale
continental survey were found, highlighting patterns of stoichiometry, biomass and
community structure that exist beyond the confounding effects of latitude, elevation, and

growing season length.
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TABLES & FIGURES

Table 1. Summary of Structural Equation Models for N, P, and N:P across Molly Bog and
the Survey. est is the Estimated coefficient, se is the standard error, z is the z value, std.all
is the standardized coefficient.

P (Survey) P (Molly Bog)

Response Predictor est se z pvalue  std.all est se z pvalue  std.all
Tissue Fluid 0.14 0.07 2.01 0.04 0.15 0.16 0.15 1.11 0.27 0.16
Microbes Fluid -0.08 0.09 -0.85 0.39 -0.08 -0.04 0.16 -0.24 0.81 -0.04
Fluid Deposition 092 052 1.76 0.08 0.13 020 0.08 2.62 0.01 0.31
Tissue Deposition 276 052 528 0.00 043 021 011 1.87 0.06 0.32
Fluid Detritus 026 0.12 226 0.02 033 0.07 0.16 046 0.65 0.06
Microbes Detritus 0.07 0.07 097 0.33 0.08 -0.15 024 -0.64 0.52 -0.12
W. smithii ~ Microbes 0.08 0.13 0.62 0.54 0.09 -0.09 034 -0.25 0.80 -0.08
M. knabi Detritus -0.83 038 -2.17 0.03 -021 029 022 130 0.19 0.21

N (Survey) N (Molly Bog)

Response Predictor est se z pvalue  std.all est se z pvalue  std.all
Tissue Fluid 0.26 0.08 3.17 0.00 020 0.15 0.13 1.19 0.23 0.16
Microbes Fluid 0.00 0.11 -0.03 0.98 0.00 -0.28 0.20 -1.41 0.16 -0.23
Fluid Deposition -0.05 0.08 -0.60 0.55 -0.07 0.09 0.08 1.05 0.30 0.15
Tissue Deposition 023 0.09 244 0.01 026 -0.09 0.08 -1.05 0.30 -0.16
Fluid Detritus 0.00 0.01 0.25 0.80 0.03 0.00 0.01 -0.22 0.83 -0.03
Microbes Detritus 0.01 0.01 0098 0.33 0.12 0.00 0.01 -0.10 0.92 -0.01
W. smithii ~ Microbes -0.23  0.13 -1.73 0.08 -022 025 017 147 0.14 0.26
M. knabi Detritus 0.03 0.06 044 0.66 0.05 -0.03 0.01 -2.23 0.03 -0.34

N:P (Survey) N:P (Molly Bog)

Response Predictor est se z pvalue  std.all est se z pvalue  std.all
Tissue Fluid -0.11  0.05 -2.33 0.02 -0.06 0.13 0.06 2.13 0.03 0.11
Microbes Fluid -0.12  0.07 -1.84 0.07 -0.06 -0.20 0.08 -2.52 0.01 -0.18
Fluid Deposition 0.15 0.10 1.50 0.13 0.17 -0.04 0.10 -0.37 0.71 -0.04
Tissue Deposition -0.05 0.07 -0.64 0.52 -0.09 025 020 1.23 0.22 0.32
Fluid Detritus 0.02 0.08 020 0.84 0.02 -0.07 0.05 -1.55 0.12 -0.08
Microbes Detritus -0.12  0.13 -0.95 0.34 -0.07 -0.25 020 -1.25 0.21 -0.24
W. smithii ~ Microbes -0.06 0.12 -0.53 0.60 -0.09 -0.05 0.13 -0.35 0.72 -0.05
M. knabi Detritus -0.05  0.10 -0.50 0.62 -0.04 063 021 296 0.00 0.36
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Table 2. Summary of Structural Equation Models for N, P, and N:P and biomass (mg/ml) and biovolume (ug/ul) for plankton
taxa across Molly Bog and the Survey. est is the Estimated coefficient, se is the standard error, z is the z value, std.all is the

standardized coefficient.

Survey Molly Bog

Response Predictor est se z pvalue  std.all est se z pvalue  std.all
Pitcher mass P -0.15 035 -042 0.67 -0.15  -0.17  0.30 -0.55 0.58 -0.10
Pitcher mass N -0.17 022 -0.77 0.44 -0.21 023 0.20 1.17 0.24 0.31
Pitcher mass N:P 024 025 093 0.35 0.26 0.12  0.30 0.39 0.70 0.10
Microbes P 031 026 1.20 0.23 0.48 0.14 0.18 0.80 0.42 0.13
Microbes N -0.11  0.16 -0.65 0.51 -0.21 0.07 0.12 0.63 0.53 0.14
Microbes N:P 0.15 0.19 0.79 0.43 025 -002 0.17 -0.14 0.89 -0.03
Plankton P -025 031 -0.82 0.41 -0.33 023 0.25 0.93 0.35 0.22
Plankton N 0.13  0.19 0.69 0.49 022 -021 0.16 -1.31 0.19 -0.43
Plankton N:P -0.15 022 -0.66 0.51 -0.22 021 0.25 0.85 0.40 0.27
Bacillariophyta P -0.51 027 -1.90 0.06 -0.74 030 0.39 0.76 0.45 0.18
Bacillariophyta N 0.18 0.17 1.10 0.27 034 -036 025 -1.44 0.15 -0.47
Bacillariophyta N:P -037  0.19 -1.91 0.06 -0.60 0.48 0.38 1.25 0.21 0.40
Chlorophyta P -0.64 032 -2.01 0.04 -0.78  -0.23  0.29 -0.79 0.43 -0.18
Chlorophyta N 032 020 1.62 0.11 0.50 0.00 0.19 -0.02 0.99 -0.01
Chlorophyta N:P -0.54 023 -2.34 0.02 -0.74  -0.19 0.29 -0.67 0.51 -0.22
Cyanobacteria P -0.07 029 -0.25 0.81 -0.10 021 0.26 0.82 0.41 0.19
Cyanobacteria N 0.09 0.18 0.5l 0.61 0.16 -0.17 0.17 -1.04 0.30 -0.34
Cyanobacteria N:P -0.01 021 -0.05 0.96 -0.02 0.15 0.25 0.58 0.56 0.19
W. Smithii Plankton 069 0.15 475 0.00 039 -29.66 0.09 -323.13 0.00 -0.75
W. Smithii Microbes -0.01  0.17 -0.04 0.96 0.00 0.70  0.11 6.16 0.00 0.02
W. Smithii Bacillariophyta -029  0.16 -1.79 0.07 -0.15 481 0.06 82.12 0.00 0.19
W. Smithii Chlorophyta -0.05 0.14 -0.35 0.73 -0.03 0.27  0.08 3.48 0.00 0.01
W. Smithii Cyanobacteria -0.81  0.15 -5.22 0.00 -043 2650 0.09 29437 0.00 0.68
Microbes Detritus 0.03 006 0.58 0.56 0.06 0.64 0.11 5.78 0.00 0.71
M. knabi Detritus 0.02 006 0.29 0.77 0.03 0.13  0.12 1.02 0.31 0.12
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Table 3. Summary of Structural Equation Models for N, P, and N:P and abundance (#/ml) and pitcher counter per plant. Microbes
and detritus are biomass values. across Molly Bog and the Survey. est is the Estimated coefficient, se is the standard error, z is

the z value, std.all is the standardized coefficient.

