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Abstract Invasive bivalves are known to negatively impact aquatic ecosystems across the globe. Previous

research has demonstrated invasive bivalves can shift nutrients from the water column to the sediment, harm

native bivalves, and reduce phytoplankton biomass. However, bivalve effects vary with species and the region

where the invasion occurs. Therefore, we used mesocosm experiments to examine the impact of invasive

Corbicula fluminea on nutrient concentration and phytoplankton biomass in the water column of mesotrophic

and eutrophic Puerto Rican reservoirs. We used four treatments to determine the effect of C. fluminea on the

water column. We found C. fluminea did not have a significant effect on the ammonium, nitrate, or phosphorus

concentration in either the mesotrophic or eutrophic mesocosm experiments. Additionally, C. fluminea

presence did not significantly alter phytoplankton biomass, though Synedra dominated the phytoplankton

community when C. fluminea were absent. While C. fluminea may not have caused an effect in the water

column as it was potentially phytoplankton limited, the mesocosm experiment conditions reflect the natural

environment, indicating phytoplankton limitation could be an issue in the reservoirs. Our findings suggest C.

fluminea does not have a large effect on nutrient concentration or phytoplankton biomass in eutrophic and

mesotrophic Puerto Rican reservoirs. This study represents the first effort to examine the effects of C. fluminea

presence on the water column of a tropical reservoir.
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Introduction

Invasive bivalves are an issue world-wide and can alter aquatic ecosystems via removal of organic matter from

the water column, increasing the depth of light penetration and increasing nutrient availability (Strayer et al.
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1999; De Stasio et al. 2008). Additionally, bivalves can influence phytoplankton community structure through

filter feeding (Strayer et al. 1999) and are able to shift the main energy pathway from pelagic to benthic based

on nutrient concentrations (Vaughn and Hoellein 2018). Invasive bivalves can also negatively affect native

bivalves by reducing their growth (Ferreira-Rodrı́guez et al. 2018). Though invasive bivalves have caused

similar changes across ecosystems, their effects vary depending on characteristics such as bivalve traits and

environmental nutrient loading (Vaughn and Hoellein 2018).

Corbicula fluminea (Müller 1774), a highly invasive clam, has had varying effects on water column nutrient

concentrations. Some studies indicate C. fluminea could potentially decrease nutrient availability in shallow

reservoirs, sequestering nutrients in the sediment by filtering the water column (Patrick et al. 2017). Mean-

while, other studies have found C. fluminea shift nutrients from the sediment to the water column (Coelho

et al. 2018). Regardless of directionality, alterations in water column nutrient concentrations as a result of C.

fluminea presence could affect the structure of the phytoplankton community.

Additionally, previous research has found C. fluminea can affect the phytoplankton community directly,

reducing phytoplankton biomass through filter feeding (Cohen et al. 1984; Sousa et al. 2008). Though filter

feeding removes phytoplankton from the water column, C. fluminea can excrete partially digested phyto-

plankton cells, creating pseudofeces (Hill and Knight 1981; Vaughn and Hakenkamp 2001). Pseudofeces

indicate the phytoplankton were not completely digested (Way et al. 1990). While it is unclear why some

species may not be consumed, studies have suggested feeding preference may relate to phytoplankton size,

nutritional content, or toxicity (Liu et al. 2009; Vaughn and Hoellein 2018).

C. fluminea have invaded aquatic ecosystems throughout the United States, South America, Europe, and

Puerto Rico (Beasely et al. 2003; McMahon 2002; Williams et al. 2001). The first documented discovery of C.

fluminea in Puerto Rico was in 1998 in the Cayey River on the north side of the island. Since its discovery, C.

fluminea has been found in three different watersheds and its spread will likely continue throughout fresh and

brackish waters across Puerto Rico (Williams et al. 2001). This study represents an important first step in

understanding how to manage a potentially wide-spread invasive bivalve in Puerto Rico, as the effects of C.

fluminea can vary by region (Rosa et al. 2011). Additionally, while one study has examined the effect of C.

fluminea on the benthic community in neo-tropical reservoirs (Linares et al. 2017), this is the first to examine

the impacts of C. fluminea on the phytoplankton community in tropical reservoirs.

