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Abstract

Impacts of water hyacinth detritus on the growth, reproduction, and survival of the snail hosts of
human schistosomes
By Maggie Weber

Machines that shred the invasive macrophyte water hyacinth may inadvertently produce
resources for the intermediate host of human schistosomes, Biomphalaria glabrata. Yet, prior
work has shown that shredding water hyacinth in experimental mesocosm tanks resulted in
substantial B. glabrata egg laying but juvenile recruitment failure. One potential explanation of
this phenomenon is that the consumption of water hyacinth detritus may differentially impact
juvenile and adult B. glabrata individuals. In this 12-week study, we evaluated this hypothesis
by characterizing the life history traits of snails of different initial sizes fed either water hyacinth
detritus or detritus from another invasive plant, water lettuce, which is a known high-quality
resource. Overall, water hyacinth increased mortality for large, adult snails, decreased growth
and reproduction for all snails, and resulted in altered growth patterns for snails across size
classes. This study contextualizes prior work on the potential effects of shredding machines on
human schistosome host ecology by demonstrating that water hyacinth is a low-quality food
source for B. glabrata of all sizes with significant negative effects on snail life history traits.
Thus, population-level effects may have arisen from other factors, such as complementary food
sources or changes in egg-hatching rates, that were possible in prior experiments but excluded
from this study. More broadly, this work contributes to ecological understanding of the effects of
diet on life history traits as well as the role of size in mediating these effects.
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INTRODUCTION:

Water hyacinth (Eichhornia crassipes) is a highly-successful invasive freshwater
macrophyte with significant ecological and socioeconomic impacts worldwide. The plant grows
in thick, floating mats that reduce oxygen exchange between the air and the water’s surface,
monopolize aquatic nutrients, and block light penetration, creating hostile conditions for many
aquatic organisms (Villamagna & Murphy 2010). Additionally, the dense physical structure of
water hyacinth mats can block human access to water, fishing, boat navigation, hydroelectric
power generation, and irrigation (Ayanda et al. 2020).

Water hyacinth is particularly problematic in Lake Victoria, the largest tropical lake in
the world and a hotspot for the neglected tropical disease schistosomiasis (Albright et al. 2004,
Olsen et al. 2015). Water hyacinth is estimated to cause approximately 350 million USD in
economic losses per year in the Lake Victoria basin (Mkumbo & Marshall 2015). To combat
water hyacinth invasions, shredding machines may be used to chop water hyacinth into small
pieces and return it to the water. While this strategy is effective in removing large sections of
water hyacinth mats, it can also indiscriminately destroy other plant life, spread still-living
fragments of water hyacinth to new sites within water bodies, and exacerbate anoxic conditions
and eutrophication through decomposition of detritus (Hussner et al. 2017, Villamagna and
Murphy 2010, Bicudo et al. 2007).

Efforts to control water hyacinth in Lake Victoria with shredding machines may also
have unintended impacts on snails that act as intermediate hosts for human schistosomes, the
agents of schistosomiasis. Schistosomiasis is a neglected tropical disease that affects over 250
million people and results in an estimated loss of 1.9 million disability-adjusted life years

worldwide (CDC 2018, McManus et al. 2018). The disease also reduces economic productivity
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in endemic areas due to its effects on child development and adult work efficiency (McManus et
al. 2018). Lake Victoria is a particular hotspot for schistosomiasis: one third of the villages along
the shore of Lake Victoria were classified as moderately or heavily infected with human
schistosomes by a 2015 study (Colley et al. 2014, Olsen et al. 2015).

Schistosomes follow a complex life cycle: the snail-infectious life stage (miracidia)
infects host snails of the genus Biomphalaria and then reproduces asexually within their tissues,
releasing the human-infectious life stage (cercariae) into surrounding waters (CDC 2018). Lake
Victoria has high densities of Biomphalaria host snails (Olsen et al. 2015), and prior work
suggests a link between Biomphalaria and water hyacinth: the presence of water hyacinth is
associated with higher Biomphalaria snail abundance (Mutuku et al. 2019), and the experimental
introduction of water hyacinth into lake enclosures results in an increase in Biomphalaria
populations (Plummer 2005). Biomphalaria are primarily detritivores. They are incapable of
consuming living water hyacinth tissues, but decaying water hyacinth detritus may serve as a
food source, allowing for the growth of snail individuals and populations (Thomas et al. 1985).
In turn, the size, abundance, and nutrition of Biomphalaria snails all increase the total production
of schistosome cercariae, an indicator of human infection risk (Civitello et al. 2022, Coles 1973,
Civitello et al. 2018). As such, the use of shredding machines in Lake Victoria -- and subsequent
production of water hyacinth detritus, a potential food source -- may have major cascading
effects on individual snail traits, snail population dynamics, schistosome cercariae production,
and human schistosomiasis infection risk.