Survey Molly Bog

Response Predictor est se zZ pvalue  std.all est se z pvalue  std.all
Pitcher count P 0.13 022 0.58 0.56 0.20 024 0.37 0.64 0.52 0.14
Pitcher count N -0.09 015 -0.58 0.57 -0.15  -029 0.24 -1.21 0.23 -0.37
Pitcher count N:P 0.04 0.18 0.23 0.82 0.06 036  0.37 0.98 0.33 0.30
Microbes P 052 024 2.16 0.03 0.72 0.14 0.18 0.80 0.42 0.13
Microbes N -022 016 -1.32 0.19 -0.33 0.07 0.12 0.63 0.53 0.14
Microbes N:P 025 0.19 1.29 0.20 035 -0.02 0.17 -0.14 0.89 -0.03
Plankton P 047 031 1.51 0.13 052 -0.04 0.34 -0.13 0.90 -0.03
Plankton N -032 021 -1.50 0.13 -039  -0.16 0.22 -0.74 0.46 -0.23
Plankton N:P 034 025 1.34 0.18 0.38 043 033 1.31 0.19 0.41
Bacillariophyta P -0.18 026 -0.68 0.50 -0.24 027 0.33 0.81 0.42 0.19
Bacillariophyta N 0.09 0.18 048 0.63 0.13  -031 022 -1.42 0.15 -0.46
Bacillariophyta N:P -0.08 021 -0.36 0.72 -0.10 0.53 0.33 1.62 0.11 0.52
Chlorophyta P 053 029 1.82 0.07 0.60 -0.03 0.27 -0.12 0.90 -0.03
Chlorophyta N -0.14 020 -0.71 0.48 -0.18  -0.02 0.17 -0.09 0.93 -0.03
Chlorophyta N:P 021 023 091 0.36 0.24 0.10 0.26 0.40 0.69 0.13
Cyanobacteria P 0.06 022 0.29 0.77 0.10 -0.12 0.30 -0.41 0.68 -0.09
Cyanobacteria N -0.14  0.15 -0.94 0.34 -024  -0.17 0.19 -0.88 0.38 -0.27
Cyanobacteria N:P 0.10 0.18 0.59 0.55 0.17 0.40 0.29 1.36 0.17 0.42
W. Smithii Plankton -0.06 0.11 -0.59 0.56 -0.06 0.14 0.11 1.29 0.20 0.13
W. Smithii Microbes -021 013 -1.57 0.12 -0.17 0.19 0.18 1.06 0.29 0.13
W. Smithii Bacillariophyta 0.07 0.13 0.56 0.57 0.06  -0.04 0.11 -0.33 0.74 -0.03
W. Smithii Chlorophyta 0.07 0.11 0.65 0.52 0.07 0.04 0.14 0.30 0.76 0.03
W. Smithii Cyanobacteria -027 015 -1.81 0.07 -0.19 0.08 0.12 0.64 0.52 0.06
Microbes Detritus 0.02 0.07 0.25 0.81 0.03 0.64 0.11 5.78 0.00 0.71
M. knabi Detritus 0.00 0.05 0.03 0.98 0.00 0.29 0.12 2.40 0.02 0.28
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Figure 1. Experimental design of TN and TP concentrations (mg/l) for 33 experimental
Sarracenia purpurea plants. Red circles represent a regression-based design, with blue
circles representing 8 additional plants and concentrations of common ratios. Values within
each circle represent the N:P ratios. Not shown are 5 points/control plants that received RO
water. 2018 press experiment occurred at Molly Bog, Stowe, Vermont.
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1. ANF; 2. GA; 3. GS; 4. CRO; 5. YMCA; 6. BAB; 7.
BWEP; 8. MBRS; 9. CG; 10. SUIT; 11. CROSS; 12.
SFB; 13. BLB; 14. BMSP; 15. TCB; 16. EP; 17. BB;

18.JCB; 19. AB; 20. LP; 21. HB; 22. PB; 23. HPB;
24.CB; 25. PS; 26. QH; 27. 08; 28. CL

Figure 2. Map of N and P deposition in kg/ha of the Eastern United States (NADP 2019,
Wang et al., 2017). White circles represent general site locations from the 2019 survey.
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Figure 3. Top panel, regression paths of nutrient transfer among ecosystem components of
the S. purpurea ecosystem. Dashed lines represent no concordance between Molly Bog
and the Survey for N, P, or N:P in SEMs. Middle panel, concordance of standardized slope
coefficients of SEMs with shapes representing unique regression paths. Bottom panel,
concordance of standardized slope coefficients with connector lines overlapping the 0

vertical line representing disagreement between Molly Bog and the Survey.
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Figure 4. Top panel, regression paths of biomass transfer among ecosystem components of
the S. purpurea ecosystem. Dashed lines represent no concordance between Molly Bog
and the Survey for N, P, N:P, or biomass in SEMs. Middle panel, concordance of
standardized slope coefficients of SEMs with shapes representing unique regression paths.
Bottom panel, concordance of standardized slope coefficients with connector lines
overlapping the 0 vertical line representing disagreement between Molly Bog and the

Survey.
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SEMs with shapes representing unique regression paths. Bottom panel, concordance of
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CHAPTER II: NITROGEN AND PHOSPHORUS DEPOSITION IMPACT SARRACENIA PURPUREA

MORPHOLOGY AND HABITAT SIZE

ABSTRACT

Sarracenia purpurea, the northern pitcher plant, produces cup-shaped rain-filled leaves
that support a complete aquatic ecosystem with a "brown" food web base of captured
prey, microbes, phytoplankton, and invertebrate shredders, filter-feeders, and top
carnivores. This system is often used as a tractable experimental model for larger aquatic
ecosystems. However, the effects of inputs of nitrogen (N) and phosphorus (P), and the
N:P ratio on the morphology of the carnivorous pitcher’s trap are not well-studied. I
utilized a two-scale study to test for concordant morphological responses to nutrients in a
small-scale press experiment and a large-scale survey across gradients of atmospheric N,
P, and N:P deposition. Concordance in these two studies is defined as the same
directional response to variation in nutrients in the experiment and across the survey. We
found a concordant negative response of relative tube diameter to nitrogen input in the
press experiment as well as in the large-scale survey, confirming that nitrogen deposition
reduces this trait of carnivory. However, there was no response of relative keel size to N
additions, which contrasts with experiments conducted at this same site 20 years ago.
Phosphorus acted independently of N:P by increasing carnivorous traits of relative tube
diameter, opening width, and total length. These traits directly affect the water holding
capacity and prey capture ability of the pitcher, both of which are likely to have important

consequences for ecosystem-level processes.
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INTRODUCTION

Sarracenia purpurea, the northern pitcher plant, and the ecosystem within its
carnivorous phytotelmata is well studied by multiple investigators. But with multiple
researchers studying such a small, unique system at different locations along
environmental gradients, conflicting results and conclusions can arise.

Ellison et al. (2004) found pitchers with large keels, the largely photosynthetic
portion, in sites with higher ammonium in pore water. And previously, Ellison and
Gotelli (2002) found that high concentrations of N input or high N:P produced large non-
carnivorous keels and small carnivorous tubes. These results were corroborated by field
surveys across New England, correlating these morphologies with nitrogen in pore water.
In the Adirondacks, Crumley (2015) found similar results where plant morphology
elicited less carnivorous characteristics with increasing nitrogen deposition. Conversely,
Wakefield et al. (2005) found that prey addition increased nitrogen concentrations in
pitcher fluid, but pitcher morphology did not shift to larger keels or smaller tubes. Karbeg
and Gale (2013) found similar results in that morphology of S. purpurea showed no
relation to water chemistry, even at the highest nitrogen sites.

Here we used a small-scale press experiment of varying N, P, and N:P
concentrations, free of confounding environmental factors, and a large-scale continental
survey of gradients of N, P, and N:P to examine the causal effect of N, P, and N:P on S.
purpurea morphology. In addition, we investigated causal relationships between these
morphologies and water holding capacity and shed light on a new pathway for nutrients

to impact ecosystem structure.
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MATERIALS & METHODS

Molly Bog Experimental Design
To measure the effect of nutrient input on the morphology of S. pururea, we

experimentally manipulated nutrient input to the model system S. purpurea at Molly Bog,
in Morristown, Vermont (44.500253°N, -72.639624°W) in the summer of 2018. We used
a regression-based design with 5 concentrations of nitrogen 0.0875,0.175,0.35,0.7, and
1.4 mg/l and 5 values of phosphorus 0.025,0.05,0.1,0.2, 0.4 mg/I (Figure 1, Chapter 1).
Solutions of nitrogen and phosphorus were created using stock NH,Cl and NaH,PO,, due
to their past use in stoichiometric work and these forms are readily available for the plant
to uptake (Gray et al. 2006). In addition to the 5 x 5 regression-based design, 8 additional
experimental points were included to replicate the most common ratios made from the
regression concentration design. In total there were 9 treatment ratios among the 33
treatment points or plants. Ratios of the design included the N:P ratios of 3.5 and 7
replicated 6 times, 14 and 28 replicated 5 times, 1.75 replicated 4 times, 0.87 replicated 3
times, 0.44 replicated twice, and outlier ratios of 0.22 and 56 with no replicates. The
concentrations of nitrogen and phosphorus were based on national atmospheric
deposition data as well as predicted future deposition rates (National Atmospheric
Deposition Program 2018, Galloway et al. 2008).
Molly Bog Experimental Protocol

A total of 38 mature non-flowering S. purpurea were chosen randomly at Molly
Bog. All plants in the experiment were a minimum of 15 cm in basal diameter and

contained a minimum of 5 living pitchers. Experimental plants were separated from each
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other by a minimum of 0.5 meters. Of the 38 plants, 33 were randomly assigned
concentrations of nitrogen and phosphorus and N:P ratios from the experimental design
and 5 plants were randomly assigned as controls, receiving reversed osmosis (RO) water
with minimal values of N and P (TN <0.02 mg/L, TP 0.005 mg/L) (Chapter 1, Figure 1)
Once plants were chosen, fluid was removed from every pitcher. Pitchers of each plant
were then rinsed with RO water and given the assigned concentrations and ratios for
nitrogen and phosphorus maintained a press experiment: for a total of 10 weeks, each
week or after every rain event pitchers would be topped off with the assigned solution of
N and P.
Molly Bog Experiment Final Measurements

