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Abstract: Spatiotemporal variations of phytoplankton populations in agricultural irrigation ponds
need to be accounted for in order to properly assess water quality. Phytoplankton cell and pho-
tosynthetic pigment concentrations are two common metrics used to characterize phytoplankton
communities. This work evaluated depth and time of the day as factors affecting discrete sam-
pling of phytoplankton. The abundance of chlorophytes, diatoms, cyanobacteria, flagellates, and
dinoflagellates, as well as chlorophyll-a and phycocyanin pigments, were determined in samples
taken at the surface and depth, in 0.5 m increments, in three to five spatial replications at 9 a.m.,
12 p.m., and 3 p.m. in two ponds in Maryland, USA. Depth was a significant factor for photosynthetic
pigment concentration variations in both ponds on most sampling dates and time of day was a
significant factor for photosynthetic pigment concentrations in half of the sampling dates. Depth
was not a significant factor in cell concentration variations for any of the phytoplankton groups
observed, but time of day was a significant factor in 40% of the sampling dates. Two distinct patterns
in pigment concentration daily variation were observed. The first featured a continuous increase
with depth throughout the day. The second showed maximum concentrations at the surface in the
morning changing to maximum concentrations at 0.5 m depth at 12 p.m. and 3 p.m.; these patterns
corresponded to different morning solar irradiance levels. This indicates that sampling depth and
time can be a significant factor when evaluating photosynthetic pigments and should be accounted
for in monitoring programs that rely on pigments for decision-making.

Keywords: irrigation ponds; phytoplankton; water quality

1. Introduction

The quality of agricultural irrigation water is not only vital to crop development
and success, but also has implications for environmental, human, and animal health.
Influx of nutrients into a waterbody can result in eutrophication which can stimulate
the overgrowth of phytoplankton and subaqueous vegetation. Hypoxic conditions can
arise when those organisms eventually die, and the organic material begins to decompose.
Hypoxic conditions can negatively affect aquatic organisms and the biodiversity of a
waterbody, and can have a negative impact on crop and soil quality, with low oxygenated
water leading to poor photosynthetic rates and reduced crop yield [1,2]. Eutrophic waters
can also lead to the overgrowth of cyanobacteria, some of which produce toxins that can
be transported in irrigation water to crops and soils where they can persist for extended
periods of time [3,4]. Certain crops can take cyanotoxins up through their root systems,
thus creating a potential for human or animal ingestion [3].

The United States Department of Agriculture (USDA) estimates that over half of
all agricultural irrigation water used in the United States is obtained from surface water
sources, e.g., streams, lakes, ponds, canal systems, and reservoirs [5]. The total area of
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agricultural ponds in the United States is about 22,000 km2 [6]. Naturally occurring surface
waters and manmade ponds and impoundments provide an easily accessible source of
water for irrigation and other agricultural activities. Eutrophication and its implications
have been documented in various types of agricultural pond waters including those utilized
for aquaculture [7–9], irrigation [10–12], and livestock watering [13,14].

Since eutrophication increases the phytoplankton biomass that can be supported
during an algal bloom [15] various metrics related to the amount of phytoplankton growth
have been established as indicators of the overall water quality and trophic status in both
fresh and marine aquatic environments [16–19]. Approaches to quantifying the presence
of phytoplankton can be divided into two groups: cell abundance and photosynthetic
pigment concentrations. Both cell identification and enumeration, and phytoplankton
pigment (mainly chlorophyll-a and phycocyanin) concentrations have been extensively
used for surface water quality assessments in lakes [20,21], rivers [22], ponds [23,24], and
reservoirs [25,26].

In freshwater, phytoplankton depth dependencies have been described as either hori-
zontal shifts or vertical fluctuations. Vertical diurnal changes have been attributed to the
colony size of phytoplankton [27], buoyancy regulation [28], community composition [29],
winds [30], water flow patterns [31], thermal stratification [17], and light attenuation [32].
Horizontal shifts in distribution were mostly recognized as being wind-driven [30,33,34].
Qi et al. [28] recognized three vertical diurnal patterns during a cyanobacteria bloom in
Lake Taihu (China): these three patterns were described as (1) near continuous increase
in cyanobacteria abundance throughout the day, (2) an increase for the first part of the
day followed by a decrease in cyanobacteria density later in the day, and (3) near continu-
ous decrease in cyanobacteria throughout the day. Similarly, temporal and spatial trends
of phytoplankton metrics have been extensively studied and provided important infor-
mation about the waterbody biodynamics of freshwater lakes [35,36], reservoirs [37,38],
ponds [23,24,39], and rivers [40,41]. In particular, the vertical distribution of phytoplankton
pigments and populations have been examined in various large freshwater sources. In
these larger systems, the observed gradients were attributed to patterns of water flow [42],
winds [43], seasonality [44], light intensity [45], water temperature [46], nutrient availabil-
ity [47], and a combination of abiotic and biotic processes [48]. Most of these observations
have been made in large freshwater systems. Except for a few studies [14,49–51], there is
little-to-no information available on the diurnal or spatial dynamics of phytoplankton pop-
ulations and pigments in agricultural irrigation ponds < 8000 m2, which are increasingly
being used in farming practices [52].

