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Abstract 
Previous studies have found cyanobacteria, as well as other phytoplankton, in Lake Linganore, a 

drinking water source for the city and county as well as a site for multiple recreational activities 

for the residents surrounding the lake.  During the winter of 2016, a cyanobacterial bloom of 

Planktothrix rubescens was also observed in Lake Anita Louise, a lake draining into the larger 

Lake Linganore.  The winter bloom in Lake Anita Louise produced the toxin microcystin at levels 

exceeding 300 ppb, well above the World Health Organization (WHO) suggested limit of 1 ppb 

for drinking water and 10 ppb for recreation exposure. This presented potential health hazards 

to the residents in the community, wildlife, and domestic animals. Due to a concern that P. 

rubescens might establish a resident population in Lake Linganore, water quality and 

phytoplankton biomass were monitored from May 2016 – March 2017 in both lakes. The results 

of the Lake Linganore monitoring are presented herein whereas the Lake Anita Louise data are 

presented elsewhere. Throughout the monitoring of Lake Linganore, cyanobacteria were often 

present but did not accumulate to concentrations of concern during 2016-2017. However, 

monitoring also determined that environmental conditions occurring during the growing season 

could support future populations of cyanobacteria.  

 

Introduction 

The cyanobacterial toxin microcystin can be dangerous if consumed in high concentrations from 

a water source. It is a hepatotoxin and ingesting contaminated water or fish tissue can result in 

liver failure, severe illness, and potential death to humans, non-aquatic wildlife, and domestic 

animals. Microcystins are products of several common cyanobacteria including Planktothrix sp. 

(noted in Lake Anita Louise and Fountain Rock Quarry) and Microcystis aeruginosa, previously 

identified in Lake Linganore (Ferrier 2013).  The toxic cyanobacteria are a global concern to 

water systems due to anthropogenic nutrient enrichment and warming temperatures that 

select for these populations. The World Health Organization (WHO) advisory limits for this toxin 

are 1 and 10 ppb for drinking water and recreational exposure, respectively. 

 

In Lake Anita Louise in the winter of 2016, microcystin toxin levels exceeded 300 ppb and 

turned the surface of the lake pink over several weeks from the pigmentation in the cells of 

Planktothrix rubescens (Mattheiss et al. 2017). These water conditions alarmed the community 

resulting in the Lake Linganore homeowner’s association funding Hood College’s Center for in 

Lake Anita Louise and the larger Lake Linganore which receives its discharge. The concern was 

that Lake Linganore is used as a drinking water supply for the city and county, as well as 

recreational purposes such as fishing, boating, swimming, and wading on its multiple beaches, 

and high cyanobacterial levels could pose a potential health hazard for the community. Water 

quality was monitored to determine whether ambient conditions could support excessive 
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cyanobacterial growth, perhaps leading to toxin levels of concern.  The results of the Lake 

Linganore monitoring are presented here. Lake Anita Louise data are presented elsewhere. 

 

Methods 

Sampling of Lake Linganore and its tributaries or shorelines was conducted from May 2016-

March 2017.  Center lake stations were sampled 2 times per month from May to October and 

monthly thereafter; tributary and shoreline samples were collected once per month. On the 

lake, 5 stations with varying depths (Fig. 1) were surveyed to determine vertical profiles of 

temperature, dissolved oxygen (DO), and conductivity using a YSI multi meter, as well as light 

penetration using a Licor® PAR light sensor and Secchi disc. At 3 of the vertical stations, water 

samples were collected using a Kemmerer sampler from the surface, thermocline, and 

maximum depth. Relative chlorophyll and phycocyanin fluorescences, as well as turbidity, were 

recorded from all samples using a Turner Designs AquaFluor® fluorometer. Active chlorophyll a 

and phaeophytin concentrations were also estimated (Parsons et al. 1984) for discrete samples 

that covered the range of chlorophyll fluorescences measured on each collection date. Light 

microscopy was employed to identify dominant phytoplankton and cyanobacteria taxa in 

discrete samples from several stations collected during each sampling trip. 

