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Phytoplankton functional groups and their influence on water quality have been studied

in various types of water bodies but have yet to be studied in agricultural irrigation

ponds. Freshwater sources (e.g., lakes, rivers, and reservoirs) have been previously

shown to exhibit high spatial and temporal variability in phytoplankton populations.

Improvements in the monitoring of phytoplankton populations may be achieved if

patterns of stable spatial variability can be found in the phytoplankton populations

through time. The objective of this work was to determine if temporally stable spatial

patterns in phytoplankton communities could be detected in agricultural irrigation ponds

using a functional group approach. The study was performed at two working agricultural

irrigation ponds located in Maryland, USA over two summer sampling campaigns in

2017 and 2018. Concentrations of four phytoplankton groups, along with sensor-based

and fluorometer based water quality parameters were measured. Temporal stability

was assessed using mean relative differences between measurements in each location

and averaged measurements across ponds on each sampling date. Temporally stable

spatial patterns of three phytoplankton functional groups were found for both ponds

over the two sampling seasons. Both ponds had locations where specific phytoplankton

functional group concentrations were consistently higher or lower than the pond’s

average concentration for each sampling date. Zones of consistently higher or lower than

average concentrations were associated with flow conditions, pond morphology, and

human activities. The existence of temporally stable patterns of phytoplankton functional

group concentrations can affect the outcome of a water quality assessment and should

be considered in water quality monitoring designs.

Keywords: agricultural irrigation pond, mean relative difference analysis, phytoplankton functional groups, spatial

patterns, water quality

https://www.frontiersin.org/journals/water
https://www.frontiersin.org/journals/water#editorial-board
https://www.frontiersin.org/journals/water#editorial-board
https://www.frontiersin.org/journals/water#editorial-board
https://www.frontiersin.org/journals/water#editorial-board
https://doi.org/10.3389/frwa.2021.724025
http://crossmark.crossref.org/dialog/?doi=10.3389/frwa.2021.724025&domain=pdf&date_stamp=2021-11-01
https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles
https://creativecommons.org/licenses/by/4.0/
mailto:jackie.smith@usda.gov
https://doi.org/10.3389/frwa.2021.724025
https://www.frontiersin.org/articles/10.3389/frwa.2021.724025/full


Smith et al. Temporal Stability of Phytoplankton Groups

INTRODUCTION

Phytoplankton are commonly found members of microbial
populations within many diverse water bodies including
agricultural irrigation ponds. These primary producers are an
important component of the food web within aquatic ecosystems.
Previous research has shown that phytoplankton may be an
effective bio-indicator of water quality and also a reflection of
ecosystem health (Wang et al., 2015; Su et al., 2017; Adloff et al.,
2018).

Freshwater phytoplankton populations are typically divided
into functional groups based on morphology, physiology,
adaptations, and ecological attributes (Reynolds et al., 2002;
Varol, 2019; Jin et al., 2020). Three major phytoplankton
functional groups are diatoms (Bacillariophyta), green algae
(Chlorophyta), and cyanobacteria (Cyanophyta; also commonly
referred to as blue-green algae), each of which possess different
qualities thatmay influence and be indicative of water quality (Shi
et al., 2012, 2015; Xiao et al., 2013). The richness and uniformity
of the phytoplankton community may also indicate different
water properties and a range of water qualities from pristine to
degraded water quality conditions. Phytoplankton communities
have been utilized as an indication of the trophic state of a
water body (Hu et al., 2012; Ren et al., 2016; Rimet and Druart,
2018), to confirm eutrophication (Ren et al., 2016; Varol, 2019),
pollution and/or other anthropogenic effects (Shi et al., 2015;
Feki-Sahnoun et al., 2018). The use of phytoplankton functional
groups in more complex assessments, such as understanding
biogeochemical models (Shimoda and Arhonditsis, 2016) and in
the development of remote sensing technologies (Wolanin et al.,
2016; Vandermeulen et al., 2017; Xi et al., 2017) continues to be a
growing research area in large water bodies or on broad scales,
but less is known about the temporal stability of these groups
on smaller scale irrigation water systems (e.g., irrigation ponds,
retention ponds, and aquaculture ponds).

Agricultural irrigation water has been shown to play a
substantial role in the microbial contamination of fresh produce
and foodborne illness outbreaks (World Health Organization,
2008; Uyttendaele et al., 2015; Jongman and Korsten, 2018).
Certain groups of phytoplankton can form large proliferations or
“blooms” and release toxins into the environment (Wood, 2016;
Bouma-Gregson et al., 2017) which can be biotransported into
the food supply (Bittencourt-Oliveira et al., 2016; Buratti et al.,
2017). This presents both environmental and human health risks.
Monitoring of irrigation water quality is important to avoid the
transport of degraded and potentially contaminated waters to
nearby crops.

Research on phytoplankton communities has previously
been conducted across numerous water body types to
determine spatial and temporal population trends, assess
species composition, and community responses to changes in
water quality. Within the Chesapeake Bay watershed, long-
term phytoplankton data sets have been used to augment and
support water quality guidelines in lakes, rivers, and estuaries
(Marshall et al., 2006, 2009; Marshall, 2013, 2014; Hernandez
Cordero et al., 2020), but not specifically for agricultural
irrigation waters.

