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Abstract
Long Lake National Wildlife Refuge, located in south-

central North Dakota, is an important habitat for numerous 
migratory birds and waterfowl, including several threatened 
or endangered species. The refuge is distinguished by Long 
Lake, which is approximately 65 square kilometers and con-
sists of four primary water management units. Water levels 
in the Long Lake units are maintained by low-level dikes 
and water-control structures, which after construction dur-
ing the 1930s increased the water-storage capacity of Long 
Lake and reduced the frequency and volume of flushing 
flows downstream. The altered water regime, along with the 
negative precipitation:evaporation ratio of the region, may 
be contributing to the accumulation of water-borne chemical 
constituents such as salts, trace metals, and other constituents, 
which at certain threshold concentrations may impair aquatic 
plant, invertebrate, and bird communities of the refuge. The 
refuge’s comprehensive conservation planning process identi-
fied the need for water-quality monitoring to assess current 
(2013) conditions, establish comparative baselines, evaluate 
changes over time (trends), and support adaptive management 
of the wetland units. In 2008, the U.S. Geological Survey, 
U.S. Fish and Wildlife Service, and North Dakota Depart-
ment of Health began a water-quality monitoring program at 
Long Lake National Wildlife Refuge to address these needs. 
Biweekly water-quality samples were collected for ions, trace 
metals, and nutrients; and in situ sensors and data loggers were 
installed for the continuous measurement of specific conduc-
tance and water depth.

Long Lake was characterized primarily by sodium, bicar-
bonate, and sulfate ions. Overall results for total alkalinity and 
hardness were 580 and 329 milligrams per liter, respectively; 
thus, Long Lake is considered alkaline and classified as very 
hard. The mean pH and sodium adsorption ratio for Long Lake 

were 8.8 and 10, respectively. Total dissolved solids concen-
trations averaged approximately 1,750 milligrams per liter, 
and ranged from 117 to 39,700 milligrams per liter. Twelve of 
the 14 trace metals detected in the water samples had estab-
lished North Dakota water-quality standards for aquatic life, 
and only aluminum and copper consistently exceeded these 
criteria. Aluminum is considered harmful to aquatic biota 
in acidic (pH less than 5.5) systems and most of the copper 
standard exceedances were collected from highly concentrated 
waters because of evaporation and seasonally low water lev-
els. Concentrations for various forms of nitrogen and phospho-
rus generally were similar to reported regional values.

Specific conductance of Long Lake varied seasonally 
and annually both within and among management units, with 
values ranging from less than 500 to nearly 40,000 microsie-
mens per centimeter at 25 degrees Celsius. Long Lake was 
characterized by consistent seasonal patterns of increasing 
specific conductance from spring (March and April) to fall 
(September and October), with levels stabilizing through the 
end of the sampling season (November). These seasonal pat-
terns in specific conductance were associated with decreasing 
water levels throughout the summer due primarily to evapora-
tion and continuous water releases through the Unit 1 outlet 
structure, which resulted in the concentration of salts. Specific 
conductance of each unit, along with water levels, also varied 
among years. Overall, specific conductance levels were great-
est during the drier year of 2008 when water levels were low. 
Specific conductance levels were lowest during the spring of 
2009 following above-average volumes of fresh water from 
snowmelt runoff. Comparisons of specific conductance among 
sample sites that were spatially distributed within each man-
agement unit suggested that spatial variability within units was 
low except for areas associated with local inflows.

Data collected during this study revealed consistent 
seasonal patterns and low within-unit spatial variability of 
specific conductance. Based on these data results, future 
sample collection efforts may be reduced, as well as the num-
ber of sample locations, to limit sampling costs. Water-quality 
samples collected monthly or seasonally during the growing 
season (spring, summer, and fall) from a single representative 
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location within each water-management unit should provide 
sufficient data to assess seasonal changes in water-quality over 
time and provide information for Long Lake management 
decisions.

Introduction
Long Lake National Wildlife Refuge (NWR) was estab-

lished in 1932 and covers approximately 90 square kilome-
ters (km2) in south-central North Dakota (fig. 1). The refuge 
consists of a variety of wetland and grassland habitats, but is 
distinguished by Long Lake, an approximately 65-km2 shal-
low alkaline lake consisting of four primary water manage-
ment units (hereafter units): Unit 1, Unit 2, Unit 2 Marsh, and 
Unit 3. Units 1 (7 km2), 2 (10 km2), and 3 (48 km2) cover most 
of the refuge and were formed when Long Lake was modified 
by construction of three earthen dikes during the 1930s. The 
roughly 3-km2 Unit 2 Marsh was created in 1995 when a dike 
was constructed across a bay on Unit 2 (fig. 2). The U.S. Fish 
and Wildlife Service (USFWS) currently (2013) manages the 
four units according to goals and objectives outlined in the 
refuge’s Comprehensive Conservation Plan (CCP) (U.S. Fish 
and Wildlife Service, 2006). Detailed descriptions of Long 
Lake NWR are provided by the CCP (U.S. Fish and Wildlife 
Service, 2006) and Website (U.S. Fish and Wildlife Service, 
2012), as well as by a biological assessment by Laubhan and 
others (2006).

The refuge is recognized as an important nesting habi-
tat for migratory birds, particularly waterfowl, waterbirds, 
shorebirds, and grassland passerines (U.S. Fish and Wildlife 
Service, 2006). Three threatened or endangered birds nest on 
the refuge, including the piping plover (Charadrius melodus), 
snowy plover (Charadrius alexandrinus), and bald eagle 
(Haliaeetus leucocephalus). The endangered whooping crane 
(Grus americana) and large concentrations of sandhill cranes 
(Grus canadensis), Franklin’s gulls (Larus pipixcan), greater 
white-fronted geese (Anser albifrons), and other birds use 
the refuge during migration. Peak populations of as much 
as 250,000 shorebirds gather during fall migration in years 
when shallow water and mudflats are abundant (U.S. Fish and 
Wildlife Service, 2006). Long Lake has a history of periodic, 
severe outbreaks of avian botulism (U.S. Fish and Wildlife 
Service, 2006). The dikes and control structures provide some 
water management capability, which has been partially effec-
tive for preventing or alleviating disease outbreaks.

It has been hypothesized that increasing the water-storage 
capacity and altering the frequency of flushing flows (flows 
capable of removing large quantities of water and water-borne 
chemical constituents from the refuge) of Long Lake through 
construction of the dikes and raising of the historic outlet ele-
vation, in combination with greater water retention and a nega-
tive precipitation:evaporation ratio of approximately 0.4–0.48 
(U.S. Fish and Wildlife Service, 2006), are contributing to 
the accumulation of salts, trace metals, and other compounds 

that may negatively affect wetland-dependent biota (Laubhan 
and others, 2006; U.S. Fish and Wildlife Service, 2006). The 
increase in compounds likely has been exacerbated by long-
term changes in land use, with the conversion of grassland to 
cropland resulting in greater precipitation runoff and contri-
butions of sediments, nutrients, and agrichemicals from the 
surrounding watershed, including Long Lake Creek. Various 
trace metals and nutrients are detrimental to aquatic life when 
they exceed specific thresholds (U.S. Environmental Protec-
tion Agency, 1986; National Irrigation Water Quality Program, 
1998), and the addition of dissolved salts or the concentration 
of existing salts or both can result in elevated salinity, which 
has been determined to negatively affect some waterfowl, 
plants, and invertebrates (for example, Stewart and Kantrud, 
1972; Swanson and others, 1984; Hammer and Heseltine, 
1988; Moorman and others, 1991; National Irrigation Water 
Quality Program, 1998; DeVink and others, 2005; Gleason and 
others, 2009).