At the end of 10 weeks, morphological measurements were taken of each plant
including basal diameter (BD) of the entire plant, opening pitcher width (OW), opening
pitcher length (OL), total length (TL), keel width (KW), and total width (TW) of the
youngest open pitcher, using flexible vinyl tape (+1 mm) and calipers (+ 0.1 mm). The
indices of relative keel size (KW/TW) and relative tube diameter (OW/TL) were also
calculated. After morphological measurements, fluid was removed from every pitcher per
plant and measured with a 100 ml graduated cylinder.
Large Scale Survey

To measure the effect of atmospheric nutrient deposition on pitcher morphology,
we conducted a survey of 28 sites along the Eastern coast of the United States from the
Florida panhandle to Northern Maine over the summer of 2019 (Figure 2, Chapter 1). At
each site, we selected 15 random pitcher plants separated from each other by a minimum

of 0.5 m. Plants were at least 15 cm in basal diameter, nonflowering, and contained a
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minimum of 5 pitchers. All morphological measurements were identical to the above-
mentioned Molly Bog Experiment.
Statistical Analysis

To compare the direction and magnitude of the effect of nitrogen, phosphorus,
and N:P pitcher morphology at the experimental scale to the large scale, we extracted
standardized slope coefficients from paired Structural Equation Models (SEMs) fit by the
R package lavaan (Rosseel, 2012). In this work, concordance was defined as directional
agreement (+ and + or — and —) in slope coefficients between the experiment and survey.
Discordance was defined as directional disagreement (+ and — or — and +) in slope
coefficients between the experiment and survey. SEMs were chosen over simple linear
models due to the functionality of covariance structures within SEMs that allow for slope
coefficients to represent effects beyond other covarying independent variables. For
example, the slope (or effect) of N deposition on a morphological trait is the effect of N
beyond the effect of NP or P. A total of 2 SEMs were fit using a maximum likelihood
estimator and all response variables were scaled to O to 1 to meet the variance
requirements of the SEM model fitting process. Of the 2 SEMs, 1 was for Molly Bog and
1 was for the survey. In the morphology SEMs total volume of the plant was related to
basal diameter (a plant wide measurement) and the volume of each pitcher was related to

the morphological characteristics of the pitcher.

RESULTS

Phosphorus experimental inputs in Molly Bog (mb) and depositional phosphorus

across the survey (s) had concordant positive effects on pitcher morphologies of total
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length (TL) (standardized coefficient for mb 0.42 and for s 0.44), opening length (OL)
(mb 0.03, s 0.14), opening width (mb 0.40, s 0.53), and relative tube diameter (RelTD)
(mb 0.04, s 0.20) (Table 1; Figure 1). Phosphorus did not have concordant effects on
basal diameter (BD) (mb 0.50, s -0.60), total width (TW) (mb 0.36, s -0.01), keel width
(KW) (mb 0.47, s -0.04), or relative keel size (RelKS) (mb -0.30, s -0.07).

Nitrogen experimental inputs in Molly Bog and depositional nitrogen across the
survey had concordant negative effects on pitcher morphologies TL (mb -0.03,s -0.19),
OW (mb -0.14, s -0.44), and RelTD (mb -0.22, s -0.35). Nitrogen did not have
concordant effects on BD (mb -0.39, s 0.60), TW (mb -0.01,s0.01), KW (mb -0.34, s
0.02), OL (mb 0.02, s -0.06), and RelKS (mb -0.46,s 0.01).

Beyond the effects of nitrogen and phosphorous alone, N:P of inputs and
deposition affected concordantly TL (mb 0.42,s 0.37), TW (mb 0.28,s0.12), OL (mb
0.14,50.36), and OW (mb 0.21, s 0.88). N:P of inputs and deposition did not have
concordant effects on BD (mb 0.52, s -0.68), KW (mb 0.63, s -0.05), RelTD (mb -0.06, s
0.64), or RelKS (mb 0.59, s -0.20).

Total volume of pitcher fluid responded concordantly in Molly Bog and across the
survey to BD (mb, 0.12, s 0.08) and individual pitcher volume responded positively to TL
(mb 0.23,50.01), TW (mb 0.26, s 0.52) and negatively to KW (mb -0.17, s -0.40), and
OL (mb -0.09, s -0.02). Pitcher volume did not respond to OW (mb 0.51, s -0.02), RelTD

(mb -0.05, 5 0.12), or RelKS (mb -0.08, s 0.10).
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DISCUSSION

Here we aim to clarify knowledge on the response of S. purpurea’s morphology
to nitrogen, phosphorus, and N:P by finding concordant effects between a small-scale
press experiment, free of confounding environmental factors, and a large-scale survey
across gradients of nitrogen, phosphorus, and N:P.

Multiple pitcher morphologies responded concordantly to nitrogen, phosphorus,
and N:P inputs and deposition, but not all. Total length, opening width, and relative tube
diameter had concordant, negative responses to nitrogen deposition. Relative tube
diameter, a measurement of a pitcher plants carnivory, was lower with elevated nitrogen
deposition, corroborating Ellison and Gotelli (2002), but conversely relative keel size and
keel width, traits of carnivory, did not respond to nitrogen concentrations (Wakefield et
al., 2005). Relative tube diameter, opening width, opening length, and total length, all had
concordant, positive responses to phosphorus. Previous studies have only found nitrogen
to affect pitcher morphology, let alone increase carnivorous traits. Note that in chapter I
we found pitcher tissue to readily uptake phosphorus. The hypothesized reason for a
reduction in carnivorous traits with increased nitrogen deposition is clear: when nitrogen
is readily available, the plant doesn’t need to catch prey. An inverse relationship with
phosphorus is more difficult to explain and should be investigated further.

Beyond just their individual responses to nitrogen and phosphorus, opening width,
opening length, and total width had positive concordant responses to N:P. Given that N
and P did act concordantly on TW, N:P may be acting truly independent of nitrogen and

phosphorus. The positive response of opening length to N:P is more complicated due to
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phosphorus also having a positive response elicited from opening length. We would
expect the opposite mathematically because increasing phosphorus should decrease N:P.
But considering the covariance structure of SEMs, the standardized coefficients are based
on holding covarying variables constant. Therefore, when phosphorus is held constant,
increasing N:P increases opening length. The independence of N:P from nitrogen and
phosphorus should be further investigated. More work should be done to find a biological
explanation for this phenomenon.

Pitcher fluid volume had a positive concordant response to total length and total
width and total plant fluid volume had a positive concordant response to basal diameter.
Basal diameter generally means a larger plant, therefore more fluid makes sense. Total
length equates to more space to hold water as well as total width. Keel width and opening
length had concordant negative effects on pitcher fluid volume. Considering keel width is
a general characteristic of non-carnivory, being functionally more photosynthetic, it
makes sense that pitchers with large keels hold less water. Opening length is more
complicated because we would assume a larger opening would be able to collect more
water, increasing pitcher fluid volume. However, pitcher volume did not respond to
increased relative keel size and increased relative tube diameter, two characteristics
generally assumed to enhance carnivory. The carnivorous relevance of these ratios may
not hold up linearly across the variety of keel widths and total widths and opening widths
and total lengths. Here we point to carnivorous traits potentially confounding the effects
of nitrogen, phosphorus, and N:P on ecosystem structure. We found causal links at the
small scale and the large scale from nitrogen, phosphorus, and N:P to plant morphology

which in turn affects total volume of pitcher fluid which defines the size of the ecosystem

50



space. Nutrient deposition is acting on this aquatic ecosystem directly through the food
web (Chapter I) and through alteration of the size of the ecosystem space itself, this
chapter. To our knowledge, phytotelmata may be the only system where nutrient inputs
can directly alter the size of its ecosystem.

Carnivorous morphological traits of S. purpurea readily responded to alterations
of nutrient inputs at the scale of a press experiment in a single bog, free of confounding
environmental gradients, and across a continental scale survey with gradients of nutrient
deposition. Morphological characteristics also responded to N:P independently of
nitrogen or phosphorus. Pitcher fluid volume responded to morphological traits that
change across gradients of nutrient deposition highlighting a new, obfuscating pathway
that may complicate the use of phytotelmata as model systems for larger aquatic

ecosystems.
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TABLES & FIGURES

Table 1. Summary of Structural Equation Models for N, P, and N:P and pitcher
morphologies. across Molly Bog and the Survey. est is the Estimated coefficient, se is the

standard error, z is the z value, std.all is the standardized coefficient.

