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planktivorous, where heavy feeding upon their preferred food source of large
crustacean zooplankton often results in changes to composition and size

structure within this trophic guild which in turn can result in shifts within the
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relationships (Log Wwt. = —5.503 + (3.101 x Log Length). Mean MC (0.003

pg-g™' dwt) and BMAA (4.49 pg-g™' dwt) concentrations in the muscle tissue
of out-migrating juveniles were presumably derived from benthic subsidies,

in a shift from planktivory to benthic detritivory for the majority of their life

exporting freshwater cyanotoxins and creating a potential transfer to con-
sumer of 0.0012 pg MC and 1.85 pg BMAA. Biodilution of MC and biomag-
nification of BMAA were observed. Depletion of the crustacean biomass
by >95% resulted in an increase in the rotifer biomass, where Log crustacean
(pg-L7" dwt) = —5.642 — (7.976 x Log rotifer (ug-L™' dwt), and an increase in
the amount of potentially edible <50 pm cyanobacterial biomass (r(8) =
—0.676, p = 0.046). A secondary cascade appears to have been maintained via
invertebrate planktivory by Chaoborus spp.; however for a period of time ed-
ible cyanobacteria growth exceeded grazing pressure, resulting in a bloom of
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edible cyanobacteria. Continued grazing resulted in a shift to larger, inedible
cyanobacterial communities where late season (October) surface accumula-
tions were observed. The mass occurrence of juvenile Alosa pseudoharengus
appears to be coupled to the sequential increases of cyanobacterial biomass
via its influence on the trophic spectrum. Overall, the rotifer biomass (pg-L™")
was positively correlated with MC (pg:mL™) (r(8) = 0.577, p = 0.104), and
negatively correlated with BMAA (pg-L™") (r(8) = —0.388, p = 0.373) in the
edible cyanobacterial fraction of the water column, although neither of these
were significant.

Keywords
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1. Introduction

Aquatic ecosystems, including lakes, harbor community food webs, were sup-
ported by the complex interactions between a myriad of biotic and abiotic fac-
tors [1]. In temperate zones, freshwater lakes can display seasonal patterns in-
dicative of changes in nutrient supply, community composition, relative abun-
dance, and survivorship giving rise to diverse populations [2] [3] within a
trophic spectrum [4]. The trophic spectrum concept recognizes traditional ver-
tical models using nutrients (“bottom-up”) and predator-prey relationships
(“top-down), horizontal influences (trophic compensation, keystone species) and
subtle resource-driven opportunistic behaviors that sculpt populations [5] [6] [7].
A frequently studied trophic spectrum within lakes involves plankti-
vore-zooplankton-phytoplankton—nutrient source interactions [8]-[13] with
many of them focusing on the anadromous alewife, Alosa pseudoharengus
[14]-[19]. Anadromous alewife are particularly interesting, as they fulfill dual
roles, acting as the planktivore [8] [14] [15] [16] as well as an exogenous source
of marine-derived nutrients [20], exerting both “top-down” and “bottom-up”
influence on the zooplankton and phytoplankton populations and resultant wa-
ter quality conditions within a lake ecosystem [21] [22].

The phytoplankton populations within lake ecosystems are typically diverse,
and can include different classes of eukaryotic algae, such as Chlorophyceae
(green algae), Dinophyceae (dinoflagellates) and Bacillariophyceae (diatoms) as
well as the prokaryotic Cyanophyceae (blue-green bacteria) [23]. Collectively,
the cyanobacteria include upwards of 50 different genera [24], with Microcystis
spp., Dolichospermum spp. and Aphanizomenon spp. being among the most
common bloom-forming cyanobacteria encountered in New England [25]. Phy-
toplankton populations exhibit periodicity in response to abiotic and biotic va-
riables [26]. The composition of cyanobacterial populations has been shown to

undergo seasonal shifts in response to light, temperature and nutrient ratios [27]
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[28] [29], as well as the presence of planktivores [30], other predators [31] and
grazing zooplankton [11] [14], resulting in a shift from edible to inedible forms
[4] creating bloom conditions. Cyanobacteria can produce toxic compounds
(cyanotoxins), including dermatoxins, neurotoxins and hepatotoxins [32] [33]
[34] the presence of which can vary depending on the composition of the cya-
nobacterial population. Cyanotoxins create risk to human health and the envi-
ronment through a number of exposure pathways [35]. Within aquatic systems
that support fish populations, exposure can occur via direct ingestion (dissolved
and particulate forms) from the water column and/or benthic zone, as well as
transfer within the food web [36] [37] [38], where the most commonly studied
cyanotoxins include microcystin (MC) and its variants [36] [39] [40] [41], as
well as beta-methyl-alanine amino acid (BMAA) [37].

The purpose of this study was to examine a freshwater aquatic system with
populations of cyanobacteria and anadromous Alosa pseudoharengus, with a
particular emphasis on the impacts of the juvenile stage on the lake ecology,
prior to their outmigration. We wanted to 1) document the presence cyanobac-
teria and cyanotoxins, specifically microcystins and BMAA, within the aquatic
system for the entire juvenile life history period, 2) determine whether juvenile
Alosa pseudoharengus accumulate the cyanotoxins and at what levels, and 3)
describe the trophic spectrum that links cyanobacteria with juvenile Alosa

pseudoharengus.

2. Materials and Methods

Studied Site

Lower Mill Pond (Latitude: 41.73°N; Longitude: —70.11°W) is a groundwa-
ter-flooded kettle hole lake located in Brewster, MA. USA, with a maximum
depth of 3.9 m, is 20.2 ha in size (550,406 m~) with a 38 day residence time dur-
ing the spring months that increases to 78 days during the summer months of
June to September [42]. Lower Mill Pond is the terminus of a multi-pond system
that includes Walkers Pond and Upper Mill Pond, discharging into Stony Brook
(Figure 1). Stony Brook is the site of the largest diadromous herring run in the
Cape Cod North Watershed, and the fourth largest among all herring runs
within the Cape and Islands watersheds [43]. The annual in-migration of adult
Alosa spp. into Lower Mill Pond to spawn typically begins in mid to late April,
peaks in early May and continues until mid-June [43] [44]. Migrating adult A/o-
sa spp. were counted at the inlet to Lower Mill Pond from 5 May, 2019-1 June,
2019 [45]. The estimated Stony Brook run size over the past five years has fluc-
tuated from 271,363 in 2014 to 104,135 in 2019. Although alewife densities were
not estimated in 2019, a previous study conducted in 2014 [44] showed that ju-
venile alewife decreased through the summer from 111.2 m™ in June to 3.62 m™
in August.

Sample Collection

All samples were collected on a bi-weekly basis from May-October 2019 from
the deep site (Figure 1). Integrated whole lake water (WLW) was collected to a
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Figure 1. Map of USA, state of Massachusetts and location (black star) of Lower Mill
Pond, Brewster, MA.

depth of 3 m. Subsamples were passed through a 53 pm ring net into a 125 mL
darkened amber bottle, subsamples (5 mL and 20 mL) removed with a pipette
and placed into darkened microvials and 20 mL HDPE vials (respectively) and
frozen at —20°C. Net plankton was collected using a Students Plankton net (15
cm diam., 53 um mesh), lowered to a 3 m depth and pulled upwards at a rate of
0.5 m-s™". Bloom forming cyanobacteria (BFC) and zooplankton isolates were
collected following a 30 minutes separation period in a Pocket ZAPPR™ [46]
device. The BFC samples were placed in 5 mL darkened microvials and frozen at
—20°C, while zooplankton samples were placed in a 10 mL vial and preserved
with 0.5 mL of formalin-sucrose [47]. Bloom material was collected as a surface
grab and frozen at —20°C. A maximum of 25 specimens of juvenile alewife
(YOY) were collected on four successive sampling dates (30 Aug, 10 Sep, 27 Sep
and 11 Oct 2019) during their out-migration from Lower Mill Pond to Stony
Brook using a dip net. Alewife was first anesthetized and then euthanized in
MS-222 prior to being frozen at —20°C. Secchi disk depth was taken using a 15
cm Secchi disk and an Aqua-Scope II. Sediment samples were collected on 13
Dec 2019 along two perpendicular transects in the open pelagic zone and at
randomly selected locations in the shallow littoral zone (Figure 1) using a 3 m
tygon tube attached to a Masterflex L/S portable peristaltic pump. Slurry samples
were placed in 250 mL containers and frozen at —20°C. Sediment samples for
wet/dry weight conversions were thawed and mixed, with measured aliquots
collected on pre-weighed Whatman 44 mm filters. The filters were reweighed
and then placed in a drying oven for 24 hours at 60°C, whereupon the dried
samples were removed and weighed. The remainder of the sediment sample was
mixed and placed into 20 mL HDPE vials.

A minimum of twelve Alosa specimens per sampling date were thawed and
measured to the nearest millimeter using a metric ruler and weighed to the
nearest 0.1 gram using an O’Haus Adventurer (0.0000 g) scale. The gut contents
were obtained by inserting a hypodermic needle filled with 2 mL of Milli-Q wa-

ter into the anus of the fish and gently rinsing out the contents into a petri dish.
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A subsample of the gut contents was stained as needed with yellow drawing ink
and then examined at 100 - 400x using light and epifluorescent microscopy filter
for chlorophyll (435 nm) and phycocyanin (572 nm). The remainder of the gut
rinse was placed into 1.8 mL centrifuge tubes. The fish specimen was dissected to
remove the gut, and length and width were measured using a metric ruler under
a dissecting microscope. The gut volume was estimated (30 Aug = 23 uL, 10 Sep
=37 uL, 27 Sep = 46 pL, 11 Oct = 68 pL) and used to calculate gut rinse dilution
factors (30 Aug = 70.5, 10 Sep = 40.5, 27 Sep = 34.2, 11 Oct = 17.9). Dilution
factors were applied to gut rinse concentrations of phycocyanin, microcystins
and BMAA to estimate concentrations in the fish gut. The fish were skinned and
muscle tissue removed from the bones to provide the muscle tissue fillets. The
fillets were chopped with a razor, a subsample removed for drying and the re-
mainder placed into a 1.8 mL centrifuge tube and macerated in the tube using a
Dremel drill fitted with a Teflon pestle. Fish muscle tissue subsamples (0.5
grams) for wet/dry weight conversions were placed in pre-weighed aluminum
boats, reweighed, placed in a drying oven for 24 hours at 60°C and reweighed.