Prior work on the effects of water hyacinth shredding on snail hosts has focused on
population-level dynamics. In particular, one prior study found that shredding water hyacinth in

mesocosm tanks affected Biomphalaria glabrata and Schistosoma mansoni dynamics in an
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unanticipated way (Desautels et al., in prep). Specifically, water hyacinth shredding resulted in
an increase in snail biomass and egg production and a transient increase in the production of
schistosome cercariae, an indicator of human infection risk. However, an unusual aspect of
Biomphalaria ecology observed in this experiment merits further study. Despite increased snail
biomass and egg production following water hyacinth shredding, snail abundance remained low,
suggesting a failure in recruitment of juvenile snails. In other words, large adult snails grew and
laid eggs, but the small juvenile snails from those eggs were not detected in the population. This
pattern of failed recruitment was not seen in mesocosm tanks where water hyacinth was
completely removed or left unmanaged, suggesting that the addition of water hyacinth detritus
itself was involved in juvenile recruitment failure. However, the mechanism by which water
hyacinth detritus may have promoted snail growth and reproduction while preventing juvenile
recruitment is still unknown.

Size-specific or life stage-specific effects of the consumption of water hyacinth detritus
may offer an explanation of this phenomenon. Diet is thought to affect life history traits in many
taxa (e.g., Richman et al. 2015, Zandona et al. 2011), and shifts in growth, reproduction, and
mortality profoundly impact population dynamics (de Roos et al. 2003). Life history bottlenecks
brought about by life-stage-specific dietary demands have been described previously in
zooplankton and copepods, and prior work has also shown that juvenile and adult Biomphalaria
snails have different preferred feeding niches, potentially due to differences in nutritional
requirements or digestive abilities (Villar-Argaiz & Sterner 2002, Nakazawa 2011, Thomas et al.
1985, Cedeno-Leon & Thomas 1982). As such, it is possible that variation in the quality of
shredded water hyacinth as a food source for Biomphalaria across its lifespan could explain the

role of water hyacinth in mediating the observed juvenile bottleneck. However, the specific
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effects of a water hyacinth diet on Biomphalaria individuals have not been described. Here, I
studied the effects of water hyacinth detritus on the growth, reproduction, and mortality of
Biomphalaria glabrata individuals of different size classes. Based on the lack of juvenile
recruitment observed by Desautels et al. (in prep), | hypothesized that a water hyacinth diet
would have strong negative effects on small, juvenile snails, but not on large, adult snails.
Physiologically, this could occur because smaller individuals have shorter digestive tracts,
thereby limiting digestive efficiency, especially for digestion-resistant plant material such as
water hyacinth. | predicted that juvenile B. glabrata fed water hyacinth would experience
reduced growth, reduced cumulative reproduction, and heightened mortality compared to a
control high-quality diet, while I expected that adult snails would not experience significant
differences in growth, reproduction, and mortality.

This study seeks to clarify the effects of a water hyacinth diet on the life history traits of
B. glabrata snails and the role of size in mediating those effects. In doing so, this work further
contextualizes Desautels et al. by exploring size-mediated effects of water hyacinth consumption
that could explain observed B. glabrata juvenile bottlenecks. More broadly, the results of this
study contribute to scientific understanding of the dietary ecology of a critical disease vector and
corroborate prior work on the effects of diet quality on life history traits, in addition to exploring
the lesser-studied role of individual size variation in mediating dietary effects on life history

traits.
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METHODS:
Study system:

NMRI strain Biomphalaria glabrata individuals were obtained from the Civitello
laboratory colony as in Desautels et al. (in prep). Snails were reared on a non-plant food source,
chicken feed, and so were not acclimated to a particular detritus type. Snails were selected from
each of 6 initial size classes: 1mm, 2mm, 4mm, 8mm, 12mm, 15mm. Size class was determined
by the longest distance measured across an individual’s shell with calipers (within = 10% of size
class value). Reproductive maturity may partially depend on diet, but snails typically begin
laying eggs at around 7mm in size; as such, size classes 1mm, 2mm, and 4mm were considered
juveniles, while size classes 8mm, 12mm, and 15mm were considered adults (Pimentel 1957).