Although phytoplankton may be used as water quality bio-
indicators, attempts to integrate phytoplankton community
assessments to agricultural irrigation water quality seemingly
have been limited to laboratory studies (DeLorenzo et al., 2002).
The objective of this study was to determine if temporally stable
spatial patterns of phytoplankton functional groups exist within
temperate agricultural irrigation ponds and if these groups could
be correlated to easily measured water quality parameters which
could lead to potential improvements in on-farm water quality
monitoring and aid with the prediction and mitigation of food-
safety issues.

METHODS

Pond Monitoring
Sampling was conducted at two working farms for two
consecutive growing seasons (2017–2018). These ponds were
chosen because water was routinely drawn for irrigation of co-
located crop fields. Each pond was sampled six times during
the May through October growing season, with an exception
to Pond 2 in 2017 with only five sampling dates. For 2017
sampling occurred from May to August and for 2018 from June
to October. This resulted in a total of 276 and 242 phytoplankton
samples collected for Pond 1 and Pond 2, respectively. Both
ponds were located within a one hour drive from the USDA-ARS
laboratory, so samples were maintained at ambient temperature
and processed the same day as collection.

Site Descriptions
Pond 1 is a 1.01-acre man-made embankment pond located
in Germantown, MD, USA with an average depth of 2.7m
(Figure 1-P1). Vegetation surrounding Pond 1 embankments
consisted of deciduous trees and shrubs along the northern and
eastern banks with the remaining embankments having a grass
cover. The pond is surrounded by crop fields. When the water
level in this pond gets low, the farm operators will occasionally
pump water into Pond 1 from another pond which is stream-fed.
The inflow and outflows are both located near sampling location
15. The irrigation pump intake is located near location 12 and is
∼2-3 feet below the water’s surface. The photic zone in Pond 1,
as determined by Secchi depth, averages 0.8m. In 2017 and 2018,
the algicide copper sulfate was commonly used to treat the water
in Pond 1.

Pond 2 is located at the University of MarylandWye Research
Center in Wye Mills, MD, USA (Figure 1-P2). This pond is a
1.05-acre excavated pond with an average depth of 2.7m and
most of the bank areas are covered with grass and dense shrubs.
Large trees are also present along the perimeter but are ∼20m
from the water’s edge. This pond is surrounded by crop fields,
farm buildings, and one residential property. In March of each
year, the surrounding crop fields receive chemical fertilizers,
but no animal manures are applied. This pond is primarily fed
through rainfall which typically enters through an ephemeral
creek that leads into a culvert near location 12. This culvert tends
to have a substantial inflow only when precipitation has recently
occurred. On the south end of the pond, there is a water-level
dependent outflow drain near location 24. The irrigation pump
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FIGURE 1 | Sampling locations for both Pond 1 (P1) and Pond 2 (P2). Station location number is stated inside the circle. Yellow circles indicate interior water sampling

locations and orange circles indicate nearshore sampling locations. Blue arrows represent inflow points and outflows are represented by red arrows. Irrigation intake is

represented by a gray triangle.

intake is near location 27 and is ∼2-3 feet below the water’s
surface. The depth of the photic zone, determined by Secchi
depth, for Pond 2 averages 0.5 m.

Sample Collection, Handling, and Storage
Pond 1 had 23 sampling locations and Pond 2 had 22 sampling
locations (Figure 1). Surface water samples were taken at a depth
of 0–15 cm. Nearshore samples were taken with a 500mL hand
grab sampler at ∼1.5m from the shoreline. Interior samples
were taken from a boat with GPS tracking used to provide
consistency of sampling locations between different sampling
dates. Sampling locations remained the same for every sampling
date over both years. After collection, samples were immediately
placed into a cooler without ice to help maintain the original
ambient water temperature. Samples were then transported to the
lab for analysis.

In-Field Measurements
In-situwater quality measurements were taken concurrently with
sample collection using a YSI Exo-2 sonde (YSI Inc., Yellow

Springs, OH). The YSI sonde was used to measure temperature
(◦C), dissolved oxygen (DO mg L−1), pH, fluorescent dissolved
organic matter (fDOM, RFU), chlorophyll-a (CHL YSI, RFU),
phycocyanin (Phyco YSI, RFU), and turbidity (NTU). A Secchi
disk was used to measure water transparency, approximating the
photic zone depth (m). Precipitation data was obtained from
weather stations located within 3 km of each pond.

