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Abstract
To aid in the eutrophication management, the relationships between total algal biomass in response to varying nitrogen and 
phosphorus species concentrations, Volatile (VSS), and Total Suspended (TSS) Solids in the water column were investigated. 
Sampling was conducted at the deepest portion of the reservoir for analysis of phosphorus, nitrogen, chlorophyll a, VSS, 
and TSS. The study showed both VSS and TSS distribution coincided with the vertical distribution of chlorophyll a. The 
chlorophyll a was positively and significantly correlated to TSS and VSS. Correlation analysis revealed that the VSS and TSS 
were significantly related to the phytoplankton growth. No linear relationship was observed between total phosphorus and 
chlorophyll a biomass and result indicated that the phytoplankton growth declined when nitrogen becomes the primary 
limiting nutrient after the phosphorus concentration of 200 µg/L in the water column. The soluble reactive phosphorus 
and dissolved inorganic nitrogen remained low throughout the sampling period; however, total dissolved phosphorus and 
dissolved organic nitrogen remained high and varied according to the phytoplankton growth. This study may provide a 
basis for further investigations of nutrient species and phytoplankton growth studies.
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Introduction
Aquatic ecosystems worldwide experience cultural eu-

trophication accompanied by algal blooms that cause seri-
ous socioeconomic and ecological costs, which impact fish-
eries, drinking water, agriculture, tourism, and contribute 
to summer fish kills and prolong anoxia [1-3]. Many studies 
have reported that cultural eutrophication has influenced 
the harmful algal blooms [4-6] and those blooms were 
threatened the some of the world’s largest and important 
freshwater bodies, including Lakes Erie (US-Canada); Tai-
hu (China) and Victoria (Africa) [7-9]. Many genera of cya-
nobacteria are known to produce cyanobacterial toxins, in-
cluding hepatotoxins and neurotoxins that cause the health 
risk for both animals and humans [10,11]. Increasing nutri-
ent concentrations (nitrogen, N, and phosphorus, P) have 
been considered the key factors responsible for promoting 
cyanobacterial blooms, and they are predicted to increase 
with increased nutrient availability, especially phosphorus 
in eutrophic and hypereutrophic lakes [12]. Studies have 
reported that cyanobacteria population potentially domi-
nated at total phosphorus concentrations of 100-1000 µg L-1 
[13,14] and phosphorus availability is the key factor con-
trolling cyanobacterial blooms [15].

Changes of total phytoplankton biomass (Chloro-
phyll a) has been widely used to assess the ecological 
status of the aquatic ecosystems because of their re-
sponses to prevailing nutrient conditions and different 
environmental conditions [16,17]. Understanding of the 
relationship between nutrient concentration and algal 
biomass is paramount in the efforts for effective eutro-
phication management. The relationship between N and 
P enrichment and increased algal biomass and produc-
tivity is well studied; nevertheless, the efforts for links be-
tween varying N and P partitioning and algal biomass in 
the eutrophic lakes are rarely made. Inorganic N (ammo-
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nium and nitrate) and P (orthophosphate) partitioning 
and their bioavailability have been paid much attention 
in the lake ecosystems; however, Dissolved Organic N 
(DON), Dissolved Organic P (DOP), Particulate N (PN), 
Particulate P (PP), and their role in the lake eutrophica-
tion is overlooked.

In the most aquatic ecosystems, the largest pool of ni-
trogen is associated with the dissolved organic [18,19] and 
studies have shown that the significant amount of DON 
contributes to the phytoplankton nutrition and the coast-
al eutrophication [19-21]. Herndon and Cochlan [22] re-
ported that capability of utilizing DON by some harmful 
algal species; however, other phytoplankton groups such as 
diatoms and dinoflagellates showed to have an affinity for 
inorganic N [23-25]. However, little is known about the dy-
namics of organic N and P fractions and their bioavailabili-
ty in the freshwater eutrophic ecosystems.

The present study was carried out during seasonal 
stratification period at a eutrophic reservoir used for rec-
reational purposes. The aim of this study was to investi-
gate the variations of total algal biomass (as chlorophyll 
a) in response to varying N and P species concentrations 
in the water column during the lake stratified period. 
Nitrogen and phosphorus species distribution with algal 
biomass was studied by measuring and calculating N and 
P species in the water column during bloom conditions. 
Information on N and P composition in the eutrophic 
lakes is important to understand its biogeochemical cy-
cles and this study will help for further investigations of 
contributions of N and P fractions to eutrophication in 
lake ecosystems.

This reservoir is under the administration of the De-
partment of Game and Fish in the State of North Dakota, 
and findings from this study may provide further infor-
mation for them to improve the existing eutrophication 
management system (an existing artificial destratifica-
tion system) in response to the temporal variations of the 
N and P fractions in the water column.