Salt concentrations in prairie lakes can fluctuate over 
time because of changes in total salt mass associated with 
inflows, outflows, and deflation (loss of salts from dry lake-
beds through wind). Processes such as evapoconcentration 
and dilution also can affect salt concentrations, though the 
total mass of salts remains unchanged (for example, Swanson 
and others, 1988; LaBaugh, 1989; LaBaugh and Swanson, 
2003; Gleason and others, 2009; Tangen and others, 2013). 
Evapoconcentration is defined as the concentration of dis-
solved matter when water volume in a lake is reduced through 
evaporative processes. Of these processes, changes associated 
with concentration and dilution often are more pronounced 
than changes associated with the overall mass of salts, espe-
cially over shorter time scales (annual or decadal). Chemical 
characteristics also can vary spatially within a water body 
because of localized water inputs, groundwater interactions, 
and water exchange through water-control structures. More-
over, harmful effects to aquatic biota from elevated levels of 
various water-quality constituents can vary with the stage of 
the life cycle. For example, many plants are most sensitive to 
elevated salinity levels during germination, and young duck-
lings require freshwater because their salt glands take time 
to develop (Swanson and others, 1984; Baskin and Baskin, 
1998). Therefore, to assess the water quality of a system in 
terms of habitat suitability for wildlife, one must characterize 
not only the overall water chemistry of a system (for example, 
annual average), but also assess the temporal and spatial vari-
ability to relate results to specific taxa or groups.

Long Lake generally is characterized by variable and 
often dynamic water-level changes driven primarily by spring 
snowmelt runoff, variable surface-water inflows, summer 
precipitation, and evapotranspiration. Therefore, understand-
ing the natural temporal variation of the system in response to 
factors such as weather and water management will facilitate 
the development of goals and objectives. The USFWS has 
recognized the need for water-quality monitoring at Long 
Lake NWR to establish current (2013) baselines, evaluate 
temporal changes (trends), assess potential impacts to biotic 



Introduction    3

99°52'100°00'100°08'100°16'

46°56'

46°48'

46°40'

46°32'

Study Area

Long Lake
National Wildlife Refuge

Lake Sakakawea

Lake Oahe

Base from Esri, 2006, various scales, and Montana Natural Resource Information System, 
various dates and scales
Universal Transverse Mercator projection, zone 13N, central meridian -105W
North American Datum of 1983

Long Lake

0 8 KILOMETERS4

0 8 MILES4

Bismarck

Long Lake
Creek 

Figure 1.  Location of Long Lake National Wildlife Refuge.
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communities, and support adaptive management of refuge 
wetlands (Laubhan and others, 2006; U.S. Fish and Wildlife 
Service, 2006). In 2008, the U.S. Geological Survey (USGS), 
USFWS, and North Dakota Department of Health (NDDH) 
began a water-quality monitoring effort in response to 
this need.

Purpose and Scope
The purpose of this report is to present and describe 

water-quality data collected from four water management 
units of Long Lake NWR from 2008 through 2012. Descrip-
tions and interpretations of the data are meant to inform 

management decisions by the refuge and support evaluations 
of aquatic habitats. Water-quality data represent spatially 
distributed surface-water samples collected biweekly during 
the approximate ice-free season (mid-April to mid-November) 
from 12 to 19 sites, and 3 to 5 in situ sensors and data loggers.

Study Area and Sample Sites
The four primary units for Long lake NWR are separated 

by dikes with water-control structures that provided limited 
options for water-level management. Unit 1 is bordered by the 
A dike at the only outlet in the refuge, B dike separates Units 
1 and 2, C dike separates Units 2 and 3, and Unit 2 Marsh dike 
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separates Unit 2 Marsh from Unit 2 (fig. 2). The A-dike outlet 
and the B-dike spillway are fixed-sill box culvert structures. 
The other water-control structures (B dike, C dike, Unit 2 
Marsh dike) are adjustable stop-log structures. The limited 
ability to adjust water levels was further compromised when 
the C-dike control structure between Unit 2 and Unit 3 was 
destroyed during a spring flood in 2009.

Most of the water for Long Lake is supplied by precipita-
tion (including snowmelt runoff) and Long Lake Creek, which 
flows directly into the southeast part of Unit 1 near B Dike 
(figs. 1, 2). Secondary inputs are received from numerous local 
tributaries and drainages surrounding the refuge. Long Lake 
is shallow (less than 2 meters), and Unit 2 Marsh and Unit 3 
periodically become very shallow or dry. At the beginning of 
this study in July 2008, Unit 3 was dry and Unit 2 Marsh was 
extremely shallow (typically less than 5 centimeters water 
depth) with patches of dry land throughout; Units 1 and 2 had 
typical to below-average water levels of 1 to 2 meters deep. In 
fact, there were substantial deflation events during 2008 where 
salt plumes were observed from satellite imagery originating 
from Unit 3 and extending nearly to Canada (University of 
Wisconsin-Madison, 2013). These dry conditions followed 
below-average precipitation during 2006 and slightly above-
average precipitation during 2007 (fig. 3A). Mean annual 
temperatures during 2006 and 2007 were well above the long-
term (1901–2000) average (fig. 3B). Runoff from an above-
average snowpack and early spring rains caused all units to 
rapidly exceed capacity in the spring of 2009. Unit 3 went 
from completely dry to flood stage in less than a week. Above-
average precipitation and below- to slightly above-average 
temperatures in 2009 through 2011 kept water levels high 
through most of 2012, when annual precipitation was below 
the long-term average and temperatures were greater than the 
previous 3 years (fig. 3).

All water-control structures were open (set to allow maxi-
mum flows) from April 2009 through 2012 to release excess 
water that was damaging and sometimes overtopping dikes 
and roads. Water flowed out of Long Lake through the Unit 1 
outlet continuously from late March 2009 until August 2012. 
Flows out of Unit 1 are common in the spring, occurring every 
2 to 3 years on average. The duration of these flows varies, and 
summer and fall outflows are rare. The recent multiyear (2009 
through 2012) event may be unprecedented in the refuge’s 
history. Using stage-discharge curves (described by Tangen 
and others, 2013) for Long Lake Creek and Unit 1, in conjunc-
tion with water-level data collected during this study, aver-
age inflows from Long Lake Creek and outflows from Unit 
1 (at A dike) were estimated for the periods when sufficient 
data were available. Based on these estimates, average Long 
Lake Creek inflows exceeded outflows during 2008 through 
2009, and outflows exceeded inflows from 2010 through 2012 
(table 1). These estimates only provide for inflows associated 
with Long Lake Creek. Previous estimates suggest that other 
sources contribute approximately 32 percent of the water to 
Long Lake (U.S. Fish and Wildlife Service, 2006).
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Table 1.  Estimated mean inflow from Long Lake Creek and outflow from Long Lake during 2008 through 2012.