 

Figure 1. Sampling locations, Lake Linganore, Frederick MD.  
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For the monthly tributary and shoreline samples as well as the surface, thermocline, and 

bottom samples from 3 vertical stations on the lake, the Frederick County Division of Utilities 

and Solid Waste Management Environmental Laboratory determined concentrations of 

ammonia-N, TKN, total phosphorus, nitrate and nitrite-N, organic nitrogen, total nitrogen, 

ortho-phosphate, and total suspended solids for each water sample.  Specific analyses are 

detailed in EPA 350.1, EPA 353.2, EPA 351.2, EPA 365.1 (U.S. EPA 1983); Hood conducted some 

phosphorus analyses using Hach TNT test kits.  

 

Results 

 

Temperature 

Surface and bottom temperatures ranged from 7-30oC and 7-21oC, respectively, over the study 

period, with typical seasonal shifts in water temperature characteristic of temperate latitudes 

noted for the lake.  In shallow portions of the lake, water temperatures gradually increased 

spring-to-summer and then declined in the fall, with relatively constant temperatures from the 

surface to the bottom (Fig. 2a). A similar pattern in surface temperatures was noted for stations 

in the deeper portions of the lake.  However, during the warmest months of the year, bottom 

temperatures were substantially cooler than the surface, never exceeding 20°C (Fig. 2b). The 

very warm surface temperatures are conducive to growth of M. aeruginosa and other 

cyanobacteria (Aphanizomenon sp., Anabaena sp.) seen previously in the lake while the cold 

near-bottom temperatures might provide a cold-adapted Planktothrix population a refuge 

permitting survival during the warm summer months.  

 
Figures 2a and b.  Lake Linganore vertical profiles of temperature (oC) at stations 1 (a) and 4 (b). Sampling at 

station 1 ended in October, but continued for station 4. 
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Secchi Depth 

Secchi depth is a variable that expresses the transparency of water or turbidity and the amount 

of light penetrating surface waters to support photosynthesis. Secchi depth is inversely related 

to phytoplankton biomass and surface particulates. Figure 3 shows that aside from one survey 

event, the Secchi depth did not exceed 1.5 m (5 ft) in depth. This indicates a high quantity of 

particulates, likely phytoplankton, sediments, or detritus, in the shallow surface layer of Lake 

Linganore. 

 

 
Figure 3.  Secchi depth at each station. Sampling at station 4 continued into December. 

 

Dissolved Oxygen 
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atmosphere, phytoplankton photosynthesis, and heterotrophic metabolism (respiration and 

decomposition).  Very low DO levels usually result from heterotrophic metabolism, and in the 

extreme, hypoxia or anoxia at depth. Low DO levels, in turn, support rapid nutrient flux from 

bottom sediments, ideal for re-supply of nutrients needed for the growth of algae, 

cyanobacteria, and rooted aquatic plants.   

 

Seasonal distributions of DO are presented in Figure 4.  Highest surface DO concentrations were 

noted in the summer, with concentrations exceeding 12 mg/L in July.  Concentrations rapidly 

declined below 4-8 ft, yielding an oxycline between the lighted surface depths and light-limited 
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was evident in the earliest sampling for the study, May 4th, with a rapid expansion of the low 

DO water volume into September (Fig 4b).  Re-oxygenation occurred thereafter, leading to 

homogeneous conditions in the shallow portion of the lake in October (Fig. 4a) and November 

in the deeper lake (Fig. 4b).  As will be noted below, the summer low DO period was typified by 

very high nitrogen (N) and phosphorus (P) fluxes from lake sediments, likely providing 

phosphorus for the P-limited photosynthetic organisms, including the potentially toxic 

cyanobacteria, in the lake. 