Laboratory Measurements
Water samples were measured for colored dissolved organic
matter (CDOM, µg L−1), in-vivo or whole-cell chlorophyll-
a (CHL RFU, RFU), and phycocyanin (Phyco LAB, µg L−1)
using an Aquafluor fluorometer (Turner Designs, San Jose,
CA). Samples were also processed and measured for extracted
chlorophyll (CHL EXT,µg L−1) following EPAmethod 445 (EPA,
1997) using anAquafluor fluorometer. For the extraction process,
∼100mL of pond water was vacuum filtered using 0.7µm
glass fiber filters (Whatman, Maidstone, United Kingdom) and
steeped in a 90% acetone and 10% deionized water solution
overnight at 4◦C before being analyzed with the fluorometer. A
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subsample of∼50mL was taken for phytoplankton identification
and enumeration. This subsample was preserved with Lugol’s
iodine solution at a 1% final concentration. Samples were stored
at 4◦C and in the dark to prevent phytoplankton cell degradation
until microscopic analysis could be completed.

Microscope Analysis
During examination and enumeration of the preserved
phytoplankton samples each phytoplankton was identified to
the lowest taxon possible using John et al. (2011) and Bellinger
and Sigee (2015). To assess the phytoplankton community at the
group level species data was recorded as cell abundance (cells
L−1) and then classified into one of four major phytoplankton
functional groups: diatoms, dinoflagellates, chlorophytes
(including motile and non-motile species), and cyanobacteria as
done for corresponding long-term, regional datasets (Lamlou,
1977; Marshall et al., 2006; Marshall, 2013, 2014). Because of the
infrequent occurrence of dinoflagellate species in both ponds
over the 2 years these data were not included in the final analysis
but are available in Supplementary Figure 1. The cell abundance
data for potentially toxic cyanobacteria species were compared
with cell abundances presented in national and regional action
guidelines (VDH, 2015; EPA, 2019).

All phytoplankton samples were examined using a Nikon
Ts2R inverted microscope (Nikon Instruments Inc., Melville,
NY) and a modified Utermöhl method as described in Marshall
and Alden (1990). A 2- or 3-mL Lugol’s iodine preserved sample
was pipetted into a chambered covered glass slide (Thermo
Scientific, Rochester, NY), and allowed to settle for 30min to
1 h. After settling, enumeration started in the upper left-hand
corner of the chambered slide. After the first frame was counted,
the next frame would be moved down and to the right to avoid
frame overlap and possible double counting of algal cells. This
movement of the field of view created a diagonal pattern across
the cover glass slide. The frames were counted in this pattern until
either a 200-cell minimum or 20 frames were examined.

Statistics and Graphics
To assess spatio-temporal stability of phytoplankton functional
groups, mean relative difference method (MRD) was applied.
The mean relative difference indicates how an individual location
compares to the pond average over multiple sampling dates and
reveals areas that are consistently higher or lower than the pond’s
average for a measured parameter. This method follows those
reported in other spatial pattern studies (Pachepsky et al., 2017;
Stocker et al., 2018). The relative difference RDij between the
observation of variable x at location i at time j (xij), and the spatial
average of x at the same time (<x>j), is defined as:

RDij =
xij − 〈x〉j

〈x〉j

The MRD for location i then becomes

MRDi =
1

Nt

j=Nt∑

j=1

RDij

Where Nt is the number of sampling days, and i = 1, 2, . . . , Ni,
where Ni is the total number of locations.

The coefficient of variation (CV) was computed for each
phytoplankton functional group for each date and pond. The
calculation for CV is defined as:

CV =
σij

µij

Where σij is the population standard deviation of phytoplankton
functional group i on sampling date j and µij is the population
mean of phytoplankton functional group i on sampling date j.

Mean relative differences and Spearman rank correlations
were computed in RStudio. Correlations were considered
moderate if r ≥ 0.400 (p-values, P1 = 0.059 P2 = 0.065) and
considered strong if r ≥ 0.600 (p-values, P1 < 0.001 P2 <

0.001). Sigmaplot v. 13 (SYSTAT, Chicago, IL, USA) and QGIS
(OSGeo, Switzerland) were used to create visual representations
of the data.

RESULTS

Data Summary
Weather Data
Daily ambient air temperature and precipitation data for both
ponds and years are displayed in Figure 2. In 2017, there was
an increase in the air temperatures at both ponds from May
to July. In 2018, the initial increase in temperature was less
pronounced than in 2017. Pond 1 experienced more rainfall in
2018 compared to 2017. Information on the number of days
following the last rainfall event from sampling dates and total
rainfall accumulations may be seen in Supplementary Table 1.
Over the two years, sampling at Pond 1 was performed six
times with a rainfall event occurring the day before sampling,
three times with a rainfall event occurring one to three days
before sampling, and three times when a rainfall event was four
or more days before sampling. At Pond 2, sampling was done
twice with a rainfall event occurring the day before sampling,
six times with a rainfall event occurring one to three days before
sampling, and three times with a rainfall event occurring four or
more days before sampling. Major precipitation events (>6 cm)
at Pond 1 occurred on Jul-28-17 and Jul-21-18 with daily rainfall
accumulations of 10.04 and 14.10 cm, respectively. Sampling near
both major precipitation dates was avoided, and sampling was
not conducted for three days following a major event. At Pond
2, major precipitation events occurred on Jul-28-17, Jul-29-17,
Aug-7-17, and Jul-21-18 with daily rainfall accumulations of
8.28, 8.40, 16.76, and 8.03 cm, respectively. Sampling was avoided
within three days of these rainfall events with the exception of the
Aug-7-17 event. Sampling occurred on Aug-8-17 which was one
day following a major rainfall event.