Survey Molly Bog
Response  Predictor est se z pvalue std.all est se z pvalue std.all
BD Nitrogen 041 0.17 2.38 0.02 0.60 -0.26 0.14 -1.81 0.07 -0.39
BD Phosphorus | -0.47 0.26 -1.80 0.07  -0.60 034 0.13 254 0.01 0.49
BD N:P -0.35 021  -1.67 0.09 -0.68 052 025 212 0.03  0.52
KW Nitrogen 0.01 0.20 0.06 0.95 0.02 -026 0.16 -1.61 0.11 -0.34
KW Phosphorus | -0.04 0.30 -0.12 091 -0.04 037 0.15 245 0.01 0.47
KW N:P -0.03 024 -0.13 090 -0.05 072 028 2.60 0.01 0.63
OL Nitrogen -0.04 0.18 -0.22 0.82 -0.06 0.01 0.18 0.07 095  0.02
OL Phosphorus 0.11 0.28 0.41 0.68 0.14 0.02 0.17 0.14 0.89  0.03
OL N:P 0.19 022 0.85 0.39 0.35 0.17 031 0.54 059 0.14
ow Nitrogen -0.32 0.19 -1.72 0.08 -044 -0.12 0.18 -0.65 052 -0.15
ow Phosphorus 045 028 1.59 0.11 0.53 033 017 197 0.05 040
ow N:P 049 023 2.5 0.03 0.88 026 031 0.83 040  0.21
TL Nitrogen -0.15 021 -0.75 045 -0.19 -0.01 0.05 -0.15 0.88 -0.03
TL Phosphorus 0.40 0.31 1.28 0.20 0.44 0.11 0.05 2.14 0.03 042
TL N:P 022 025 0.89 0.37 0.37 0.16 0.09 1.74 0.08 042
™ Nitrogen 0.01 020  0.05 0.96 0.01 -0.01 0.18 -0.05 0.96 -0.01
™ Phosphorus | -0.01 0.31 -0.02 098 -0.01 030 017 1.77 0.08 0.36
™ N:P 0.07 025 0.28 0.78 0.12 035 032 1.09 028 0.28
RelKS Nitrogen 0.01 023  0.02 0.98 0.01 -0.36 0.17 -2.12 0.03 -0.46
RelKS Phosphorus | -0.07 0.34 -0.21 0.84 -0.07 023 0.16 148 0.14  0.29
RelKS N:P -0.13  0.28 -0.48 0.63 -0.20 069 029 237 0.02  0.59
RelTD Nitrogen -0.22 0.16 -1.39 0.16 -0.35 -0.17 0.17 -097 033 -0.22
RelTD Phosphorus 0.15 024 0.62 0.54 0.20 0.03 0.16 0.21 0.83  0.04
RelTD N:P 031 0.19 1.61 0.11 0.64 -0.06 030 -0.22 0.83 -0.06
Volume  RelKS 0.10 0.08 1.25 0.21 0.10 -0.06 0.10 -0.63 0.53 -0.08
Volume OW -0.02 0.09 -0.23 0.82 -0.02 039 0.10 4.06 0.00  0.51
Volume KW -0.45 0.09 -5.08 0.00 -040 -0.14 0.11 -1.30 0.19 -0.17
Volume OL -0.02 0.09 -0.25 080 -0.02 -0.07 0.10 -0.74 046 -0.09
Volume TL 0.01 0.08 0.11 0.91 0.01 058 032 1.81 0.07 0.23
Volume TW 0.56 0.09 6.52 0.00 0.52 0.19 0.09 2.04 0.04 0.26
Volume  RelTD 0.16 0.10 1.52 0.13 0.12 -0.04 0.10 -0.39 0.70  -0.05
Volume  BD 0.11 0.14 0.77 0.44 0.08 0.14 0.18 0.75 046  0.12
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Figure 1. Top panel, regression paths of nutrient effects on S. purpurea morphologies and
pitcher volume. Dashed lines represent no concordance between Molly Bog and the Survey
for N, P, N:P, or volume in SEMs. Middle panel, concordance of standardized slope
coefficients of SEMs with shapes representing unique regression paths. Bottom panel,
concordance of standardized slope coefficients with connector lines overlapping the O
vertical line representing disagreement between Molly Bog and the Survey.
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CHAPTER III: COMPREHENSIVE SURVEY OF ALGAL, CYANOBACTERIA, AND ROTIFER

COMMUNITY STRUCTURE WITHIN NATIVE POPULATIONS OF SARRACENIA PURPUREA

ABSTRACT

At 28 sites along a latitudinal gradient from the Florida panhandle to northern Maine, I
surveyed the abundance and diversity of the plankton assemblage (algal, cyanobacteria,
and rotifer) associated with the rain-filled, cup-shaped leaves of the carnivorous pitcher
plant Sarracenia purpurea. Chlorophyta was the numerically dominant taxa, although its
number declined at higher latitudes, a pattern also documented in many freshwater lakes.
Cyanobacteria were numerically dominant in leaves with high phosphorous
concentrations, whereas Bacillariophyta were more common in leaves with low
concentrations of ammonium and low pitcher fluid pH. Estimated species richness
decreased at higher latitudes, Rotifera biovolume increased and Bacillariophyta
biovolume decreased with increasing elevation. Collectively, the plankton diversity
patterns we describe are similar to those seen in larger aquatic systems, which highlights

the utility of Sarracenia purpurea as a model system for aquatic ecology.

INTRODUCTION

Phytotelmata are micro-aquatic ecosystems that are contained within a variety of
terrestrial plants. These natural microcosms are found in bromeliads, tree-holes,
heliconias, and pitcher plants such as Sarracenia purpurea, among others (Maguire 1971;

Jalinsky et al 2014; Ramos and do Nascimento 2019). The diverse aquatic fauna
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inhabiting phytotelmata is composed of adult and larval aquatic insects, crustaceans,
rotifers, zooplankton, protozoans, bacteria, and algae (Maguire 1971). Despite
phytotelmata often being used as model systems to test general ecological theory,
knowledge of their plankton species and the underlying environmental factors structuring
them remains limited. Not until recently were plankton surveyed within Sarracenia
purpurea L. (northern pitcher plant) (Dudley 1984; Gebiihr et al. 2006)

Sarracenia purpurea is a long-lived carnivorous perennial with a native range
distributed across the east coast of North America from the Florida Panhandle to Canada
(Ellison et al. 2004). These plants inhabit nutrient poor ecosystems and rely on
atmospheric deposition or invertebrate prey for nutrients (Butler and Ellison 2007,
Ellison and Gotelli 2002, Juniper et al. 1989, Chapin and Pastor 1995, Ellison and Gotelli
2001). S. purpurea contain cup-shaped leaves that act as phytotelmata. Prey that enters
the system are initially shredded by Fletcherimyia fletcheri, an obligate flesh fly larva
and broken down by Metriocnemus knabi, an obligate midge larva, and bacteria (Addicott
1974, Heard 1994). Bacteria within S. purpurea are consumed by plankton, protozoans,
and Wyeomyia smithii, an obligate mosquito larva. W. smithii also consumes plankton
and protozoans, and besides F. fletcheri initially shredding prey, it will consume W.
smithii and be cannibalistic in some instances.

Although much is known about S. purpurea’s obligate Diptera inhabitants, little is
known about the algal, cyanobacteria, and rotifer community that inhabit the
phytotelmata, and the factors that can impact their community structure. To our
knowledge there are only two studies of S. purpurea’s plankton communities. Dudley

(1984) observed 23 genera of algae in phytotelmata at one site in Pennsylvania and one
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site in New York. The diversity of algal species varied among sampling dates, bogs, and
temperature of the phytotelmata fluid, but did not go into specific relationships as the
main goal of the study was to determine if algae was present. Gebiihr et al. (2006)
observed 78 algal taxa and researched the development temporally of microalgae
communities within S. purpurea at a site in Saxony, Germany, and a site in Blekinge,
Sweden, where these plants are non-native and do not contain obligate Diptera larvae
(Adlassing et al 2009, Walker 2015). S. purpurea phytotelmata not containing obligate
invertebrates may affect plankton community structure as many of the obligate
invertebrates are capable of consuming plankton such as W. smithii, an obligate filter
feeder.