[Difference was calculated as average outflow minus average inflow. Flows were estimated using measured water elevations and stage-discharge curves.  
ft3/s, cubic feet per second]

Year Date range Number of records
Inflow,  

ft3/s
Outflow,  

ft3/s
Difference,  

ft3/s

2008 June 19–October 17 107 8.48 0.00 -8.48
2009 June 18–November 18 154 110.37 28.55 -81.82
2010 April 23–November 19 211 59.91 94.42 34.51
2011 May 11–October 26 169 143.72 193.63 49.91
2012 April 4–November 13 223 18.53 31.18 12.66

Table 2.  Range of sample dates, number of sample sites, sample site number, and number of biweekly water-quality samples collected 
at Long Lake from 2008 through 2012.

[The number of biweekly sample periods varies because some sites were established later in the year than others, some sites dried seasonally, or sites were not 
accessible during specific time periods. Additionally, during 2010–11 Long Lake Creek was sampled more frequently in conjunction with a related study. --, no data]

Year
Date

Number  
of sites

Site number
Number of 

sample periodsStart End
Long Lake 

Creek
Unit 1 Unit 2

Unit 2 
Marsh

Unit 3

2008 July 1 November 5 12 1 1,2,3,4 1,3,4,5 1,2,3 1-- 5–9
2009 April 2 November 17 18 1 1,2,3,4 1,2,3,4,5,6 1,2,3 1,2,3,4 12–15
2010 Mar 23 November 18 18 1 1,2,3,4 1,2,3,4,5,6 1,2,3 1,2,3,4 15–25
2011 April 28 November 15 18 1 1,2,3,4 1,2,3,4,5,6 1,2,3 1,2,3,4 14–18
2012 April 2 November 1 19 1 1,2,3,4 1,2,3,4,5,6 1,2,3 1,2,3,4,5 9–15

1No samples were collected from Unit 3 during 2008 because it was dry.

Table 3.  Ranges of dates that in situ sensors and data loggers were installed at Long Lake, 2008 through 2012.

[--, no data]

Year
Long Lake Creek, 

site 1
Unit 1,  
site 1

Unit 2,  
site 2

Unit 2,  
site 5/6

Unit 2 Marsh, 
site 3

Unit 3,  
site 1

2008 May 13–Nov. 14 June 19–Oct. 17 -- May 14–Nov. 8 -- --
2009 June 18–Nov. 18 Apr. 23–Nov. 18 Apr. 23–Nov. 18 Apr. 23–Nov. 18 -- June 24–Nov. 18
2010 Apr. 23–Nov. 19 Apr. 22–Nov. 19 Apr. 22–Nov. 18 Apr. 22–Nov. 19 Aug. 16–Nov. 10 Apr. 23–Nov. 19
2011 May 11–Oct. 26 May 11–Oct. 26 May 11–Oct. 26 May 11–Oct. 26 May 11–Oct. 26 May 11–Oct. 26
2012 Apr. 4–Nov. 13 Apr. 4–Nov. 13 Apr. 4–Nov. 13 Apr. 4–Nov. 13 Apr. 4–Nov. 13 Apr. 4–Nov. 13

Because of the large size of Long Lake, and the differ-
ences among water sources, spatial variation in water-quality 
characteristics may exist; thus, sample sites were distributed 
throughout the Lake to determine spatial variation (fig. 2). 
In 2008, 12 water sampling sites were established. One site 
(LLC, site 1) was located upstream (south) from the refuge 
on Long Lake Creek near a discontinued USGS streamgage 
(gage 06349215 above Long Lake near Moffit, North Dakota), 
four sites were located on Unit 1 and Unit 2, and three sites 

were established in Unit 2 Marsh (fig. 2; table 2). Before 
sampling in 2009, two sites were added to Unit 2 and four 
sites were established in Unit 3. A fifth site (Unit 3, site 5) 
was added to a tributary east of Unit 3 during 2012 to assess 
inflows associated with a recent drainage project connecting 
a neighboring watershed to the Long Lake watershed. Unit 3, 
site 5 is located about 1.5 kilometers upstream from the mouth 
of the tributary. A drainage ditch was constructed to remove 
flood waters from Alkali Lake in southeast Kidder County, and 
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this water moves through numerous wetlands before dis-
charging into the northeast part of Unit 3. In addition, in situ 
automated sensors were installed in Long Lake Creek, Unit 1, 
Unit 2, Unit 2 Marsh, and Unit 3 (fig. 2; table 3).

Methods

Water-Quality Samples

Water samples were collected biweekly (twice a month) 
during the approximate ice-free season each year (table 2) for 
determination of ions, trace metals, and nutrients, as well as 
various water-quality properties such as pH, alkalinity, hard-
ness, total dissolved solids, specific conductance, and sodium 
adsorption ratio (SAR) (table 4). Surface grab samples using 
a long-handled dipper were collected according to the NDDH 
standard methods for wadeable wetlands (North Dakota 
Department of Health, 2012a). Samples for nutrient assays 
were preserved with sulfuric acid and samples for the remain-
ing water-quality constituents were preserved with nitric acid; 
all samples were unfiltered. All laboratory analyses were com-
pleted by the NDDH Laboratory Services Division according 

to analytical methods outlined in the Chemistry Laboratory 
Quality Assurance Program, January 2013 Revision (North 
Dakota Department of Health, 2013). Field measurements for 
specific conductance and temperature were measured during 
each biweekly sample event using a YSI EC300™ hand-held 
meter (YSI Inc., Yellow Springs, Ohio).

In Situ Sensors

Continuous measurements of specific conductance, 
water depth, and water temperature were collected during the 
ice-free season using conductivity and temperature sensors, 
pressure transducers, and data loggers. Locations of the equip-
ment and time periods of installation are presented in table 3. 
From 2008 through 2010, a CS547A (Campbell Scientific Inc., 
Logan, Utah) conductivity and temperature sensor and a series 
500 SDI-12 (Campbell Scientific Inc., Logan, Utah) submers-
ible pressure transducer were used in conjunction with a CR10 
(Campbell Scientific Inc., Logan, Utah) data logger. In 2010, 
LTC Levelogger Juniors (Solinst Canada LTD., Georgetown, 
Ontario) equipped with a pressure transducer and conductivity 
and temperature sensors were installed alongside the existing 
sensors and transducers. The stand-alone Levelogger Juniors 

Table 4.  Reporting criteria for water-quality characteristics, properties, and constituents analyzed in water samples collected from 
Long Lake.