Water Quality Parameters
Time series data of water quality parameters measured for 2017
and 2018 are presented in Supplementary Tables 2, 3. Mean
values of all measurements related to phytoplankton pigments
(Phyco YSI, CHL YSI, EXT CHL, LAB CHL, and Phyco LAB)
were generally higher at Pond 2 than at Pond 1 for both 2017
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FIGURE 2 | Precipitation and ambient air temperature data for both ponds. Precipitation data is represented in bars and temperature data are shown with red lines.

and 2018. Specific conductance and pH measurements were
lower for both ponds in 2018 compared to 2017. The positive
relationship between higher pH and higher DO concentrations
was more pronounced for Pond 2, compared to Pond 1. Algicide
was applied to Pond 1 after the first sampling date on Jul-
1-18. Consequently, in Pond 1 all measurements related to
phytoplankton pigments (Phyco YSI, CHL YSI, CHL EXT, LAB
CHL, and Phyco LAB) displayed large decreases on sampling
date Jul-5-18. Phycocyanin measurements remained low for the
remainder of the sampling season (Phyco YSI, Phyco LAB),
while chlorophyll measurements recovered after two sampling
dates (CHL YSI, CHL EXT, LAB CHL). A decrease in Phyco
YSI, CHL YSI, and CHL EXT measurements was seen in
Pond 2 in 2017 following a 16.8 cm rainfall event. Phycocyanin
measurements (Phyco YSI and Phyco LAB) for both ponds

in 2018 indicated a cyanobacteria bloom was present during
the first sampling dates. Phyco LAB measurements on the
first sampling dates were 114 and 110 µg L−1 for Pond 1
and Pond 2, respectively. Furthermore, these blooms were also
visually identified by the appearance of green surface scums and
confirmed via microscopy analysis of phytoplankton samples.
Phycocyaninmeasurements remained approximately the same in
Pond 2 during the entire sampling season.

Phytoplankton Functional Groups
The time series data of log concentrations of green algae, diatoms,
and cyanobacteria for both ponds and years are presented in
the box plot graphs of Figure 3. Descriptive statistics for all
phytoplankton groups, both ponds, and both sampling years
are reported in Supplementary Table 4. Green algae displayed
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the lowest variability and cyanobacteria displayed the highest
variability among the phytoplankton functional groups for both
ponds. The coefficients of variation (CV) values are presented
in Supplementary Table 5. In 2017 the CVs for Pond 1 ranged
from 0.024 to 0.066 for green algae, 0.064 to 0.124 for diatoms,
and 0.074 to 0.214 for cyanobacteria. The CVs followed a similar
pattern in Pond 1 during 2018 with green algae CVs ranging from
0.023 to 0.051, diatoms from 0.044 to 0.132, and cyanobacteria
from 0.040 to 0.262. The green algae CVs were generally lower in
Pond 2 than the values for diatoms and cyanobacteria. The CVs
for diatoms and cyanobacteria did not follow the same pattern as
found for Pond 1, the overall ranges of the diatom CVs were less
than the cyanobacteria CVs for each respective sampling season.
Green algae and diatoms had a similar intra-seasonal (May–
August) trend during 2017 at both ponds wherein population
growth occurred from May to June followed by a period of
stabilization for the remainder of the sampling season. Diatoms
and green algae in Pond 1 exhibited similar trends in 2018 (June–
October) displaying a period of stabilization from June to July
followed by a drop in concentrations for the remainder of the
sampling season. Cyanobacteria trends were drastically different
from 2017 to 2018 for both ponds. A cyanobacteria bloom was
observed within both ponds during June 2018. During this study,
copper sulfate was applied to Pond 1 on Jul-1-18 and impacted
the total phytoplankton concentrations, particularly decreasing
the abundance of cyanobacteria species.

Temporally Stable Patterns of
Phytoplankton Functional Groups
Temporal stability was assessed by considering the standard
errors of the mean relative differences for each location. The
mean relative differences along with standard error bars are
displayed in Supplementary Figure 2. Small standard errors
indicate that a location has minimal phytoplankton variation
between each sampling date and large standard errors indicate
substantial phytoplankton variation between sampling dates.
Green algae, diatoms, and cyanobacteria displayed temporally
stable spatial patterns in both ponds and over the entire 2-year
study period.

Pond 1
The MRD values of the logarithms of green algae, diatoms,
and cyanobacteria concentrations computed over the 2-years of
observations at Pond 1 are shown in Supplementary Figure 1.
Visual representations of the locations with consistently higher
and consistently lower concentrations of each phytoplankton
functional groups are displayed in Figures 4–6. The same
patterns were observed for all three phytoplankton functional
groups in Pond 1. The MRDs of each group tended to be
lower for the interior sampling locations, and higher for the
nearshore sampling locations. For green algae (Figure 4-P1),
zones with consistently lower concentrations were all interior
locations, except for location 6 where the irrigation pump is
located. Zones of high concentrations of green algae were seen
at the southern shoreline of the pond (locations 1, 8, 10), as well
as locations 5 and 23. The southern shoreline of the pond is
very shallow and located adjacent and downhill from crop fields.