 
Figures 4a and b.  Lake Linganore vertical profiles of the dissolved oxygen (DO, ppm or mg/L) at stations 1 (a) 

and 4 (b). Sampling at site 1 ended in October, but continued for site 4 until December. 

 

Nutrients  

The nutrient data indicate wide disparity between N and P concentrations in Lake Linganore. 

Both are required for growth of all phytoplankton, with specific concentrations and ratios 

favoring the development of cyanobacteria.  Average dissolved inorganic nitrogen (DIN) and 

dissolved inorganic phosphorus (DIP) levels that limit growth would be ~0.07 and <0.03 mg/L, 

respectively (T. Fisher, pers. commun.).  DIN (nitrate + nitrite + ammonium) results are shown in 

Figures 5a and b. For the shallower station 1, the general trend is a reduction of DIN at all 

depths as the year progressed (Fig. 5a).  In contrast, at station 4, DIN increased in the near-

bottom samples (Fig. 5b) when bottom waters were hypoxic to anoxic (Fig. 3b).  At all times DIN 

concentrations were above the 0.2 mg/L detection limit, which is not the case for Dissolved 
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September samples were well below the 0.05 mg/L county limit, indicating that the constant 

concentrations (represented by the horizontal lines in Figure 6) are actually much lower.  

 

 

 

 

 

 

 

 

 
Figures 5a and b.  a).  Dissolved inorganic nitrogen (DIN, mg/L) concentrations of Lake Linganore at station 1 

and b) at station 4. The reporting limit for the DIN components is 0.2 mg/L. 
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Figure 6.  Dissolved inorganic phosphorus (DIP) concentrations (mg/L) of Lake Linganore at station 4. The 

reporting limit is 0.05 mg/l. 

 

DIN/DIP 

Besides absolute concentration of DIN and DIP, the ratio (DIN/DIP) of the two pools can also 

suggest which nutrient is limiting in a particular system. A N:P ratio less than 7:1 suggests a 

nitrogen limiting system, while a value greater than 7:1 indicates phosphorus is the limiting 

nutrient. Using County DIN and DIP levels, results in Figures 7a and b consistently display a ratio 

above 7:1, strongly suggesting that the Lake Linganore phytoplankton and cyanobacteria are 

phosphorus limited throughout the growing season. This ratio is likely much higher (>100) as 

the phosphorus concentrations using the CCWS Hach kits found levels much less than 0.05 

mg/L, the County’s reporting limit. Therefore, DIN:DIP  values for the lake suggests 6-8 month 

long P-limitation for the ambient phytoplankton and cyanobacteria of the lake.  As noted 
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induced sediment-bound P from Linganore Creek above the lake.   
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Figures 7a and b.  Ratio of dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP) of 

Lake Linganore at stations 1 (a) and 4 (b).  The horizontal dashed line represents the N/P ratio for balanced 

growth.  Values above that line represent P limitation and those below represent N limitation.   
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Nutrient Flux 

 

Growth of cyanobacteria and other photosynthetic organisms is dependent on a supply of 

nitrogen and phosphorus throughout the year. One mechanism for delivery of inorganic 

nutrients is the release of these nutrients from the sediments, known as benthic flux.  Cornwell 

et al. (2017) estimated benthic fluxes for several constituents in Lake Linganore in early 

September while the lake was still stratified and bottom waters were hypoxic-anoxic.  As seen 

in Table 1, fluxes of soluble reactive phosphorus (SRP, equivalent to DIP) were quite high at 

0.54-2.11 mg/m2/h in the deep, hypoxic or anoxic part of the lake, well above the 

concentrations noted in the bottom depths (Fig. 6); much lower flux rates into the sediments 

were noted in aerobic, shallow surface sediments.  Ammonium-N fluxes were very large as well, 

at 0.76-1.60 mg/m2/h, likely leading to the elevated DIN noted for station 4 in the summer (Fig. 