[<, less than; µg/L, micrograms per liter; mg/L, milligrams per liter; Ca2+, calcium; Mg2+, magnesium; Na+, sodium; CaCO3, calcium carbonate; --, no data;  
µS/cm at 25 °C, microsiemens per centimeter at 25 degrees Celsius]

Trace metals Ions and salinity Nutrients

Element
Detec-

tion 
limit

Unit  Ion/variable
Detection 

limit
Unit  Nutrient

Detection 
limit

Unit

Aluminum <50 µg/L Bicarbonate <1 mg/L Ammonia (nitrogen) <0.03 mg/L
Antimony <1 µg/L Ca2+ <2 mg/L Nitrate plus nitrite <0.03 mg/L
Arsenic <1 µg/L Carbonate <1 mg/L Nitrogen (total) <0.015 mg/L
Barium <1 µg/L Chloride <0.3 mg/L Nitrogen (total Kjeldahl) <0.08 mg/L
Beryllium1 <1 µg/L Hydroxide1 <1 mg/L Phosphorus (total) <0.004 mg/L
Boron <50 µg/L Mg2+ <1 mg/L
Cadmium1 <1 µg/L Potassium <1 mg/L
Chromium <1 µg/L Na+ <3 mg/L
Copper <1 µg/L Sulfate <0.3 mg/L
Iron <0.05 mg/L Total alkalinity (CaCO3) <3.3 mg/L
Lead <1 µg/L Total hardness (as CaCO3) -- mg/L
Manganese <0.01 mg/L Sodium adsorption ratio2 -- unitless
Nickel <1 µg/L Specific conductance <4 µS/cm at 25 °C
Selenium <1 µg/L Total dissolved solids -- mg/L
Silver <1 µg/L pH -- standard units
Thallium1 <1 µg/L
Zinc <1 µg/L

1Not detected in any samples.
2Calculated as [Na+]/{[Ca2+ + Mg2+]/2}1/2.
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were used exclusively starting in 2011. All sensors were cali-
brated according to manufacturer specifications before instal-
lation. Water depth at each sample site was converted to pool 
elevation (hereafter water level) using data from a GPS survey 
system and nearby known-elevation survey benchmarks and 
staff gages.

Data Descriptions and Comparisons

Ions, Trace Metals, and Nutrients

Descriptive statistics and graphical summaries are used 
to present the data from the water-quality samples and in situ 
sensors. Water-quality properties were compared to North 
Dakota water-quality standards (North Dakota Department of 
Health, 2012b) to determine if any of them regularly exceed 
established criteria developed to protect aquatic biota. State 
water-quality standards are expressed as acute or chronic val-
ues intended to protect aquatic biota and as values intended to 
protect human health. An acute standard is defined as a 1-hour 
average concentration that is not exceeded more than once 
every 3 years, and a chronic standard is defined as a 4-day 
average concentration that is not exceeded more than once 
every 3 years. Maximum values are defined in the standards of 
quality for waters of the State of North Dakota (North Dakota 
Department of Health, 2012b) for specific applications such as 
irrigation or drinking water. Water-quality criteria are devel-
oped by the U.S. Environmental Protection Agency (USEPA) 
through determination of the effects of pollutants on human 
and environmental health (U.S. Environmental Protection 
Agency, 1986; U.S. Environmental Protection Agency, 2000b). 
Because the purpose of this monitoring effort is to evaluate 
habitats for aquatic life, the acute and chronic standards for 
aquatic life are the primary focus hereafter.

Nutrient concentrations can be highly variable, and 
concentrations for a given water body are dependent on 
site-specific factors; thus, region-wide standards often are 
not available. The State of North Dakota is currently (2013) 
developing nutrient criteria and does have acute and chronic 
standards (temperature and pH dependent) for ammonia 
(North Dakota Department of Health, 2012b). The USEPA 
also provides regional reference values for some nutrients 
(U.S. Environmental Protection Agency, 2000a); therefore, 
data from Long Lake were compared to the ammonia stan-
dards and to the guideline values for nutrients to qualitatively 
assess nutrient loads and concentrations.

Temporal Patterns and Spatial Variability

Specific conductance was used as a representative prop-
erty to identify and assess temporal and spatial variability in 
water quality. Seasonal and interannual patterns in specific 
conductance and water levels are described and depicted 
graphically using data from the in situ sensors and biweekly 
water-quality samples. These data also were used to examine 

spatial patterns among the four units and Long Lake Creek. 
Variability within each unit was assessed by examining plots 
of specific conductance from the water-quality data. Specific 
conductance was used to assess temporal and spatial patterns 
because it is correlated with salt and dissolved matter concen-
trations and generally reflects the changes in the concentration 
of other chemical constituents (Swanson and others, 1988). 
Further, specific conductance is a measure of salinity and is an 
important variable to consider when assessing habitat qual-
ity because it can affect plant and invertebrate communities 
that provide critical food and structural resources for many 
migratory and wetland-dependent birds (Laubhan and others, 
2006; Gleason and others, 2009). Specific conductance gener-
ally displays a positive correlation with dissolved matter and 
a negative correlation with water levels (Eisenlohr and others, 
1972; Swanson and others, 1988; Laubhan and others, 2006; 
Tangen and others, 2013). Specific conductance in semiclosed-
basin lakes and wetlands can be affected by changes in the 
overall salt balance, or it also can fluctuate in conjunction 
with changes in water volumes associated with evaporation, 
inflows, and precipitation.

Concentrations of Chemical 
Constituents

Ions

The four units of Long Lake NWR and Long Lake Creek 
were characterized by three major ions: sodium, bicarbon-
ate, and sulfate. Minor cations and anions were magnesium, 
calcium, potassium, carbonate, and chloride (fig. 4; table 5). 
The ionic makeup of Long Lake is characteristic of lakes and 
wetlands in the area and generally reflects the geologic set-
ting (Eisenlohr and others, 1972; Swanson and others, 1988). 
Of the major and minor ions, North Dakota has established 
water-quality standards for chloride and sulfate (table 6; North 
Dakota Department of Health, 2012b). Chloride exceeded the 
standard in less than 3 percent of samples, and all of these 
samples were collected from Unit 2 Marsh during low water-
level conditions. Sulfate exceeded the standard in greater 
than 90 percent of samples (table 6), but values were similar 
to those reported for other lakes in the area, which often are 
characterized by sulfate waters (Swanson and others, 1988). 
Further, the water-quality standard for chloride and sulfate are 
secondary drinking water standards; thus, they are not directly 
relevant to Long Lake, which is primarily used to support 
wildlife.