Zooplankton Analysis

Zooplankton were placed in a Sedgewick Rafter counting cell, identified [25],
measured [48], and dry weight biomass estimated [49]. Entire samples were
counted when less than 400 organisms were present. Samples with more than
400 organisms were subsampled and a maximum of 200 organisms were counted.
Crustaceans included cladocerans (D. pulex, D. ambigua, B. longirostris, E. tu-
bicen and E. hagmanni), calanoids and cyclopoids (M. rubellus, M. varicans)
larger than 600 pm. Rotifers included K. cochlearis, P. vulgaris, C. hippicrepis, S.
pectinata and T. cylindrica and excluded Asplanchna spp. Measurements were
taken to the nearest micron at 40x and 100x using an Amscope biological light
microscope Model XSM-40 fitted with a MU900 digital camera connected to a
computer. The predator:panfish ratio was calculated using average crustacean
body length and the linear regression provided by [50].

Fluorometric and Toxicological Analysis

Lake water, sediment, and gut rinse samples were prepared for fluorometric
and toxicological analysis as previously reported [51] using the single freeze-thaw
and triple freeze-thaw procedures respectively. Following the triple freeze-thaw
procedure the entire sediment and gut rinse samples were passed through a 0.22
pm, 17 mm nonsterile nylon syringe filter to remove particulate matter prior to
toxin analysis. Approximately 0.05 grams of macerated fish muscle tissue was
placed in a pre-weighed 1.8 mL centrifuge tube, reweighed, whereupon 1.5 mL
of Milli-Q was added and reweighed. The fish muscle tissue then was triple-freeze
thawed, centrifuged at 10,000 rpm for 10 min, supernatant removed and placed
into a pre-weighed 1.8 mL centrifuge tube and reweighed. Samples were con-
centrated, as needed, through vacuum evaporation in a Thermo Fisher Savant
SPD 1010 to the desired volume. Phycocyanin concentrations were quantified
using a calibrated two-channel handheld Fluoroquik fluorometer (AmiScience
FQD-PC-CHL/IV-RATIO-C) for phycocyanin (PC). Toxin analysis for total
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microcystins (MC) was conducted using Envirologix EP-022-HS and toxin anal-
ysis for B-N-methylamino-L-alanine (BMAA) was conducted using Eurofins
Abraxis Product No. 520040. Readings were taken using a Bio-Tek Instruments
Inc. EI-800 Universal Microplate Reader Primary 450 nm Reference 630 nm with
KC Junior software. The standard curve was calculated in Sigma Plot using a 4
parameter logistic regression. Values for all samples were reported as total mi-
crocystins (representing dissolved + particulate microcystins) and free BMAA.
Recovery efficiency was estimated by spiking 500 mg of fish tissue sample with
MC at 0.600 pg-L™' or BMAA at 50 pg-L™". The average recovery for fish muscle
tissue MC and BMAA was within +/-1 standard error of 82.9% and 80.5% re-
spectively.

Statistical Analysis and Calculations

All samples collected during the study were used for fluorometric analysis of
phycocyanin (PC) except when the lowest level of detection (LoD < 1.0 pg-L™)
was encountered. Phycocyanin concentrations were used to calculate “inedible”
cyanobacteria (>50 pm) by subtracting “edible” cyanobacteria (<50 pm) from
whole lake water. Data were arc-sine and log transformed as appropriate to
normalize and allow for parametric analysis. Studentized T-tests were used to
determine significant difference between means. One-way analysis of variance
with Tukey’s post-hoc test was used to identify differences between means in
more than two groups. Parametric analysis (Pearson’s correlation coefficients
and linear regression analysis) and non-parametric analysis (Spearman’s corre-
lation coefficients) were used to describe relationships between variables. For li-
near regression analysis autocorrelation (Durbin-Watson = 2.0), leverage (Stu-
dentized deleted residuals: SDR > 2) collinearity (VIF > 3), and influence (Cooks
distance: Cd > 4/n and Difference in Fits: DFFits = 2 x sq.rt. [(p+ 1)/(n— p—1)]
where n = number of observations, p = number of variables (including the con-
stant) were examined. Age at capture was calculated from a previously published
length versus age regression for Lower Mill Pond [44], where Fork length (mm)
= 31.69 + 0.17 x Age (days). Cyanobacterial biomass growth rates (u-d™') were
calculated from phycocyanin concentrations using the equation (InPCf -
InPC#)/(t, — ¢) as previously described [51]. Correlation analysis was used to
determine relationships between rotifer biomass (ug dwt L™") and edible cyano-
bacterial growth rates (u-d™") [52]. Biomagnification factor (BMF) was calculated
as the ratio between the cyanotoxin concentration measured in aquatic consum-
ers and their diet [53]. Fish muscle tissue dry weight was converted to wet
weight by using a factor of 0.03. All statistical analyses were conducted using

Sigma Plot Version 14.

3. Results

Analysis of Alosa pseudoharengus catches, feeding strategy, and cyano-
toxin concentrations
The mean lengths of A. pseudoharengus specimens significantly increased

from 46 to 55 mm between 30 Aug and 27 Sep and reached a maximum of 57
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mm on 11 Oct (F(3, 70) = 47.535 p < 0.001), while the mean wet weights pro-
gressively increased from 1.3 to 2.5 grams between 30 Aug and 11 Oct (H(3) =
47.139, p < 0.001), where the 11 Oct weight was significantly higher than all oth-
er sampling dates. The average estimated age at capture for the collection dates
30 Aug, 10 Sep, 27 Sep and 11 Oct were 86 days, 108 days, 136 days and 146 days
respectively (Table 1). The standard weight equation ( W) confirmed an isome-
tric relationship, where Log Wwt = —5.503 + (3.101 x Log length), Adj. r* =
0.915, p< 0.001.

Investigation using light microscopy revealed that zooplankton (rotifers,
nauplii copepodites, calanoids, cyclopoids and cladocerans) were absent from
the gut contents of juvenile alewife. Further microscopic evaluation of the sam-
ples, with and without pigment enhancement, and under epifluorescence con-
firmed the presence of cyanobacteria amid an amorphous matrix. Fluorometric
pigment analysis showed that phycocyanin concentrations in the gut rinse
ranged from 629.2 to 1150.4 pg-L™" (Table 2), being significantly higher on 30
Aug than all other sampling dates (H(3) = 61.575, p < 0.001). Toxin analysis us-
ing the ELISA technique indicated that both cyanotoxins MC and BMAA were
present in the gut rinse throughout the collection period of 30 Aug-11 Oct, 2019
(Table 2). The MC concentrations were not significantly different from each
other, and ranged from 2.07 to 4.62 pug-L™', while the BMAA concentrations were
more variable, and ranged from 1707.77 to 9040.37 pg-L™".

Both cyanotoxins accumulated in the fish muscle tissue (ug-g™ dwt), where
concentrations of microcystins and BMAA (Table 3) fluctuated throughout the
sampling season with mean concentrations for microcystins of 0.0026 + 0.0005
pg-g” dwt and BMAA of 4.492 + 0.261 pg-g' dwt. Analysis of variance of
log-transformed microcystin concentrations (F(3, 8) = 3.097, p = 0.089) and
BMAA (F(3, 8) = 2.417, p = 0.142) indicated that there were no significant dif-
ferences in muscle tissue concentration between collection dates. The cyanotoxin
muscle content (ug) varied across the sampling dates with the highest content
for both MC and BMAA observed on 11 Oct, where the total microcystin con-
tent (0.0023 pg) was significantly higher than all other sampling dates (F(3, 8) =
9.07, p=0.006) and the BMAA content (2.17 ug) was higher but not significant-
ly different (F(3, 8) = 3.267, p = 0.080) from all other sampling dates. The con-
tribution of the gut contents to the total cyanotoxin content varied during the
sampling period (MC 20%, 13%, 19%, 6%, mean 15%: BMAA 12%, 8%, 21%,
6%, mean 12%).

Interactions between Alosa pseudoharengus and planktonic populations

The zooplankton biomass in Lower Mill Pond exhibited strong seasonal pat-
terns (Figure 2) with varying distributions of the crustacean and rotifer grazers,
and Asplanchna spp. Over the entire study period, the biomass of the crustacean
and rotifer grazers were negatively correlated with each other (r(9) = -0.818, p=
0.004) where the reduction of crustacean grazers allowed for proliferation of ro-
tifer grazers (Adj. r* = 0.628, p = 0.004) (Table 4). The significantly different
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Table 1. Morphometric and life history characteristics of Alosa pseudoharengus from
Lower Mill Pond. SEM indicates standard error of the mean.

Morphometric and life history characteristics

Length Wet Est. age at Est. spawn
Date SEM % . SEM *

(mm) Weight (g) capture (days) date
30-Aug 46 0.7 c 1.3 0.1 c 86 4 5-Jun
10-Sep 50 0.6 b 1.6 0.1 b,c 108 4 25-May
27-Sep 55 0.5 a 2.1 0.1 b 136 3 21-May
11-Oct 57 04 a 2.5 0.1 a 146 2 19-May

*ANOV A results indicating where groups are most similar.

Table 2. Phycocyanin (PC) and cyanotoxin (MC and BMAA) concentrations in Alosa
pseudoharengus gut rinse. SEM indicates standard error of the mean.

Gut Rinse Concentrations

Date  PC(ugL™") SEM * MC(ugL™") SEM * BMAA (ugL") SEM *

30-Aug 1150.4 432 a 4.62 122 a 7822.04 1061.80 a,b
10-Sep 629.2 258 b 2.07 064 a 3346.91 539.30 a,b,c
27-Sep 702.5 192 b 3.90 005 a 9040.37 279.52 a
11-Oct 852.1 617 b 2.11 009 a 1707.77 203.60 b, c

*ANOV A results indicating where groups are most similar.

Table 3. Cyanotoxin concentrations in Alosa pseudoharengus muscle tissue. SEM indi-
cates standard error of the mean.

Muscle tissue concentrations

Date MC (pg-g™' dwt) SEM * BMAA (pg-g™ dwt) SEM *
30-Aug 0.0019 0.0002 a 5.045 0.669 a
10-Sep 0.0021 0.0007 a 4.884 0.324 a
27-Sep 0.0020 0.0004 a 3.588 0.168 a
11-Oct 0.0047 0.0010 a 4.452 0.528 a

*ANOV A results indicating where groups are most similar.

Table 4. Regression and correlation coefficients between zooplankton biomass (ug-L™),
cyanobacterial biomass (pg-L™"), microcystins (ng-L™") and BMAA (pg-L™") in Lower Mill
Pond. Linear regression analysis reported as LogY = a + b x LogX, where X = Log All
zooplankton, Log Crustacean grazers or Log Rotifer grazers and Y = Log All cyanobacte-
ria, Log Edible cyanobacteria, Log Inedible cyanobacteria or Log Rotifer grazers. Boldface
indicates significance where p < 0.05.