Water lettuce, another invasive macrophyte in Lake Victoria, was chosen as a control
“high-quality” food to compare to water hyacinth because it is also present in the natural habitat
of Biomphalaria glabrata, is rich in nitrogen and phosphorous, increased snail abundance when
present in a prior mesocosm experiment (Reddy & De Busk 1985, Desautels et al. 2022), and is
highly nutritious for snails (Desautels et al. in review). Live water hyacinth and water lettuce
plants were purchased from Atlanta Water Gardens, a local garden store. Plants were dried and
finely milled. Plant detritus was stored in covered plastic bins in a drying oven at 45-55°C

throughout the experiment to reduce effects of moisture on weight measurements.

Life table experiment:
A 2 x 6 factorial life table experiment (n=120) was run for 12 weeks, from August 3rd,
2021 - October 26th, 2021. The two factors crossed in this life table experiment were detritus

type (water hyacinth, water lettuce) and initial snail size class (mm, 2mm, 4mm, 8mm, 12mm,
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15mm). We maintained all snails in artificial lake water (HH-COMBO; Kilham et al. 1998) in
lidded plastic cups.

The initial dry weight of detritus provided to snails of each size class was determined
with a model correlating (snail length)? with resource requirements, reflecting an empirically-
supported assumption that resource consumption increases with a snail’s surface area (Kooijman
2010). In order to continue feeding snails ad libitum as they grew, the detritus level in the cups
was observed one day prior to data collection each week. If little detritus remained in a cup for
any snail, 3 individuals were selected from that treatment group and measured with calipers.
Sizes were averaged, and a new required detritus quantity was calculated for the treatment group
based on this size using the aforementioned model. If an abundance of detritus remained in all
cups for a given treatment, the same detritus quantity was given as the previous week. See
Appendix B for weekly detritus amounts provided to each treatment.

One day prior to the start of the experiment, water hyacinth and water lettuce detritus
were weighed and added to labeled plastic deli cups. Cups were misted to wet detritus and then
filled halfway with HH-COMBO. Cups were stored overnight in an incubator held at a constant
26°C.

The following day, 20 NMRI strain Biomphalaria glabrata individuals of each of six size
classes (Imm, 2mm, 4mm, 8mm, 12mm, 15mm) were selected from our laboratory colony. Half
of the individuals in each size class were assigned to the experimental water hyacinth detritus,
and half were assigned to the control water lettuce detritus (n=10 per treatment). For the next 12
weeks, one day prior to data collection, new, labeled cups of HH-COMBO and plant detritus
were prepared and incubated overnight at 26°C. The following day, snails were measured, eggs

were counted, and each individual was cleaned with a Kim-Wipe and moved to a new cup with a
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new stock of the appropriate plant detritus established the previous day. To determine snail size,
each individual was photographed on a laminated sheet printed with a grid of known size.
Photographs were processed in ImageJ, and size was recorded as the major axis of an ellipse
fitted to the snail’s shell. Snail death was determined by significant decay of snail tissue within
the shell. Presence or absence of plant detritus was determined visually. Number of egg masses
was determined visually, and the total number of eggs laid by each snail was counted under a
microscope. This process of data collection and passaging to new cups with new detritus was
repeated once weekly for 12 weeks. After data collection on the 12th week, all individuals were

euthanized in ethanol.

Growth data analysis:

For each detritus type and starting size class treatment (n=10), the size of all surviving
individuals was averaged each week. Dead snails were excluded from the week of death onward
because the amount of time spent alive (and potentially consuming detritus and growing) in the
prior week was unknown. Mean size and standard error were plotted (R package: ggplot2) over
the course of the experiment for visual comparison to identify patterns in growth across size
classes and detritus types.

For statistical tests, maximum snail size was used to account for potential variation in
measurements between weeks. A general linear model was fitted to this data (R package: stats) to
test the ability of initial size class and detritus type to predict maximum snail size. Based on this
model, estimated marginal means for maximum snail size were calculated, and pairwise contrasts
were conducted for each detritus type and starting size class with correction for multiple testing

following the Tukey method (R package: emmeans).
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Reproduction data analysis:

For each detritus type and starting size class treatment (n=10), the cumulative number of
eggs laid by each individual was averaged each week. Dead snails were excluded from the week
of death onward because the amount of time spent alive (and potentially consuming detritus and
reproducing) in the prior week was unknown. Comparisons were performed on the log10
transformation of cumulative egg production.