Specific conductance and total dissolved solids averaged 
approximately 2,400 (range 204–38,700) microsiemens per 
centimeter at 25 degrees Celsius (µS/cm at 25 °C) and 1,750 
(range 117–39,700) milligrams per liter (mg/L), respectively. 
Long Lake is alkaline, with a mean total alkalinity of approxi-
mately 580 mg/L. The system is characterized by a mean 
pH of 8.8, and a mean total hardness of 329 mg/L, resulting 
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in a classification of very hard (Briggs and Ficke, 1977; 
Omernick and others, 1988). The mean SAR was 10, and 
is less than 12, the general value considered detrimental 
to soils and plants (U.S. Salinity Laboratory Staff, 1954; 
Gleason and others, 2009). Summary statistics for water-
quality constituents are presented for Long Lake in table 5. 
Data from all water samples (37 variables per sample; see 
table 4), including Long Lake Creek, are presented by 
sample site and date in appendix 1. Specific conductance 
and water temperature measured with the hand-held meter 
are presented in appendix 2.

Trace Metals

Summary statistics for the detected trace metals are 
presented in table 7. Twelve of the 14 detected trace metals 
have established North Dakota water-quality standards for 
acute, chronic, maximum, or human health (table 6; North 
Dakota Department of Health, 2012b). Most trace metals 
only exceeded the aquatic life standards (acute, chronic) 
in a small number of samples that usually were associated 
with low water levels. Aluminum exceeded the acute and 
chronic standards in greater than 70 and 100 percent of 
samples, respectively (fig. 5; table 6). Copper exceeded 
the acute and chronic standards for approximately 6 and 
20 percent of samples, respectively (fig. 6, table 6). Arsenic 
and boron exceeded the human health and maximum stan-
dards in more than 80 percent of samples. Arsenic exceeded 
the aquatic life standards in less than 2 percent of samples. 
These percentages are based on individual (daily) samples, 
and not on the 1-hour (acute) or 4-day (chronic) averages 
used to develop the standards. Nonetheless, these compari-
sons provide overall assessments of trace metals in Long 
Lake.

Aluminum in surface water is complex and some 
forms of aluminum may be more toxic than others. Alumi-
num is largely insoluble in waters with a pH of 6–8, and is 
generally considered toxic to aquatic biota only in acidic 
(pH less than 5.5) systems (Hem, 1985; Sparling and oth-
ers, 1996; U.S. Environmental Protection Agency, 1988; 
Gensemer and Playle, 1999; Wetzel, 2001; Schwarz and 
others, 2004). The chronic standard for aluminum typically 
is not applied to waters where the pH is greater than 7.0 and 
hardness is greater than 50 mg/L. Although concentrations 
of aluminum consistently exceeded the acute standards for 
all Long Lake units, the observed concentrations were char-
acterized by a mean pH of 8.8 and hardness of 329 mg/L 
(table 5). Aluminum concentrations from Long Lake Creek 
were lower than aluminum concentrations from Long Lake 
NWR units (fig. 5). Aluminum may be transported to Long 
Lake with suspended sediments because it readily binds 
to clays and can be associated with surface-water runoff 
(Hem, 1985; U.S. Environmental Protection Agency, 1988; 
Gensemer and Playle, 1999; Wetzel, 2001). Although the 
maximum aluminum concentration was 77,200 mg/L in 
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Figure 4.  Mean concentrations of cations and anions from 
water-quality samples of Long Lake Creek and Unit 1, Unit 2, Unit 
2 Marsh, and Unit 3 of Long Lake National Wildlife Refuge, 2008 
through 2012.

http://pubs.usgs.gov/sir/2013/5183/downloads/appendix_1.xlsx
http://pubs.usgs.gov/sir/2013/5183/downloads/appendix_2.xlsx


10    Assessment of Water-Quality Data from Long Lake National Wildlife Refuge, North Dakota—2008 Through 2012

Table 5.  Summary statistics for ions and water-quality constituents for water samples collected from Long Lake, 2008 through 2012.

[mg/L, milligrams per liter; <, less than; µS/cm at 25 °C, microsiemens per centimeter at 25 degrees Celsius; TDS, total dissolved solids; SAR, sodium 
adsorption ratio; CaCO3, calcium carbonate]

Constituents, 
units

Number 
of samples

Mean
Standard 
deviation

Median
Range

Minimum Maximum

Bicarbonate, mg/L 1,070 553.47 307.45 508.50 75.00 4,510.00
Calcium, mg/L 1,070 34.92 10.39 34.60 <2 103.00
Carbonate, mg/L 1,066 76.36 179.24 48.00 <1 3,190.00
Chloride, mg/L 1,070 39.74 55.94 31.90 2.18 735.00
Magnesium, mg/L 1,070 58.63 51.83 51.00 5.60 684.00
Potassium, mg/L 1,070 42.96 37.17 37.70 10.30 504.00
Sodium, mg/L 1,070 493.65 908.99 352.00 19.80 12,400.00
Sulfate, mg/L 1,070 734.75 1,577.45 501.00 28.40 23,100.00
Specific conductance, µS/cm at 25 °C 1,070 2,397.14 2,923.18 1,945.00 204.00 38,700.00
TDS, mg/L 1,070 1,755.29 2,891.82 1,320.00 117.00 39,700.00
SAR 1,070 10.43 9.43 8.80 1.26 157.00
pH 1,070 8.83 0.31 8.83 6.80 9.88
Total alkalinity (CaCO3), mg/L 1,070 580.41 514.29 515.00 61.90 9,010.00
Total hardness (CaCO3), mg/L 1,070 328.62 213.47 311.00 47.00 2,860.00

Table 6.  North Dakota water-quality criteria for ions, trace metals, and nutrients, and the percent of exceedances for water samples 
from Long Lake, 2008 through 2012. Standards are outlined in the standards of quality for waters of the State (North Dakota Department 
of Health, 2012b).

[mg/L, milligrams per liter; --, no data; µg/L, micrograms per liter]

 
Criteria Percent of samples exceeding standard concentration

Acute Chronic Human health Maximum  Acute Chronic Human health Maximum
Ions

Chloride, mg/L -- -- 100 -- -- -- 2.62 --
Sulfate, mg/L -- -- 250 -- -- -- 91.03 --

Trace metals
Aluminum, μg/L 750 87 -- -- 70.97 100.00 -- --
Antimony, μg/L -- -- 6 -- -- -- 0.45 --
Arsenic, μg/L 340 150 10 -- 0.52 1.31 84.97 --
Barium, μg/L -- -- -- 1,000 -- -- -- 0.09
Beryllium, μg/L -- -- 4 -- -- -- -- --
Boron, μg/L -- -- -- 750 -- -- -- 80.65
Cadmium, μg/L 2 0.27 -- -- -- -- -- --
Chromium, μg/L 1,800 86 100 -- 0.00 0.09 0.09 --
Copper, μg/L 14 9 1,000 -- 6.13 20.54 0.00
Lead, μg/L 82 3 15 -- 0.09 5.67 0.70 --
Nickel, μg/L 470 52 100 -- 0.09 0.52 0.17 --
Selenium, μg/L 20 5 50 -- 1.14 6.34 0.47 --
Silver, μg/L 4 -- -- -- 0.38 -- -- --
Thallium, μg/L -- -- 0.24 -- -- -- -- --
Zinc, μg/L 120 120 7,400 -- 1.04 1.04 0.00 --

Nutrients
Ammonia --1 --1 -- -- 0.87 5.02 -- --

1Criteria are pH and temperature dependent. See standards of quality for waters of the State (North Dakota Department of Health, 2012b) for formulas.
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Figure 5.  Aluminum concentrations from water-quality samples of Long Lake Creek and Unit 1, Unit 2, Unit 2 Marsh, and Unit 3 of Long 
Lake National Wildlife Refuge, 2008 through 2012, in relation to acute and chronic standard values.
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Long Lake (table 7), the mean aluminum concentration gener-
ally was similar to previous data collected by the NDDH for 
North Dakota lakes and to surface waters in the region that 
ranged from 10 to 657,000 µg/L (Schwarz and others, 2004; 
Ryberg and Hiemenz, 2009; Galloway and others, 2012).