Research on plankton diversity in phytotelmata has been limited to bromeliads.
Fluid parameters within bromeliad phytotelmata have been found to relate to algal
community structure. In bromeliad phytotelmata many species of green algae are
associated with high levels of DO (Ramos et al., 2018). pH may readily impact specific
species but large taxonomic groups such as green algae have been found to prevail in
both acidic and alkaline phytotelmata (Ramos et al., 2018). High nutrient concentrations
in phytotelmata can also favor specific groups such as cyanobacteria, as nutrients such as
ammonium is a main source of nitrogen for cyanobacteria species (Ramos and Moura
2019; Sigee 2005) Plant morphology can also impact algal community structures and
biomass/biovolume. Marino et al. (2011) determined that habitat size is an important
regulator of algal biomass, and the diameter of bromeliads is a driver of chlorophyll-a

concentration.
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In large aquatic ecosystems, plankton communities respond robustly to alterations
of nutrient regimes (Dagenais-Bellefuielle and Morse, 2013; Vincon-Leite and Casenave,
2019). These relationships are not constant and will vary across other parameters at the
same scale as the interaction of acidification and nitrogen or temperature and phosphorus
(Eberlein et al. 2016; Thomas et al. 2017). Plankton communities also respond across
large spatial scales like the negative response of plankton diversity to latitude and
elevation across different aquatic ecosystems (Righetti et al. 2019).

My goal of this study was to comprehensively describe the phytoplankton
communities across the native range of S. purpurea, compare our findings with two
historical works, and investigate how these communities respond to plant scale abiotic
fluid parameters within the phytotelmata, plant morphology, and site scale latitudinal,
growing season, and elevational gradients. We hypothesized that fluid parameters of the
phytotelmata fluid will impact algae community structure. We predicted a positive
correlation between algal abundance and dissolved oxygen, as phototrophic algae
produce oxygen. We also predicted that pH gradients will favor certain groups of algae
over others, as certain species of green algae can increase in growth with low pH, while
species of cyanobacteria can be suppressed with low pH (Graham et al. 1996; Yamamoto
and Nakahara 2005). Plant morphology will also impact algal structure. As, Marino et al.
(2011) found that habitat size of tank bromeliads significantly influences the biomass of
algae. In comparison to Gebiihr et al. (2006) we predicted to find fewer species than what
was found in S. purpureas non-native areas. As noted above S. purpurea within North
America contain organisms that can actively consume algae such as zooplankton and

obligate Diptera larvae and mites. These findings give insight on what type of algal,
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cyanobacteria, and rotifers are present in native S. purpurea and how the community
structure and biovolume respond to phytotelmata environmental parameters, habitat size,

and gradients of latitude, elevation, and growing season length.

MATERIALS & METHODS

Sampling Sites

S. purpurea sampling took place from June to August 2019, along the Eastern
seaboard of the United States, from the Florida Panhandle to Northern Maine (Figure 1).
We sampled 28 natural populations of S. purpurea, sites ranged from floating bogs,
seepage swamps, savannahs, kettle hole bogs, to wet meadows.
Field Sampling
Phytotelmata environmental parameters & plant morphology

At each site, we selected 15 random pitcher plants, separated among each other,
by a minimum of 0.5 m. Plants were at least 15 cm in basal diameter, nonflowering, and
contained a minimum of 5 pitchers. From each of these 15 plants, we sampled the
pitchers/phytotelmata for physical-chemical and morphological measurements.
Morphological measurements include entire plant basal diameter, fluid volume of each
pitcher, pitcher opening width, pitcher opening length, keel width, total width, and total
length. Pitcher fluid was measured for pH (+0.05), temperature, dissolved oxygen,
electrical conductivity (+ 2%), total dissolved solids (+ 2%) using a Pancellent water
quality probe and an AMTAST portable dissolved oxygen probe. We then collected the
pitcher fluid of 5 pitchers from each of the 15 plants per site. Fluid was preserved using

0.1 ml of Sulfuric acid for every 50ml of fluid and stored at less than 6° C. Fluid was
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analyzed at the Cary Institute of Ecosystem Studies for ammonium, nitrate, total nitrogen,
phosphate, and total phosphorus concentrations.
Phytoplankton collection & identification

For each of the five youngest phytotelmata/pitchers per plant, we removed the
fluid via a plastic transfer pipette. The fluid collected was filtered through a 25 ym nylon
mesh to capture the phytoplankton community, this was done before fluid preservation.
The mesh was inverted and rinsed with RO water into a 50ml conical tube in which the
plankton was preserved with Lugols Iodine solution.

In the laboratory, we measured plankton species richness, species composition,
density, and biovolume, for 3 of the 15 plants collected for a total of 84 samples, using a
PhycoTech Nannoplankton Counting Chamber. For each sample, 300 natural units were
counted (Charles et al., 2002). The three plants per site chosen for plankton identification
were those that had their fluid analyzed for chemical concentrations. Organisms were
identified to lowest possible taxonomic identification genus or species based off
morphological attributes at 40x magnification using a Nikon 50i clinical grade
microscope. Taxonomic identification was conducted using a variety of keys and
resources (Komaérek 2008; Komarek and Anagnostidis 2007; Wehr et al., 2015; Hinddk
2008; Patrick and Reimer 1966; Prescott et al., 1972; Smith 1950) and biovolume was
calculated following Hillebrand et al. (1999) and Olenina (2006).

Data Analysis

For mixed effects models, all variables other than estimated species richness were

scaled to 0 to 1. To model plankton community structure, we performed linear mixed

effects models where estimated species richness, plankton density and biovolume, and

61



relative abundance and biovolumes of plankton taxa were response variables (ACE, Chiu
et al. 2011, R package vegan (Oksanen et al. 2020), and phytotelmata-scale predictors
were treated as a fixed factor and latitude, elevation, site, and spring index (first leaf
2019, USA National Phenology Network) were treated as random factors in the models.
Independent LMMs were performed for each community descriptor. LMMs were fit by
restricted maximum likelihood (REML) using the package lme4 and likelihood ratio tests
were used to assess significance of random effects (Bates et al. 2015). The p-value of the
fixed effect’s coefficient in each final model was adjusted using Benjamini-Hochberg
adjustment. A Poisson error distribution was used for the estimated species richness
model and a Gaussian error distribution for other models. Reported R? is the variance
explained by the fixed effect calculated using the R package MuMIN (Barton, 2020).

We used generalized linear models (GLMs) to analyze whether plankton
community responses were affected by latitude, elevation, and spring index, with a
Poisson error distribution for the estimated species richness model and a gaussian error
distribution for all other models. Reported R? are pseudo R?: 1 — (deviance / null

deviance).

RESULTS

We identified 39 unique taxa representing individuals from Rotifera (rotifers),
Bacillariophyta (diatoms), Chlorophyta, Charophyta, Cyanobacteria, and Ochrophyta
(Table 2). Chlorophyta dominated plankton density and relative abundance followed by
Cyanobacteria, Bacillariophyta, and varying low levels of Charophyta, Rotifera,

Cryptophyta, and Ochrophyta (Figure 2) across a varying fluid parameters (Table 1). Of
62



the relative abundances of plankton, Chlorophyta was the dominant plankton component
for 73 plants, Cyanobacteria for 7, Bacillariophyta for 2, and Charophyta for 2.
Conversely, Cyanobacteria replaced Chlorophyta as the dominant component when
considering relative biovolume. Of the relative biovolumes of plankton, Cyanobacteria
was the dominant plankton component for 59, Bacillariophyta for 22, and Rotifera for 3.
Plant scale

Of the plant-scale environmental parameters and morphological characteristics,
ammonium, total nitrogen, phosphate, total phosphorus, basal diameter, and pH were
significant predictors of plankton community structure while temperature, TDS, EC, DO,
volume, volume per pitcher, and nitrate did not show any significant effects (Table 3,
Figure 3). Plankton biovolume (R?=0.18, p<0.01) responded positively to plant basal
diameter. Plankton density responded positively to ammonium (R?=0.18, p<0.01) and
total nitrogen (R?=0.15, p<0.01), but not to phosphate or total phosphorus. When looking
at taxa responses, we found that Bacillariophyta relative abundance (R?=0.14, p<0.05)
responded negatively to pH, while its relative biovolume responded negatively to
ammonium (R?=0.13, p<0.05). Chlorophyta density (R>=0.08, p<0.05) responded
positively to total nitrogen. Cyanobacteria density also responded positively to total
nitrogen (R?=0.22, p<0.01), but more so than Chlorophyta. Cyanobacteria density and
relative abundance responded positively to ammonium (R?=0.35,0.28, p<0.01,0.01),
phosphate (R?=0.23, 0.20, p<0.01,0.01), and total phosphorus (R?>=0.18, 0.15, p<0.05,
0.05), with a greater response to phosphate than to ammonium and a greater response to
total nitrogen than to total phosphorus.