In this study, we use mesocosms to determine the effect of C. fluminea on nutrient concentrations and

phytoplankton community structure in two Puerto Rican reservoirs. Additionally, we examine whether the

response magnitude of these two variables differed depending on feeding mechanism (i.e. only filter feeding or

filter and pedal feeding). We also evaluate whether the initial nutrient concentration (eutrophic and meso-

trophic) influences the impact of C. fluminea as other invasive bivalves seem to increase phytoplankton

biomass more in low phosphorus environments, specifically cyanobacteria biomass (Raikow et al. 2004;

Sarnelle et al. 2005; Knoll et al. 2008). Based on previous research, we hypothesized (1) treatments with C.

fluminea will decrease phytoplankton biomass and nutrient concentrations in the water column more than

treatments without C. fluminea present and (2) treatments with C. fluminea restricted to filter feeding will have

less phytoplankton biomass and lower nutrient concentrations than treatments with C. fluminea that are able to

filter and pedal feed.

Materials and methods

Site description

Puerto Rico has 18 major reservoirs spread throughout the island, and these reservoirs serve a variety of

functions, including hydropower, drinking water, and recreation (DRNA 2008). We selected two reservoirs

with differing trophic levels to examine whether the trophic classification of a reservoir influences the effect of

C. fluminea on the ecosystem. We used water from Lago Guajataca and Lago La Plata as representative of

reservoirs classified as mesotrophic and eutrophic, respectively. The mesotrophic Guajataca reservoir has a

median total phosphorous (TP) concentration of 10 lg/L and a median total nitrogen (TN) concentration of

0.28 mg/L within 1 m of the surface, and the eutrophic La Plata reservoir has a median TP of 49 lg/L and

median TN of 0.55 mg/L (Martı́nez-Rodrı́guez et al. 2015).
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Experimental design

We conducted two separate mesocosm experiments using water and sediment taken from a mesotrophic and

eutrophic reservoir. We carried out the mesotrophic mesocosm experiment in March 2011, and the eutrophic

mesocosm experiment in May 2011. We ran each mesocosm experiment for 14 days, which is within the

running time frame of mesocosms evaluating nutrient effects by C. fluminea (6–18 days; Coelho et al. 2018;

Crespo et al. 2018).

Each individual mesocosm was contained within a 20 L white plastic bucket (30.5 cm diameter, 38.1 cm

tall) and contained 11 L of reservoir water. The mesocosm treatments with sediment also contained 700 g

(* 9 cm) of reservoir sediment. Sediment was collected from the mesotrophic or eutrophic littoral zone of

each reservoir and completely dried outside in ambient conditions prior to the start of the experiment.

Although we did not formally analyze sediment features, the sediment used from both reservoirs was a

mixture of fine silt and clay, likely originating from the surrounding land as these reservoirs experience high

sediment loading (Ortı́z-Zayas et al. 2004). We used the Olsen P method to determine the phosphorus content

of both soil types (Pierzynski 2000) and found the mesotrophic sediment to have an Olsen P of 9.25 mg P/kg,

while the eutrophic sediment had 20.25 mg P/kg. We collected the water from the littoral zone of the

reservoirs using plastic buckets and transported the reservoir water to the experiment site on day 0 of the

mesocosm experiment.

C. fluminea individuals of the same size (30.8 mm ± 1.34 mm) were collected from a pond located at the

Agriculture Experimental Station in Lajas, Puerto Rico (18� 201200 N and 67� 305500 W) and starved for 72 h

prior to the experiment to avoid contamination via pseudofeces (Silverman et al. 1995). The clam treatments

received ten clam individuals per bucket. This density was derived from the maximum density (172 indi-

viduals/m2) observed in the literature (Karatayev et al. 2003) and scaling to the mesocosm size. We used the

maximum observable clam density to evaluate the most extreme expected effects. Clam mortality was not

significant, as only one individual died over the course of both experiments. The dead clam was removed and

not replaced as only 1 day of the experiment remained. Additionally, there was no difference in clam biomass

between the beginning and end of either experiment within individual mesocosms.