The presence of spatial and temporal trends in phytoplankton metrics indicates a need
for explicitly defining sampling depth and time as elements of the phytoplankton monitor-
ing design. Reviews of phytoplankton water quality assessments indicated that the depth
in which a sample is collected is often not reported or is buried within metadata [53–55].
Furthermore, sampling of only surface water is common due to the ease of collection [56,57].
Similarly, the time of sampling is often omitted. With two approaches to phytoplankton
assessments—pigment concentration quantification and cell enumeration—little is known
about the similarity and dissimilarity of spatial and temporal trends of each of these metrics
in shallow waterbodies including agricultural irrigation ponds. Consequently, the objective
of this work was to evaluate the potential significance of sampling time and depth on
phytoplankton community structure and chlorophyll-a and phycocyanin concentrations
for characterizing water quality in two agricultural irrigation ponds in Maryland, USA.

2. Materials and Methods
2.1. Sites, Field, and Laboratory

Water sampling was conducted at two agricultural irrigation ponds in Maryland, USA
during the growing seasons of 2019 and 2020. Detailed descriptions of both ponds can
be found in Smith et al. [24]. Briefly, Pond 1 (P1; Figure 1), located in Central Maryland,
is a manmade embankment pond adjacent to crop fields. Pond 2 (P2; Figure 2), located
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on the Eastern Shore of Maryland, is a manmade excavation pond. The total surface area
of the ponds are 4087 and 4249 m2 for P1 and P2, respectively. P1 was sampled once in
2019 (6 September 2019) and once in 2020 (23 July 2020). P2 was sampled twice in 2019
(15 September 2019, 21 September 2019) and three times in 2020 (15 July 2020, 10 August
2020, 26 August 2020). Both ponds are approximately a one-hour drive from the USDA-
Agricultural Research Station laboratories, allowing samples to be collected and processed
on the same day.
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Sample collection consisted of samples being taken from interior locations of the ponds
at multiple depths throughout the day. For all sampling dates, sample collection started at
9 a.m., 12 p.m., and 3 p.m. and was completed within 30 min of the start time. Sampling
design remained the same at P1 for 2019 and 2020 with three interior sampling locations
and four depths (0 m, 0.5 cm, 1.0 m, and 1.5 m). For P2 in 2019 there were three interior
sampling locations with four depths as described for P1. In 2020 the sampling design
was changed to obtain better spatial coverage at P2 which included five instead of three
interior sampling locations and three depths instead of four (0 m, 0.5 m, and 1.0 m). The
total number of samples analyzed were 279, with 72 samples from P1 and 207 from P2.
Replications of samples and microscopy analysis were not performed due to time and
resource limitations. The average photic zones during the growing season (May–October),
as determined by Secchi depth, were 0.8 m and 0.5 m for P1 and P2, respectively [24].

Water samples were collected from a boat using a Sigma 900 MAX autosampler
(Hach, Loveland, CO, USA). Further details on sampling procedure can be found in
Stocker et al. [58]. In brief, the autosampler tubing was marked with tape so samples
could be taken at the same depth every time. The intake of the autosampler tubing
was attached to a YSI EXO2 multiparameter sonde (Yellow Springs Instruments, Yellow
Springs, OH, USA) so that water quality measurements were representative of the water
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being collected for laboratory analysis. Field measurements collected with the YSI sonde
included: temperature (◦C), specific conductance (SPC; µS cm−1), dissolved oxygen (DO;
mg L−1), pH, fluorescent dissolved organic matter (FDOM; relative fluorescent units [RFU]),
and turbidity (NTU). The autosampler tubing was flushed for 30 s at each depth prior to
collecting the water sample into a pre-labeled 500 mL amber plastic bottle. Samples were
kept in a cooler with ice packs to maintain ambient water temperature.
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Sample processing in the laboratory typically occurred within two hours after the
3 p.m. sampling. For phytoplankton identification and enumeration, 50 mL subsamples
were portioned and treated with a 5% Lugol’s iodine solution (to a 1% final concentration)
immediately after collection and stored in coolers in the field. Upon arrival to the laboratory,
phytoplankton samples were then stored in the dark at 4 ◦C until processing. Water samples
were analyzed using an Aquafluor fluorometer (Turner Designs, San Jose, CA, USA) for
whole cell chlorophyll-a (RFU), phycocyanin (µg L−1), and colored dissolved organic matter
(CDOM; µg L−1). A VarioTOC cube (Elementar, Ronkonkoma, NY, USA) was utilized to
analyze water samples for total carbon (TC; mg L−1), total organic carbon (TOC; mg L−1),
total inorganic carbon (TIC; mg L−1), and total bound nitrogen (TNB; mg L−1). All analyses
were completed according to manufacturer guidelines.