Materials and Methods
Study area

The research was conducted in the Heinrich-Mar-
tin Dam Impoundment (HMDI), which is a small and 
shallow impoundment located in the southeastern North 
Dakota, USA. The thermal stratification develops in the 
summer and the impoundment artificially aerated except 
in the months of July and September. The existing aera-
tion system in the HMDI is an artificial destratification 
system placed in the deepest area (10 m) of the impound-
ment. A complete description of the existing aeration 
system is provided in Balangoda [26].

Sampling
Water samples were obtained with a nonmetallic Van 

Dorn vertical water sampler and the water quality profiles 
were collected at the deepest location on a weekly basis in 
June through the stratification period, until November in 
2011. Samples were collected for the laboratory analysis 
of phosphorus and nitrogen components (nitrate-nitro-
gen, nitrite-nitrogen, ammonia nitrogen, total nitrogen, 
total dissolved nitrogen, soluble reactive phosphorus, 
acid hydrolyzable phosphorus, and total phosphorus), 
chlorophyll a, Volatile Suspended Solids (VSS), and To-
tal Suspended Solids (TSS). In addition, total dissolved 
organic nitrogen, total dissolved inorganic nitrogen, to-
tal particulate nitrogen, total reactive phosphorus, total 
dissolved phosphorus, total organic phosphorus, and 
total particulate phosphorus have been calculated using 
measured nitrogen and phosphorus components in the 
water column. To determine the vertical variations of 
VSS and TSS, the water samples were collected from the 
different depths such as 0.5 m from the surface, Secchi 
depth, and near-bottom water (1.5 m from the bottom) 
at the deepest location.

Analytical methods
The VSS was measured after igniting the residue pro-

duced by TSS in a muffle furnace at a temperature of 550 
°C. The VSS measurements were taken after a constant 
weight was obtained. Water samples for nitrogen, phos-
phorus, and chlorophyll a were analyzed according to 
the American Public Health Association (APHA) [27] 
standard methods. A description of the chemical analy-
ses can be found in Balangoda [26], while chlorophyll a 
analysis is detailed in Balangoda, et al. [28].

Statistical analyses
The MINITAB 17.0 version was used for all the cor-

relation and regression analyses. The significance of the 
results was determined at the 0.05 probability level (P < 
0.05).

Results
Volatile Suspended Solids (VSS) - chlorophyll a 
relationship

Chlorophyll a (Chl a) as a photosynthetic pigment 
represents all type of phytoplankton is a measurable 
parameter for the total production of phytoplankton 
growth. The strong correlations between Chl a and the 
VSS were observed at the surface (r = 0.928) and the Sec-
chi depth level (r = 0.934) compared to the near-bottom 
water (0.802). The VSS/Chl a ratio and the strength of 
correlation varied among the depths. The linear regres-
sion analysis showed a significant correlations between 
Chl a and the VSS at the surface (R2 = 0.8617, P < 0.05) 
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highest VSS/TSS ratio was observed at the surface fol-
lowed by the Secchi depth level, and the near-bottom wa-
ter. The VSS/TSS ratios indicated that the surface water 
column had the highest amount of organic matter in its 
suspended solids which most likely comprised of phyto-
plankton.

Time series analyses of phosphorus species
Time series analyses of phosphorus species such as 

Total Phosphorus (TP), Soluble Reactive Phosphorus 
(SRP), Total Reactive Phosphorus (TRP), Total Dissolved 
Phosphorus (TDP), Total Organic Phosphorus (TOP), 
Acid Hydrolyzable Phosphorus (AHP), and Total Particu-
late Phosphorus (TPP) are shown in Figure 3. The TP con-
centration represented the sum of all the available forms 
of phosphorus species in the water column. The concen-
trations of phosphorus species (except the SRP concen-
tration) increased by July 10th when an aeration system 
was turned off and the impoundment started to stratify 
for the season. The SRP which is the readily bioavailable 
form of phosphorus remained low among other phos-
phorus species in the water column. The TP concentra-
tion fluctuated in response to other phosphorus species 
in the water column during the stratified period (July 10th 
- Sep 1st). The TDP and AHP were followed closer to the 
variations of TP and TDP and the second most available 

(Figure 1a) and the Secchi depth (R2 = 0.8729, P < 0.05) 
(Figure 1b) compared to the near-bottom water (R2 = 
0.6432, P < 0.05) (Figure 1c). The highest VSS/Chl a ra-
tio was observed at the Secchi depth level followed by 
the surface and the near-bottom water, indicated that a 
source of the most of the VSS was phytoplankton at both 
the surface and the Secchi depth levels than the near-bot-
tom water. The VSS/Chl a ratios showed variations of al-
gal biomass along the depths and contribution of phyto-
plankton biomass to total organic matter content at each 
depth.