Site scale
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The three continuous site scale characteristics of elevation, latitude, and spring
index were significant predictors of site averaged community structure (Table 4, Figure
4). Bacillariophyta density (R?>=0.14, p<0.05), biovolume (R?>=0.17, p<0.05), and relative
biovolume (R?=0.17, p<0.05) responded negatively to elevation. Rotifera relative
biovolume (R?=0.18) responded positively to elevation. Charophyta relative biovolume
(R?=0.16, p<0.05) responded positively to latitude. Chlorophyta relative abundance
responded negatively to latitude (R?=0.19, p<0.05) and less so to spring index (R?>=0.15,
p<0.05). Ochrophyta relative abundance responded positively to latitude. Estimated

species richness responded negatively to spring index but less so to latitude.

DISCUSSION

Here, we provide the first survey of algae, cyanobacteria, and rotifers within the
phytotelmata of S. purpurea over a large latitudinal gradient in the plants native range
within the United States, compare our results with two previous studies, and then to
investigate impacts of plant scale and site scale environmental conditions on plankton
community structure. Although this study captured just a snapshot in time of each
phytotelmatas community structure, our results were similar to those of Dudley (1984)
and Gebiihr (2006) as well as those from larger aquatic systems.

In comparison to Dudley (1984) we found 13 shared genera and 24 genera that
Dudley did not find. We predicted that we would find more species than Dudley’s work
as our study contained more sites and more diverse environmental conditions. In

comparison to Gebiihr et al. (2006) we found 21 shared genera and 14 genera that Gebiihr
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did not find. Gebiihr found substantially more species than our study. We predicted to
find less species than Gebiihr, despite their fewer sites and plants, due to potential top-
down trophic cascades (e.g., Pinito-Coelho et al. 2008). Gebiihr’s European communities
did not have natural predators or grazers such as obligate Diptera larvae (W. smithii, M.
knabi) and the obligate pitcher plant mite (Sarraceniopus gibsoni). Further work should
examine trophic interactions between invertebrate predators and plankton prey in S.
purpurea phytotelmata.
Plant scale

Chlorophyta dominated the relative abundance of plankton communities in
pitcher plants. These results are like those reported for lakes where Chlorophyta also
represent the dominant planktonic group (Grossman et al. 2016; Tian et al. 2013;
Senerpont Domis, Mooji and Huisman, 2007; Morris, et al. 2006; De Stasio, Schrimpf
and Cornwell, 2014, Yang et al. 2012). Despite an overall Chlorophyte dominance in
pitcher plants, Cyanobacteria has been observed to dominate aquatic ecosystems,
especially those largely eutrophicated (Paul et al. 2012; Lung’Ayia et al. 2000; Filstrup et
al. 2016; Rao et al. 2021; Makarewicz et al. 1998; Smith, 1983, Trimbee and Prepas,
1987, Watson et al., 1997). In fact, Cyanobacteria replaced Chlorophyta as the dominant
component overall when using relative biovolume as the ranking measure. Our mixed
effects models show a significant, positive response of Cyanobacteria density and relative
abundance to nitrogen and phosphorous concentrations. These results suggest that the
nutrient status of pitcher plant fluid may drive the relative dominance of Cyanobacteria
and Chlorophyta. Although more abundant, the Chlorophyta observed in pitcher plants

were smaller, less clonal, than Cyanobacteria or Bacillariophyta. Relative biovolume and
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relative abundance of plankton are often not reported together, but when they are we find
a similar loss of rank for Chlorophyta (e.g., Gong et al. 2020).

At the plant scale, Bacillariophyta relative abundance responded negatively to pH.
The most abundant Bacillariophyta genera in our survey was Eunotia, a genus composed
of many acidophilic diatom species which had optimal relative abundances of 30% at
~pH 4 (Table 2; Figure 5) (DeNicola 2000). Other, less abundant Bacillariophyta with
optimal relative abundances near pH 4 in our study were Synedra sp. Fragilaria sp.,
Pinnularia sp. and Melosira sp. Although diatoms are often not associated with low pH,
Pinnularia has been found to dominate abundance in low pH surficial water as well as in
acidic streams (Luis et al 2009; Kwandrans 1993). In contrast to an increase in
Bacillariophyta along lower pH, their relative biovolume responded negatively to
ammonium concentrations. In fact, Eunotia had optimal relative biovolumes of 78% at <
4 mg/l ammonium. Considering ammonium is a weak acid we would expect the opposite
relationship. Similar optimum curves were observed for Synedra sp. Previous studies
have shown that elevated ammonium concentrations trigger development of sexual
morphologies in some marine Bacillariophyta (Moore et al. 2017). Perhaps elevated
ammonium concentrations can shift resources from vegetative growth to formation of
auxospores in our freshwater Eunotia and Synedra genera. More work should be done to
explore this relationship.

Cyanobacteria biovolume and overall plankton biovolume responded positively to
plant basal diameter, or the overall size of the plant. Interestingly there were no
relationships with pitcher plant fluid volume. Perhaps the volatile nature of water levels

in these phytotelmata, due to climate and herbivory, disrupt these area/volume
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relationships, analogous to flow regime modification in lakes or perhaps the relationships
are marginalized by more important factors such as nutrient concentrations (Zohary and
Ostrovsky 2011; Soininen and Meier, 2014; Logue et al., 2012).

Overall, plankton density responded positively to ammonium and total nitrogen
concentrations but not to phosphate or total phosphorus, suggesting that the plankton
community inhabiting pitcher plants may be limited by nitrogen. In contrast to the
general responses of the plankton community, cyanobacteria density and relative
abundance responded positively to the concentration of ammonium, phosphate, TN, and
TP. We expected a positive relationship between ammonium and cyanobacteria
density/abundance as ammonium is the more easily assimilated form of inorganic N,
although cyanobacteria are still capable of using nitrate and nitrite, supporting the
relationship between TN and density/abundance (Ochoa-de-Alda et al., 1996). Similarly,
Chlorophyta density increased with TN. The positive responses of Cyanobacteria and
Chlorophyta to increases in N could be explained by the role that nitrogen availability
plays on algal cell starvation, with low N supply preventing division and new growth
(Zhang et al., 2019). Further, cyanobacteria density seems to be more sensitive to
changes in TN compared to Chlorophyta, with similar responses found in other aquatic
ecosystems (Donald et al. 2013). Our findings also showed that although Cyanobacteria
increase along phosphorus concentrations as shown by other studies (Seale et al., 1987),
they also respond more strongly to N than P, similar to those responses from lakes
(Trimbee and Prepas 1987; Cremona et al. 2018; Jankowiak et al. 2019). In contrast, our

results do not agree with findings reported in rivers where cyanobacteria responded more
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steeply to phosphate than to ammonium (Kim et al. 2017). Cyanobacteria in pitcher plant
fluid may be more limited by nitrogen than cyanobacteria in streams.
Site scale

Across our geographical extent, Bacillariophyta density, biovolume, and relative
biovolume responded negatively to elevation. Our environmental pH and ammonium
displayed a significant positive correlation with elevation (Figure 6), therefore co-
correlation producing the elevation relationship is likely. Studies investigating the
influence elevational gradients on Bacillariophyta community structure have found either
a lack of or a negative relationship (Heiikkinen, et al. 2021; Weckstrom et al. 2007;
Gremmen et al. 2007). Although temperature tends to vary with elevation across
gradients, in our study we did not find a significant effect of pitcher fluid temperature on
plankton community structure but note these were one time temperature readings and
might be poor representatives of fluid temperature and do not record diurnal swings
which impact plankton communities (Beninca et al. 2011). In addition, atmospheric
depositional gradients may also co-correlate with elevation and could provide an
explanation for these relationships, but that is beyond the scope of this manuscript.

Similarly, to community-level responses, we did not find clear taxa-specific
responses to environmental conditions. Although, Rotifera relative biovolume responded
positively to elevation, it did not change with any plant scale variables or environmental
conditions. Studies of Rotifera community structure find strong ‘bottom-up’ controls by
diatom abundance (May et al. 2001). Therefore, the Rotifera and elevation relationship in
our survey may not be the result of elevational gradients in diatom abundance because

diatom abundance was inversely related to elevation. Rotifera exhibit strong altitude and
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seasonal polymorphisms. Cold temperatures associated at higher elevations delay the
summertime reduction in the size of Keratella cochlearis, a species observed in our
survey (Green 1981). Further work should explore polymorphisms in S. purpurea’s
obligate rotifer, Habrotrocha rosa.