Copper, much like aluminum, is adsorbed to organic and 
clay particles that can be transported into Long Lake with 
inflows. The solubility of copper decreases as pH and alumi-
num activity increase (Tisdale and Nelson, 1975) and cop-
per may accumulate in sediments of lakes with high pH and 
aluminum activity. Under reducing (low oxygen) conditions, 
however, copper may be released into solution (McLaren 
and Crawford, 1973). Most of the copper samples from Unit 
2 Marsh exceeded the acute and chronic standards and often 
were associated with low water levels. Most of the copper 
samples from the other Long Lake units had concentrations 
that were within reported values for freshwater systems (for 

example, Schwarz and others, 2004; U.S. Environmental Pro-
tection Agency, 2007; Ryberg and Hiemenz, 2009). However, 
comparisons of copper with source waters from Long Lake 
Creek indicate a pattern similar to aluminum that may be accu-
mulating over time in the Long Lake units (fig. 6).

Nutrients

Summary statistics for nutrients (nitrogen and phospho-
rus) are presented in table 8. The State of North Dakota’s acute 
and chronic standards (North Dakota Department of Health, 
2012b) for ammonia were exceeded for approximately 1 and 
5 percent of samples, respectively (table 6). Overall average 
concentrations of total nitrogen, nitrate + nitrite, total phos-
phorus, and total-Kjeldahl nitrogen generally corresponded 
to regional reference values for lakes and reservoirs (U.S. 
Environmental Protection Agency, 2000a), as well as reported 

Table 7.  Summary statistics for trace metals collected from Long Lake, 2008 through 2012.

[µg/L, micrograms per liter; <, less than; mg/L, milligrams per liter]

Trace metals, 
units

Number 
of samples

Mean
Standard 
deviation

Median
Range

Minimum Maximum

Aluminum, µg/L 1,070 2,496.34 4,132.50 1,660.00 <50 77,200.00
Antimony, µg/L 985 0.07 0.94 0.00 <1 22.40
Arsenic, µg/L 1,069 29.96 59.61 21.80 <1 1,570.00
Barium, µg/L 1,069 87.40 128.87 78.30 <1 4,120.00
Boron, µg/L 1,070 1,590.37 1,963.70 1,300.00 <50 26,400.00
Chromium, µg/L 1,002 2.71 28.61 0.00 <1 893.00
Copper, µg/L 1,039 8.38 32.31 6.45 <1 983.00
Iron, mg/L 1,070 3.20 4.58 2.18 0.14 84.00
Lead, µg/L 989 1.04 14.17 0.00 <1 438.00
Manganese, mg/L 1,070 0.19 0.21 0.13 0.02 3.14
Nickel, µg/L 1,036 8.65 29.11 6.71 <1 906.00
Selenium, µg/L 1,003 1.17 9.55 0.00 <1 233.00
Silver, µg/L 983 0.04 0.64 0.00 <1 12.40
Zinc, µg/L 1,050 20.30 80.13 13.40 <1 2,510.00

Table 8.  Summary statistics for nutrients from water samples collected from Long Lake, 2008 through 2012.

[mg/L, milligrams per liter; <, less than]

Chemical characteristic
Number 

of samples
Average

Standard 
deviation

 Median
Range

Minimum Maximum

Total nitrogen, mg/L 1,070 2.54 3.99 1.67 0.07 57.30
Ammonia (nitrogen), mg/L 1,035 0.12 0.34 0.04 <0.03 8.17
Nitrate + nitrite, mg/L 1,041 0.16 0.32 0.06 <0.03 6.59
Total phosphorus, mg/L 1,070 0.67 0.35 0.65 0.01 4.17
Nitrogen (total Kjeldahl), mg/L 1,069 2.38 3.99 1.47 0.30 57.20
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values for various aquatic systems (Schwarz and others, 2004; 
Ryberg and Hiemenz, 2009; Galloway and others, 2012). 
However, maximum concentrations of some nutrients (total 
nitrogen, total phosphorus, total-Kjeldahl nitrogen) often 
exceeded these reference and reported values. Most of these 
largest values were from Unit 2 Marsh and likely may be 
associated with evapotranspiration and concentration. The 
retention and subsequent evapoconcentration of local surface 
inflows or groundwater by the Unit 2 Marsh Dike may contrib-
ute to the higher readings. A further study would be required 
to assess these factors.

Temporal Patterns
During the study, the four units of Long Lake NWR 

were characterized by consistent seasonal patterns of increas-
ing specific conductance from spring (March/April) to fall 
(September/October), with levels then stabilizing through 
the end of the sampling season (November) (fig. 7). Minor 
seasonal fluctuations in specific conductance were evident for 
Long Lake Creek, but overall values were relatively constant 
compared to the Long Lake units (fig. 7). These seasonal 
patterns in specific conductance were associated with decreas-
ing water levels throughout the summer primarily because of 
evapotranspiration, which resulted in the increased concentra-
tion of salts (figs. 8–12). Continuous releases of water from 
Long Lake at the Unit 1 outlet for most of the study (table 1) 
also contributed to the water-level declines, especially during 
2010–11. There were several reductions in specific conduc-
tance that correlated with increased water levels (dilution) 
because of water inputs from substantial precipitation and 
runoff events or inflows from Long Lake Creek. Similarly, 
specific conductance levels often stabilized during the fall, due 
in part to reduced evaporative and transpirative losses.

Specific conductance of each unit, along with water 
levels, also varied among years (figs. 7–12). Overall, specific 
conductance levels were greatest during the drier year of 2008 
(excluding Unit 3, which was completely dry) when water 
levels were low. In general, specific conductance levels were 
lowest in the spring of 2009 following above-average volumes 
of fresh water from snowmelt runoff (fig. 7).

Specific conductance values for Long Lake Creek 
remained relatively stable throughout the study when com-
pared to the Long Lake units, despite seasonal changes in 
water levels (fig. 8). However, these consistent observed levels 
are expected for a flowing water system where salts are not 
greatly concentrated through evaporative processes.