The mean and standard error of log-transformed weekly cumulative egg production were
plotted (R package: ggplot2) over the course of the experiment for visual comparison to identify
patterns in egg production across size classes and detritus types. A general linear model was
fitted to this data (R package: stats) to test the ability of initial size class and detritus type to
predict total cumulative egg production. Based on this model, estimated marginal means for total
cumulative egg production were calculated with the emmeans R package, and pairwise contrasts
were conducted for each detritus type and starting size class using the Tukey correction for

multiple testing (R package: emmeans).

Mortality data analysis:

Mortality was formally compared at the end of the 12-week experiment, when all snails
had been exposed to their assigned detritus diets for as long as possible and some mortality had
been observed. Mortality was calculated as the number of dead snails per detritus type and
starting size class treatment divided by the initial number of snails in that treatment (n=10).
Proportion mortality was visually compared across treatments with a paired bar chart to

emphasize differences across detritus type treatments (R package: ggplot2).
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RESULTS:
Snail growth:

Within all size classes, the water hyacinth treatment reduced growth compared to the
water lettuce treatment. This difference is visually apparent across initial size classes 1mm,
2mm, 4mm, and 8mm as early as week 2 of the experiment (see Figure 1). By the end of the
experiment, snails fed water lettuce attained significantly larger maximum sizes than snails fed

water hyacinth within all starting size classes (p<0.05 for all contrasts, see Table 1).
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Figure 1. Effect of detritus type on snail growth within each initial size class over 12
weeks. Data points represent mean size of surviving snails of each initial size class and detritus
treatment over the 12-week experiment, and error bars represent +/- SE. Snails were provided
with either water lettuce or water hyacinth detritus ad libitum each week as their sole food
source. Line color indicates detritus type (blue: water lettuce, green: water lettuce, n=10
individuals per treatment). Lines that terminate prior to week 12 indicate the death of all snails
of a given initial size class and detritus treatment. Overall, regardless of initial size class, snails
fed water hyacinth grew less than snails fed water lettuce.
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In addition to its effects on relative snail growth within size classes, detritus treatment
resulted in different patterns of growth across size classes. Regardless of initial size class, most
size classes of snails fed water lettuce converged on a similar maximum size by the end of the
experiment (per Table 2, only 15mm snails were significantly different in final size from
Imm/4mm/12mm snails). In contrast, snails of each initial size class in the water hyacinth
treatment remained distinctly different sizes across all 12 weeks (see Figure 2; note lack of
overlap or convergence in lines). Unlike snails fed water lettuce, all size classes fed water
hyacinth attained significantly different maximum sizes from one another (p<0.01 for contrast

comparisons of all initial size classes).
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Figure 2. Effect of initial size class and detritus type on snail growth over 12 weeks. Data
points represent the mean size of surviving snails of an initial size class and detritus treatment
(n=10) over the 12-week experiment, and error bars represent +/- SE. Snails were provided
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with either water lettuce or water hyacinth detritus ad libitum each week as their sole food
source. Each line represents the weekly mean size for an initial snail size class (darker: larger
size class, lighter: smaller size class) and detritus type (blue: water lettuce, green: water
hyacinth). Overall, snails fed water lettuce converged on similar endpoint sizes, while snails
fed water hyacinth did not. Lines that terminate prior to week 12 indicate the death of all snails
of a given initial size class and detritus treatment.

A general linear model predicting maximum snail size based on initial size class and
detritus type found that these variables strongly contributed to variation in maximum snail size
(adjusted R? = 0.959), consistent with the visual trends seen in Figure 1 and Figure 2. Snails that
consumed water hyacinth grew significantly less than snails that consumed water lettuce (GLM,
food type, p < 2.2e-16). Additionally, the effects of food type on growth differed across initial
size classes, with smaller snails experiencing greater negative effects of water hyacinth

consumption on growth (GLM, food type * initial size class interactions, p < 0.01).
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Snail reproduction:

The water hyacinth treatment reduced snail reproduction: snails fed water hyacinth
produced significantly fewer cumulative eggs than snails fed water lettuce within all starting size
classes (p<0.001 for all contrasts). In the water hyacinth treatment, only adult snails (8mm,
12mm, 15mm) reproduced (see Figure 3), and by week 5 of the experiment, reproduction halted
for 12mm and 15mm snails due to 100% mortality. Out of all starting size classes in the water
hyacinth treatment, only 8mm snails both reproduced and survived the full 12 weeks of the

experiment.
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Figure 3. Effect of initial size class and detritus type on log-transformed snail cumulative
egg production over 12 weeks. Data points represent the mean size of surviving snails of each
initial size class and detritus treatment (n=10) each week, and error bars represent +/- SE.
Snails were provided with either water lettuce or water hyacinth detritus ad libitum each week
as their sole food source. Each line represents the weekly mean of log-transformed cumulative
egg production for an initial snail size class (darker: larger size class, lighter: smaller size
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class) and detritus type (blue: water lettuce, green: water hyacinth). Lines that terminate prior
to week 12 indicate the death of all snails of a given initial size class and detritus treatment.
Overall, snails fed water hyacinth produced fewer cumulative eggs than snails fed water
lettuce.
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Snail mortality:

The water hyacinth treatment increased mortality rates for large adult snails (12mm and
15mm). As seen in Figure 4, by the end of the experiment, all (100%) of the 12mm and 15mm
adult snails fed water hyacinth were dead, while in water lettuce treatments, only 10% of 12mm
snails and 20% of 15mm snails were dead. Smaller adult snails (8mm) experienced somewhat
higher mortality when fed water hyacinth (30% mortality) than water lettuce (0% mortality).
Juvenile snails (Imm, 2mm, 4mm) fed water hyacinth did not experience large differences in

mortality when fed water hyacinth versus water lettuce (0-10% mortality in all treatment

groups).
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Figure 4. Snail mortality after 12 weeks by initial size class and detritus type. Bars
represent the proportion of dead individuals of each initial size class and detritus treatment at
the end of the 12-week experiment (n=10). Snails were provided with either water lettuce or
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water hyacinth detritus ad libitum each week as their sole food source. Fill color indicates
detritus type (blue: water lettuce, green: water hyacinth). Overall, snails of starting size class

12mm and 15mm fed water hyacinth experienced the highest mortality after 12 weeks (100%
dead).
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DISCUSSION:

In this study, I investigated the effects of water hyacinth detritus on the life history traits
of B. glabrata individuals of different starting sizes. Based on the accumulation of adult biomass
and lack of juvenile recruitment associated with the pulse input of water hyacinth detritus in
Desautels et al. (in prep), | hypothesized that small, juvenile snails would experience negative
effects on growth, reproduction, and mortality when consuming a water hyacinth diet rather than
a high-quality water lettuce diet, and that large, adult snails would not experience significant
differences in growth, reproduction, and mortality.

In accordance with prior work in other systems, diet quality (i.e., assignment to a water
hyacinth or water lettuce detritus diet) had significant impacts on Biomphalaria glabrata life
history traits. Specifically, this study found that: (1) water hyacinth detritus reduced B. glabrata
growth and reproduction across all size classes; (2) water hyacinth and water lettuce detritus
produced different growth trajectories for B. glabrata; (3) water hyacinth detritus resulted in
heightened mortality for large, adult B. glabrata individuals. Consistent with studies by Zandona
et al. (2011) and Richman et al. (2015), a poor-quality diet (water hyacinth) was associated with
reduced growth, reduced fecundity, and presumed delays in juvenile maturation. Notably, the
patterns that we observed across life stages in B. glabrata were similar to those found in beetles
in a prior study: juveniles fed low quality diets experienced delayed maturation while adults
experienced reduced survival (Katsuki et al. 2012). However, based on these results, the effects
of water hyacinth detritus consumption on adult and juvenile B. glabrata were not sufficient to
explain the juvenile bottleneck population dynamics observed in the Desautels et al. mesocosm,

suggesting that other environmental or biological factors may have been responsible. Future
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work seeking to explain these dynamics should consider the effects of water hyacinth as a
supplement to a high-quality diet and the effects of detritus on egg hatching.