Location 5 is the site of an inflow pipe which pumps water from a
nearby stream-fed pond. Location 23 is a very shallow area with
aquatic vegetation and has an inflow from an ephemeral stream.
Locations of consistently higher and lower concentrations of
diatoms (Figure 5-P1) were very similar to those of green algae.
Low concentrations of diatoms were exclusively observed at
interior sampling locations. High concentrations of diatoms were
observed for locations 1, 5, 6, 23 (previously described), and
2. Locations with consistently higher and lower cyanobacteria
concentrations are displayed in Figure 6-P1. Low cyanobacteria
concentrations were found at all interior sampling locations
except for location 20. High cyanobacteria concentrations were
found at all nearshore sampling locations except for location 17.
Consistently high concentrations of cyanobacteria were also seen
close to the ephemeral stream inflow at locations 21 and 22; and
at location 1 near the crop fields.

Pond 2
The MRD values of the logarithms of green algae, diatoms,
and cyanobacteria concentrations computed over the 2-year
period for Pond 2 are shown in Supplementary Figure 1.
Visual representations of MRDs for green algae, diatoms, and
cyanobacteria are displayed in Figures 4–6. LowMRDs for green
algae (Figure 4-P2) were all nearshore sampling locations of the
pond, although there was a somewhat dispersed distribution
with similar values not observed within one specific area of
the pond. Locations with consistently higher concentrations of
green algae were mostly interior sampling locations except for
sampling location 21, which is a shallow location with aquatic
vegetation present. High concentrations of diatoms were found
at nearshore sampling locations and within a small zone on
the southeastern shoreline of the pond where there is a water
level dependent outflow drain (Figure 5-P2). Cyanobacteria
MRDs displayed a zonal pattern (Figure 6-P2) with higher
cyanobacteria concentrations located in the northern portion of
the pond apart from the observations at location 21 (as previously
described). Consistently low concentrations of cyanobacteria
formed a zone in the middle of the pond containing both interior
and nearshore sampling locations.

Water Quality Patterns
The mean relative difference values of measured water quality
parameters (Temp, DO, SPC, pH, NTU, Phyco YSI, CHL
YSI, fDOM, and CHL EXT) for both ponds are shown in
Supplementary Figures 3A–I. Within Pond 1, low MRDs were
observed for temperature, DO, and pH for nearshore locations.
For turbidity, Phyco YSI, CHL YSI, fDOM, and extracted
chlorophyll, highMRDs were associated with nearshore locations
and low MRDs were associated with interior locations within
Pond 1. Within Pond 2, similar trends were observed with high
MRD values for temperature, DO, and pH being observed at
interior locations and low MRD values found at the nearshore
locations. An inverse distribution was seen for turbidity, Phyco
YSI, CHL YSI, fDOM, and extracted chlorophyll within Pond
2. Low MRD values were typically observed for the interior
locations and high MRD values were observed for the nearshore
locations. Therefore, both ponds exhibited differences in the
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FIGURE 3 | Time series data of log concentrations of the major phytoplankton functional groups (green algae, diatoms, and cyanobacteria) for both years. The

mid-point line of the box plots represents the median for each date. Outliers (10 and 90th percentiles) are represented by black circles. The red dashed line represents

an algicide application that took place on Jul-1–18 at Pond 1.

water quality parameters between the interior and the nearshore
sampling locations.

Phytoplankton and Water Quality MRD
Correlations
The Spearman rank correlations between the mean relative
differences of the water quality parameters and the mean
relative differences of phytoplankton groups are displayed in
Table 1. Moderate correlations were defined as r ≥ 0.400
(p-values, P1 = 0.059 P2 = 0.065) and are highlighted in
yellow. Strong correlations were defined as r ≥ 0.600 (p-
values, P1 < 0.001 P2 < 0.001) and are highlighted in blue.
Moderate and strong correlations were observed within Pond
1 for the green algae MRDs and most of the water quality
MRDs (DO, SPC, pH, NTU, Phyco YSI, CHL YSI, and CHL

EXT). Lower correlations were observed for diatom MRDs and
cyanobacteria MRDs within Pond 1. There were no moderate
or strong correlations observed for diatom MRDs in Pond
1. The cyanobacteria MRDs were moderately correlated with
the MRDs of the SPC, pH, and NTU parameters. Pond 2
differed from Pond 1 regarding MRD correlations. Within Pond
2, green algae MRDs were characterized with fewer moderate
correlations than diatomMRDs and cyanobacteria MRDs. Green
algae MRDs within Pond 2 had a strong correlation with
the MRDs of extracted chlorophyll. Diatom MRDs correlated
strongly with most water quality MRDs (Temp, DO, SPC,
pH, and NTU) and moderately with CHL EXT. Cyanobacteria
MRDs correlated moderately with Phyco YSI and CHL YSI and
strongly with most water quality MRDs (Temp, SPC, pH, and
CHL EXT).
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FIGURE 4 | Mean relative differences (MRD) of green algae over the 2-year period for Pond 1 (P1) and Pond 2 (P2). Locations with MRD values below the 25th

percentile are displayed in blue, locations above the 75th percentile are displayed in red, and locations between the 25 and 75th percentile are displayed in yellow.