Overall, specific conductance values for Long Lake 
Creek ranged from approximately 700 to 1,800 µS/cm at 
25 °C. Specific conductance of Unit 1 increased seasonally 
in conjunction with declining water levels from 2008 through 
2011, and varied during 2012 (fig. 9). Specific conductance 
of Unit 1 ranged from approximately 500 to 3,000 µS/
cm at 25 °C and water levels ranged from about 1,715 to 

1,719 feet. The lack of a typical seasonal pattern during 2012 
is likely because of reduced inflows from Long Lake Creek 
and reduced outflows from Unit 1 that ceased (water levels 
fell below fixed-sill water-control structure) in about August 
2012 (table 1). The inflows may have partially mitigated the 
concentration effects associated with evaporation once out-
flows ceased. Specific conductance of Units 2 and 3 increased 
seasonally in conjunction with declining water levels during 
all years (concentration effect). There were, however, some 
short-term decreases in specific conductance associated with 
increased water levels and dilution of salts (figs. 10, 12). Spe-
cific conductance of Units 2 and 3 ranged from approximately 
500 to 3,500 µS/cm at 25 °C, with water levels ranging from 
about 1,715 to 1,718.5 feet.

Unit 2 Marsh indicated seasonal patterns of increasing 
specific conductance with declining water levels during most 
years (water level data only available for 2010–12; fig. 11). 
There were noticeable reductions in specific conductance 
during the fall of 2008 and 2012 that were likely associated 
with precipitation. During the high-water years of 2009–12, 
specific conductance of Unit 2 Marsh ranged from approxi-
mately 1,000 to 6,000 µS/cm at 25 °C and water levels ranged 
from about 1,715 to 1,719 feet; however, during the extremely 
dry year of 2008 values ranged from approximately 10,000 to 
35,000 µS/cm at 25 °C.

Specific conductance levels for all units varied during 
the 5 years of this study. Ranges reported for this study are 
similar to available historic data, although historic water level 
information required to make more informed comparisons 
was not sufficient. Specific conductance values for Unit 1 
reported for this study were generally less than 2,000 µS/cm 
at 25 °C, except for the dry year of 2008 when values 
approached 3,000 µS/cm at 25 °C (fig. 9). Historic values for 
Unit 1, collected during 1988 and 2004, ranged from 1,220 to 
3,220 µS/cm at 25 °C (Olson and Welsh, 1991; Laubhan and 
others, 2006). Values for Units 2 and 3 reported for this study 
were generally less than 3,000 µS/cm at 25 °C, with values 
for Unit 2 approaching 3,500 µS/cm at 25 °C during 2008 
(figs. 10, 12). Historic values for Unit 2, collected during 1988 
and 2004, ranged from 2,600 to 2,800 µS/cm at 25 °C (Olson 
and Welsh, 1991; Laubhan and others, 2006), and a value 
of 7,300 µS/cm at 25 °C was reported during January 1989, 
when salts were presumably concentrated under ice (Olson 
and Welsh, 1991). Historic values for Unit 3, collected during 
1969, 1988, and 2004, ranged from 4,000 to 4,200 (Swanson 
and others, 1988; Olson and Welsh, 1991; Laubhan and oth-
ers, 2006), and an estimated value of 8,886 µS/cm at 25 °C 
was reported during January, 1989 (Olson and Welsh, 1991). 
Historic values for Unit 2 Marsh were unavailable.

Comparisons and assessments of seasonal patterns in spe-
cific conductance were difficult because the historic data were 
limited (Swanson and others, 1988; Olson and Welsh, 1991; 
Laubhan and others, 2006). In general, comparisons of current 
(2008 through 2012) specific conductance suggest that Units 1 
and 2 are within a typical range since about 1988. Specific 
conductance levels of Unit 3 from this study are below values 
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Figure 7.  Specific conductance from in situ sensors located at Long Lake Creek and Unit 1, Unit 2, Unit 2 Marsh, and Unit 3 of Long Lake National Wildlife Refuge, 
2008 through 2012.
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Figure 8.  Water level and specific conductance for Long Lake Creek upstream of Long Lake National Wildlife Refuge, 
2008 through 2012.

reported since 1969, and these current (2008 through 2012) 
low values are likely because of dilution effects associated 
with the high observed water levels since 2009. Additionally, a 
large but unknown quantity of salts was removed from Unit 3 
through deflation during 2008 (University of Wisconsin-
Madison, 2013), and this loss of salts also may have contrib-
uted to the lower observed values during this study. There is 
a possibility that, before drying in 2008, specific conductance 
levels of Unit 3 may have exceeded the 1994 reported value 
of 4,200 µS/cm at 25 °C because of highly concentrated salts 
associated with above-average temperatures (greater evapora-
tion) and below-average precipitation in 2006 (fig. 3).



16    Assessment of Water-Quality Data from Long Lake National Wildlife Refuge, North Dakota—2008 Through 2012

Unit 1
(Unit 1, site 1)

1/1
/20

08
 

4/1
/20

08
 

7/1
/20

08
 

10
/1/

20
08

 

1/1
/20

09
 

4/1
/20

09
 

7/1
/20

09
 

10
/1/

20
09

 

1/1
/20

10
 

4/1
/20

10
 

7/1
/20

10
 

10
/1/

20
10

 

1/1
/20

11
 

4/1
/20

11
 

7/1
/20

11
 

10
/1/

20
11

 

1/1
/20

12
 

4/1
/20

12
 

7/1
/20

12
 

10
/1/

20
12

 

W
at

er
 le

ve
l, 

in
 fe

et 2,000

Water level

Specific conductance

EXPLANATION

1,722

1,720

1,718

1,716

1,714

1,712

3,500

3,000

2,500

1,500

1,000

500

0

Sp
ec

ifi
c 

co
nd

uc
ta

nc
e,

in
 m

ic
ro

si
em

en
s 

pe
r c

en
tim

et
er

 a
t 2

5 
de

gr
ee

s 
Ce

ls
iu

s
Figure 9.  Water level and specific conductance for Unit 1 of Long Lake National Wildlife Refuge, 2008 through 2012.
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Figure 10.  Water level and specific conductance for Unit 2 of Long Lake National Wildlife Refuge, 2008 through 2012.
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Unit 2 Marsh
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Figure 11.  Water level and specific conductance for Unit 2 Marsh of Long Lake National Wildlife Refuge, 2008 through 
2012. Water level data only available from 2010 through 2012.
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Figure 12.  Water level and specific conductance for Unit 3 of Long Lake National Wildlife Refuge, 2008 through 2012. 
Unit 3 was dry during 2008.
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Among-Unit Variability
A spatial pattern of increasing specific conductance was 