5b).  Interestingly, denitrification rates, the formation of inert nitrogen gas in anaerobic shallow 

benthic sediments, were quite high, at 1.18-16.02 mg/m2/h, a large loss of potential N that if 

remaining in the lake as DIN, could have supported more phytoplankton and cyanobacteria 

production. 

 

Table 1.  Nutrient flux (mg/m2/h) from Lake Linganore using comparable dark incubation techniques for 

benthic sediment samples.  Positive numbers represent flux out of the sediments while negative numbers 

indicate flux into the sediments (adapted from Cornwell et al. 2017). 

Site Type SRP NH4
+ NOx

- N2-N O2 

  mg/m2/h1 

Linganore 
2016 

Anoxic 0.54 to 2.11 0.76 to 
1.60 

-0.13 to 0.03   

Linganore 
2016 

Aerobic -0.06 to 0 2.60 to 
7.71 

-3.30 to  -
8.05 

 

1.18 to 
16.02 

-24.29 to  
-43.49 

 

Chlorophyll 

Chlorophyll is the green pigment in all plants, including cyanobacteria and algae, which harvests 

light energy for photosynthesis. High chlorophyll levels indicate an accumulation of a thriving 

phytoplankton community. Figure 9 shows high surface chlorophyll a in the early summer 

months, receding as autumn progresses.  

 

Table 2 shows not only high chlorophyll and phaeophytin (a breakdown product of chlorophyll) 

values at the surface of shallow cores from the eastern portion of Lake Linganore but also in 
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anoxic depths of the lake (Cornwell et al. 2017).  Note the large concentration of chlorophyll a 

and its degradation product phaeophytin on the surface of bottom sediments from anoxic 

portions of the lake (average concentrations = 72.7  and 201.5 mg/m2, respectively), indicating 

that a large supply of recent algae and cyanobacteria is settling to the bottom and experiencing 

marked decomposition, visible in the 2-3 times higher phaeophytin vs. chlorophyll levels. The 

pigments on the surface of nearshore sediments are much lower (36.4 and 82.7 mg/m2, 

respectively), likely reflecting actively growing benthic diatoms common to nearshore 

sediments. 

 
Figure 9.  Active chlorophyll a at the surface of stations 1 and 4. Sampling at station 4 ceased after October 

while station 4 sampling remained. 

 
Core Chl a Phaeo  

mg m-2 
Anoxic Sites 

2A 43.4 172.2 
2B 73.3 180.7 
4A 118.4 256.6 
4B 76.6 206.2 
5A 55.9 211.9 
5B 68.4 181.4 

Mean 72.7 201.5 
Shallow Cores 

EC 1A 44.5 87.3 
EC 1B 66.2 91.4 
EC 2A 34.8 85.8 
EC 2B 28.2 81.0 
EC 3A 32.6 74.6 
EC 3B 26.4 72.2 
BRIDGE A 29.3 84.0 
BRIDGE B 29.3 85.0 

Mean 36.4 82.7 

 

Table 2.  Concentrations of chlorophyll a (Chl a) and phaeophytin (Phaeo) at the surface of bottom samples 

from deep anoxic portions of the lake and shallow cores from the nearshore in the eastern portion of Lake 

Linganore (from Cornwell et al. 2017). 
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Fluorescences and Taxa 

In vivo fluorescences for chlorophyll and phycocyanin were recorded from a Turner Designs 

AquaFluor® handheld fluorometer at varying depths. As noted above, chlorophyll is the green 

pigment found in all photosynthesizing aquatic organisms, while phycocyanin is an accessory 

pigment common to most cyanobacteria. These values, when compared, can provide a ratio 

that represents the proportion of cyanobacteria to the whole algal and cyanobacterial 

community, i.e., a high proportion would indicate a community with a large cyanobacteria 

contribution, while a low ratio (<0.2) suggests only modest cyanobacteria in the assemblage. 