First, this study showed that a water hyacinth diet reduced growth and reproduction for
all snails regardless of initial size class. Over the course of the experiment, within each starting
size class, snails fed water hyacinth remained at smaller sizes than snails fed water lettuce. While
these effects were not exclusive to juveniles, as predicted, they nonetheless demonstrated that a
water hyacinth diet did not support as much snail growth as a water lettuce diet. Water hyacinth
had similar negative effects on cumulative reproduction; within all starting size classes,
consumption of water hyacinth detritus rather than water lettuce detritus resulted in lower
cumulative egg counts. Juvenile snails that consumed water hyacinth never reproduced,
potentially because the quality of water hyacinth detritus as a food source was not sufficient for
juvenile snails to reach sexual maturity. Juvenile snails fed water hyacinth never attained sizes of
7mm or greater, which has previously been described as the minimum shell diameter at first
reproduction (Pimentel 1957). All starting size classes of snails fed water lettuce, on the other
hand, ultimately grew larger than 7mm and laid eggs, suggesting that water lettuce served as a
sufficiently high-quality diet for juveniles to sexually mature and for snails of all starting size
classes to eventually reproduce.

In addition to reductions in growth and reproduction, the water hyacinth diet altered
patterns of snail growth across all six size classes. In the water lettuce treatment, regardless of
initial size class, all snails converged on similar maximum sizes, with more rapid initial growth
that leveled out as the experiment continued (see Figure 2). The sizes reached by snails fed water
lettuce in this study fall within previously proposed maximum size ranges for Biomphalaria

glabrata (Benson 2019). That is, the water lettuce diet appears to have provided sufficient
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resources for most size classes to grow to their shared maximum size under these conditions. In
contrast to the similar sizes attained by all snails fed water lettuce, snails fed water hyacinth
remained distinctly different sizes based on their initial size class for the length of the
experiment. Additionally, neither juvenile nor small adult snails in the water hyacinth treatment
reached the proposed maximum size of B. glabrata in typical conditions (Benson 2019). That is,
the water hyacinth treatment did not appear to provide sufficient resources for snails to grow to a
shared maximum size. Lastly, in the water hyacinth treatment, 8mm snails and larger had an
approximately flat growth trajectory, suggesting that they lacked resources to grow beyond this
size, while a similar flat growth trajectory occurred only at the largest size (15mm) in the water
lettuce treatment (see Figure 2). If larger snails in the water hyacinth treatment were unable to
grow or maintain their bodies due to poor resource quality, these snails may have been losing
soft tissue biomass within their shells, but we could not observe such shrinking in our experiment
because snail shells themselves do not shrink. Future work could use destructive methods to
document shrinking in tissue biomass for snails in similar poor resource conditions. Overall,
further energetic studies of snail growth using water hyacinth and water lettuce resources would
help inform our understanding of these trajectories.

Although the aforementioned effects of growth and reproduction occurred across all
starting size classes, only adult snails experienced substantial differences in mortality when fed
water hyacinth detritus. The two largest adult size classes in the water hyacinth treatment (12mm
and 15mm snails, in or near the proposed maximum range of Benson 2019) experienced 100%
mortality by week 5 of the experiment. In addition to their large size, these 12mm and 15mm
snails reproduced at high levels prior to their death. While 12mm and 15mm snails in the water

lettuce treatment also reproduced substantially, they did not suffer from increased mortality. Out
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of all snails fed water hyacinth, only smaller adult snails (8mm) both reproduced and survived
the course of the 12-week experiment, and even these snails experienced a moderate increase in
mortality compared to 8mm snails fed water lettuce; thus, it seems likely that a combination of
the cost of reproducing and the higher absolute cost of maintaining a larger body size explains
heightened mortality rates for adult snails in this treatment. The water hyacinth diet may not have
provided sufficient resources for both reproduction and body growth at larger sizes, resulting in
increased mortality. Given these potential trade-offs in allocation to growth, reproduction, and
mortality, future work on the impacts of water hyacinth on B. glabrata life history traits through
the lens of dynamic energy budget theory (Kooijman 2010) may be valuable. Prior work in B.
glabrata has also used dynamic energy budget models to link life history trait variation to
broader population dynamics (Malishev and Civitello, 2019), which would be particularly useful
when considering further connections between the effects of water hyacinth observed in this
study and the prior mesocosm experiment of Desautels et al.