2.2. Microscopy

All phytoplankton samples were examined using a Nikon Ts2R inverted microscope
(Nikon Instruments Inc., Melville, NY, USA) using a modified Ütermohl method as de-
scribed in Marshall & Alden [59] and Garrett et al. [60]. A detailed description of the
enumeration method can be found in Smith et al. [24]. Briefly, a Lugol’s iodine preserved
sample (2 or 3 mL) was placed into a chambered cover glass slide (Nalgene Nunc #155380,
Thermo Scientific, Rochester, NY, USA) and was allowed to settle for 30 to 60 min. Optical
frames were counted until either a minimum of 200 cells or 20 frames were evaluated.
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Identification of phytoplankton was performed to the lowest taxon possible for eukaryotic
algae using John et al. [61] and for cyanobacteria using Komárek [62] and Komárek and
Anagnostidis [63] and recorded as cells L−1. For data analyses, enumerative phytoplankton
data were binned into five major groups: diatoms, chlorophytes, dinoflagellates, flagellates,
and cyanobacteria. The chlorophyte group consisted of non-motile single-cell, colonial, and
filamentous genera. The flagellate group consisted of euglenophyte, raphidophyte, crypto-
phyte, and motile chlorophyte taxa which finer scale resolution or morphological overlap
was possible due to preservation with Lugol’s iodine and the limitation of analysis only
with light microscopy. This binning method was suggested by Davies et al. [64], as a way to
use datasets with limited fine-resolution taxonomy in the creation of ecological indicators.

2.3. Statistics and Graphics

To analyze the differences in mean abundance of major phytoplankton groups by
time of day and sampling depth, two-way permutational multivariate analysis of variance
(PERMANOVA) was performed. Spearman rank correlations were performed between
phytoplankton abundance and measured water quality parameters. Due to the infrequent
occurrence and minor contribution to the total phytoplankton population, dinoflagellates
were not included in statistical analyses. All statistical analyses were computed with
PAST4 [65]. The normalized concentration Rij in chlorophyll-a and phycocyanin contour
maps was calculated as follows:

Rij =
Xij

X

where Xij is the average over replications at specific time of day (i) and depth (j) and X
is the daily average over the pond. Figures were created with Sigma Plot v13 (Systat
Software, San Jose, CA, USA) and all maps were prepared using QGIS v3.22 (OSGeo,
Basel, Switzerland).

3. Results
3.1. Data Summary

Descriptive statistics (minimum, maximum, mean, and median) for measured water
quality parameters in both ponds and years can be found in Supplemental Table S1. Nor-
malized temperature measurements as a function of the time of day and sampling depth
are shown in Supplemental Figure S1. Average cell abundance of phytoplankton (diatoms,
chlorophytes, flagellates, cyanobacteria, and total phytoplankton) at P1 were greater in
2019 than in 2020. Whereas at P2, the average abundance of phytoplankton groups were
greater in 2020 than in 2019. Average water temperatures, FDOM, TOC, and TN in P1
and P2 were higher in 2020 when compared to 2019. Chlorophyll-a, phycocyanin, CDOM,
turbidity, pH average values were higher in 2019 for both ponds.

Precipitation data over 1-week and 2-week accumulation periods is presented in
Supplemental Table S2. Overall, the largest amounts of precipitation accumulations were
seen at P2 in 2020. In both ponds, the lowest amounts of precipitation were seen for the
2019 sampling dates, with all dates having < 1 mm of accumulation the week prior to
sampling. At P1, the 2020 sampling date had higher precipitation amounts than the 2019
sampling date both one and two weeks prior to sampling. A very large precipitation event
took place one week prior to the 10 August 2020 (P2) sampling date with over 200 mm of
rainfall documented. Two weeks prior to sampling P2 on 26 August 2020 there was an
accumulation of ~200 mm of precipitation. Solar irradiance data are shown in Supplemental
Table S3. Variation among 9 a.m. irradiance values was much higher than that among
12 p.m. and 3 p.m. values. A larger spread of irradiance values at 12 p.m. and 3 p.m.
samplings was observed at P1 compared with P2.