Figures 10a and b show the PC:CHL ratio at the two locations on Lake Linganore.  A peak is 

obvious post-September until December, coincident with a large number of filamentous 

cyanobacteria. Typical cyanobacteria are presented in Figures 11a-d at varying months through 

the summer and fall. Notice how filamentous cyanobacteria dominated the plankton 

community as the PC:CHL ratio increased from September on. 

 
 

 
Figure 10.  a) Ratio of phycocyanin to chlorophyll fluorescences (PC/CHL) at varying depths at stations 1 and b) 

station 4. 

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

5/4 6/23 8/12 10/1 11/20

P
C

/C
H

L

Date

Site 1 Surface

Site 1 Thermocline

Site 1 Bottom

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

5/4 6/23 8/12 10/1 11/20 1/9

P
C

/C
H

L

Date

Site 4 Surface

Site 4 Thermocline

Site 4 Bottom

A 

B 



Lake Linganore Water Quality Monitoring 
June 2017 

_____________________________________________________________________________________ 

14 

Figure 11a) June    Figure 11b) July 

 
 Figure 11c) August    Figure 11d) October 

 
Figure 11.  Phytoplankton community throughout summer and fall of 2016. Filamentous cyanobacteria 

dominated the community as the season progressed.  

 

Discussion 

The purpose of this project was to determine if the conditions at Lake Linganore could harbor 

and promote excessive cyanobacteria populations in the lake. Cyanobacteria are often 

associated with warm, stratified, and nutrient-rich summer conditions (e.g., Paerl 1988).  With 

previous observations of several summer cyanobacteria (Microcystis aeruginosa, Anabaena sp., 

and Aphanizomenon flos-aquae) in the lake in 2013 (Ferrier 2013) and the 2015 – 2016 winter 

bloom of the toxin-producing cyanobacterium, Planktothrix rubescens, in Lake Anita Louise 

(Mattheiss et al. 2016) which drains directly into Lake Linganore, intensive phytoplankton and 

water quality monitoring was initiated in May 2016. As Lake Linganore is used as a drinking 

water source and for local resident recreation, excessive cyanobacterial populations could be a 

health hazard for many citizens and their pets.  

 

Filamentous cyanobacteria were observed in surface waters throughout the sampling period in 

the current project, with active chlorophyll a concentrations exceeding 100 ug/L on several 
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occasions (see Excel file). The populations were supported by very high ambient DIN pools, as 

well as high ammonium-N fluxes from benthic sediments in the deep lake.  Phosphorus fluxes 

were even more important to maintaining elevated chlorophyll levels and the cyanobacteria.  

Phosphorus concentrations were very low and the DIN/DIP ratio indicated severe P limitation in 

the lake.  Hence, the high ammonium and dissolved P fluxes from sediments in the hypoxic-to-

anoxic depths were likely important for supporting the overlying surface populations, through 

diffusion, occasional mixing events, or even tilting of the thermocline to allow P (and N) in the 

deeper waters to mix into the shallow productive depths (e.g., Malone et al. 1986). The 

measured P fluxes are >40% higher than reported for other lakes in the region as well as lakes 

from the Northeast and mid-west (see Table 6, Cornwell et al. 2017); these high rates suggest 

that this stratified lake has an ample supply of organic matter settling to the bottom as active, 

growing populations (72.7 mg chl/m2) and extensive decomposition (201.5 mg pheophytin/m2) 

thereafter to recycle previously incorporated algal and cyanobacteria N and P to the surface 

waters above to support growth of summer-fall plankton assemblages.  

 

Further, it is also very likely that the high pigment levels and hence diel photosynthetic uptake 

of inorganic carbon would yield elevated pH in shallow shore zones in the afternoon, with 

elevated P release from sediments at pH values >9.2 (e.g., Seitzinger 1991, J. Cornwell, pers. 

comm.).   MD Department of the Environment field staff (A. O’Hanlon [MDE], pers. comm.) 

noted pH>9.2 in September, 2015 during a short-term continuous sensor deployment in  

approximately 1.5 ft of water.  As well, large episodic rains would deliver suspended sediment 

and bound P to the lake for subsequent P release and phytoplankton utilization.  Therefore, 

future watershed or land use changes that could increase P loads should be restricted as P-

driven cyanobacteria production could be exacerbated.   