Each mesocosm was continuously aerated with a bubbler and experienced ambient air temperature shifts.

While we placed the buckets underneath a shade cloth to minimize direct sun exposure, the mesocosms were

subjected to natural light cycles (* 12–13 h of sunlight). We measured irradiance during each experiment

and recorded ranges between 685–944 lmol m2/s1 (March) and 1192–1368 lmol m2/s1 (May). Temperature,

dissolved oxygen, and pH were measured in each mesocosm every other day using a YSI Pro Plus multi-

parameter handheld meter. We did not replace reservoir water within the mesocosms, which is consistent with

other studies (Coelho et al. 2018; Crespo et al. 2018); however, treatments without sediment were manually

stirred daily using a meter stick to maintain a homogenous mixture of the phytoplankton community. We did

not stir sediment treatments to avoid sediment resuspension and to allow for chlorophyll a and phytoplankton

community sampling at the end of the experiment.

Both mesocosm experiments had 4 treatments and each treatment had 4 replicates, for a total of 16

mesocosms per experiment. One treatment had clams and reservoir water (C ? W), while a second treatment

served as a control, with only reservoir water (W). These treatments isolated the impact of filter feeding on the

pelagic phytoplankton community and nutrient concentrations. A third treatment included clams, reservoir

water, and reservoir sediment (C ? W ? S), and a fourth treatment had only reservoir water and reservoir

sediment (W ? S). With the inclusion of sediment, we could evaluate the potential additive effects of filter

and pedal feeding on the phytoplankton community and nutrient concentrations in the water column. We

assumed pedal feeding occurred in the sediment treatment (C ? W ? S) since the clams were submerged, but

we did not quantify pedal feeding.

We removed 420 mL of water to evaluate the phytoplankton community, chlorophyll a, and nutrient

concentrations in all treatments on days 0, 1, 7 and 14. However, we were unable to determine the phyto-

plankton community structure and chlorophyll a concentration on days 1 and 7 in sediment treatments due to

the high amount of sediment in the samples. We took the day 0 sample before the experiment began (i.e. no

sediment or C. fluminea present) to have an initial measurement for all water column parameters. To deter-

mine the concentration of nitrate (NO3
-) and ammonium (NH4

?), we filtered the water sample using a 0.2 lm
glass microfiber filter (Whatman). We determined dissolved phosphate (DP) concentrations in the mesotrophic
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experiment, but total phosphate (TP) concentrations in the eutrophic experiment to obtain a better estimate of

potentially available phosphorus as there was a large amount of suspended sediment in select treatments. The

water samples were preserved with one drop of H2SO4 and sent to the Martinez–Rodriguez lab at the

International Institute of Tropical Forest’s Soil and Water Quality for processing where all analytical pro-

cedures were performed according to those established in an EPA-approved Quality Assurance Project Plan

(QAPP) for nutrient levels in Puerto Rican reservoirs (USEPA 1999).

To examine the phytoplankton community, we preserved the sample using Lugol’s solution and used a

modified form of the Utermohl method (Utermohl 1958; Paxinos and Mitchell 2000) identifying phyto-

plankton to the lowest taxonomic level possible using several guides (Collins 1909; Smith 1950; Wehr and

Sheath 2003). Through published geometric formulas, we calculated the average cell biovolume of each

phytoplankton level (Hillebrand et al. 1999) and assumed phytoplankton had a specific gravity of 1 g/cm3 to

convert to wet biomass (Riemann et al. 1989; Knoll et al. 2008). We determined chlorophyll a concentration

using the protocol for identifying chlorophyll a in marine and freshwater algae through fluorescence originated

by the US Environmental Protection Agency (Arar and Collins 1997).