All zooplankton

a b Adj. r? n p r
All cyanobacteria 1.593 1.536 0.607 9 0.014
Edible (<50 um) 1.511 1.616 0.634 9 0.011
Inedible (>50 um) 9 0.729 0.135
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Continued
Crustacean grazers
a b Adj. r? n P r
All cyanobacteria 9 0.073 -0.623
Edible (<50 um) 9 0046 —0.676
Inedible (>50 um) 9 0.862 —-0.068
Rotifer grazers —5.642 -7.98 0.628 10  0.004 -0.818
Rotifer grazers
a b Adj. r? n P r
All cyanobacteria 2.058 2.372 0.705 9 0.006
Edible (<50 um) 2.013 2.593 0.720 9 0.005
Inedible (>50 um) 9 0.898 0.05
Edible microcystins 9 0.104 0.577
Edible BMAA 9 0.373 —-0.338
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Figure 2. Distribution of zooplankton biomass (ug-L™") in Lower Mill Pond.
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maximum and minimum biomass for both crustacean grazers (F(2, 6) = 57.939,
P < 0.001) and Asplanchna spp. (H(9) = 20.276, p = 0.04) were observed on 30
May and 21 June, respectively, with both absent from the water column by 10
July. On 19 July, Asplanchna spp. reappeared while crustacean grazers remained
absent until 27 Sep, when B. Jongirostris was once again observed. Helmeted D.
ambigua was observed in the 30 May and 7 June samples. The biomass of the ro-
tifer grazers increased after 10 July to a high seasonal plateau occurring between
19 July and 13 Sep, that included the seasonal maxima of 0.99 pg-L™' dwt on 30
Aug.

The relative contributions of crustacean grazers and A. priodonta to the total
zooplankton biomass were greatest on 30 May (46% and 46%), rapidly declining
to the observations of 21 June (7% and 16% respectively) until they were both
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absent on 10 July. The relative contribution of rotifer grazers to the total zoop-
lankton biomass was lowest on 30 May (8%) and rapidly increased to the obser-
vations of 21 June (77%), reaching a maximum (100%) on 10 July, and remain-
ing dominant until 27 Sep. The total crustacean biomass (excluding copepodites)
was consistently dominated by the small bodied cladoceran B. Jongirostris. The
mean crustacean length maxima of 0.488 mm was observed on 30 May with
lengths then declining to 0.17 mm on 19 July, remaining at zero from 2 Aug to
13 Sep, until 27 Sep when an average length of 0.24 mm was noted. A positive
predator: panfish ratio of 0.014 was calculated for 30 May, and was negative or
zero thereafter. The cyanobacterial biomass (composed almost exclusively of
Dolichospermum planctonicum) varied throughout the study period (Figure 3)
with the minimum of 5.5 pg-L™" on 21 June and a maximum of 70.1 ug-L™' on 16
Aug. The total cyanobacterial (WLW (F(8, 18) = 403.38, p < 0.001) and edible
(<50 um (F(8, 18) = 706.75, p < 0.001)) biomass were marked by alternating sig-
nificant increases and decreases between 10 July and 30 Aug, while this pattern
in the inedible (>50 um (F(8, 18) = 7.056, p < 0.001) biomass was observed be-
tween 10 July and 16 Aug. The relative contribution of the <50 pm size fraction
to the WLW sample ranged from 56% - 100%, with a significant increase (F(8,
18) = 11.182, p = 0.024) of 28% from 56% to 84% between 7 June and 21 June.
The greatest increase in growth rates (u-d™") for the WLW (0.22 d™), <50 um
(0.21 d™') and >50 pm (0.14 d™') samples were observed on 19 July. The greatest
decrease in growth rates for the WLW (-0.06 d™') and <50 pm (-0.07 d™') sam-
ples were observed on 30 Aug. A unimodal peak in the WLW and edible cyano-
bacterial biomass was observed between 19 July and 16 Aug, with the seasonal
maxima occurring on 16 Aug. The inedible cyanobacterial biomass increased
between 30 Aug and 27 Sep and surface accumulations (bloom conditions) of
cyanobacteria were observed on 11 Oct. During the entire study period, linear
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Figure 3. Distribution of rotifer grazer (ug-L™"), edible and inedible cyanobacterial
(ug-L™") biomass in Lower Mill Pond.
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and edible cyanobacterial biomass and the Secchi disk depth (SDD), where SDD
(m) = 2.203 — (0.838 x Log WLW biomass) (Adj. r* = 0.874, p < 0.001) and SDD
(m) = 1.988 — (0.730 x Log < 50 biomass) (Adj. r* = 0.804, p = 0.002), respec-
tively. The SDD ranged from 0.68 - 1.69 m, with the minimum SDD of 0.68 m
observed on 16 Aug.

Over the entire study period there was a significant negative correlation (r(8)
= —0.676, p = 0.046) between the biomass of crustacean grazers and edible cya-
nobacteria (Table 4). There were significant decreases in the crustacean grazer
biomass (F(2, 6) = 57.939, p < 0.001) between 30 May and 21 June and a signifi-
cant increase in the edible cyanobacteria biomass (F(8, 18) = 706.757, p < 0.001)
between 7 June and 21 June. The rotifer grazer biomass increased between 21
June and 19 July concurrent with significant increases in edible cyanobacterial
biomass. Rotifer grazer biomass (ug-L™") and edible cyanobacteria growth rate
(p-d™") were positively correlated between 10 July and 16 Aug (r(4) = 0.600, p =
0.400), and negatively correlated between 16 Aug and 27 Sep (r(4) = —0.678, p =
0.322). Over the entire study period, linear regression analysis revealed that roti-
fer grazer biomass explained 72% of the variability in the edible cyanobacteria
biomass (Table 4), where Log edible biomass = 2.013 + (2.593 x Log rotifer
biomass), p = 0.005), whereas the converse argument explained 68.7% of the va-
riability (Log rotifer biomass = —0.748 + (0.403 x Log edible biomass), p = 0.007)
(Figure 4). There was a marginal positive correlation between rotifer grazer
biomass and microcystins (r(8) = 0.577, p = 0.104), while there was a negative,
but not significant correlation for BMAA (r(8) = —0.388, p = 0.373).

4. Discussion

Analysis of A. pseudoharengus catches

Juvenile A. pseudoharengus that were collected during their outmigration
between 30 Aug and 11 Oct from Lower Mill Pond had similar lengths [17] [18]
[44], weights [50] [54] [55] and age at capture [44] to those previously reported.
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Figure 4. Linear regression analyses between rotifer grazer and edible cyanobacterial
biomass: (a) “bottom-up” relationship where Log rotifer biomass = —0.748 + (0.403 x Log
edible biomass) and (b) “top-down” relationship where Log edible biomass = 2.013 +
(2.593 x Log rotifer biomass).
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While outmigration may have begun in mid-June [55] our specimens would be
considered late season migrators [54] [55]. We used the standard weight equa-
tion (W, to determine the condition of this population, (intercept = —5.503,
slope = 3.101) which indicated that the alewife were in better-than-average con-
dition [56]. While we used lengths that were below the suggested minimum
length of 180 mm our analysis resulted in similar regression coefficients [57].
The significant increases in length (p < 0.001) and weight (p < 0.001) concurrent
with an increase in estimated age suggested that there was no seasonal decline in
condition [15] [54] [55] associated with the feeding strategy of juvenile alewife
[19] in Lower Mill Pond. Our observation appears to agree with Rossett [44],
using otolith analysis, who observed a greater last 20-day growth rate (0.0115
mm-d™') versus the overall growth rate (0.0095 mm-d™") in Lower Mill Pond.

Feeding strategy of Alosa pseudoharengus

Using microscopic and fluorometric analyses to evaluate feeding selectivity,
our results suggest that juvenile alewife actively fed on cyanobacteria prior to
their collections. Despite the abundance of rotifers, we did not observe rotifers
(e.g empty lorica) in the alewife guts. The phycocyanin concentrations (ug-L™")
in the gut rinse were, on average, 33 times higher than the whole lake water
(WLW), 4 times higher than the bloom-forming cyanobacteria samples (BFC’s),
11 times higher than pelagic sediment and 3 times higher than littoral sediment
(see Supplemental Table S1), which suggested selective feeding on highly con-
centrated material from the water column (Ze. BFC’s) or foraging in areas of ac-
cumulations (Ze. littoral benthos). Differing feeding strategies based on resource
availability in fish have been well documented, some being described as faculta-
tive detritivory [58] [59] [60] and ontogenetic niche shifts [17] [59] [61]. Hei-
nrich [62] used live captured zooplankton to document a diet preference of
15-day old alewife for copepodites while noting ingestion of rotifers and algae,
and Withers er al. [63] observed preferential feeding on the diatom Fragilaria
over copepod eggs, nauplii, calanoids and dreissenid veligers in near-shore Lake
Michigan sites. The young-of-year alewife diet (<65 mm) in Lake Ontario [16]
consisted of cyclopoids, large and small cladocerans, nauplii, calanoids and
dreissenid veligers. Juvenile alewife gut contents have been shown to vary sea-
sonally [15], shifting from a preference for benthic/littoral dipteran larvae Chi-
ronomidae and Ostracoda in mid-summer to the pelagic Cladocera and Cope-
poda from late-summer to fall in Hamilton Reservoir, RI. The depletion of
large-bodied planktonic cladocerans (e.g. Daphnidae and Calanoida) has been
associated with a shift from pelagic to littoral feeding of juvenile alewife in Great
Herring Pond, MA [19] [64]. Opportunistic feeding, both in terms of content
and location (e.g. facultative detritivory) has been observed in other fish species
[60] including the gizzard shad, Dorosoma cepedianum [58] [59]. Fujibayashi, et
al. [60] used fatty acid and stable isotope analysis to determine that Cyprinus
carpio and Carassius sp. fed directly upon cyanobacteria (Microcystis spp.).
Kutkuhn [58] observed a diet consisting largely of phytoplankton (73%), com-
posed of cyanobacteria (20%) preferentially represented by Microcystis aerugi-
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nosa and Anabaena circinalis, and noted that amorphous material, thought to be
organic tripton, constituted 61% of the total digestive tract contents. Changes in
life stage feeding strategies (ontogenetic niche shifts) have been observed in sun-
fish [61] and gizzard shad [59]. Mittlebach et al. [61] determined that descriptive
metrics of body size and age could be used to describe the subtle changes asso-
ciated with ontogenetic shifts in sunfish (Centrarchidae). In an extensive study
of Gizzard Shad (Dorosoma cepedianum) in Acton Lake, OH [59], gut and sta-
ble isotope analysis documented an ontogenetic niche shift, where feeding strat-
egy changed from zooplanktivory to detritivory as fish aged from class “0” to
adult. In contrast to the use of body size and age as ontogenetic metrics, Shaus et
al. [59] also correlated this change in gizzard shad feeding strategy with increases
in lake-wide fish biomass, suggesting resource depletion as an influencing varia-
ble. This observation is similar to the observations of class “0” alewife population
in Great Herring Pond, MA [19] [64], using stable isotope analysis, where dif-
ferent size classes of juvenile alewife collectively transitioned from pelagic to lit-
toral feeding, in search of other sources of prey to sustain their growth [64]. The
shift in fish foraging behavior, for example cyprinids [13], towards benthic food
subsidies as a result of preferred resource exploitation has been previously noted
[3]. We observed a complete elimination (100%) of the preferred food source
following the spawning of alewife in Lower Mill Pond. Together, these observa-
tions suggest that resource depletion could influence a change in feeding strate-
gy, resulting in what could be termed an autogenic (self-induced) niche shift.
While we cannot comment on the diet of our specimens during their first feed-
ing and early juvenile stages, our microscopic and fluorometric analysis of gut
contents from late-migrating juveniles suggest they were feeding opportunisti-
cally on cyanobacteria, via facultative detritivory, in the littoral benthic zone. It
is entirely possible that ontogenetic and/or autogenic niche shifts occurred in the
Alosa population in Lower Mill Pond during our study period, and that this be-
havior, if common among juvenile alewife, results in the use of benthic subsi-
dies, thereby potentially exposing other populations to cyanobacteria. Additional
research including extended temporal surveys of the rearing habitats of these
populations that includes stable isotope analysis of sediments and fish tissue
could confirm these dynamics.