The relative abundances of phytoplankton groups based on cell abundance over the
seven sampling dates in this study are displayed in Figure 3 and identified taxa for both
ponds are reported in Table S4. For all sampling dates at both ponds, the phytoplankton
community was dominated by either flagellates or chlorophytes. Dinoflagellates were
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present in two of the seven sampling dates (15 September 2019 and 21 September 2019) as
a very small percentage of the total population (<5%). Similarly, diatom abundance was
repeatedly a small proportion of the total population, with most dates being less than 10%,
except for 23 July 2020 when diatoms (predominately Stephanodiscus and Aulacoseira species)
made up ~33% of the total population. While not the most abundant phytoplankton group,
cyanobacteria were present in the ponds on all sampling dates, except for 26 August
2020. Based on microscopy analyses, cyanobacteria averaged a 5–10% contribution to the
phytoplankton community. During these late summer and early fall sampling dates the
cyanobacteria population in P1 was dominated by Microcystis wesenbergii and in P2 by
Microcystis wesenbergii and Microcystis aeruginosa. The highest abundance of chlorophytes
was observed on 6 September 2019 (predominately Westella spp. and Monoraphidium spp.)
and 21 September 2019 (predominately Scenedesmus spp. and Tetraedron spp.), comprising
about 63% and 56% of the phytoplankton community, respectively. The flagellate com-
munity, which represented a diverse grouping of motile organisms, routinely contained
cryptophyte and euglenophyte taxa in both ponds. On 26 August 2020, the phytoplankton
community at P2 was dominated by the harmful raphidophyte Gonyostomum semen, which
was categorized within the flagellate group for this study.
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Correlations between measured water quality parameters, photosynthetic pigments,
and cell abundances for each sampling date can be found in Supplemental Tables S5–S11.
For these analyses, mild correlations have correlation coefficients of 0.300–0.499, moder-
ate correlations have correlation coefficients of 0.500–0.699, and strong correlations have
correlation coefficients of 0.700–0.999. No correlations were found for phycocyanin on
6 September 2019, but chlorophyll-a was strongly correlated with FDOM. On 23 July 2020
phycocyanin and chlorophyll-a were moderately correlated with each other and mildly
correlated with NTU. On both dates at P1 the cell abundance and pigments did not show
any correlations. At P2 on 15 September 2019 there were moderate correlations for both
phycocyanin and chlorophyll-a with chlorophyte abundance. On 21 September 2019 there
were no correlations between phycocyanin and cell abundance, and only mild correlations
were established between chlorophyte abundance and chlorophyll-a. At P2 on 15 July
2020 and 10 August 2020 there were no correlations established between pigments and cell
abundances. However, on 26 August 2020, phycocyanin and chlorophyll-a were moderately
correlated with chlorophyte abundance. Additionally, on all three dates in 2020 at P2 both
pigments were either moderately or strongly correlated with CDOM and NTU.
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3.2. Diurnal Vertical Variations in Phytoplankton Pigments

The two-way PERMANOVA was chosen to test whether sampling time of day and
sampling depth impacted concentrations of phytoplankton pigments. The results of the
two-way PERMANOVA for chlorophyll-a and phycocyanin are shown in Table 1. Sampling
time of day at P1 was a significant factor for chlorophyll-a for one (6 September 2019) of the
two sampling dates. At P1, time of day and sampling depth were not found to be significant
factors for phycocyanin on either sampling dates. For P2, there were five instances when
time of day was found to be a significant factor for chlorophyll-a and phycocyanin. Depth
was a significant factor, in the majority of cases, in both ponds (11 of 14 sampling points)
for both phytoplankton pigments. There were three instances when both time of day and
depth were significant factors for chlorophyll-a (6 September 2019, 15 July 2020, 10 August
2020) and one instance for phycocyanin (10 August 2020).

Table 1. Probabilities of time of day and depth being significant factors of variation of chlorophyll-a
and phycocyanin concentrations.

Location and Date
Chlorophyll-a Phycocyanin

Time Depth Time Depth

Pond 1

6 September 2019 0.021 0.006 0.718 0.098

23 July 2020 0.478 0.023 0.268 0.361

Pond 2

15 September 2019 0.097 0.006 0.324 <0.001

21 September 2019 0.767 0.043 0.865 0.012

15 July 2020 0.046 <0.001 0.104 <0.001

10 August 2020 0.003 <0.001 0.026 0.001

26 August 2020 0.050 0.269 0.049 0.679
Bold italic font indicates statistical significance (p ≤ 0.05).

Contour graphs of normalized photosynthetic pigment concentrations are shown in
Figure 4. Relatively small variations with depth and time were found in P1. On 6 Septem-
ber 2019 there were slightly elevated (~25% larger than daily average) concentrations of
chlorophyll-a throughout the water column at 9 a.m. By 3 p.m., the surface water had
average chlorophyll-a concentrations and the 1 m to 1.5 m depths had slightly elevated
chlorophyll-a concentrations. On 23 July 2020, however, the chlorophyll-a concentrations
at the surface were average while concentrations at the 0.5 m to 1.5 m depths remained
slightly elevated throughout the day. At P2 a trend was seen on 15 September 2019 and
26 August 2020 where above average chlorophyll-a concentrations were found at the sur-
face at 9 a.m. and by 12 p.m. or 3 p.m. had moved to the 0.5 m depth. For both dates,
the 1 m and 1.5 m depths had chlorophyll-a concentrations below or at average of pond
chlorophyll-a observations. A different pattern of the chlorophyll-a distributions could be
observed on 15 July 2020 and 10 August 2020 in P2 where the surface waters remained
below the average chlorophyll-a concentrations for the entire day and higher chlorophyll-a
concentrations were found at 1 m depth from 12 p.m. to 3 p.m. On 21 September 2019 in P2,
most of the water column throughout the day remained close to the average chlorophyll-a
concentration with only a slight elevation at 0.5 m at 3 p.m.