The results of this study also provide further context for the water hyacinth shredding
mesocosm experiment described in Desautels et al. (in prep). As stated previously, in Desautels
et al., the addition of water hyacinth detritus to snail populations was associated with an increase
in snail growth and reproduction, but a failure in juvenile recruitment. However, the effects of
water hyacinth detritus on snail life history traits in this study were not sufficient to fully explain
this phenomenon, and size-based effects on mortality actually ran counter to predictions based on
observed mesocosm trends. Based on the growth and reproduction of large snails and lack of
juvenile recruitment in the mesocosm experiment, I initially predicted that juvenile B. glabrata
given a water hyacinth diet in this study would face negative effects on life history traits

(reduced growth, heightened mortality, and reduced cumulative reproduction), while adult snails
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given a water hyacinth diet would not face these negative effects. However, in this study’s life
table experiment, a water hyacinth diet negatively impacted the growth and reproduction of B.
glabrata snails regardless of initial size class, suggesting that all snails in this detritus treatment
experienced decreased overall health. Given these results, along with low levels of juvenile
mortality and high levels of adult mortality in the water hyacinth treatment, it seems unlikely that
consumption of water hyacinth as a sole food source -- and subsequent size-based effects on
snail life history traits -- was responsible for the juvenile bottleneck and increase in adult growth
and reproduction observed by Desautels et al. Alternatively, in the mesocosm experiment, the
utilization of water hyacinth as a diet subsidy along with a higher-quality periphyton diet may
have had different effects on life history traits than the uniform water hyacinth diet provided in
this life table experiment. Water hyacinth may also have impacted egg hatching rates in the
mesocosm by interfering with egg mass oxygenation, contributing to the observed juvenile
recruitment failure. Future research considering the effects of water hyacinth as a subsidy rather
than a complete diet and testing for potential effects of water hyacinth on B. glabrata egg
hatching may help further explain the mechanism underlying the water hyacinth-associated B.
glabrata juvenile recruitment bottleneck.

It is also worth noting that snails in this study were fed ad libitum, and at several points
during the experiment, snails in all 6 size classes fed water lettuce consumed all available
detritus and were thus fed increasing amounts (see Table 4 for weekly detritus amounts). On the
other hand, snails fed water hyacinth did not consume all detritus offered regardless of size class,
and were thus offered consistent amounts each week based on their initial size class. This
provides further evidence that water hyacinth is not a highly desirable or digestible food source

for snails. No known toxins have been isolated from water hyacinth, and both water hyacinth and
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water lettuce have been shown to contain high levels of the essential nutrients phosphorus and
nitrogen (Reddy & De Busk 1985). However, it is possible that the waxy cuticle of water
hyacinth, which prevents living leaves from decaying, interferes with snail digestion. Further
research is required to determine whether this cuticle or other characteristics make water
hyacinth a particularly low-quality sole food source for B. glabrata. In future research, it may
also be valuable to compare the effects of a water hyacinth detritus diet to the effects of
starvation to determine whether water hyacinth consumption has an active detrimental effect on
snails, such as toxicity, or whether it simply has such low digestibility or nutritional value that it
is unable to provide snails with adequate resources for growth, reproduction, and survival.
Overall, water hyacinth detritus negatively impacted all life history traits studied in
Biomphalaria glabrata. However, counter to my predictions, these effects were not exclusive to
juvenile snails. Instead, water hyacinth detritus reduced growth and reproduction for B. glabrata
individuals regardless of initial size class, altered the growth trajectories of snails across size
classes, and greatly increased mortality for larger snails. While the effects of water hyacinth on
B. glabrata life history traits in this study did not align with the juvenile bottleneck dynamics
observed in Desautels et al., they nonetheless provide insight into the ecological effects of diet
on individuals and the potential role of size in mediating B. glabrata resource allocation and
mortality in low-quality food environments. Given the controlled nature of this experiment, these
results are may not be directly generalizable to the field, but they do provide evidence that
increased B. glabrata growth and reproduction in prior population-level work (e.g., Desautels et
al., in prep), and the positive association observed between water hyacinth presence and
Biomphalaria abundance in the field (e.g., Mutuku et al. 2019, Plummer 2005) are not due to

consumption of water hyacinth detritus alone. In fact, based only on the results of this study,
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water hyacinth shredding would be expected to reduce the abundance and total biomass of B.
glabrata populations in the field if the resulting detritus were consumed as a sole food source.
Clearly, associations between snail hosts and water hyacinth are more complex than previously
assumed, and further study is needed to fully understand the ways that B. glabrata may interact
with and be affected by this plant across varied environments. These findings contribute to a
detailed, growing understanding of how a critical schistosomiasis host is impacted by invasive
water hyacinth and raise questions that merit further study about the effects of size, food quality,

and energy acquisition and allocation on Biomphalaria glabrata.
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APPENDIX A:
Tables of p-values for pairwise contrasts of estimated marginal means using the Tukey
method (R package: emmeans) based on general linear models fitted to experimental data (R

package: stats).