We used a repeated-measure ANOVA to compare phytoplankton biomass, chlorophyll a concentration, and

the physical parameters in SAS for each mesocosm experiment (version 9.1, � 2002–2003). We analyzed

each reservoir separately, as our comparisons were focused on examining changes in all parameters both

within and between treatments.

Results

Abiotic changes

The temperature in the mesotrophic experiment ranged from 18.7 to 29.2 �C, while temperatures in the

eutrophic mesocosms ranged from 23.9 to 32.2 �C. There was no significant difference between temperature,

pH, or dissolved oxygen among the four treatments in either study (Table 1) or between experiment days 1

and 14. In sediment treatments, chlorophyll a and the phytoplankton community were only examined on day

14, once the sediment settled out of the water column.

Mesotrophic experiment

Chlorophyll a was lower in the C ? W treatment than in the W treatment on day 1 (8.96 lg/L and 35.13 lg/L;
p\ 0.001; Table 1a). This represented an 80% decrease in the chlorophyll a of the C ? W treatment within

24 h. On day 14, the C ? W treatment had a chlorophyll a of 8.06 ± 0.95 lg/L, which was over 30% higher

than all other treatments (mean = 4.87 ± 1.41 lg/L; p = 0.19). The ammonium, nitrate, and DP concentra-

tions in the C ? W and W treatments were not significantly different at the end of the study period, though

nitrate increased in both treatments to 1 mg/L on day 14 (Fig. 1). Total phytoplankton biomass was lower on

day 14 than day 0 in both the C ? W and W treatments, but the difference between the initial and final

biomass was larger in the C ? W treatment (Fig. 2; Table 2).

In the C ? W treatment, the biomass of all taxonomic groups decreased, especially that of Tetraedron

(Kützing 1985), which disappeared by day 7 (Fig. 2). On day 7, the biomass was dominated by the ‘‘other’’

group, which included Peridinium (Ehrenburg 1830), Pandorina (Bory 1824), Staurastrum (Meyen ex Ralfs

1848), Crucigenia (Morren 1830), Merismopedia (Meyen 1839), Treubaria (Bernard 1908), Scenedesmus

(Meyen 1829), Pediastrum (Meyen 1829), centric diatoms, desmids, and one unidentified genera. However,

the biomass mostly consisted of green algae, including Pediastrum. In the W treatment, Tetraedron persisted

and there was a shift in the dominance of the biomass from Navicula (Bory 1822) at the beginning of the

experiment (35% of total biomass) to Synedra (Ehrenberg 1830) at the end (76% of total biomass, Fig. 2b).

Although the Synedra biomass appears to be larger in the W treatment than the C ? W treatment on day 14,

this difference is not significant (two-tailed t test p = 0.12). On day 14, the phytoplankton biomass of the

W ? S treatment was dominated by the ‘‘other’’ group (100%), while the C ? W ? S treatment was made up

of Navicula, Synedra, and ‘‘other’’.
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Treatments with sediment (C ? W ? S and W ? S) had a lower phytoplankton biomass than those

without sediment (C ? W and W) on day 14 (p = 0.05; Table 2). In the C ? W ? S and W ? S treatments,

ammonium concentration doubled within 24 h (Fig. 1a). On day 7, the C ? W ? S had a significantly higher

ammonium concentration than W ? S (p = 0.001), but this difference did not persist to day 14 (Fig. 1a). The

nitrate concentration increased in both the C ? W ? S and W ? S treatments over the course of the

experiment (Fig. 1b), but the nitrate levels between treatments were not significantly different on any day. In

the C ? W ? S treatment, DP levels peaked on day 1 at 45 lg/L and then decreased by over 60% by day 14,

where the DP levels were not different between any treatments (p = 0.49, Fig. 1c).

Fig. 1 Mean concentrations measured in the mesotrophic experiment for a ammonium, b nitrate, and c dissolved phosphate. Day

0 is the concentration measured in the containers, before the water was distributed. The bars associated with each point represent

the standard error. If no bars are visible, it indicates a small error. Note that the scales and units are not the same
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Eutrophic experiment

Chlorophyll a was higher in the C ? W treatment than in the W treatment initially (p\ 0.0001; Table 1b).