Normalized phycocyanin concentrations as functions of time of day and depth are
shown in Figure 5. The normalized phycocyanin concentrations at P1 followed similar
patterns on both sampling dates. High or slightly elevated concentrations were found near
the surface early in the day followed by slightly elevated concentrations at the 0.5 m or
1.5 m depths later in the day. At P2 on 15 September 2019 and 26 August 2020, phycocyanin
concentrations were above average at the surface at 9 a.m. Later in the day the highest
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phycocyanin concentrations were between the 0.5 m and 1 m depths. On 15 July 2020 and
10 August 2020 at P2, phycocyanin concentrations were below or at average concentrations
in surface waters throughout the day. Additionally, throughout the day, slightly above
average phycocyanin concentrations were noted below the 0.5 m depth. The 21 September
2019 phycocyanin concentration pattern was similar to the 15 September 2019 pattern, but
the spread of relative concentrations in space and time is smaller.
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3.3. Diurnal Vertical Variations in Phytoplankton Cell Counts

The results of the two-way PERMANOVA analysis on phytoplankton group cell
counts can be found in Table 2. Unlike for chlorophyll-a and phycocyanin concentrations,
there were only a few instances when time of day and sampling depth were significant
factors for phytoplankton cell abundances. Cyanobacteria saw no significant effect of time
of day across all dates. In all but two instances time of day was a significant factor for
flagellates. Additionally, on four of the seven sampling dates, sampling time of day was
found to be significant for chlorophytes. Depth was not found to be a significant factor for
diatom, flagellate, chlorophyte, and cyanobacteria cell abundance across all sampling dates.
However, when the total phytoplankton population was considered, sampling depth was
significant on one occasion (15 September 2019). Sampling time of day was found to be a
significant factor when considering the whole phytoplankton community on 23 July 2020
and 10 August 2020, dates in which the highest percentages of diatoms were found in the
phytoplankton population. Only on 15 September 2019 was both sampling time of day
and depth a significant factor on the whole phytoplankton community; in this instance
the phytoplankton community was dominated by the motile taxa grouped in the flagellate
category (Euglena spp. and Trachelomonas spp.).

Table 2. Probabilities of time of day and depth being significant factors of variation in phytoplankton
group cell abundance at ponds P1 and P2. Assessments could not be made on 26 August 2020
between time, depth, and cyanobacteria abundances because cyanobacteria cell abundances were
below the limit of detection with the microscopy method used.

Dates
Diatoms Flagellates Chlorophytes Cyanobacteria Total Cell Count

Time Depth Time Depth Time Depth Time Depth Time Depth

Pond 1

6 September 2019 0.706 0.319 0.839 0.604 0.845 0.592 0.616 0.708 0.542 0.963

23 July 2020 <0.001 0.251 <0.001 0.305 <0.001 0.311 0.116 0.358 <0.001 0.340

Pond 2

15 September 2019 0.479 0.179 0.047 0.236 0.043 0.228 0.633 0.140 0.054 0.052

21 September 2019 0.179 0.981 0.643 0.186 0.665 0.182 0.556 0.608 0.6965 0.760

15 July 2020 0.787 0.131 0.015 0.841 0.013 0.836 0.809 0.897 0.237 0.726

10 August 2020 0.002 0.339 0.002 0.226 <0.001 0.228 0.319 0.589 <0.001 0.240

26 August 2020 0.491 0.880 0.025 0.547 0.757 0.408 ND ND 0.533 0.394

Bold italic font indicates statistical significance (p ≤ 0.05). ND—Not detected.

3.4. Diurnal and Vertical Variations in Water Quality Variables

The results of the two-way PERMANOVA analysis on measured water quality vari-
ables is shown in Table 3. Time of day and depth were found to be significant (p < 0.05)
factors for temperature, DO, and pH on all dates; in all but two instances temperature, DO,
and pH were highly significant (p < 0.001). For carbon concentrations at both ponds, time of
day was found to be a significant factor with carbon concentrations being highest at 9 a.m.,
whereas depth was rarely significant for TC, TOC, TIC, and TNB. For specific conductance,
time of day was rarely a significant factor, whereas for depth, for all but one date, was a
significant factor. Similarly, for FDOM, NTU, and CDOM, time of day was often not found
to be a significant factor, but depth was found to be significant in most instances.
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Table 3. Probabilities of time of day and depth being significant factors of variation of water quality parameters at ponds P1 and P2.

Two-Way PERMANOVA

TEMP DO SPC pH NTU FDOM CDOM TC TOC TIC TNB

Time Depth Time Depth Time Depth Time Depth Time Depth Time Depth Time Depth Time Depth Time Depth Time Depth Time Depth

Pond 1

6 September 2019 <0.001 <0.001 <0.001 <0.001 0.041 0.002 <0.001 <0.001 0.995 0.099 <0.001 <0.001 0.091 0.239 0.025 0.884 0.008 0.591 0.021 0.957 0.042 0.629

23 July 2020 <0.001 <0.001 <0.001 <0.001 0.396 0.021 <0.001 <0.001 0.302 <0.001 0.402 0.003 0.527 0.002 0.023 0.260 0.073 0.918 0.022 0.025 0.014 0.136

Pond 2

15 September 2019 <0.001 <0.001 0.004 <0.001 0.457 <0.001 0.018 <0.001 0.589 0.220 0.634 <0.001 0.432 0.003 0.085 0.448 0.941 0.078 0.023 0.932 0.063 0.903