DISCUSSION

The abundance and species distribution of phytoplankton
taxa has been used as a bioindicator of water quality across
freshwater and marine systems for decades (Patrick, 1973;
Smith, 2003; Reynolds et al., 2012). Decadal phytoplankton
datasets have proven to be useful when examining the seasonal
periodicity and long-term trends in coastal water quality
(Marshall et al., 2009; Nishikawa et al., 2010; Hernandez
Cordero et al., 2020), however, similar longitudinal datasets
are lacking for agricultural irrigation waters despite the fact
it has been reported that land-use and nutrient loading can
impact phytoplankton biodiversity in agricultural waters (Zhang
et al., 2020). Smith et al. (2020) demonstrated that within
agricultural irrigation ponds there was a relationship between
easily measured environmental co-variates, such as CDOM
and NTU, and cyanobacteria (phycocyanin) concentrations.
However, the temporal and spatial stability of the cyanobacteria,
or other phytoplankton functional groups, in these ponds
was not examined. Here, an assessment of the phytoplankton
community present during the May to October growing
season, when agricultural irrigation water is used most

frequently and the risk due to cyanotoxins is greatest,
is presented.

The agricultural irrigation ponds examined in this study,
located on working farms inMaryland, did not exhibit drastically
different phytoplankton populations during the growing seasons
of 2017 and 2018. Diatom concentrations did not differ within
the two ponds and were comparable with concentrations found
in other temperate freshwater lakes and reservoirs (Rollwagen-
Bollens et al., 2013; Gorokhova and Zinchenko, 2019; Jia et al.,
2019) including lakes studied by Marshall (2013, 2014) in
Virginia, located south of this study area. Mean concentrations
of green algae were similar within the two ponds, but Pond
1 had a smaller overall range of concentrations than Pond
2. Concentrations of green algae were comparable to values
reported for other freshwater systems (Dembowska et al., 2018;
Gorokhova and Zinchenko, 2019; Khaliullina and Fazlieva,
2019). Pond 2 had slightly higher concentrations of green
algae and cyanobacteria. These higher values may potentially
be explained by the absence of an algicide application for
Pond 2. Concentrations of cyanobacteria within Pond 1 were
similar to those previously reported within temperate lakes
(Dembowska et al., 2018; Jia et al., 2019), including those studied
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FIGURE 5 | Mean relative differences (MRD) of diatoms over the 2-year period for Pond 1 (P1) and Pond 2 (P2). Locations with MRD values below the 25th percentile

are displayed in blue, locations above the 75th percentile are displayed in red, and locations between the 25 and 75th percentile are displayed in yellow.

locally by Marshall (2013, 2014). However, due to recurrent
cyanobacteria blooms composed mainly of Aphanizomenon spp.
and Microcystis wesenbergii, in Pond 2, cell concentrations were
comparable with concentrations reported within small temperate
lakes in which cyanobacteria blooms frequently occur (Lee et al.,
2015; Woodhouse et al., 2016), including other Maryland lakes
(Tango and Butler, 2008; J. Wolny, unpublished data), but were
greater than those recorded by Marshall (2013, 2014).

Both ponds displayed spatial and temporal variability
of major phytoplankton functional groups during the two
growing seasons. Spatio-temporal variations of phytoplankton
communities have been documented within freshwater lakes
(Wu et al., 2014; Naselli-Flores and Padisák, 2016; Xiao
et al., 2018), wetland ponds (Soininen et al., 2007), reservoirs
(Alexander and Imberger, 2009), rivers (Marshall et al., 2009),
and estuaries (Marshall et al., 2006). While the phytoplankton
community temporal trends noted in this study were similar
to those reported by Marshall (2013, 2014) for Virginia
lakes, comparisons between these earlier studies and spatial
variation are not possible due to the limited spatial variance in
the Virginia lakes dataset. The heterogeneity or homogeneity
of phytoplankton communities should not be an assumed

trait within a water body. As explained by Lewis (1978),
not all species or groups of phytoplankton continuously
exhibit heterogenous distributions, but rather homogenous and
heterogenous distributions may synchronously exist within a
water body. Additionally, exogenous forces, such as wind, water
flow, and lakemorphology, have all been documented to attribute
to the spatial variation of green algae, diatoms, and cyanobacteria
(Li et al., 2013).