Volatile suspended solids - Total Suspended Solids 
(TSS) relationship

Total suspended solids measure solids materials, in-
cluding both inorganic and organic particles suspended 
in the water which will not pass through a filter. Strong 
correlations between TSS and VSS were observed at the 
surface (r = 0.987) and the Secchi depth level (r = 0.995) 
compared to the near-bottom water (0.941). The VSS/
TSS ratio and strength of the correlation varied along the 
depths (Figure 2). The linear regression analysis showed 
significant correlations between TSS and VSS at the 
surface (R2 = 0.9745, P < 0.05) (Figure 2a) and the Secchi 
depth (R2 = 0.9890, P < 0.05) (Figure 2b) compared to the 
near-bottom water (R2 = 0.8852, P < 0.05) (Figure 2c). The 
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Figure 1: Correlation between VSS and Chlorophyll a concentrations (a) Surface; (b) Secchi depth; (c) Near-bottom water.
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Figure 2: Correlation between VSS and TSS concentrations (a) Surface; (b) Secchi dept; (c) Near-bottom water.
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Figure 3: Time series analyses for phosphorus species. The values are averaged concentrations across all three depths at the 
deepest location.
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The TDON concentration was calculated using val-
ues from TDN (Total Dissolved Nitrogen) and TDIN 
(Total Dissolved Inorganic Nitrogen: NH4-N + NO3-N 
+ NO2-N); TDON = (TDN-TDIN). The source of the 
TDON was most likely microbial decomposition of 
particulate organic nitrogen (phytoplankton, zooplank-
ton, and detritus) and not directly bioavailable for algal 
growth. The TDON concentration was varied closer to 
the TN concentration changes during the study period 
(Figure 4). The TPN is calculated using values from TN 
and TDN; TPN = (TN-TDN), and TPN is most likely 
consisted of algae, zooplankton, and other organic de-
tritus.

Inorganic nutrients are up taken by phytoplankton 
for their growth. The TDIN (Total Dissolved Inorgan-
ic Nitrogen) is the available part of nitrogen for algal 
growth. The TDIN concentration was 0.4 mg/L and 
gradually decreased to 0.09 mg/L during the stratified 
period and again started to increase when the aeration 
system was turned on by Sep 1st which allowed nutrient 
to mix along the depths.

Correlation between chlorophyll a with TP and SRP
The correlation between TP and chlorophyll a is 

shown in Figure 5. Chlorophyll a concentration reached 
its maximum concentration (90 µg/L) when TP concen-
tration was approximately 200 µg/L. There was no linear 

forms of phosphorus species in the water column. The 
second peak concentration of TP was observed by Sep 
1st in response to the start of the aeration system. The TP 
concentration was gradually decreased by the end of the 
sampling of Oct 8th when the other phosphorus species 
(TRP, TDP, TOP, AHP, and TPP) continued to decrease 
in the water column.

Time series analyses of nitrogen species
Time series analyses of nitrogen species such as To-

tal Nitrogen (TN), Total Dissolved Inorganic Nitrogen 
(TDIN), Total Dissolved Nitrogen (TDN), Total Dis-
solved Organic Nitrogen (TDON), and Total Particulate 
Nitrogen (TPN) are shown in Figure 4. The TN is com-
posed of both total organic and total inorganic nitrogen. 
The total organic nitrogen is comprised of both algae 
and sediments while the total inorganic nitrogen is com-
prised of ammonia nitrogen (NH4-N), nitrate-nitrogen 
(NO3-N), and nitrite-nitrogen (NO2-N). The TN con-
centration was between 1 mg/L and 1.5 mg/L by the end 
of the June, and TN concentration has reached a peak 
during the lake stratified period. The TN concentration 
fluctuated when aeration was turned on by Sep 1st due to 
a mixed condition that led to resuspend the organic de-
tritus as well as enhanced the organic matter decomposi-
tion due to increased dissolved oxygen concentration by 
an aeration system at the bottom layer (Figure 4).
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biomass as organic phosphorus. As shown in Figure 6, 
Chlorophyll a concentration increased with increasing 
TP concentration; however, TP concentration continued 
to increase even Chl a concentration completely declined 
most likely due to an increase of organic biomass as dead 
phytoplankton biomass. The Figure 6 indicates that the 
contribution of phytoplankton biomass as Chl a to the 
internal cycling of phosphorus in the water column.

Temporal variation of nitrogen species (TN, TDIN, 
and TDN) and chlorophyll a

Temporal variation of TN, TDIN, and TDN with 
Chlorophyll a is shown in Figure 7. The TN concentra-
tion represented the sum of the nitrogen present in the 

relationship observed between TP and Chl a (Figure 5). 
Chlorophyll a concentration dropped even TP was in its 
maximum concentration of 690 µg/L in the water col-
umn.