21 September 2019 <0.001 <0.001 <0.001 <0.001 0.335 0.019 <0.001 <0.001 0.641 0.002 0.472 <0.001 0.976 0.017 <0.001 0.567 0.008 0.181 0.001 0.887 0.002 0.813

15 July 2020 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.107 <0.001 <0.001 <0.001 0.256 <0.001 <0.001 0.693 <0.001 0.519 <0.001 0.911 <0.001 0.422

10 August 2020 <0.001 <0.001 0.001 <0.001 0.173 0.095 <0.001 <0.001 0.043 0.129 0.152 0.058 0.013 <0.001 0.073 0.834 0.113 0.927 0.015 0.012 0.098 0.668

26 August 2020 <0.001 <0.001 <0.001 <0.001 0.983 0.033 <0.001 <0.001 0.959 0.023 0.522 <0.001 0.017 0.172 0.001 0.903 0.004 0.680 0.017 0.020 0.003 0.896

Bold italic font indicates statistical significance (p ≤ 0.05).
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4. Discussion

Significant trends throughout time and sampling depth were established for the phyto-
plankton pigments, but not for phytoplankton cell abundance on most sampling dates. One
reason for this discrepancy can be the absence of persistent correlations between pigment
and cell abundance in this study. In many studies, chlorophyll-a concentrations were well-
correlated with cell abundances for various phytoplankton groups. Correlations have also
been established between phycocyanin and cyanobacteria cell abundance [66,67]. However,
other studies indicated that cell abundance and photosynthetic pigments concentrations
don’t often correlate to each other and attributed these discrepancies to data collection un-
certainties and phytoplankton community structure. Gregor et al. [68] and Rozina et al. [69]
found that in scenarios where cell abundances were low, microscopy-based counts were not
as accurate and associations to pigments were harder to establish. Harrison et al. [70] stated
that microscopy enumeration includes an error rate of ±10–20% from misidentification,
counting error, and subsampling, and can be particularly biased by the counting chambers
used for microscopy-based analyses [71,72]. While we employed a settling and enumera-
tion technique that has been successfully used for exploring phytoplankton community
composition in the marine environment where diatoms and dinoflagellates comprise the
bulk of the community [73–75], the diversity and abundance of small-sized taxa in other
phytoplankton groups (e.g., Cyanophyta, Chlorophyta) in these particular freshwater envi-
ronments may be better accounted for with a different settling technique or a combination
of techniques. Cell abundance correlations to photosynthetic pigments can also be affected
by the fact that not all phytoplankton are equal in terms of producing photosynthetic
pigments. This is the case for both cyanobacteria and eukaryotic algae where the concen-
tration of phycocyanin or chlorophyll-a in a single cyanobacteria cell [26,76,77] and the
concentration of chlorophyll-a in a single cell of eukaryotic algae [70,78,79] varies among
species. Additionally, the nutritional state and status [80], growth phase [66,76], and cell
size [81,82] may influence pigment concentrations and reliable enumerative capacity.

Another possible explanation for the discrepancies between PERMANOVA results
of phytoplankton and photosynthetic pigment concentrations is the difficulty in enumer-
ating phytoplankton size classes smaller than microplankton. According to Hampton
et al. [83], picoplankton (cells 0.2–2.0 µm) can represent anywhere from 10–50% of the
primary productivity in a waterbody. Pico-sized phytoplankton are a substantial part of
the plankton community, particularly in the summer months, and can be the dominate
phytoplankton group shortly after rain events [84]. Bowling et al. [85] determined that
picocyanobacteria contributed to more than 50% of the cyanobacteria community in a
shallow urban pond and similar percentages have been reported for larger fresh water-
bodies, such as Lake Huron [86] and Kühwörter Wasser [87]. However, enumeration
and identification using the Utermöhl method on an inverted microscope often cannot
detect small cells like picoplankton and picocyanobacteria and these taxa are therefore
overlooked in phytoplankton enumeration processes [70,78,88]. While picoplankton may
not be fully represented in cell concentration data, they are likely influencing the phyto-
plankton pigment concentrations measured in a waterbody [89–91]. This indicates that
pigment measurements may provide a broader picture of the phytoplankton biomass in
waterbodies, whereas microscopy-based analyses are likely excluding entire groups of
chlorophyll-a and phycocyanin containing organisms.

In this study, discrepancies between phycocyanin concentrations and cyanobacteria
cell abundance in P2 may also derive from the epipsammic community, which was only
qualitatively examined during this study. The bed of P2 is comprised mostly of sandy-
muddy sediments, a habitat which favors motile filamentous cyanobacteria [92] such as
the genera found within P2 surface sediments (Komvophoron, Lyngbya, and Phormidium).
Additionally, these surface sediments also contained a population of Microcystis aeruginosa
colonies, which have been shown to undergo a pelagic-benthic oscillation (see [93]). Benthic
mats dominated by cyanobacteria can contain high concentrations of phycocyanin [94,95]
and the late summer-early fall decay processes of these mats and pelagic cyanobacteria



Environments 2024, 11, 74 12 of 19

species sequestered within the surface sediments of P2 may explain the phycocyanin detec-
tion in the absence of pelagic cyanobacteria cells. The benthic algal community of P1 was
not examined during this study but should be investigated during future monitoring efforts.