However, chlorophyll a in the C ? W treatment decreased by 70% each sample date after day 1 (p\ 0.001),

while the chlorophyll a in the W treatment decreased by over 90% from day 1 to 7. At the end of the

experiment, there was no difference in chlorophyll a between the four treatments. There was no significant

change in the ammonium, nitrate, or TP concentration in the treatments without sediment (C ? W and W)

throughout the experiment (Fig. 3). As observed in the mesotrophic experiment, total phytoplankton biomass

was lower on day 0 compared to day 14 in both the C ? W and W treatments (Fig. 4).

On day 1, phytoplankton biomass in the C ? W treatment was higher than in the W treatment (38.01 mg/L

and 28.24 mg/L, respectively; p = 0.034; Table 2), but Peridinium dominated both treatments, comprising

over 95% of the total biomass. However, Peridinium biomass in C ? W and W treatments decreased by over

90% from the beginning to the middle of the experiment, and Synedra appeared on day 7 (Fig. 4). Although

Synedra tended to dominate at the end of the experiment in both the C ? W (87% of total biomass) and W

treatments (92% of total biomass), Synedra biomass in the W treatment was nearly double that of the C ? W

treatment (8.06 mg/L and 4.51 mg/L, respectively, Fig. 4). Although the ‘‘other’’ group did not make up a

large proportion of the phytoplankton community, it consisted of Anabaena (Bory ex Bornet and Flahault

1886), Coelastrum (Nägeli 1849), Crucigenia, desmid, Eudorina (Ehrenberg 1830), filamentous algae,

Merismopedia, Pandorina, Scenedesmus, Spirogyra (Link 1820), Staurastrum, and Tetraedron.

Fig. 2 Mean biomass from the mesotrophic experiment separated by phylogenetic level for a the C ? W treatment and b the W

treatment. The levels which composed a lower percentage of the biomass were added together to form the category ‘‘other’’. These

minor genera include Peridinium, Pandorina, Starastrum, Crucigenia, Merismopedia, Treubaria, Scenedesmus, Pediastrum,

centric diatoms, desmid, and an unidentified genus
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At the end of the experiment, treatments with sediment had lower phytoplankton biomass than those

without (p = 0.021). On day 1, the ammonium level was highest in the sediment treatments (C ? W ? S and

W ? S), with an average of 2.28 ± 0.72 mg/L (Fig. 3a). However, on day 14, treatments with and without

sediment had similar ammonium concentrations. Nitrate increased in the sediment treatments by the middle of

the experiment, with the nitrate concentration of the C ? W ? S treatment peaking on day 7 (10.06 mg/L).

However, there was over a 95% decrease in the nitrate level of sediment treatments from the middle to the end

of the experiment (Fig. 3b). There was an immediate increase in the TP in treatments with sediment, which

then decreased over the duration of the experiment (Fig. 3c). The highest TP level was 1.59 ± 0.63 mg/L in

the sediment treatments. TP then decreased by 70% from day 1–7, and on day 14, there was no difference in

TP between treatments (p = 0.09).

Fig. 3 Mean concentrations measured in the eutrophic experiment for a ammonium, b nitrate, and c total phosphate. Day 0 is the

concentration measured in the containers, before the water was distributed. The bars associated with each point represent the

standard error. If no bars are visible, it indicates a small error. Note the difference in scale
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Discussion

Though C. fluminea have caused documented changes in nutrient concentration and phytoplankton commu-

nities world-wide, their impact within tropical systems are understudied (but see Linares et al. 2017). Using

mesocosm experiments that represented Puerto Rican reservoirs, we examined the effect of C. fluminea on

phytoplankton communities in systems with differing nutrient classifications. We did not observe a sustained

effect on the phytoplankton community or nutrient concentration as a result of clam presence in either the

mesotrophic or eutrophic mesocosm. However, there was an overall loss of phytoplankton biomass by day 14

and Synedra dominated the phytoplankton community when C. fluminea were excluded in treatments without

sediment. The results of these mesocosm experiments suggest C. fluminea do not have a large effect on

tropical reservoirs classified as mesotrophic or eutrophic.