The relative biovolume of Charophyta, and relative abundances of Chlorophyta
and Ochrophyta responded to the latitudinal gradient in the survey. Charophyta and
Ochrophyta, generally minor components of the plankton community, increased their
relative biovolume and abundance with latitude. Conversely, Chlorophyta, the dominant
group in pitcher plants, decreased its density at higher latitudes and responded negatively
to spring index. In lakes, Chlorophyta dominance is often reduced at high latitudes and in
winter months likely due to varying temperature optima and responses among plankton
community components, for example Chlorophyta had a significant positive relationship
with water temperature and Charophyta had none across lakes in the Alps (Pollingher,
1990; Salmaso et al., 2011).

Estimated species richness (ACE), responded negatively to latitude and more so
to spring index, two co-correlated variables, and did not respond to any plant-scale
variable. Negative latitudinal gradients in species richness occur across many taxonomic
groups (Pianka, 1966; Schemske and Mittleback, 2017). For example, freshwater
plankton richness follows a similar, negative pattern (Stomp et al., 2011). Gradients in
temperature and growing season length are likely the mechanisms behind the negative
relationship between latitude and plankton richness in the pitcher plants across this

survey (Yvon-Durocher et al. 2015; Weyhenmery et al. 2013). A longer growing season
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(spring index) allows more time for the pitchers to acquire plankton stochastically
through prey or weather events.

There has been no work investigating the pathways algae, cyanobacteria, and
rotifers take to enter S. purpurea’s phytotelmata. But we will briefly speculate. Genera of
Chlorophyta (Chlamydomonas, Chlorella), Bacillariophyta (Melosira), and
Cyanobacteria (Chroococcus) are commonly found in sphagnum moss or surface waters
in bogs, and from personal observations entire populations of S. purpurea can become
inundated with water (Schlichting and Sides 1969). Aquatic and terrestrial insects have
also been found to successfully transport algae, rotifers, and cyanobacteria between
habitats (Schlichting and Sides 1969, Revill et al., 1967). Insects could enter the plant as
prey and then deposit algae or while ovipositing of eggs, leaving algal cells behind. We
believe that introduction of algae, cyanobacteria, or rotifers most likely occurs through
these two pathways of inundation of bog water and transportation via insects,
atmospheric transport may also be plausible.

Overall, the structure of plankton communities in S. purpurea’s phytotelmata is
similar to the structure of plankton communities in lakes. In our phytotelmata and in
many lakes, Chlorophyta dominates, but can be replaced by Cyanobacteria under high
concentrations of phosphorus. In acidic lakes, rivers, and S. purpurea’s phytotelmata in
this study, acidophilic diatoms of the genera Eunotia become more significant
components of community structure. And, like plankton communities in lakes, the
richness of S. purpurea phytotelmata responds negatively to latitude. From a qualitative
comparison between our work and that done by Gebiihr et al (2006) in Germany, we

point to strong top-down controls of plankton community structure by obligate
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invertebrates only found in North America. From shifts in relative biovolumes, we
identify potential polymorphisms in Rotifera induced by temperature gradients of
elevation and from shifts in relative biovolumes, we highlighted a counterintuitive effect
elevated ammonium concentrations on Bacillariophyta size potentially due to a trigger in
their reproductive cycles. Experiments should be done to investigate the mechanisms
behind these shifts. For example, S. purpurea in replicate could be grown in a greenhouse
setting across different levels of temperature and ammonium while monitoring the
growth of Rotifera and Bacillariophyta.

S. purpurea phytotelmata are small but contain complex plankton communities
that respond to environmental pressures in ways comparable to large freshwater
ecosystems. These algal, cyanobacteria, and rotifer communities should be accounted for
more in the ecological studies and literature as they likely play an important role in

ecosystem processing and functioning within the phytotelmata.
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TABLES & FIGURES

Table 1. Mean, minimum, and maximum of plant scale characteristics of the 84 pitcher
plants and site scale characteristics of the 28 sites in this study.

Plant scale characteristics Mean (min, max)

Basal diameter (mm) 30.5 (15.2, 68.5)
Temperature (C) 31.24 (21.8, 42.8)

pH 5.452 (3, 8.22)

TDS 123.2 (11, 428)

EC 236.7 (22, 808)

DO (mg/1) 4.832 (1.69, 7.26)

Volume (ml)  75.61 (16.5, 178.5)

Volume per pitcher 15.12 (3.3, 35.7)

Ammonium (mg/l) 5.412 (0.3, 24.3)

Nitrate (mg/1)  0.108 (0.005, 0.74)

Phosphate (mg/1)  0.714 (0.013, 4.95)

Total nitrogen (mg/1) 10.85 (1.45, 70)

Total phosphorus (mg/l) 1.451 (0.005, 8.04)
Site scale characteristics  Mean (min, max)

Latitude  39.95 (30.09, 45.25)

Elevation (m) 307.3 (8, 1069)

Spring index 86.64 (15, 120.33)
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Figure 1. Location of the 28 sampling sites from 2019 across the east coast of the United
States, where plankton samples were collected.



Table 2. The number of S. purpurea out of 3 possible plants per site with the presence of
plankton taxa across the 28 sites. c
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76

relative biovolume across the study area.
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Table 3. Standardized slope coefficients of plant scale independent variables from mixed effects models. Only coefficients with
p-values < 0.05 after Benjamini-Hochberg p-value adjustment were included. Fluid chemical parameters are in mg/l and basal
diameter is in mm. Plankton densities are in # of organisms per ml and biovolumes are in ul. Relative refers to the plankton taxa
group proportion to the whole plankton community.

Plant scale independent variables (fixed effects)
Plankton response . Total Total Basal
. Ammonium . Phosphate .
variables nitrogen phosphorus diameter
Bacillariophyta
relative abundance
Bacillariophyta
. . -0.48
relative biovolume
Chlorophyta density 0.32
Cyanobacteria
biovolume
Cyanobacteria density 0.38 0.44 0.39 0.31
Cyanobacteria relative 0.37 0.32 0.43 03
abundance
Plankton biovolume 0.38
Plankton density 0.27 0.36
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Table 4. Standardized slope coefficients of site scale independent variables from
generalized linear models. Only coefficients with p-values < 0.05 were included (* p<0.05,
** p<0.01). Plankton densities are in # of organisms per ml and biovolumes are in ul.
Relative refers to the plankton taxa group proportion to the whole plankton community.

Site scale independent variables

Plankton response variables Elevation (m) Spring index Latitude
Bacillariophyta biovolume -0.35%
Bacillariophyta relative biovolume -0.35%
Bacillariophyta density -0.41*
Charophyta relative biovolume 0.38%
Chlorophyta relative abundance -0.35* -0.47*
Ochrophyta relative abundance 0.42%*
Rotifera relative biovolume 0.33*
Estimate species richness (ACE) -0.61** -0.57**
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CHAPTER IV: THE OBLIGATE INVERTEBRATE METRIOCNEMUS KNABI OF SARRACENIA

PURPUREA 1S CAPABLE OF EMIGRATING FROM A HISTORICALLY CLOSED MICROCOSM

ABSTRACT

The cup-shaped leaves of the northern pitcher plant Sarracenia purpurea fill with
rainwater and contain an entire aquatic ecosystem, with captured prey forming the detrital
base, microbes, and the aquatic life history stages of several associated invertebrate
species. An unusual specialist herbivore of S. purpurea, the caterpillar of the pitcher-
mining moth Exyra fax, drills a hole in the leaf by consuming plant tissue. The water in
the leaf drains out, and the pitcher is no longer a suitable habitat for the obligate aquatic
invertebrates. The obligate aquatic invertebrate larvae within S. purpureas pitchers have
always been described as incapable of leaving the pitcher they were initially deposited in
as eggs. The objective of this experiment was to determine if one of the obligate
invertebrates, the pitcher plant midge Metriocnemus knabi, is capable of emigrating to
new pitchers when faced with a dessicated pitcher after an attack by caterpillars of E. fax.
In a greenhouse experiment, I placed midge larvae of varying abundances placed in
experimental pitchers that were drained and desiccated as if they had been attacked by E.
fax moth larvae. After desiccation, larval midges were allowed two weeks to emigrate. At
the end of two weeks, experimental pitchers were dissected to determine if midges were
present and if they survived desiccation. The remaining viable fluid filled pitchers were
also dissected to determine if midge larvae were present. Of the initial abundance, 7.4%

and 94.1% of M. knabi survived in place in desiccated and un-desiccated pitchers
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respectively, 61.8% and 5.9% of M. knabi emigrated from desiccated and un-desiccated
pitchers, and 38.2% and 0.00% of M. knabi respectively emigrated out of desiccated and
un-desiccated pitcher and survived in a new pitcher. I present here the first evidence that
the obligate invertebrate M. knabi is capable of emigration when faced with unsuitable

habitat.
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INTRODUCTION

Sarracenia purpurea L. a perennial carnivorous herb is unlike other carnivorous
plants as it relies on obligate invertebrates to breakdown prey. One of these obligate
invertebrates, midge larva Metriocnemus knabi (Coquillett), shreds and breaks down prey
as they enter the system. M. knabi and other obligate inhabitants of S. purpurea rely on
the pitchers to hold fluid, as desiccated pitchers are unsuitable habitat for these aquatic
larvae.