Two distinct patterns in the phytoplankton pigment concentrations were established
when sampling time of day and depth were taken into consideration. In the first pattern,
surface water pigment concentrations remained below or about average throughout the
day while higher than average concentrations were detected at depth (0.5–1.5 m). In the
second pattern, higher-than-average concentrations of pigments were seen on the surface
at 9 a.m., followed by a migration of higher-than-average pigments to deeper depths by
12 p.m. or 3 p.m. In P1, chlorophyll-a concentrations tended to be well-mixed or about
the average at all depths and across all sampling times for both sampling dates. This
well-mixed pattern may be due, in part, to the frequent use of copper sulfate as a treatment
to reduce algal biomass, which has been applied to the pond starting in early July every
year since 2016. Wang et al. [42] documented similar findings; that on dates when the
chlorophyll-a concentrations were low phytoplankton tended to be uniformly distributed
throughout the water column.

During this study, ponds were sampled at discrete depths between the hours of 9 a.m.
and 3 p.m. This allowed for the examination of phytoplankton community vertical move-
ment during maximum solar irradiance periods via the measurement of the phytoplankton
pigments, chlorophyll-a and phycocyanin. Evidence of vertical migration was seen on
15 September 2019, when Microcystis aeruginosa and Microcystis wesenbergii were the domi-
nant cyanobacteria. Here, elevated phycocyanin concentrations were seen at the surface
around 9 a.m. and by 3 p.m. these elevated concentrations were detected at the 0.5 m
depth. The vertical migration of phytoplankton throughout the day has been attributed
to various factors such as solar radiance [28,96,97], wind [43,46], colony density [98,99],
water turbulence/mixing [27], and thermal stratification [100]. Specific to Microcystis
in shallow waterbodies, the colonies are reportedly responding to thermal stratification
(which was not evident in P1 or P2, see Supplemental Figure S1), wind mixing, and solar
radiance [101]. Our results indicate that the migration of portions of the phytoplankton
community from the surface waters to lower depths later in the day likely has to do with
solar irradiance. On dates when higher abundances of phytoplankton were present at the
surface in the morning, solar irradiance tended to be lower (Table S3). On 15 September
2019 and 26 August 2020 when the morning solar irradiance was the lowest (Table S3), high
chlorophyll-a concentrations were observed in surface waters. These surface chlorophyll-a
concentrations decreased during the day and the maximum appeared at 0.5 m later in
the day. This pattern was particularly strong on 26 August 2020 when the phytoplankton
community in P2 was dominated by the harmful freshwater raphidophyte Gonyostomum
semen, a species known to undergo vertical migration, often descending from warm surface
waters to exploit nutrients found at depth [102], and to avoid high light intensities [103].
On 15 July 2020 and 10 August 2020, the morning and midday solar irradiance values were
the highest. Conversely, the lowest pigment concentrations were seen at the surface and the
highest concentrations were observed at 1 m depth. Numerous other studies have reported
this trend of phytoplankton abundances being the highest at the surface in the morning
followed by a migration to 0.5 m or deeper depths later in the day to avoid UV irradiance
and other photoinhibitors [96,97,101,104].

For the dates when higher pigment concentrations were seen at depth, there are two
possible explanations. High solar irradiance during the morning sampling time (9 a.m.)
may have caused the phytoplankton to migrate to lower depths earlier in the day. Sampling
prior to 9 a.m. could have distinguished if the phytoplankton had already migrated to
lower depths or could have captured the migration process. The other possibility is that
due to solar irradiance being high early in the morning the phytoplankton population did
not fully migrate to the surface from deeper depths in the morning and rather remained
at the 0.5 m–1 m depths, where optimal light intensity conditions were located. This
coincides with the findings of Cui et al. [101] who observed that at open water stations
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of the Three Gorges Reservoir in China, maximum chlorophyll-a concentrations rarely
reached surface waters but aggregated near the 0.5–1.0 m layer. Similar observations
were reported by Joniak et al. [105] for oligohumic and mesothermic lakes. Inspection
of precipitation data (Table S2) and patterns of chlorophyll-a and phycocyanin did not
show any association, but sampling closer to precipitation events may reveal different
associations between time, depth, phytoplankton community and pigment concentrations,
as suggested by Bergkemper and Weisse [106], Ivey et al. [84], and Lefort and Gasol [107].