Nutrient concentrations did not differ when C. fluminea were present in treatments without sediment,

though we expected C. fluminea to increase nutrients through the production of metabolic wastes such as

ammonium and phosphate. Although a lack of an observable effect of C. fluminea on nutrient concentrations is

not supported by previous studies (Lauritsen and Mozley 1989; Way et al. 1990), we can explore potential

driving factors. One explanation could be food limitation, as Foe and Knight (1985) found C. fluminea become

Fig. 4 The mean biomass for the eutrophic experiment separated by level for a the C ? W treatment and b the W treatment. The

levels which were determined to make up a lower percentage of the biomass were added together to form the category ‘‘other’’.

These minor genera include Starastrum, Eudorina, Scenedesmus, Merismopedia, Crucigenia, Anabaena, Pandorina, Coelastrum,

Tetraedron, filamentous algae, and desmid
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food limited at chlorophyll a concentration below 47.3 lg/L. Although the initial chlorophyll a concentration

for both experiments was high (50.0 lg/L in mesotrophic, 336.4 lg/L in eutrophic), it dropped below the

suggested limiting level by the experiment’s end (5.7 lg/L in mesotrophic, 11.3 lg/L in eutrophic). Addi-

tionally, previous mesocosm studies report C. fluminea increase nutrients by moving nutrients from the

sediment to the water column (Coelho et al. 2018) suggesting pedal feeding was occurring when these

nutrients shifted. Thus, it is possible C. fluminea restricted to filter feeding were food limited, and this resulted

in little-to-no nutrients being excreted. However, starving C. fluminea decrease in biomass (Vohmann et al.

2010) and we did not observe a significant change in biomass.

A compounding issue could be the water temperatures recorded during the experiments, as high temper-

atures elevate an ectotherm’s metabolism. Given that the highest temperature measured during the study

(32.2 �C) lies toward the upper limit of C. fluminea’s range (36 �C: McMahon 2002), C. fluminea would most

likely have needed to consume more food than its normal metabolic rate requires (Hakenkamp and Palmer

1999). Although these temperatures may seem lethal given C. fluminea’s historic range, we observed C.

fluminea surviving in temperatures up to 38 �C for multiple days in pre-trial mesocosm experiments (Chappell

unpublished data). Additionally, the temperatures C. fluminea were subjected to in the mesocosm experiments

are similar to natural reservoir conditions, as temperatures of 30.9 �C have been recorded in both the

mesotrophic and eutrophic reservoirs (Chappell 2012). Dissolved oxygen concentrations may also have

restricted the nutrient excretion of C. fluminea. Previous research found C. fluminea is not able to regulate its

oxygen uptake as conditions become more anoxic (McMahon 2002). Despite these experiments being con-

ducted in a seemingly high-stress environment, only one clam mortality was recorded and there was no

measurable change in clam biomass from the beginning to end of both experiments. Nevertheless, the

mesocosm conditions could explain why C. fluminea did not impact nutrient concentrations.

Although we predicted C. fluminea would affect the phytoplankton community, as previous research

indicated that clams lower total phytoplankton biomass through filter feeding (Cohen et al. 1984; Vaughn and

Hoellein 2018), this was not observed. Clams did lower the phytoplankton biomass initially in the mesotrophic

experiment, but this trend was not sustained over the course of the experiment. This finding is supported by

Bullard and Hershey (2013), who did not observe a large C. fluminea effect in their mesocosm study. The

authors surmised this resulted from a combination of a short experiment time (12 h) and slow filter-feeding

rate; however, the duration of the experiment is not likely the issue in our study. We determined ten C.

fluminea could filter the entire 11 L water column within a maximum of 5 days using filtration rates found by

previous studies (Way et al. 1990). Though an unusually slow filter feeding rate might be the reason there was

no effect on the phytoplankton biomass by C. fluminea, this would not explain the decrease in phytoplankton

biomass in the W treatments.