Bioaccumulation of cyanotoxins in Alosa pseudoharengus

Toxin concentrations of the gut rinse supported our previous microscopic and
fluorometric observation that the juvenile alewife were ingesting cyanobacteria
prior to their capture. The gut rinse to whole lake water ratio (Gut:WLW) for
MC and BMAA concentrations were 248X and 38,545X, respectively, and the
gut rinse to sediment ratio (Gut:Sediment) for MC and BMAA concentrations
were 4X and 1407X, respectively. These ratios suggest a mechanism to physically
concentrate material and/or free cyanotoxins in the gut. There are limited stu-
dies reporting MC concentrations of fish gut contents [65] [66], all of which
evaluated adult phytoplanktivorous silver carp (Hypophthalmichthys molitrix),

omnivorous gold fish (Carassius auratus) [66] [67] and benthic omnivorous
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common carp (Cyprinus carpio) [67]. Poste et al. [68] suggests that cyanobacte-
ria present in gut contents in the silver minnow (Rastrineobola argentea) con-
tributed to the observed whole fish MC concentrations. In an evaluation of
BMAA transfer within aquatic food webs, Jiao et al [69] notes that juvenile A.
molitrix intestinal contents contained cyanobacteria but does not report con-
centrations. Our study of Lower Mill Pond, that of Lake Taihu [65] [67] [69] and
Lake Chaohu [66] suggest fish feeding strategies that include ingestion of cya-
nobacteria [67] can result in bioaccumulation of cyanotoxins in muscle tissue.

To our knowledge, this is the first report on the concentrations of MC and
BMAA in juvenile A. pseudoharengus muscle tissue. Juvenile specimens (<10
cm) are typically processed whole without dissection of muscle fillet [68], how-
ever a single study [66] does report that the “small” Group 1 Coilia ectenes
(mean length 10.5 cm) had accumulated less microcystins than other larger spe-
cimens from Group 2 (mean length 18.1 cm) and Group 3 (mean length 23.4
cm), with a reported range from all three groups of 0.0 - 6.7 ng-g™" dwt. The
cyanotoxin concentrations observed in our juvenile alewife muscle tissue were
within ranges reported in a global review [40], where our mean MC (0.0026 *
0.0005 pg-g™' dwt) was lower than the mean MC (0.0753 pg-g™' dwt) and our
mean BMAA (4.492 + 0.261 pg-g™' dwt) was slightly higher than the mean
BMAA (3.55 pug-g™' dwt). Adult specimens with different feeding strategies from
Lake Taihu [67] of Hypophthalmicthys molitrix (mean MC 0.002 pg-g™' dwt)
and Cyprinus carpio (mean MC 0.003 pg-g~' dwt) and Lake Chaohu [66] of Hy-
pophthalmicthys molitrix (minimum MC 0.0043 pg-g™' dwt) were similar to ju-
veniles in Lower Mill Pond. Conversely, adult A. pseudoharengus specimens
from Lake Ontario [68] reported mean MC concentrations in muscle tissue of
0.172 pg-g™' dwt. The total (free + protein-bound) BMAA concentrations in the
muscle tissue of juvenile filter feeding Hypophthalmicthys molitrix (12.9 pg-g™*
dwt) and Aristichthys nobilis (0.12 pg-g™' dwt) during a cyanobacterial outbreak
in Lake Taihu [69] were notably different, while the averages of seven omnivor-
ous fish species (4.0 pg-g™' dwt) and for all fish species (6.05 pug-g™' dwt) were
similar to our observations. In this study, there were no correlations between
toxin concentration in alewife muscle tissue, with lake water concentrations or
body length for either MC or BMAA. It has been noted that seasonality, feeding
strategy and age could influence results [40]. We were surprised by the high
concentrations of cyanotoxins in the muscle tissue of our juvenile specimens,
where the apparent change in feeding strategy maximized the exposure potential
to cyanotoxins. There are other lakes in this region that support migrating Alosa
[19] [44] [45] and cyanobacterial populations [70]. Collection of juvenile A.
pseudoharengus from additional sites during the entire period of out-migration,
extending from mid-July to mid-October to further evaluate the effects of sea-
sonality, feeding strategy and age on the bioaccumulation of MC and BMAA
would be useful.

The impact of the foraging strategy of juvenile alewife on the transfer of cya-

notoxins to consumers deserves additional consideration, given the importance
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of this forage fish. On average, we estimated that the potential transfer to con-
sumers (gut + muscle) was 0.0012 pg MC and 1.85 ug BMAA. The potential
transfer of cyanotoxins for both MC and BMAA was greatest on 11 Oct, where
MC content (0.0024 pg) was significantly greater (p = 0.006), and BMAA con-
tent (2.29 pg) was higher but not significantly different (p = 0.074) than all other
sampling dates. On average, the contribution of the gut contents to the total
cyanotoxin content was 15% for MC and 12% for BMAA. While human con-
sumers could reduce their exposure potential by removing the highly concen-
trated gut contents prior to ingestion as compared to eating them whole [68],
this option is generally not available to natural predators. We calculated bio-
magnification factors (BMF) [53] assuming benthic feeding strategies in either
the pelagic or littoral zones. The MC BMF was 0.83 and 0.003 in the pelagic and
littoral zones, respectively, while the BMAA BMF was 223.5 and 4.5 in the pe-
lagic and littoral zones, respectively. For either feeding strategy, we observed
biodilution for MC and biomagnification for BMAA. Contamination of aquatic
food webs with microcystins [36] [40] has been well documented, where biodilu-
tion has typically been observed [36] with some exceptions [71]. Contamination
of aquatic food webs with BMAA has not been as well documented [37], howev-
er biomagnification has typically been observed [37] with some exceptions [72].
The implications of the freshwater export of cyanotoxins in anadromous fish are
largely unknown and deserve further investigation.

Interactions between Alosa pseudoharengus, zooplankton and cyanobac-
terial populations

This study has provided a unique opportunity to observe and quantify the
complex and variable trophic spectrum [4] within Lower Mill Pond (Figure 5)
using metrics that can describe trophic structure [7] [14] [73], compensation
[12] [74], and cascades [8].

The presence of the juvenile A. pseudoharengus forced a redistribution of the
zooplankton biomass (Table 4) from crustacean to rotifer grazers (Adj. r* =
0.628, p = 0.004) (Figure 2) via trophic compensation [12] [74], acting as a
strong interactor [75] in the Lower Mill Pond food web, initiating an aquatic
trophic cascade [8] [18] [76] resulting in increased relative and total edible (<50
pum) cyanobacterial biomass (Figure 3) in the absence of crustacean grazing
pressure (1(8) = —0.676, p = 0.046). The shift from large to small crustaceans [9]
[14] [77] in the presence of this vertebrate planktivore [14] [15] [17] [18] [19]
[78] during the vernal period created scarcity of the preferred food source
(Figure 5), forcing fish to forage on ever smaller zooplankters [78] until availa-
ble resources were depleted. The sustained magnitude of A/osa biomass, absent
predators as suggested by the low predator: panfish ratio [16], may have elicited
the autogenic transition from planktivory to opportunistic benthic detritivory by
21 June, driven by resource availability (Figure 5). Without competition from
large cladocerans such as Daphnia spp. [77], the rotifer population in Lower Mill
Pond flourished between 21 June and 27 Sep, which in turn may have allowed

for the proliferation of invertebrate planktivores, including Chaoborus spp. [77]
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Figure 5. Diagram of the seasonal interactions between juvenile Alosa pseudoharengus and cyanobacterial populations in Lower

Mill Pond, Brewster, MA.

and Asplanchna spp. (Figure 5). While not observed during this study, there
were several indications that Chaoborus spp. were present, including helmeted
second instar D. ambigua [79] [80] and predation, observed as the significant
reduction in Asplanchna spp. biomass by 21 June (p < 0.001), presumably by the
fourth instar of C. punctipennis [81] [82] prior to its emergence in June [83].

Assuming that the absence of crustacean biomass signaled the end of verte-
brate planktivory, invertebrate planktivory appears to have become the domi-
nant force structuring what remained of the zooplankton population after 21
June (Figure 5), where both C. punctipennis [81] [82] [84] and A. priodonta
[85] [86] could have regulated species, size-structure, density and biomass. The
biomass of A. priodonta positively covaried with that of other rotifers after 19
July (r(8) = 0.861, p = 0.0276) suggesting their predatory influence was minimal
during this time. Acting as a common factor [86] we suggest that C. punctipen-
nis, via ontogenetic feeding behavior, would be the dominant predator of the ro-
tifer population in Lower Mill Pond [81] [82] [84] [87], potentially creating a
secondary trophic cascade.