The increase in phytoplankton biomass often results in an increase in DO, which in
turn causes an increase in pH [108,109]. Results in this work varied with some dates having
positive correlations, negative correlations, or no correlations between phycocyanin and
chlorophyll-a concentrations and DO measurements. On both 2019 sampling dates at
P2 there were positive correlations between DO and the photosynethic pigments, which
matches what is typically reported in the literature. Whereas in 2020 at P2, the first sampling
date showed strong negative correlations and the remaining two dates had negative or no
correlations between the photosynthetic pigments and DO measurements. Similarly, at P1
for both years, there were negligible to negative correlations between the photosynthetic
pigments and DO. One possible reason for these negative correlations could be subaqueous
vegetation or benthic or macrophytic algae in the ponds. Since 2016, macrophytic algae
has been commonly found in the shallower areas of P1 throughout the summer, leading
farm managers to apply copper sulfate starting in July. Macrophytes were present in
Pond 1 but not quantified during this study. However. their leached pigments would
likely be detected by fluorometry measurements and may account for the discrepancies
observed in this dataset. Macrophytes and subaqueous vegetation are both known to
cause an influx or supersaturation of oxygen into surface waters in freshwaters [110–112].
Thus, the macrophyte population could be impacting the DO levels in the water, while
not being accounted for in pigment measurements, potentially causing discrepancies in
the correlations. If a substantial macrophyte population is present and the phytoplankton
population is average or low these higher DO and pigment values might inaccurately
represent the phytoplankton community.

The datasets collected during this work pose several questions for further investigation
since few strong trends were observed. First, there needs to be further investigations into the
discrepancies between photosynthetic pigment concentrations, phytoplankton abundance,
and the influences of benthic and/or macroalgae communities to better design a water
quality monitoring program that can rely on measurements of photosynthetic pigments
coupled with or without corresponding phytoplankton abundances. This could include
improved laboratory methodologies that would detect all phytoplankton size classes and
better characterize photosynthetic pigments, as well as field work for the characterization
of the pond beds. Concurrently, cell abundances could be converted to cell biomass, and
this may improve correlations with pigment concentrations. Second, now that blooms of
harmful algae species with resting stages, Microcystis spp. (sediment-sequestered cells; [93])
and Gonyostomum semen (cysts; [113]), have been identified the appropriate spatial and
temporal scales for water quality monitoring need to be determined. Specifically, studies
that address if harmful species are better monitored for by using photosynthetic pigments,
microscopy, other laboratory methods not examined here, or a combination approach
to offer the best risk protection for the agricultural community should be developed.
Thirdly, carbon and nitrogen concentrations did not strongly correlate with phytoplankton
abundance or pigment concentrations. Correlations between nutrients and phytoplankton
metrics may become more apparent if future studies examine individual N ions, P ions,
and the N:P ratios. Finally, this study focused on the growing season for Maryland when
farmers would be actively irrigating their fields and risks from cyanotoxins would be
greatest. Extending the study outside of the growing season would allow for a larger
dataset and would potentially show more or stronger correlations between water quality
and pigments or phytoplankton abundance data. Finally, as climate change alters the Mid-
Atlantic region’s weather patterns, including the frequency and severity of precipitation
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events [114], determining how the timing of water quality sampling influences sampling
analyses under the constraints of both small- and large-scale precipitation events should be
addressed. Overall, agricultural irrigation ponds, albeit being relatively small, are complex
systems and water quality monitoring of these systems must account for persistent patterns
and features of water constituents.

5. Conclusions

Within two agricultural irrigation ponds, spatiotemporal patterns were observed in
phytoplankton photosynthetic pigment concentrations, but not phytoplankton community
structure, except in the case of distinct algal bloom events (Microcystis spp. and Gonyosto-
mum semen). Correlations between photosynthetic pigments and phytoplankton abundance
were rarely established suggesting that water quality monitoring programs should take into
consideration methods that account for the contributions of both the benthic and pico-sized
algal communities, which were underrepresented in this study. Water quality monitoring
programs focused on harmful algal bloom risk assessment should also recognize the limited
utility of pigments concentration data alone. Concentrations of chlorophyll-a and phyco-
cyanin can apprise managers of the presence of an algal bloom but cannot differentiate
between harmful and non-harmful taxa at this time making a suite of in-situ observations
necessary. This work indicates that sampling depth and sample collection time are im-
portant factors to consider and record when assessing a waterbody. Solar irradiance and
the vertical migration habits can influence the position of phytoplankton communities
within the water column, even in shallow water bodies, throughout the day. If resource
managers have a priori knowledge of the phytoplankton communities in waterways they
are charged with monitoring, adopting a sampling strategy that integrates samples over
a known depth may be preferable to avoid over- or under- estimating phytoplankton
abundance. Alternatively, recording water quality parameters, including the chlorophyll
maxima, as well as time of day and solar irradiance values when collecting phytoplankton
samples would provide context when reviewing phytoplankton community composition
and abundance data.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/environments11040074/s1, Table S1: Descriptive statistics of
measured phytoplankton and water quality data at ponds P1 and P2. Figure S1: Normalized
temperature measurements as functions to time of day and depth at Pond 1 and Pond 2 for each
sampling date. Table S2: Precipitation from one and two weeks prior to sample collection at ponds P1
and P2. Table S3: Average solar irradiance (W/m2) during sampling at ponds P1 and P2. Table S4:
List of identified taxa for P1 and P2. Tables S5–S11: Correlations between measured water quality
parameters, photosynthetic pigments, and cell abundance for each sampling date.
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