While C. fluminea did not affect the phytoplankton biomass over the long term, there were some initial

changes in the phytoplankton community structure when clams were present. In the mesotrophic C ? W

treatment, Tetraedron, a small green alga, was not observed in the phytoplankton community after day 7, but

Pediastrum, a green alga large in size and biomass, began to increase in abundance. Loss of a phytoplankton

genus was unexpected as previous studies reported no preferential feeding by C. fluminea (Way et al. 1990;

Boltovskoy et al. 1995). The mechanism for the observed increase in Pediastrum could be predation escape

via a reduced sinking rate due to its shape, a factor known to decrease the sinking rate of other phytoplankton

genera (Padisak et al. 2003). However, it seems Pediastrum was only able to avoid C. fluminea for a short

period until the individuals eventually sank and/or were consumed, as abundance declined by day 14. Despite

some initial changes, by the end of the experiment, no phytoplankton genera dominated the phytoplankton

biomass when C. fluminea were present.

The concurrent decline in phytoplankton biomass in the C ? W and W treatments in both mesocosm

experiments could have resulted from excess light exposure. Some phytoplankton species are sensitive to

light, such as Peridinium, an armored dinoflagellate. Even though the experiment was conducted in a shaded

enclosure, irradiance measurements taken above the mesocosms revealed all values were higher than the

irradiance level at which significant photoinhibition has been observed for Peridinium cinctum

(1100 lmol m2/s1) (Kok 1956; Regel et al. 2004). Peridinium typically migrates over 2 m to reach depths that

are optimal for photosynthesis (Regel et al. 2004), which was not possible in the shallow mesocosms where

the average depth was less than 0.5 m. Additionally, dinoflagellates have been shown to experience negative

growth rates when above an optimal depth of approximately 0.6–0.73 m (Whittington et al. 2000; Regel et al.
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2004). It is thus highly plausible Peridinium, and other phytoplankton individuals within the mesocosms,

experienced photoinhibition and other stressors, such as nutrient limitation, that prevented an increase in

phytoplankton biomass independent of clam presence.

One similarity between the mesotrophic and eutrophic mesocosm experiments is that the genus Synedra

dominated the phytoplankton biomass by day 14 in the W treatment. Synedra is a long, needle-like pennate

diatom, giving it a high surface area–to-volume ratio and thus a high affinity for phosphorus (Makulla and

Sommer 1993; Grover et al. 1989). The increase in the Synedra population could be due to the genus

outcompeting other phytoplankton for nutrients within the mesocosm experimental design; however, we did

not see this response when clams were present (C ? W treatments). Thus, it is likely C. fluminea maintained a

lower Synedra biomass through predation, as clams are known to consume Synedra (Boltovskoy et al. 1995).

It was difficult to determine whether allowing C. fluminea to filter and pedal feed (C ? W ? S) had a

different effect on the phytoplankton community or nutrient concentration as there was a high amount of

suspended sediment. This initial sediment suspension within mesocosms was not a result of clam activity, but

instead due to experimental design and fine sediment. Additionally, the mesocosms with sediment were not

stirred to avoid sediment resuspension and to allow for chlorophyll a and phytoplankton community sampling.

This suggests that though we observed differences in the phytoplankton community structure between the

C ? W ? S and C ? W treatments on day 14, the structure could be a result of phytoplankton sinking out of

the water column or a lack of light availability from the initial turbidity. Thus, conclusions related to how filter

and pedal feeding interact to influence nutrients and phytoplankton in the water column remain unresolved.

Focusing on nutrient dynamics in sediment treatments, we can explore these results in the context of a

sediment resuspension event, which is common in lakes (Wetzel 2001) and Puerto Rican reservoirs after large

rainfall events (Yuan et al. 2015). Ammonium present in sediment can be released into the water column

(Reddy et al. 1996), and previous research has found a correlation with increased water column phosphorus

concentrations and the resuspension of sediment through wind action (Kristensen et al. 1992; Reddy et al.