A small number of herbivores are obligate consumers of carnivorous pitcher
plants (Rymal and Folkerts 1982). Atwater et al. (2006) noted for S. purpurea, two
noctuid moths, Exyra fax (Grote) and Papaipema appassionata (Harvey). The more
common E. fax larvae consumes the interior plant tissue and in preparation for pupation
chews a drainage whole at the base of the pitcher, causing fluid to drain from the pitchers
(Rymal and Folkerts 1982, Fish 1976). E. fax in addition to desiccation can also close the
pitcher mouth opening by creating a silken web or girdling the leaf, enclosing the pitcher
opening, not allowing rainwater to accumulate creating unsuitable habitat for S.
purpureas aquatic inhabitants (Atwater et al. 2006). Moth herbivore damage to S.
purpurea is common across the eastern United States (personal observation).

There is little evidence M. knabi are capable of emigrating out of unsuitable
pitchers to viable fluid filled pitchers while in its aquatic larval stage. To our knowledge
only Paterson and Cameron (1982) make a singular note of the possibility after observing

late instar stages of M. knabi in newly opened pitchers. In addition, Wiens (1972)
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observed that M. knabi larvae is incapable of swimming but can crawl, as they commonly
observed M. knabi crawling up the interior of the pitcher wall.

Although it is known that M. knabi are capable of crawling on the interior pitcher
wall, it is unknown if the M. knabi larvae can successfully emigrate out of its pitcher of
origin to other surrounding pitchers. The objective of our experiment was to measure the
success of M. knabi emigrating to viable fluid filled pitchers, when presented with
mimicked E. fax moth herbivory causing desiccation of its origin pitcher. We
hypothesized desiccated pitchers would induce emigration of M. knabi larvae. We also
hypothesize that initial abundance of M. knabi larvae could impact success of emigration
and survival in new pitchers. We predict that with increased abundance of M. knabi
larvae in pitchers that emigration rate will increase due to competition for resources and
habitat. This work will provide insight on the commonly used model system S. purpurea

and whether this system is truly closed in terms of its larval aquatic invertebrates.

MATERIALS & METHODS

To measure the success of M. knabi emigrating out of desiccated pitchers of S.
purpurea to viable fluid filled pitchers, we conducted a greenhouse experiment in the
summer of 2021 using fifteen S. purpurea plants. All plants were cleaned and filled with
purified reverse osmosis water and randomly placed outside in individual plastic pots. Pots
were separated by ~13 cm within water holding trays inside insect tents. For each plant,
we designated the largest pitcher as the experimental pitcher to be desiccated. The number

of viable fluid filled pitchers per plant varied between 1 and 12.
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M. knabi larvae were collected from Molly Bog, Morristown, Vermont. Five plants
received high abundance (ten individuals) of M. knabi larvae in the experimental pitcher,
five plants received medium abundance (five individuals) of M. knabi larvae, and five
plants received low abundance (two individuals). Data from unpublished work on thirty-
eight S. purpurea plants showed a median abundance of five M. knabi larvae, a minimum
of one, and a maximum of fifty-three. After M. knabi larvae were placed in experimental
pitchers we deposited aquarium fish flakes on day one as a food source. M. knabi larvae
were then allowed to acclimate to pitchers for four days.

After four days, four of the five experimental pitchers of high, medium, and low
abundance were desiccated, while one of each abundance was left fluid filled, serving as
controls. To mimic desiccation caused by E. fax, we used a sterilized 18-gauge needle to
punch a hole in the back of the leaf near the base of the plant. This location is described as
zone 5 of the plant according to Lloyd (1954). Plants were then left for 2 weeks to desiccate
and were exposed to ambient climatic conditions. After 2 weeks, experimental pitchers
were clipped at the base of the plant and dissected. The number of midges present, and
their status (living or dead) were determined. All other pitchers in the plant were then
removed of fluid and dissected to determine presence of larvae and status of larvae.

Using the statistical software R (R Core Team 2019), we used two proportion y>-
tests to test if there is a difference between 1) the proportion of initial abundance of larvae
that survived in the experimental desiccated pitchers and the initial abundance of larvae
that survived in the control pitchers, 2) the proportion of the initial abundance of larvae
that emigrated from the experimental desiccated pitchers and the proportion of the initial

abundance of larvae that emigrated from the control pitchers, 3) the proportion of initial
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abundance that survived in a new viable fluid filled pitcher emigrating from experimental
desiccated pitchers and emigrating from control pitchers, and 4) pair-wise comparisons of
the proportion of initial abundance surviving in new pitchers among the three levels of

initial abundance.

RESULTS

After two weeks, 7.4% of the initial larvae survived in the experimental desiccated
pitchers compared to 94.1% of those in the control pitchers, showing a significant
difference between initial abundance of larvae surviving in experimental desiccated
pitchers and control pitchers (¥2=50.473, p<.001). A significantly higher proportion of
larvae (61.8%) emigrated from experimental desiccated pitchers compared to control
pitchers (5.9%) (¥2=14.829, p<.001). After emigrating from experimental desiccated
pitchers, 38.2% of larvae survived compared to 0.00% survival from control pitchers
(x2=7.650, p<.01) (Fig. 1).

The proportion of larvae surviving in new fluid filled pitchers was significantly
greater coming from experimental pitchers with high (10) compared to medium (5) initial
abundances (¥2=12.574, p<.01) and significantly greater in high (10) compared to low (2)

abundance treatments (y2=7.747, p<.01) (Fig. 2).

DISCUSSION

The objective of this experiment was to determine if M. knabi aquatic larvae are
capable of emigrating from their pitcher of origin. Our results demonstrate that M. knabi

larvae can emigrate out of desiccated pitchers and is capable of survival in new viable fluid
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filled pitchers. We also provide evidence M. knabi larvae may promote conspecific survival
during emigration. However, 14 of the 85 original larvae were unaccounted for at the end
of the experiment and should be considered when interpreting the proportional results.

The unaccounted-for larvae were most likely present in the sphagnum moss media
that each plant was potted in, or a more unlikely scenario could be that midges were
unidentifiable due to decomposition by protists and bacteria. The latter is less probable as
numerous dead midges were found and not decomposed. M. knabi larvae could have also
pupated, enclosed, and become an adult during the experiment if we initially gathered late-
stage larvae. However, the experiment was surrounded by insect tents and no adult midges
were found. Considering only one midge was unaccounted for in the control group, we
deem it negligible. Future experiments should limit the M. knabi stage to only instars that
would require more time than the experimental period to pupate and eclose.

We assume that no long-distance dispersal of M. knabi larvae occurred between
plants. The larvae, which are at best poor swimmers, would have to leave experimental
desiccated pitchers, traverse though the sphagnum, down the plastic pot, swim through the
tray of water, and crawl back up to another plastic pot to reach a new plant (Wiens 1972).
If long-distance dispersal was occurring in this environment, we would expect to see a net
gain at least once in one of the plants, which we did not. We did find 3 live larvae within
the tray water when it was filtered at the end of the experiment. Perhaps in a natural
environment such as a sphagnum bog, long-distance dispersal is plausible.

Future work should compare the morphology of midge larvae that were able to
emigrate in comparison to larvae that were not, as we believe larger posterior proleg hooks

allow the midge to successfully crawl the pitcher walls. The ability of M. knabi larvae to
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promote conspecific survival during emigration should also be a continued investigation.
It would be noteworthy to determine path of emigration for M. knabi larvae, as this could
occur through the pitcher opening or through the drainage hole caused by E. fax moth
larvae. M. knabi larvae are photosensitive so they may show preference through leaving
via the drainage hole and not the pitcher opening. This work is the first proof that M. knabi
is capable of successfully emigrating from an unsuitable desiccated pitcher to a new viable
fluid filled pitcher and proves that this once deemed closed system in terms of its obligate

invertebrates is no longer the case.
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Figure 1. The difference of effect of control (fluid filled) and desiccated pitchers on the
proportion of the initial M. knabi abundance surviving in place (bottom), emigrating
(middle), and surviving in a new fluid filled pitcher (top). Error bars represent standard
error.
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