Over the entire study period, linear regression analysis confirmed a positive
relationship between the rotifer grazer and edible (<50 um) cyanobacterial bio-
mass (Adj r’ = 0.720, p = 0.005) (Figure 4) and all cyanobacteria (Adj r* = 0.705,
p = 0.006), suggesting top-down control. Anticipating reciprocal patterns of
trophic cascades [8], one might have expected a negative correlation [10] [88]
between obligate grazers (ie. K. cochlearis, P. vulgaris and C. unicornis), and
edible cyanobacteria, the latter considered algal picoplankton [10] [89]. Howev-
er, rotifers can feed upon protozoans within the microbial loop including bacte-
ria, heterotrophic nano-flagellates (HNF) [90], and ciliates [91], where HNF
preferentially ingest picocyanobacteria [90]. HNF and ciliates have been pro-
posed as forces structuring the picoplankton community [90] [92] [93]. Assum-
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ing the microbial loop is embedded within the trophic spectrum of Lower Mill
Pond, a cascade under the control of invertebrate planktivory (ie. Chaoborus)
that propagated downwards to include rotifer grazers, HNF, and picocyanobac-
teria (Figure 5) could explain the positive correlation that we observed. Con-
versely, linear regression confirmed a positive relationship between edible cya-
nobacteria and rotifer grazer biomass (Adj. r* = 0.678, p = 0.007) (Figure 4), all
cyanobacteria (Adj r* = 0.705, p = 0.006), following a classic trophodynamic pa-
radigm [94], commonly referred to as bottom-up control, with positive correla-
tions between increasing trophic levels. Bottom-up control has traditionally been
associated with nutrient enrichment, where documented sources in Lower Mill
Pond include watershed input, inflow and internal loading [42] yet could also
include juvenile A/osa mortality [44], transport of nutrients from sediments as a
result of benthic detritivory [95] and “the Chaoborus pump” [96] (Figure 5).
Increased biomass coupled with inefficient utilization of edible algae (<50 um)
by small planktonic herbivores, including rotifers, [14] appears to have occurred
where heavy Alosa planktivory [14] existed.

Seasonal cyanobacterial populations and cyanotoxin concentrations

Evaluation of finer temporal patterns suggests that trophic influences succes-
sively structured the plankton biomass in Lower Mill Pond (Figure 5). As a
consequence of Alosa planktivory, the relative abundance of edible cyanobac-
terial biomass (<50 pm/WLW%) increased to 84% by 21 June (Figure 3), fol-
lowed by an increase in total edible cyanobacterial biomass between 10 July and
19 July, this time period with a maximum net positive growth rate [52] of 0.21
d™' (Figure 5). This growth rate was higher than those previously reported for
cyanobacteria (0.06 and 0.08 d™") [11] but similar for this size class of Dolichos-
permum spp. (0.212 d™') and for picoplankton communities (0.14 d™*) [97]. The
positive correlation between net growth rates in the presence of increasing obli-
gate grazers suggests that growth rates exceeded grazing pressure during this
time, consistent with the observations of Lehman and Sandgren [52]. The edible
biomass maximum was observed in mid-August, similar to that found in Cana-
dian Lakes [97], however the unimodal peak in edible biomass was somewhat
abbreviated [97], as evidenced by an abrupt decline on 30 Aug, marked by a net
negative growth rate of —0.05 d™'. The negative correlation between net growth
rates in the presence of rotifer grazers suggests that grazing pressure exceeded
growth rates during this time (Figure 5). By the end of August, it appears that
favorable conditions existed for the proliferation of the inedible cyanobacteria
(>50 pm) including continued grazing pressure on the edible cyanobacteria, nu-
trient availability from internal recycling [44] [95] [96] and seasonal succession
[2] [3] [5] [11] [98], leading to its observed seasonal maxima on 27 Sep and sur-
face accumulations on 11 Oct (Figure 5).

We have previously demonstrated that for all (<50 um, WLW and BFC) size
classes of cyanobacteria, biomass was causatively related to microcystin concen-
tration in Lake Cochichewick, Lake Attitash [46] and Lower Mill Pond [51].

During this study period, similar observations confirmed that cyanobacterial
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biomass was positively correlated with microcystin concentration for all size
classes (r(27) = 0.611, p < 0.001), and a marginal positive correlation (r(8) =
0.577, p = 0.104) was observed between rotifer grazers and edible microcystins.
In regards to BMAA, we observed a significant negative correlation between
cyanobacterial biomass and BMAA concentration for the <50 um and WLW size
classes (r(18) = —0.521, p = 0.0266), and a weak negative correlation (r(8) =
—0.388, p = 0.373) between rotifer grazers and edible BMAA. This negative cor-
relation between algal biomass (Chl-a) and BMAA was previously observed in
Lake Winnipeg [99]. It appears that the highly significant and positive relation-
ship between the rotifer grazer and edible cyanobacterial biomass, could have in-
fluenced the cyanotoxin concentrations, increasing microcystins and decreasing
BMAA.

5. Conclusion

This study confirmed that the presence of planktivorous juvenile Alosa pseudo-
harengus in Lower Mill Pond altered the trophic spectrum, where compensation
and a cascade were observed. The cascade manifested as an increase in the bio-
mass of edible and inedible cyanobacteria, creating successive “bloom” condi-
tions. An apparent change in juvenile A/osa foraging behavior towards benthic
subsidies in the littoral zone facilitated the consumption of cyanobacteria, the
toxins of which bioaccumulated in the fish muscle tissue. Within this portion of
Alosa life history, we observed similar cyanotoxin concentrations to those pre-
viously reported, and concluded that MC biodiluted and BMAA biomagnified.
The change in foraging behavior appears to be triggered by resource availability,
and if there is a common trait amongst this forage fish, it suggests potential ex-

posure to cyanotoxins in other freshwater resources.

Acknowledgements

The authors would like to thank Anna Jardine and Keegan Eveland (UNH-CFB)
for laboratory assistance, as well as Kevin Johnson and Bryan Horsley (APCC)
for field and laboratory assistance. The Town of Brewster, MA provided much
needed laboratory space for field operations. Collection of juvenile alewife spe-
cimens was approved by the Massachusetts Department of Marine Fisheries.
Support for the project was provided by the University of New Hampshire Col-
lege of Life Sciences and Agriculture (UNH-COLSA).

Conflicts of Interest

The authors claim no conflict of interest with this project or its outcomes.

References

[1] Hutchinson, G.E. (1967) A Treatise on Limnology. Volume 2. Introduction to Lake
Biology and the Limnoplankton. John Wiley and Sons, Inc., Hoboken.

[2] Sommer, U, Gliwicz, Z.M., Lampert, W. and Duncan, A. (1989) The PEG-Model of

DOI: 10.4236/nr.2020.119023

411 Natural Resources


https://doi.org/10.4236/nr.2020.119023

N. J. Leland et al.

(3]

(4]

(5]

(6]

(7]

(9]

[10]

(11]

(12]

(13]

(16]

(17]

Seasonal Succession of Planktonic Events in Freshwater. Archives of Hydrobiology,
106, 433-471.

Sommer, U., Adrian, R., Domis, L.D., Elser, J.J., Gaedke, U., Ibelings, B., Jeppesen,
E., Lurling, M., Molinero, J.C., Mooij, W.M., Van Donk, E. and Winder, M. (2012)
Beyond the Plankton Ecology Group (PEG) Model: Mechanisms Driving Plankton
Succession. The Annual Review of Ecology, Evolution, and Systematics, 43, 429-448.
https://doi.org/10.1146/annurev-ecolsys-110411-160251

Polis, G.A. and Strong, D.R. (1996) Food Web Complexity and Community Dy-
namics. The American Naturalist, 147, 813-846. https://doi.org/10.1086/285880

Leibold, M.A. (1989) Resource Edibility and the Effects of Predators and Productiv-
ity on the Outcome of Trophic Interactions. The American Naturalist, 134, 922-949.
https://doi.org/10.1086/285022

Leibold, M.A. (1996) A Graphical Model of Keystone Predators in Food Webs:
Trophic Regulation of Abundance, Incidence, and Diversity Patterns in Communi-
ties. American Naturalist, 147, 784-812. https://doi.org/10.1086/285879

Leibold, M.A., Chase, J.M., Shurin, J.B. and Downing, A.L. (1997) Species Turnover
and the Regulation of Trophic Structure. Annual Revue of Ecology, Evolution and
Systematics, 28, 467-494. https://doi.org/10.1146/annurev.ecolsys.28.1.467

Carpenter, S.R., Kitchell, J.F. and Hodgson, J.R. (1985) Cascading Trophic Interac-
tions and Lake Productivity. BioScience, 35, 634-639.
https://doi.org/10.2307/1309989

McQueen, D.J., Post, J.R. and Mills, E.L. (1986) Trophic Relationships in Freshwa-
ter Pelagic Ecosystems. Canadian Journal of Fisheries and Aquatic Sciences, 43,
1571-1581. https://doi.org/10.1139/f86-195

Stockner, J.G. and Shortreed, K.S. (1989) Algal Picoplankton Production and Con-
tribution to Food-Webs in Oligotrophic British Columbia Lakes. Hydrobiologia,
173, 151-166. https://doi.org/10.1007/BF00015525

Agrawal, A.A. (1998) Algal Defense, Grazers and their Interactions in Aquatic
Trophic Cascades. Acta Oecologica, 19, 331-337.
https://doi.org/10.1016/S1146-609X(98)80037-4

Hulot, F.D., Lacroix, G. and Loreau, M. (2014) Differential Responses of Size-Based
Functional Groups to Bottom-Up and Top-Down Perturbations in Pelagic Food
Webs: A Meta-Analysis. Oikos, 123, 1291-1300. https://doi.org/10.1111/0ik.01116

Moustaka-Gouni, M. and Sommer, U. (2020) Effects of Harmful Blooms of
Large-Sized and Colonial Cyanobacteria on Aquatic Food Webs. Water, 12, 1587.
https://doi.org/10.3390/w12061587

Brooks, J.L. and Dodson, S.I. (1965) Predation, Body Size and Composition of
Plankton. Science, 150, 28-35. https://doi.org/10.1126/science.150.3692.28

Vigerstad, T.J. and Cobb, J.S. (1978) Effects of Predation by Sea-Run Juvenile Ale-
wives (Alosa pseudoharengus) on the Zooplankton Community at Hamilton Re-
servoir, Rhode Island. Estuaries, 1, 36-45. https://doi.org/10.2307/1351648

Mills, E.L., O’Gorman, R., Roseman, E.F., Adams, C. and Owens, R.W. (1995)
Planktivory by Alewife (Alosa pseudoharengus) and Rainbow Smelt (Osmerus

mordax) on Microcrustacean Zooplankton and Dreissenid (Bivalvia: Dreissenidae)
Veligers in Southern Lake Ontario. Canadian Journal of Fisheries and Aquatic
Science, 52, 925-935. https://doi.org/10.1139/f95-092

Palkovacs, E.E. and Post, D.M. (2008) Eco-Evolutionary Interactions between Pre-
dators and Prey: Can Predator-Induced Changes to Prey Communities Feed Back to

DOI: 10.4236/nr.2020.119023

412 Natural Resources


https://doi.org/10.4236/nr.2020.119023
https://doi.org/10.1146/annurev-ecolsys-110411-160251
https://doi.org/10.1086/285880
https://doi.org/10.1086/285022
https://doi.org/10.1086/285879
https://doi.org/10.1146/annurev.ecolsys.28.1.467
https://doi.org/10.2307/1309989
https://doi.org/10.1139/f86-195
https://doi.org/10.1007/BF00015525
https://doi.org/10.1016/S1146-609X(98)80037-4
https://doi.org/10.1111/oik.01116
https://doi.org/10.3390/w12061587
https://doi.org/10.1126/science.150.3692.28
https://doi.org/10.2307/1351648
https://doi.org/10.1139/f95-092

N. J. Leland et al.

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

Shape Predator Foraging Traits? Evolutionary Ecology Research, 10, 699-720.