Two forms of spatial trends were observed within the two
ponds during this study. The predominant spatio-temporal
trends that were present within both ponds appeared to be
a contrast between interior and nearshore sampling locations.
Within Pond 1, this trend was displayed for all groups.
Pond 1 had consistently higher concentrations of green algae,
cyanobacteria, and diatoms at nearshore sampling locations; and
consistently lower concentrations of green algae, cyanobacteria,
and diatoms at interior locations. This pattern of higher
concentrations at nearshore sampling locations vs. interior
sampling locations was reported for both ponds in a preceding
study using average quartile ranks of phycocyanin concentrations
(Smith et al., 2020). Higher concentrations of phytoplankton
being closer to the shoreline of shallow water bodies has been
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FIGURE 6 | Mean relative differences (MRD) of cyanobacteria over the 2-year period for Pond 1 (P1) and Pond 2 (P2). Locations with MRD values below the 25th

percentile are displayed in blue, locations above the 75th percentile are displayed in red and locations between the 25 and 75th percentile are displayed in yellow.

attributed to several different concepts. Bondarenko et al. (1996)
stated that spatial distribution of phytoplankton was related to
water depth, with shallow waters being richest in phytoplankton.
Both ponds in this study were only 2.7m deep, thus indicating
that even in shallow environments depth-dependent gradients
can be set up within the phytoplankton community. In other
studies, greater abundances of phytoplankton were found in
stands of Phragmites australis and other aquatic plants, due to
the creation of favorable water quality conditions, including
increased phosphorus concentrations (Celewicz-Goldyn and
Kuczynska-Kippen, 2008, 2017) and in zones with elevated
nutrient concentrations and water temperatures (Chen et al.,
2003). Aquatic vegetation was noted at both ponds and
future work will look to correlate the spatial patterns of
the phytoplankton community with the characteristics of the
resident aquatic vegetation.

Similarly, within Pond 2 consistently higher concentrations of
diatoms were found at nearshore locations. The opposite trend
was observed for green algae within Pond 2 wherein consistently
higher concentrations of green algae were observed for interior
sampling locations, and consistently lower concentrations of
green algae were observed for nearshore sampling. While this is a

difference from co-located Pond 1, this trend has been previously
documented by Celewicz-Goldyn and Kuczynska-Kippen (2008)
who indicated that the greatest abundance of small chlorophytes
was found in open waters where the potential threat of predation
from zooplankton was less.

The major spatio-temporal patterns observed for Pond 2 were
the formation of zones in which cyanobacteria were the dominant
taxa. Consistently higher concentrations of cyanobacteria were
found at the northern portion of the pond (sampling locations:
11, 13, 15, and 34) near a culvert, which following precipitation
events provides inflow of potentially nutrient-rich waters to
the pond. This high cyanobacteria biomass zone was also
established in the preceding study on quartile ranks of
phycocyanin concentrations (Smith et al., 2020). Other studies
have documented spatial trends of cyanobacteria among other
phytoplankton species due to either nutrient-rich runoff or river
inflow (Powell et al., 1975;Marshall et al., 2006;Woodhouse et al.,
2016). Other potential explanations for the formation of these
cyanobacteria-rich zones could be wind or wind-driven water
flow as noted by Cloern et al. (1992) and Fragoso et al. (2008)
or microhabitats set up through thermal stratification as noted
by Vasas et al. (2013).
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TABLE 1 | Spearman rank correlations between the mean relative differences of water quality parameters and MRD values of phytoplankton functional groups.

2017 + 2018 Pond 1 Pond 2

Green algae Diatoms Cyanobacteria Green algae Diatoms Cyanobacteria

Spearman rank correlations between water quality MRDs and phytoplankton MRDs

Temp 0.186 <0.001 0.163 <0.001 0.771 0.639

DO 0.498 0.134 0.161 0.024 0.616 0.317

SPC 0.906 0.142 0.703 0.221 0.713 0.842

pH 0.895 0.173 0.931 0.004 0.849 0.684

NTU 0.213 0.104 0.625 0.233 0.903 0.196

Phyco YSI 0.174 0.003 0.103 0.005 0.387 0.589

CHL YSI 0.220 0.001 0.231 0.007 0.297 0.467

fDOM 0.017 <0.001 0.029 0.125 0.043 0.390

CHL EXT 0.668 0.012 0.033 0.692 0.471 0.875

Moderate correlations were defined as R ≥ 0.400 and are highlighted in yellow (p-values, P1 = 0.059 P2 = 0.065). Strong correlations were defined as R ≥ 0.600 and are highlighted

in blue (p-values, P1 < 0.001 P2 < 0.001).

There was a zone of consistently low cyanobacteria
concentrations within Pond 2 that was located near the
middle of the pond (sampling locations: 17, 27, 32, 7, 19, 5).
The pump house and water intake pipe for the farm irrigation
system is in this area. The location of the irrigation intake pipe
has important implications for food safety. It has been well-
established that irrigation waters with toxigenic cyanobacteria
can contaminate crops (Miller and Russell, 2017), remain in soils
for extended periods of time (Machado et al., 2017), and may
even be taken up by the root system of the produce (Lee et al.,
2017). Thus, placing an irrigation intake system in a location
with consistently higher concentrations of cyanobacteria may
increase produce contamination risks. It appears that the pump
and intake infrastructure in Pond 2 is located in a low-risk zone,
as cell concentrations of potentially toxic cyanobacteria species
never exceeded EPA or regional guidelines (VDH, 2015; EPA,
2019). However, future research and monitoring efforts should
focus on determining the prevalence of cyanotoxins in these
irrigation waters.