The Figure 6 showed temporal variation of TP and 
SRP with Chl a through the sampling period. Chl a con-
centration was gradually increased and reached a peak 
value of approximately 90 µg/L during the month of July; 
however, Chl a concentration declined steadily from Au-
gust to October with the water temperature changes. The 
SRP concentration remained low throughout the study 
period and continued to be low when chlorophyll a con-
centration reached its maxima. The TP concentration 
partially represented by phytoplankton (chlorophyll a) 
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such as different grazing pressure of zooplankton on the 
algae, presence or absence of abiotic turbidity or other 
variables [33-35]. Scheffer [36] reported that another 
reason that data doesn’t fit chlorophyll-nutrient mod-
el is if the data comes from the shallow polymictic lake 
like HMDI. Chlorophyll a content at such water bodies 
often depend upon photic conditions and zooplankton 
grazing pressure than nutrient concentration in the wa-
ter column. Kufel [37,38] has shown that the lack of cor-
relation between chlorophyll a and nutrient in shallow 
lakes while McCauley, et al. [39] showed that nitrogen 
limitation could also be one of the attributes that change 
the relationship between Chl a-TP. Studies have shown 
that TP-Chl a relationship is actually sigmoidal and Chl 
a response is weak when TP concentration is both high ( 
> 100 µg/L) and low (< 10 µg/L) concentrations [34,40].

Dissolved Inorganic Phosphorus (SRP) and Dissolved 
Inorganic Nitrogen (TDIN) typically depleted during the 
vegetative period. Chlorophyll a biomass will decline if 
dissolved inorganic nutrients are not resupplied to the 
surface water column from the nutrient rich near-bot-
tom layers during the lake stratified period. The results 
indicated that among phosphorus species TDP was the 
second most available phosphorus in the water column 
and most of the TDP was in the form of Dissolved Or-
ganic Phosphorus (DOP). The most of the nitrogen was 
in the form of Dissolved Organic Nitrogen (DON), and 
previous studies have shown the bioavailability of DOP 
and DON [41-43]. The findings indicated that declined 
of phytoplankton growth most likely due to the limited 
supply of dissolved inorganic nitrogen and phosphorus 
and unavailability to the uptake of those DOP and DON.

The high DON and DOP were observed in the near 
surface water column which implies that DON and 

water column; however, the bioavailable form of nitro-
gen for plants and algal growth is TDIN. Similar to SRP 
(Figure 6), the TDIN also remained low throughout the 
sampling period; however, in comparison with TN con-
centration, the second most available nitrogen species 
in the water column was TDN. The TDN is the sum of 
dissolved organic and inorganic nitrogen in the water 
column and results indicated that the majority of TDN 
was the form of dissolved organic nitrogen in the water 
column. The variation of TDN closely followed with the 
temporal variation of TN and remained high in the water 
column than TDIN concentration.

Discussion
The suspended solids (VSS and TSS) and Chl a 

showed strong correlations along the depths in the wa-
ter column. Studies have reported that similar findings 
for correlation between suspended solids and Chl a 
[29]. The VSS/Chl a ratios may have an influence on the 
presence of an amount of organic matter content at the 
each depth other than the phytoplankton cells. Findings 
also indicated that the most of the Chl a reported at the 
epilimnion (both surface and Secchi depth level) than 
the hypolimnion (near-bottom water) was live organic 
matter (as live phytoplankton) than the organic matter 
resuspension from the sediment during the lake strati-
fied period.

The use of chlorophyll to estimate the algal biomass 
in aquatic habitats is crucial when biovolume varies 
among species and environmental conditions [30,31]. 
Summer chlorophyll a concentration and measured TP 
concentration at the HMDI did not show the linear re-
lationship as predicted by Dillon and Rigler [32]. How-
ever, studies have shown that chlorophyll-phosphorous 
relationships can be changed due to several lake features 
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DOP produced by the phytoplankton in the epilimnion, 
and both DON and DOP were as a part of the euphotic 
zone processes. The observed decrease of TN, TDN, and 
DON concentrations in the surface water column caused 
by mixing of the water column due to restarting of the 
existing aeration system and water column was mixed. 
Shallow, polymictic eutrophic lakes can display complex 
nutrient dynamics due to wind drove nutrient resuspen-
sion.

Conclusions
The study shows that both VSS and TSS distribution 

coincided with the vertical distribution of Chl a in the 
water column. Regression analyses indicated that the Chl 
a was significantly correlated with the TSS and VSS. No 
linear relationship was observed between TP and Chl 
a in the water column. The SRP and TDIN concentra-
tions remained low, and TDP and TDN remained the 
second most available form of phosphorus and nitrogen, 
respectively. Moreover, the results indicated that those 
TDP and TDN were not bioavailable for the cyanobacte-
rial bloom (Aphanizomenon flos-aquae) reported in the 
HMDI during summer stratified period.
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