Post, D.M., Palkovacs, E.P., Schielke, E.G. and Dodson, S.I. (2008) Intraspecific
Variation in a Predator Affects Community Structure and Cascading Trophic Inte-
ractions. Ecology, 89, 2019-2032. https://doi.org/10.1890/07-1216.1

Strock, J. and Llopiz, J. (2015) The Effects of Seasonal Feeding Behavior of Juvenile
Alewife and Blueback Herring on Piscine Growth Rate and Zooplankton Nutrient
Regeneration 2015SES Fall Semester.

Barber, B.L., Gibson, A.]., O’Malley, A.J. and Zydlewski, J.Z. (2018) Does What
Goes up Also Come down? Using a Recruitment Model to Balance Alewife Nutrient
Import and Export. Marine and Coastal Fisheries. Dynamics, Management and
Ecosystem Science, 10, 236-254. https://doi.org/10.1002/mcf2.10021

Kennebec Water District (2015) Potential Effects of Alewife Restoration in China
Lake. Prepared by Kleinschmidt.

State of Connecticut, Department of Energy and Environmental Protection (2018)
Restoration of Anadromous Alewife to Lakes of Connecticut.

Baker, A.L., et al (2012) Phycokey—An Image Based Key to Algae (PS Protista),

Cyanobacteria, and Other Aquatic Objects. University of New Hampshire Center
for Freshwater Biology. http://cfb.unh.edu/phycokey/phycokey.htm

List of Prokaryotic Names with Standing in Nomenclature (LPSN).
http://www.bacteria.net/

Haney, J.F., et al (2013) An Image-Based Key to the Zooplankton of North Ameri-
ca. Version 5.0 Released 2013 University of New Hampshire Center for Freshwater
Biology. http://cfb.unh.edu/

Reynolds, C.S. (1984) Phytoplankton Periodicity: The Interactions of Form, Func-

tion and Environmental Variability. Freshwater Biology, 14, 111-142.
https://doi.org/10.1111/j.1365-2427.1984.tb00027.x

Dolman, A.M., Rucker, J., Pick, F.R., Fastner, J. Rohrlack, T. Mischke, U. and
Weidner, C. (2012) Cyanobacteria and Cyanotoxins: The Influence of Nitrogen
versus Phosphorus. PLoS ONE, 7, e38757.
https://doi.org/10.1371/journal.pone.0038757

Paerl, HW. and Otten, T.G. (2013) Harmful Cyanobacterial Blooms: Causes, Con-
sequences and Controls. Microbial Ecology, 65, 995-1010.
https://doi.org/10.1007/s00248-012-0159-y

Gobler, C.J., Burkholder, ].M., David, T.W., Harke, M.]., Johengen, T., Stow, C.A.
and Van de Waal, D.B. (2016) The Dual Role of Nitrogen Supply in Controlling the
Growth and Toxicity of Cyanobacterial Blooms. Harmful Algae, 54, 87-97.
https://doi.org/10.1016/j.hal.2016.01.010

Carpenter, S.R., Kitchell, J.F., Hodgson, J.R., Cochran, P.A., Elser, J.J., Elser, M.M.,
Lodge, D.M., Kretchmer, D., He, X. and Von Ende, C.N. (1987) Regulation of Lake
Primary Productivity by Food Web Structure. Ecology, 68, 1863-1876.
https://doi.org/10.2307/1939878

Komarkova, J. and Simek, K. (2003) Unicellular and Colonial Formations of Picop-
lanktonic Cyanobacteria under Variable Environmental Conditions and Predation
Pressure. Algological Studjes, 109, 327-340.
https://doi.org/10.1127/1864-1318/2003/0109-0327

Carmichael, W.W. (1992) Cyanobacteria Secondary Metabolites of the Cyanotoxins.
Journal of Applied Bacteriology, 72, 445-459.
https://doi.org/10.1111/j.1365-2672.1992.tb01858.x

DOI: 10.4236/nr.2020.119023

413 Natural Resources


https://doi.org/10.4236/nr.2020.119023
https://doi.org/10.1890/07-1216.1
https://doi.org/10.1002/mcf2.10021
http://cfb.unh.edu/phycokey/phycokey.htm
http://www.bacteria.net/
http://cfb.unh.edu/
https://doi.org/10.1111/j.1365-2427.1984.tb00027.x
https://doi.org/10.1371/journal.pone.0038757
https://doi.org/10.1007/s00248-012-0159-y
https://doi.org/10.1016/j.hal.2016.01.010
https://doi.org/10.2307/1939878
https://doi.org/10.1127/1864-1318/2003/0109-0327
https://doi.org/10.1111/j.1365-2672.1992.tb01858.x

N. J. Leland et al.

(33]

(34]

(36]

(38]

(39]

[41]

[42]

[43]

[44]

(48]

(49]

Watanabe, M.F., Harada, K.-I., Carmichael, W.W. and Fujiki, H. (1996) Toxic Mi-
crocystis. CRC Press Inc., Boca Raton.

Codd G.A., Morrison L.F. and Metcalf, J.S. (2005) Cyanobacterial Toxins: Risk
Management for Health. Toxicology and Applied Pharmacology, 203, 264-272.
https://doi.org/10.1016/j.taap.2004.02.016

Chorus, I. and Bartram, J. (1999) Toxic Cyanobacteria in Water: A Guide to Their
Public Health Consequences, Monitoring and Management. CRC Press, London.
https://doi.org/10.1201/9781482295061

Kozlowsky-Suzuki, B., Wilson, A. and Ferrao-Filho, A.S. (2012) Biomagnification
or Biodilution of Microcystins in Aquatic Food Webs? Meta-Analyses of Laboratory
and Field Studies. Harmful Algae, 18, 47-55.
https://doi.org/10.1016/j.hal.2012.04.002

Lance, E., Arnich, N., Maignien, T. and Bire, R. (2018) Occurrence of
[-Methylamino-L-Alanine (BMAA) and Isomers in Aquatic Environments and
Aquatic Food Sources for Humans. Toxins, 10, 83.
https://doi.org/10.3390/toxins10020083

McQuaid, A.M. (2019) The Bioaccumulation of Cyanotoxins in Aquatic Food
Webs. PhD. Dissertation, University of New Hampshire, Department of Zoology.

Ferrao-Filho, A.D.S. and Kozlowsky-Suzuki, B. (2011) Cyanotoxins: Bioaccumula-
tion and Effects on Aquatic Animals. Marine Drugs, 9, 2729-2772.
https://doi.org/10.3390/md9122729

Flores, N.M., Miller, T.R. and Stockwell, ].D. (2018) A Global Analysis of the Rela-
tionship between Concentrations of Microcystins in Water and Fish. Frontiers in
Marine Science, 5, Article 30. https://doi.org/10.3389/fmars.2018.00030

Pham, T.-L. and Utsumi, M. (2018) An Overview of the Accumulation of Microcys-
tins in Aquatic Ecosystems. Journal of Environmental Management, 213, 520-529.
https://doi.org/10.1016/j.jenvman.2018.01.077

Coastal Systems Group, School for Marine Science and Technology. (2014) Mill
Ponds Management Plan: Walkers Pond, Upper Mill Pond and Lower Mill Pond.

Commonwealth of Massachusetts, Division of Marine Fisheries, (2019) Massachu-
setts River Herring Count Summary.

Rosset, J. (2016) The Life History Characteristics, Growth and Mortality of Juvenile
Alewife, Alosa pseudoharengus, in Coastal Massachusetts. Scholarworks @ UMass
Ambherst.

Association to Preserve Cape Cod (2019) Summary of Volunteer Herring Counts,
Cape Cod, 2007-2019.

Leland, N.J. and Haney, J.F. (2018) Alternative Methods for Analysis of Cyanobac-
terial Populations in Drinking Water Supplies: Fluorometric and Toxicological Ap-
plications Using Phycocyanin. Journal of Water Resource and Protection, 10,
740-761. https://doi.org/10.4236/jwarp.2018.108042

Haney, J.H. and Hall, D.]. (1973) Sugar-Coated Daphnia: A Preservation Technique
for Cladocera. Limnology and Oceanography;, 18, 331-333.
https://doi.org/10.4319/10.1973.18.2.0331

US Environmental Protection Agency (2016) Standard Operating Procedure for
Zooplankton Analysis. LG403, Rev.7.

Dumont, H.J., Van de Velde, I. and Dumont, S. (1975) The Dry Weight Estimate of
Biomass in a Selection of Cladocera, Copepoda and Rotifers from the Plankton, Pe-
riphyton and Benthos of Continental Waters. Oecologia, 19, 75-97.

DOI: 10.4236/nr.2020.119023

414 Natural Resources


https://doi.org/10.4236/nr.2020.119023
https://doi.org/10.1016/j.taap.2004.02.016
https://doi.org/10.1201/9781482295061
https://doi.org/10.1016/j.hal.2012.04.002
https://doi.org/10.3390/toxins10020083
https://doi.org/10.3390/md9122729
https://doi.org/10.3389/fmars.2018.00030
https://doi.org/10.1016/j.jenvman.2018.01.077
https://doi.org/10.4236/jwarp.2018.108042
https://doi.org/10.4319/lo.1973.18.2.0331

N. J. Leland et al.

[50]

[51]

(53]

[56]

[57]

[59]

[60]

(61]

[62]

https://doi.org/10.1007/BF00377592

Mills, E.L., Green, D.M. and Schiavone Jr., A. (1987) Use of Zooplankton Size to
Assess the Community Structure of Fish Populations in Freshwater Lakes. North
American Journal of Fisheries Management, 7, 369-378.
https://doi.org/10.1577/1548-8659(1987)7%3C369:UOZSTA%3E2.0.CO;2

Leland, N.J., Haney, J.F., Conte, K., Malkus-Benjamin, K. and Horsley, B. (2019)
Evaluation of Size Structure in Freshwater Cyanobacterial Populations: Methods to
Quantify Risk Associated with Changes in Biomass and Microcystin Concentra-
tions. Journal of Water Resource and Protection, 11, 810-829.
https://doi.org/10.4236/jwarp.2019.116049

Lehman, J.T. and Sandgren, C.D. (1985) Species-Specific Rates of Growth and
Grazing Loss among Freshwater Algae. Limnology and Oceanography, 30, 34-46.
https://doi.org/10.4319/10.1985.30.1.0034

Gray, J.S. (2002) Biomagnification in Marine Systems: The Perspective of an Ecolo-
gist. Marine Pollution Bulletin, 45, 46-52.
https://doi.org/10.1016/S0025-326X(01)00323-X

Iafrate, J. and Oliveira, K. (2008) Factors Affecting Migration Patterns of Juvenile
River Herring in a Coastal Massachusetts Stream. Environmental Biology of Fishes,
81, 101-110. https://doi.org/10.1007/s10641-006-9178-1

Gahagan, B.I, Gherard, K.E. and Schultz, E.T. (2010) Environmental and Endo-
genous Factors Influencing Emigration in Juvenile Anadromous Alewives. Transac-
tions of the American Fisheries Society, 139, 1069-1082.
https://doi.org/10.1577/T09-128.1

Schneider, J.C., Laarman, P.W. and Gowing, H. (2000) Length-Weight Relation-
ships. Chapter 17 in Schneider. In: James, C., Ed., Manual of Fisheries Survey Me-
thods II with Periodic Updates, Michigan Department of Natural Resources, Fishe-
ries Special Report 25, Ann Arbor, 1-16.