Of note, a copper sulfate algicide was applied to Pond 1
midway through the study, on Jul-1-18, to mitigate a bloom
of Microcystis, a potentially toxigenic cyanobacteria species.
While the concentration of copper sulfate used is unknown,
all measured water quality parameters decreased significantly
following this application. These reductions were comparable
to values reported by Schrader et al. (2000) and Song et al.
(2011) within other inland waters that were assessed during and
after treatments with copper sulfate. Average concentrations of
DO, pH, CDOM, and fDOM returned to pre-application levels
about 1 month after application. For the algal pigments (CHL
RFU, CHL YSI, CHL EXT, and phycocyanin), all concentrations
decreased after the copper sulfate application and slowly
recovered to either pre-application levels or higher by the end of
August. The return of chlorophyll-a readings to previous values
was also reported by Dia (2016) and Effler et al. (1980) following
low-level algicide treatments (8–14 µg L−1) in freshwater lakes.
Elder and Horne (1978) reported the recovery of pre-treatment
algal populations in as little as five days after treatment and
attributed this recovery to copper sulfate possibly being beneficial

for biological activity if applied in very low concentrations (5–10
µg L−1). The effect of algicide on cyanobacteria concentrations
was more pronounced than the effect on green algae and
diatoms concentrations. Similar responses were reported by
Padovesi-Fonseca and Philomeno (2004) and XiaoLi et al. (2009)
wherein cyanobacteria concentrations, including Microcystis
aeruginosa, Cylindrospermopsis raciborskii, and Anabaena flos-
aquae, decreased and green algae and diatoms became the
dominant taxa after an algicide application, with the subsequent
population changes attributed to cyanobacteria species sensitivity
to copper. The rate of recovery of the phytoplankton community
to the application of copper sulfate, or other algicides, should be
monitored if the algicide application is meant to act as a safeguard
to crops from cyanotoxin exposure via irrigation waters. It should
be mentioned that the treatment of water bodies with algicides
can immediately release large quantities of cyanotoxins, if toxin-
producing algal species are highly concentrated (Zhou et al.,
2013; Greenfield et al., 2014). An assessment of phytoplankton
community composition should be performed prior to an
algicide application if the water is to be used for crop irrigation
or as drinking water for livestock to safeguard against the
introduction of concentrated biotoxins.

Although not similar, both ponds expressed moderate and
strong correlations between the spatial patterns of phytoplankton
functional groups and water quality parameters. Pond 1 had
strong water quality correlations with green algae, while Pond
2 had strong correlations with diatoms and cyanobacteria.
The correlations between water quality and phytoplankton
spatial trends provides helpful insights for irrigation pond
monitoring. The examination of phytoplankton community
structure using microscopy is an intensive analysis which
requires extensive laboratory infrastructure and highly trained
personnel (Lawton et al., 1999). However, if strong correlations
exist among water quality parameters and optical properties
associated with distinct phytoplankton functional groups, the
option of using less specialized monitoring methods, such as
in-situ sensors or drone-based imagery could be employed for
routine resource management. These technologies would be
efficient and cost-effective methods capable of being used by a
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broader group of personnel to safeguard against irrigating crops
with degraded water drawn from agricultural irrigation waters.
While identifying water quality covariates and the use of optical
techniques to assess the phytoplankton functional groups present
in water will not identify toxic vs. non-toxic phytoplankton
species it can provide the information necessary to make better
informed decisions about when and where to conduct toxin
risk assessments.

CONCLUSIONS

Using a mean relative difference analysis to assess spatio-
temporal stability, it was determined that phytoplankton
functional groups exhibited stable spatio-temporal trends in
the two agricultural irrigation ponds evaluated in this study.
Temporally stable spatial patterns of the three phytoplankton
functional groups studied here were found within both ponds
over the two sampling years. Both ponds had locations where
phytoplankton group concentrations were consistently higher
or lower than the pond’s average concentrations. Typically,
these patterns could be classified into two categories: nearshore
or interior sampling locations or zones. These distributions
indicate the importance of sampling locations for water quality
monitoring purposes. If sampling is performed in areas of
consistently higher or lower concentrations of phytoplankton,
that sample may not be an accurate representation of the
phytoplankton community within the entire waterbody. Because
of the correlation between water quality parameters and certain
phytoplankton functional groups it may be possible to employ
broad-based technologies to routinely monitor irrigation waters
for potentially harmful cyanobacteria instead of relying on
labor intensive microscopy methods. However, it is important
to note that there are other types of agricultural ponds, such
as aquaculture ponds and retention ponds. While this study
can provide a framework for assessing agricultural ponds no
extrapolation should be made to these other water sources from
the finding presented here.
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