Table 1. Size contrasts by detritus type within each starting size class.

Starting Size Class  Detritus Type Contrast p-value = Significance

1 W. hyacinth - W. lettuce = 1.8 e-52 Fekk
2 W. hyacinth - W. lettuce = 7.9 e-46 Fkk
4 W. hyacinth - W. lettuce =~ 3.6 e-37 Kok
8 W. hyacinth - W. lettuce 1.8 e-29 *kok
12 W. hyacinth - W. lettuce ~ 8.7 e-8 *kk
15 W. hyacinth - W. lettuce ~ 3.8 e-2 *

Table 2. Size contrasts by starting size class within water lettuce detritus treatment.

Starting Size Class Contrast p-value  Significance

1-2 89e-1
1-4 10.0e-1
1-8 13e-1
1-12 10.0e-1
1-15 3.2e-2 *
2-4 8.4e-1
2-8 7.1e-1
2-12 7.6e-1

2-15 3.6e-1



4-8 9.9e-2
4-12 10.0e-1
4-15 2.3e-2
8-12 6.9 e-2
8-15 9.9e-1
12 -15 15e-2
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Table 3. Log-transformed cumulative egg count contrasts by detritus type within each

Starting Size Class

1

12

15

starting size class.

Detritus Type Contrast
W. hyacinth - W. lettuce
W. hyacinth - W. lettuce
W. hyacinth - W. lettuce
W. hyacinth - W. lettuce
W. hyacinth - W. lettuce

W. hyacinth - W. lettuce

p-value
8.1e-5
5.6 e-9
1.7e-13
8.2e-10
5.4 e-6

2.2e-4

Significance

*k*k
**%k
**%k
**k*
**k*

**k*
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Table of weekly detritus amounts given in life table experiment by starting size class and

detritus type. Detritus amount listed is the amount that snails were offered the week prior to data

collection. First week of data collection (just prior to addition of snails to life table cups and

provision of detritus) is Week 0.

Table 4. Weekly detritus amounts by starting size class and detritus type.

Week
1

W WWwWwwNDNDPNNDNMNNMNDNNDMNMdNMNMNMNdMNdNMNMNNPRPRPRPRPPRPRPRPRPRPRERRERE

Starting Size Class (mm)
1
2
4
8
12
15
1
2
4
8
12
15
1
2
4
8
12
15
1
2
4
8
12
15
1
2
4
8
12

Detritus Type

W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth

Detritus Amount (mg)
15
25
50
100

200
350
15
25
50
100
200
350
15
25
50
100
200
350
15
25
50
100
200
350
15
25
50
100
200



OO O OO OO oo orTortortorortortortortortortor o AP EAEAEERERPROWOWLOWWWWW

15

BN

12
15

BN

12
15

AN

12
15

AN

12
15

AN

12
15

AN

12
15

AN

12

W. Hyacinth
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce

350
25
50

100

200

350

350
15
25
50

100

250

350
50

100

100

200

350

350
15
25
50

100

200

350
75

100

150

200

350

350
15
25
50

100

NA

NA

100

150

200

270

350
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15

BN

12
15

BN

12
15

AN

12
15

AN

12
15

AN

12
15

AN

12
15

AN

12

W. Lettuce
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth

350
15
25
50

100

NA

NA

150

200

200

270

350

350
15
25
50

100

NA

NA

200

200

200

270

350

350
15
25
50

100

NA

NA

200

200

270

270

350

350
15
25
50

100

NA
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10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11
12
12
12
12
12
12
12
12
12
12
12
12

15

BN

12
15

BN

12
15

AN

12
15

AN

12
15

AN

12
15

W. Hyacinth
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Hyacinth
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce
W. Lettuce

NA
200
200
270
270
350
350
15
25
50
100
NA
NA
200
220
270
270
350
350
15
25
50
100
NA
NA
200
220
270
270
350
350
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