Murphy, B.R., Willis, D.W. and Springer, T.A. (1991) The Relative Weight Index in
Fisheries Management: Status and Needs. Fisheries, 16, 30-38.
https://doi.org/10.1577/1548-8446(1991)016<0030: TRWIIF>2.0.CO;2

Kutkuhn, J.H. (1958) Utilization of Plankton by Juvenile Gizzard Shad in a Shallow
Prairie Lake. American Fisheries, 87, 80-103.
https://doi.org/10.1577/1548-8659(1957)87[80:UOPB]G]2.0.CO;2

Schaus, M.H., Vanni, M.]. and Wissing, T.E. (2002) Biomass-Dependent Diet Shifts
in Omnivorous Gizzard Shad: Implications for Growth, Food Web, and Ecosystem
Effects. Transactions of the American Fisheries Society, 131, 40-54.
https://doi.org/10.1577/1548-8659(2002)131%3C0040:BDDSIO%3E2.0.CO;2

Fujibayashi, M., Okano, K., Takada, Y., Mizutani, H., Uchida, N., Osamu, N. and
Miyata, N. (2018) Transfer of Cyanobacterial Carbon to a Higher Trophic-Level
Fish Community in a Eutrophic Lake Food Web: Fatty Acid and Stable Isotope
Analyses. Oecologia, 188, 901-912. https://doi.org/10.1007/s00442-018-4257-5

Mittlebach, G.G., Osenberg, C.W. and Liebold, M.A. (1988) Trophic Relations and
Ontogenetic Niche Shifts in Aquatic Ecosystems. In: Ebenman, B. and Persson, L.,
Eds., Size-Structured Populations, Springer, Berlin, 219-235.
https://doi.org/10.1007/978-3-642-74001-5_15

Heinrich, J.W. (1981) Culture, Feeding and Growth of Alewives Hatched in the La-
boratory. The Progressive Fish- Culturalist, 43, 3-7.
https://doi.org/10.1577/1548-8659(1981)43[3:CFAGOA]2.0.CO;2

DOI: 10.4236/nr.2020.119023

415 Natural Resources


https://doi.org/10.4236/nr.2020.119023
https://doi.org/10.1007/BF00377592
https://doi.org/10.1577/1548-8659(1987)7%3C369:UOZSTA%3E2.0.CO;2
https://doi.org/10.4236/jwarp.2019.116049
https://doi.org/10.4319/lo.1985.30.1.0034
https://doi.org/10.1016/S0025-326X(01)00323-X
https://doi.org/10.1007/s10641-006-9178-1
https://doi.org/10.1577/T09-128.1
https://doi.org/10.1577/1548-8446(1991)016%3C0030:TRWIIF%3E2.0.CO;2
https://doi.org/10.1577/1548-8659(1957)87%5b80:UOPBJG%5d2.0.CO;2
https://doi.org/10.1577/1548-8659(2002)131%3C0040:BDDSIO%3E2.0.CO;2
https://doi.org/10.1007/s00442-018-4257-5
https://doi.org/10.1007/978-3-642-74001-5_15
https://doi.org/10.1577/1548-8659(1981)43%5b3:CFAGOA%5d2.0.CO;2

N. J. Leland et al.

[63]

[64]

[65]

[66]

[67]

(68]

[70]
(71]

[72]

(73]

(74]

[76]

Withers, J.L., Sesterham, T.M., Foley, C.J., Troy, C.D. and Hook, T.O. (2015) Diets
and Growth Potential of Early Stage Larval Yellow Perch and Alewife in a Near-
shore Region of Southeastern Lake Michigan. Journal of Great Lakes Research, 41,
197-209. https://doi.org/10.1016/j.jglr.2015.08.003

Cox, S. and Llopiz, J. (2015) Understanding the Feeding Dynamics of Juvenile River
Herring. Unpublished.

Chen, J., Xie, P., Zhang, D.W., Ke, Z.X. and Yang, H. (2006) Inn Situ Studies on the
Bioaccumulation of Microcystins in the Phytoplanktivorous Silver Carp (Hypoph-
thalmichthys molitrix) Stocked in Lake Taihu with Dense Toxic Microcystis
Blooms. Aquaculture, 261, 1026-1038.
https://doi.org/10.1016/j.aquaculture.2006.08.028

Jiang, Y., Xie, P. and Nie, Y. (2014) Concentration and Bioaccumulation of Cyano-
bacterial Bioactive and Odorous Metabolites Occurred in a Large, Shallow Chinese
Lake. Bulletin of Environmental Contamination and Toxicology, 93, 643-648.
https://doi.org/10.1007/s00128-014-1350-2

Chen, J., Zhang, D., Xie, P., Wang, Q. and Ma, Z. (2009) Simultaneous Determina-
tion of Microcystin Contaminations in Various Vertebrates (Fish, Turtle, Duck and
Water Bird) from a Large Eutrophic Chinese Lake, Lake Taihu, with Toxic Micro-
cystis Blooms. Science of the Total Environment, 407, 3317-3322.
https://doi.org/10.1016/j.scitotenv.2009.02.005

Poste, A.E., Hecky, R.E. and Guildford, S.J. (2011) Evaluating Microcystin Exposure
Risk through Fish Consumption. Environmental Science and Technology, 45,
5806-5811. https://doi.org/10.1021/es200285¢

Jiao, Y.Y., Chen, Q.K,, Chen, X., Wang, X., Liao, X.W,, Jiang, L.]., Wu, J. and Yang,
LY. (2014) Occurrence and Transfer of a Cyanobacterial Neurotoxin Be-
ta-Methylamino-L-Alanine within the Aquatic Food Webs of Gonghu Bay (Lake
Taihu, China) to Evaluate the Potential Human Health Risk. Science of the Total
Environment, 468, 457-463. https://doi.org/10.1016/j.scitotenv.2013.08.064

Horsley, B. (2019) Personal Communication.

Smith, J.L. and Haney, J.F. (2006) Food Web Transfer, Accumulation, and Depura-
tion of Microcystins, a Cyanobacterial Toxin, in Pumpkinseed Sunfish (Lepomis
gibbosus). Toxicon, 48, 580-589. https://doi.org/10.1016/j.toxicon.2006.07.009

Zguna, N., Karlson, A.M., Ilag, L.L., Garbaras, A. and Gorokhova, E. (2019) Insuffi-
cient Evidence for BMAA Transfer in the Pelagic and Benthic Food Webs in the
Baltic Sea. Scientific Reports, 9, Article No. 10406.
https://doi.org/10.1038/s41598-019-46815-3

Hall, D.J., Threlkeld, S.T., Burns, CW. and Crowley, P.H. (1976) The
Size-Efficiency Hypothesis and the Size Structure of Zooplankton Communities.

Annual Revue of Ecology, Evolution and Systematics, 7, 177-208.
https://doi.org/10.1146/annurev.es.07.110176.001141

Gonzales, A. and Loreau, M. (2009) The Causes and Consequences of Compensa-
tory Dynamics in Ecological Communities. Annual Revue of Ecology, Evolution
and Systematics, 40, 393-414.
https://doi.org/10.1146/annurev.ecolsys.39.110707.173349

De Ruiter, P.C., Neutel, A.-M. and Moore, ].C. (1995) Energetics, Patterns of Inte-
raction Strengths, and Stability in Real Ecosystems. Science, 269, 1257-1260.
https://doi.org/10.1126/science.269.5228.1257

Weis, J.J. and Post, D.M. (2013) Intraspecific Variation in a Predator Drives Cas-
cading Variation in Promary Producer Community Composition. Oikos, 122,

DOI: 10.4236/nr.2020.119023

416 Natural Resources


https://doi.org/10.4236/nr.2020.119023
https://doi.org/10.1016/j.jglr.2015.08.003
https://doi.org/10.1016/j.aquaculture.2006.08.028
https://doi.org/10.1007/s00128-014-1350-2
https://doi.org/10.1016/j.scitotenv.2009.02.005
https://doi.org/10.1021/es200285c
https://doi.org/10.1016/j.scitotenv.2013.08.064
https://doi.org/10.1016/j.toxicon.2006.07.009
https://doi.org/10.1038/s41598-019-46815-3
https://doi.org/10.1146/annurev.es.07.110176.001141
https://doi.org/10.1146/annurev.ecolsys.39.110707.173349
https://doi.org/10.1126/science.269.5228.1257

N. J. Leland et al.

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

1343-1349. https://doi.org/10.1111/j.1600-0706.2012.00258.x

Gilbert, J.J. (1988) Suppression of Rotifer Population by Daphnia: A Review of the
Evidence, the Mechanisms and the Effects on Zooplankton Community Structure.
Limnology and Oceanography, 33, 1286-1303.
https://doi.org/10.4319/10.1988.33.6.1286

Brooks, J.L. (1968) The Effects of Prey Size Selection by Lake Planktivores. Syste-
matic Biology, 17, 273-291. https://doi.org/10.1093/sysbio/17.3.273

Hanazato, T. (1990) Induction of Helmet Development by a Chaoborus Factor in
Daphnia ambigua during Juvenile Stages. Journal of Plankton Research, 12,
1287-1294. https://doi.org/10.1093/plankt/12.6.1287

Hanazato, T. and Ooi, T. (1992) Morphological Responses of Daphnia ambigua to
Different Concentrations of a Chemical Extract from Chaoborus flavicans. Fresh-
water Biology, 27, 379-385. https://doi.org/10.1111/j.1365-2427.1992.tb00547.x

Moore, M.M. and Gilbert, ]J.J. (1987) Age-Specific Chaoborus Predation on Rotifer
Prey. Freshwater Biology, 17, 223-236.
https://doi.org/10.1111/j.1365-2427.1987.tb01044.x

Moore, M.M. (1988) Differential Use of Food Resources by the Instars of Chaobo-
rus punctipennis. Freshwater Biology, 19, 249-268.
https://doi.org/10.1111/j.1365-2427.1988.tb00346.x

Von Ende, C.N. (1979) Fish Predation, Interspecific Predation and the Distribution
of Two Chaoborus Species. Ecology, 60, 119-128.
https://doi.org/10.2307/1936474

Lencioni, M. (2006) Prey Selection by Chaoborus in the Field and Laboratory.
Southern Illinois University Research, Illinois.