1996). Suspended sediment in the water column is likely the source of the observed increase in phosphorus

and ammonium concentrations in sediment treatments, as water transparency was inversely correlated with

these levels over time (personal observation). Additionally, the spike in nitrate observed likely resulted from

nitrification (Wetzel 2001). Though nitrification also occurred in treatments without sediment, sediment

contains more active bacteria than the water column (Jones 1979) suggesting sediment presence will lead to

increased nitrification in aerobic conditions.

We expected C. fluminea to have a larger effect on phytoplankton biomass in the mesotrophic system, given

previous evidence suggesting the impact of invasive bivalves varies with nutrient classification (Vaughn and

Hoellein 2018). Although bivalve nutrients can become less significant when nutrient levels increase in an

ecosystem (Spooner et al. 2013), previous studies show C. fluminea can provide over 30% of the nutrients

phytoplankton uptake (Lauritsen and Mozley 1989). However, our experimental results do not indicate an

ecological effect of C. fluminea in either the mesotrophic or eutrophic mesocosm. This discrepancy could be

an artifact of the original phytoplankton community structure. Previous studies that found the effect of

invasive bivalves vary with initial nutrient concentrations focused on changes in cyanobacteria biomass,

specifically Microcystis aeruginosa (Raikow et al. 2004; Sarnelle et al. 2005; Knoll et al. 2008). We may not

have observed nutrient classification mediating C. fluminea effects, as our initial phytoplankton community

contained minimal cyanobacteria and no M. aeruginosa. Future studies could further explore whether C.

fluminea effects vary with nutrient classification when cyanobacteria are present.

We recognize there are many artifacts of our mesocosm experiment that could have resulted in a lack of an

effect of C. fluminea, including low dissolved oxygen, high temperature, food limitation, and excessive

irradiance. While these conditions may be stressful to C. fluminea, the mesocosm experiments replicate the

natural Puerto Rican reservoir environment. Additionally, though treatments with clams demonstrated initial

spikes in ammonium and nitrate concentrations, elevated nutrient levels did not persist through day 14 in

either mesocosm study. This suggests clams may not cause a long-term increase in nutrient concentrations in

tropical reservoirs. Sampling both the mesotrophic and eutrophic reservoirs for C. fluminea revealed nearly all

individuals were less than 13 mm in length and likely under 1-year-old (Estrella-Riollano 2012). As C.

fluminea has been present in the eutrophic reservoir since 2001, this indicates the survival rate for adult clams

is low in these reservoirs, possibly due to harsh conditions.
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Previous studies have shown C. fluminea to be capable of creating large, persistent changes within an

ecosystem; however, this was not the case for Puerto Rican reservoirs based on our mesocosm experiments.

We suggest additional studies be conducted to further explore our initial findings and recommend future

mesocosm experiments restock nutrients and shorten the duration of the experiment to avoid C. fluminea

potentially becoming food limited. However, as this was the first attempt to examine the effects of C. fluminea

in tropical reservoirs, these mesocosm experiments represent a key first step in understanding how these

systems could change in response to an invasive bivalve. Though we did not observe long-term shifts in

nutrient concentrations or phytoplankton biomass in the water column, Puerto Rican reservoir managers

should continue to monitor C. fluminea as the clams may influence other dynamics we did not evaluate, such

as water clarity or sediment microbial communities. While we recognize there are limitations to the con-

clusions which can be drawn from our study, our results suggest C. fluminea does not have the same effect in

tropical reservoirs as in other freshwater systems.
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associated with ecological thresholds of impairment: an approach to estimate numeric nutrient criteria for reservoirs of

Puerto Rico. J Agric Univ PR 99(2):63–86

McMahon RF (2002) Evolutionary and physiological adaptations of aquatic invasive animals: r selection versus resistance. Can J

Fish Aquat Sci 59:1235–1244
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