 

Deeper depths of Lake Linganore were typified by summer bottom temperatures of 20oC and 

lower, that could offer a refuge for cold water-preferring P. rubescens populations entering the 

lake from Lake Anita Louise.  Although specific identification of cyanobacteria was not 

undertaken as part of this study.  Chlorophyll levels were high at depth and filaments were 

always observed (Fig. 11), suggesting possible survival of vegetative populations of this toxin 

producer throughout the year.  Microcystin analyses were not undertaken by MDE as visible 

blooms and/or cyanobacterial estimates were insufficient to trigger the department’s toxin 

analyses. Continued monitoring of phytoplankton over an entire year, particularly for 

Planktothrix sp. as well as those seen previously cyanobacteria, is encouraged. 

 

Current conditions that will likely continue to favor growth of these taxa, such as 1) the karst 

geology of the area allowing continuous input of cold (ideal for Planktothrix spp.), nitrate-rich 

groundwater, 2) large sediment and bound phosphorus supplies (needed for P-limited 
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phytoplankton of the lake) from agricultural runoff and eroding Linganore Creek above the lake, 

3) a stable water column with warm surface waters (optimal physical characteristics for 

summer cyanobacteria populations) overlying the cold deeper depths of the lake, and 4) very 

high phosphorus input from bottom lake sediments that, as in 2, provides the phosphorus 

required in phytoplankton growth.  Future conditions will exacerbate those described above.  

For example, the planned construction of over 5000 homes in the watershed can be expected 

to increase nutrient loading to the lake through actual runoff from construction, loss of low 

nutrient discharge from forest and natural wetlands, increasing impervious surfaces and flashy 

runoff (enhancing stratification and nutrient loads), and lawn care and fertilizer applications.  

Additionally, regional climate shifts such as much warmer summer temperatures and extreme 

drought periods followed by major storms will enhance likely expression of summer 

cyanobacteria populations like Microcystis aeruginosa (many strains are microcystin producers) 

through preferred high temperatures for growth, a stable stratified water column, and elevated 

nutrient input in flashy runoff events. 

 

There are several recommendations that could be implemented to improve the water quality of 

Lake Linganore and limit expansion of dangerous cyanobacterial blooms. Planned dredging 

would remove sediment and the source of nutrients to the lower reaches of the lake, where 

harmful cold-adapted cyanobacteria, if present, could survive during the summer.  Sediment 

contributions from erosion and agriculture in the Linganore watershed above the lake (see 

Versar 2013) might be somewhat alleviated through focused restoration efforts and 

implementation of Best Management Practices on farms to reduce sediment loads from these 

sources.  Reducing the amount of new development, or if already permitted, setting no net load 

increase to the lake from the new homes, should be considered.  Mandating extensive riparian 

buffer zones on the banks of the lake, particularly for areas of any slope, also could be required.  

Limiting residential fertilizer application to a single fall dosing with low-P fertilizer would be 

another way to lower additional nutrient loading to the lake.  Finally, it is important to monitor 

plankton and water quality in multiple years to account for large variability in meteorology and 

hydrology:  dry and wet year differences can be huge and hence, predictions from a single year 

only provide information for the conditions of that year and cannot be extrapolated to all years.  

For this reason, a 3-year data collection program has become the standard operating principal 

employed by Maryland’s Department of Natural Resources for data provision to the 

Chesapeake Bay Program partnership.  Even more important is a long-term monitoring 

commitment considering the cyanobacteria now present in the lake and the combined effects 

of increasing development and climate change to produce conditions favoring proliferation of 

these cyanobacteria populations. 
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