Dumont, H.J. (1977) Biotic Factors in the Population Dynamics of Rotifers. Arc-
hives fur Hydrobiologie, 8, 98-122.

Oganjan, K., Virro, T. and Lauringson, V. (2013) Food Spectrum of the Omnivor-
ous Rotifer Asplanchna priodonta in Two Large Northeastern European Lake of
Different Trophy. International Journal of Oceanography and Hydrobiology, 42,
314-323. https://doi.org/10.2478/s13545-013-0088-5

Persaud, A.D. and Dillon, P.J. (2010) Ontogenetic Differences in Isotopic Signatures
and Crop Contents of Chaoborus. Journal of Plankton Research, 32, 57-67.
https://doi.org/10.1093/plankt/fbp099

Ellis, B.K., Stanford, J.A., Goodman, D., Stafford, C.P., Gustafson, D.L., Beauchamp,
D.A., Chess, D.W,, Craft, J.A., Deleray, M.A. and Hansen, B.S. (2011) Long-Term
Effects of a Trophic Cascade in a Large Lake Ecosystem. Proceedings of the Nation-
al Academy of Sciences, 108, 1070-1075. https://doi.org/10.1073/pnas.1013006108

Bogdan, K.G. and Gilbert, J.J. (1987) Quantitative Comparison of Food Niches in
Some Freshwater Zooplankton. Oecologia, 721, 331-340.
https://doi.org/10.1007/BF00377560

Pernthaler, J., Simek, K., Sattler, B., Schwarzenbacher, A., Bobkova, J. and Psenner,
R. (1996) Short-Term Changes of Protozoan Control on Autotrophic Picoplankton
in an Oligo-Mesotrophic Lake. Journal of Plankton Research, 18, 443-462.
https://doi.org/10.1093/plankt/18.3.443

Gilbert, J.J. and Jack, J.D. (1993) Rotifers as Predators on Small Ciliates. Hydrobi-
ologia, 255, 247-253. https://doi.org/10.1007/BF00025845

Lischke, B., Weithoff, G., Wickham, S.A., Attermeyer, K., Grossart, H.-P., Scharn-
weber, K., Hilt, S. and Gaedke, U. (2016) Large Biomass of Small Feeders: Ciliates

DOI: 10.4236/nr.2020.119023

417 Natural Resources


https://doi.org/10.4236/nr.2020.119023
https://doi.org/10.1111/j.1600-0706.2012.00258.x
https://doi.org/10.4319/lo.1988.33.6.1286
https://doi.org/10.1093/sysbio/17.3.273
https://doi.org/10.1093/plankt/12.6.1287
https://doi.org/10.1111/j.1365-2427.1992.tb00547.x
https://doi.org/10.1111/j.1365-2427.1987.tb01044.x
https://doi.org/10.1111/j.1365-2427.1988.tb00346.x
https://doi.org/10.2307/1936474
https://doi.org/10.2478/s13545-013-0088-5
https://doi.org/10.1093/plankt/fbp099
https://doi.org/10.1073/pnas.1013006108
https://doi.org/10.1007/BF00377560
https://doi.org/10.1093/plankt/18.3.443
https://doi.org/10.1007/BF00025845

N. J. Leland et al.

(93]

[96]

[97]

May Dominate Herbivory in Eutrophic Lakes. Journal of Plankton Research, 38,
2-15. https://doi.org/10.1093/plankt/fbv102

Moore, M.V., De Stasio, B.T., Huizenga, K.N. and Silow, E.A. (2019) Trophic
Coupling of the Microbial and Classical Food Web in Lake Baikal, Siberia. Fresh-
water Biology, 64, 138-151. https://doi.org/10.1111/fwb.13201

Lindeman, R. (1942) The Trophic Dynamic Aspect of Ecology. Ecology; 23, 399-418.
https://doi.org/10.2307/1930126

Schaus, M.H., Vanni, M.]., Wissing, T.E., Bremigan, M.T., Garvey, J.E. and Stein,
R.A. (1997) Nitrogen and Phosphorus Excretion by Detritivorous Gizzard Shad in a

Reservoir Ecosystem. Limnology and Oceanography;, 42, 1386-1397.
https://doi.org/10.4319/10.1997.42.6.1386

Tang, K.W., Flury, S., Grossart, H.-P. and McGinnis, D.F. (2017) The Chaoborus
Pump: Migrating Phantom Midge Larvae Sustain Hypolimnetic Oxygen Deficiency
and Nutrient Internal Loading in Lakes. Water Research, 122, 36-41.
https://doi.org/10.1016/j.watres.2017.05.058

Pick, F.R. and Agbeti, M.D. (1991) The Seasonal Dynamics and Composition of
Photosynthetic Picoplankton Communities in Temperate Lakes in Ontario, Canada.
International Review of Hydrobiology, 76, 565-580.
https://doi.org/10.1002/iroh.19910760409

Gliwicz, Z.M. (1990) Why Do Cladocerans Fail to Control Algal Blooms? Hydrobi-
ologia, 200, 83-97. https://doi.org/10.1007/BF02530331

Pip, E., Munford, K. and Bowman, L. (2016) Seasonal Nearshore Occurrence of the
Neurotoxin S-N-Methylamino-L-Alanine (BMAA) in Lake Winnipeg, Canada. En-
vironmental and Pollution, 5, 110-118. https://doi.org/10.5539/ep.v5nlp110

DOI: 10.4236/nr.2020.119023

418 Natural Resources


https://doi.org/10.4236/nr.2020.119023
https://doi.org/10.1093/plankt/fbv102
https://doi.org/10.1111/fwb.13201
https://doi.org/10.2307/1930126
https://doi.org/10.4319/lo.1997.42.6.1386
https://doi.org/10.1016/j.watres.2017.05.058
https://doi.org/10.1002/iroh.19910760409
https://doi.org/10.1007/BF02530331
https://doi.org/10.5539/ep.v5n1p110

N. J. Leland et al.

Supplemental

Supplemental Table S1. Phycocyanin (PC), cyanotoxin concentrations (MC and BMAA) in water and sediment (littoral and pe-
lagic) samples, and Secchi disk depth from Lower Mill Pond. SEM indicates standard error of the mean.

Water samples

<50 um WLW
S‘;Zfele (pgf-l) SEM (HZLC_I) SEM i}:ﬁ_‘?‘) SEM ngge (u;f'l) SEM (HZLC_I) SEM i}:ﬁ_‘?‘) SEM
7-Jun 3.19 0.06 10.54 0.99 0.54 0.07 7-Jun 5.72 0.40 8.16 0.97 0.56 0.12
21-Jun 4.69 0.15 7.61 1.33 0.43 0.06 21-Jun 5.55 0.42 5.78 0.66 0.41 0.12
10-Jul 5.55 0.15 8.44 0.82 0.21 0.07 10-Jul 6.59 0.07 8.26 1.25 0.27 0.05
19-Jul 40.87 2.17 11.81 1.94 0.24 0.06 19-Jul 54.23 3.38 9.46 0.79 0.25 0.02
2-Aug 35.67 2.81 9.16 0.53 0.21 0.04 2-Aug 35.40 0.91 7.42 0.76 0.15 0.02
16-Aug 67.54 1.29 11.60 1.24 0.12 0.00 16-Aug 70.68 1.50 10.37 0.79 0.17 0.05
30-Aug 25.26 0.39 16.38 0.21 0.41 0.02 30-Aug 28.60 1.25 17.10 0.30 0.48 0.06
13-Sep 11.94 0.55 19.64 1.40 0.51 0.09 13-Sep 17.88 0.46 11.17 1.24 0.57 0.03
27-Sep 17.25 0.35 13.30 1.30 1.06 0.21 27-Sep 29.70 1.60 13.38 0.93 0.10 0.02
BFC Secchi Disk Depth
Sample Date  PC (pg-L™") SEM MC (ng-L™) SEM BMAA (ug-L™") SEM  Sample Date  SDD (m) SEM
7-Jun 98.31 12.15 7.05 1.50 nd 7-Jun 1.69 0.004
21-Jun 18.35 1.46 7.63 1.73 nd 21-Jun 1.54 0.003
10-Jul 137.43 13.17 10.21 3.42 nd 10-Jul 1.54 0.006
19-Jul 1172.57 115.67 13.56 2.92 nd 19-Jul 1.54 0.001
2-Aug 234.87 14.75 250.00 0.00 nd 2-Aug 1.08 0.005
16-Aug 409.33 62.38 325.92 31.17 nd 16-Aug 0.68 0.007
30-Aug 249.27 29.00 32.60 4.83 nd 30-Aug 0.92 0.001
13-Sep 132.53 24.97 45.41 19.97 nd 13-Sep 0.92 0.010
27-Sep 350.97 25.73 123.26 35.81 nd 27-Sep 0.95 0.001

nd = non-detect.

Sediment samples

Littoral Zone Pelagic Zone
Site.  PC (ugL™") SEM MIC SEM BMfA SEM  Site PC,I SEM M? SEM BMfl\A
(ng-g™ dw) (ug-g™ dw) (ngl™ (ug-g™ dw) (ug-g™ dw)
Site#1  139.97  0.85 0123 0019  0.053 0.023 Site#2 9434  0.50 0.009  0.002  0.020 0.009
Site #5 108893  2.52 0544 0173  1.445 0.440 Site#3 6000 021 0.001  0.000  0.024  0.008
Site #8 23458 045 1.803 0474 2220 0.099 Site#4 7640  0.49 0.002  0.001  0.023  0.008
Site#9 35327  0.88 1159 0103  0.299 0.022 Site#6 7000  0.17 0.002 0000  0.019  0.004

Site #7  37.77 0.55 0.003 0.000 0.016 0.002

DOI: 10.4236/nr.2020.119023 419 Natural Resources


https://doi.org/10.4236/nr.2020.119023

	Trophic Interactions between Anadromous Juvenile Alewife (Alosa pseudoharengus) and Cyanobacterial Populations in a Shallow Mesotrophic Pond
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods 
	3. Results
	4. Discussion
	5. Conclusion
	Acknowledgements
	Conflicts of Interest
	References
	Supplemental