evident along a concentration gradient from southwest (Unit 1) 
to northeast (Unit 3) in the refuge (figs. 2, 7). The Long Lake 
units are not a typical flow-through series of impoundments 
in that both the primary water source (Long Lake Creek) and 
the system outlet are both in Unit 1. Water entering Unit 1 is 
pushed into Units 2 and 3 during high flow periods where it 
can be stored by closing the control structures in B dike and 
C dike. The primary water source for Unit 2 Marsh during 
average years is Unit 2; contributions from overbank flooding 
of Long Lake Creek can be substantial during flood years. As 
you move northeast (“uphill”) where the units are separated by 
dikes, the effects of evapoconcentration are more pronounced 
because of a lack of consistent inflows when compared to Unit 
1, and to a lesser extent Unit 2 (which mixes more frequently 
with Unit 1). This pattern of increasing specific conductance 
was most pronounced during the extremely dry year of 2008 
when water levels were extremely low and Unit 3 went 
completely dry. Patterns were more subtle from 2009 through 
2012 (fig. 7) when all units had been diluted by large volumes 
of fresh water during 2009 and there was inter-unit mixing 
through the water-control structures. Unit 2 Marsh consistently 
displayed greater specific conductance levels than the other 
units except in 2011 when water levels were highest (great-
est dilution of salts) and specific conductance was similar to 
the other units (fig. 7). Further, the Unit 2 Marsh dike was 
breached during 2009 and overtopped following spring runoff 
in 2009, 2010, and 2011, resulting in some mixing with Unit 2. 
The Unit 2 Marsh dike was partially repaired during 2012.

Within-Unit Variability
Specific conductance from the biweekly water-quality 

samples are presented by management unit, sample site, and 
sample periods in figures 13–16. Overall, within-unit specific 
conductance variation among sample sites appeared to be 
consistent between data points. Specific conductance for each 
sample period was similar among Unit 1, sites 1–3; however, 
data for Unit 1, site 4, where Long Lake Creek enters Unit 1, 
was consistently distinguished from the other three sites 
(fig. 13). Specific conductance of Unit 1, site 4 was constant 
within and among years, and levels were lower than the other 
sites when specific conductance was greatest during 2008 
and 2012. These patterns are not unexpected because Unit 1, 
site 4 was located at the mouth of Long Lake Creek where it 
discharges into Unit 1; thus, the patterns reflect inflows from 
Long Lake Creek, which did not vary greatly during the study 
(figs. 7, 8).

There was little variability in specific conductance among 
the six sample sites of Unit 2 with Unit 2, site 1 consistently 
having some of the lowest readings (fig. 14). This pattern 
may be because of mixing with the fresher water from Unit 1 

through the B dike water-control structure, which was proxi-
mate to Unit 2, site 1. There was little variation among the 
three sites of Unit 2 Marsh for most of the study, but vari-
ability was high during 2008 and the latter parts of 2012 
when water levels were extremely low, mixing was evidently 
incomplete, and salts were more concentrated (fig. 15). Unit 2 
Marsh, site 3 was consistently lower than the other two sites 
located in Unit 2 Marsh during early parts of 2008 and the 
latter parts of 2012. This was likely because of mixing with 
fresher water from Unit 2 through the water-control structure 
near Unit 2 Marsh, site 3.

Unit 3 displayed little variation from 2009 to 2011, 
but readings from Unit 3, site 1 were slightly lower than 
the other sites likely because of its proximity to the C-dike 
water-control structure linking Units 2 and 3 (fig. 16). During 
2012, specific conductance readings from Unit 3, sites 4 and 
5 (located upstream in the tributary) were consistently lower 
than the other Unit 3 sites during the first part of the year. 
Specific conductance of Unit 3, site 4 gradually increased 
during the latter part of the year and the Unit 3, site 5 tributary 
went dry (fig. 16). The lower specific conductance of Unit 3, 
site 5 indicates that the tributary inflows were fresher than the 
receiving waters of Unit 3. Unit 3, site 4 also is affected by 
early-season inflows from Unit 3, site 5 and other tributaries 
located at the east part of Unit 3. These tributaries contributed 
water during 2009–12, but dried more quickly in 2009 through 
2011 than 2012; thus, the low values of Unit 3, site 4 likely are 
the result of mixing with local inflows early in the year during 
peak flows. The cause of the late-season increase of Unit 3, 
site 4 specific conductance values may be because of incom-
plete mixing and evaporative effects in the large bay of Unit 3 
(fig. 2).

Implications
Water-quality data and seasonal patterns presented in 

this report provide information to support refuge management 
decisions by identifying potential water-quality problems 
that may affect aquatic habitats and the wetland-dependent 
species that rely on them. Water-quality data also can be used 
in conjunction with subsequent monitoring efforts to identify 
changes over time. From the water-quality data collected 
during 2008 through 2012, aluminum and copper appeared 
to have accumulated in refuge units over time (figs. 5, 6). 
Additionally, an inverse relation between specific conductance 
and water level was identified, with the largest specific con-
ductance values observed during periods of low water levels 
(figs. 9–12). Continued monitoring of water levels, specific 
conductance, and general water-quality chemistry (specifically, 
aluminum) would support future water-management decisions 
by facilitating assessments of temporal patterns and the water 
quality of inflows (for example, Unit 3, site 5), and by identi-
fying potential accumulation of chemical constituents.
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Figure 13.  Specific conductance from water-quality samples collected across 68 sample periods for the 
4 sample sites (symbols) distributed around Unit 1 of Long Lake National Wildlife refuge, 2008 through 2012.

The information provided in this report also can be used 
to evaluate and refine water-quality sampling to reduce costs. 
The observed specific conductance seasonal patterns and vari-
ability (figs. 9–12) demonstrate the need for long-term moni-
toring. Further, these patterns show the importance of collect-
ing ancillary data, such as water level, to provide comparisons 
among time periods with similar characteristics (water level 
and volume) and provide better interpretation of data. For 
example, data from Long Lake indicate that making compari-
sons among time periods with similar water levels is important 
because seasonal changes in water level (evapoconcentration 
and dilution) can greatly affect water-quality properties such 
as specific conductance (figs. 9–12) and trace metals such as 
arsenic (fig. 17). For water-quality assessments at Long Lake 
NWR, it is evident that continued monitoring also is important 
because of the high potential for interannual variation (fig. 7). 
As an example, assessments using data collected during 
2008 would lead to different conclusions than if they were 

founded on data collected during 2009. The consistent, gradual 
seasonal patterns of Long Lake suggest that the biweekly 
water-quality sample collection effort may be reduced and 
still provide the ability to assess the system. Based on patterns 
presented in figures 7–12, a seasonal (spring, mid-summer, 
fall) or monthly sampling effort likely would provide data suf-
ficient to support refuge management. Moreover, if purchasing 
automated loggers for continuous measurement of specific 
conductance and water level is cost prohibitive, periodic mea-
surements from hand-held loggers and staff gages can provide 
data with sufficient resolution to assess seasonal patterns. 
Comparisons between seasonal specific conductance read-
ing from the in situ data loggers (fig. 7) and hand-held meters 
(fig. 18) indicate good concordance over the 5 years of this 
study. Further, the hand-held meter data presented in appen-
dix 2 represent a 5-year period of record that can be used as a 
baseline for future comparisons.
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Figure 14.  Specific conductance from water-quality samples collected across 68 sample periods for the 6 
sample sites (symbols) distributed around Unit 2 of Long Lake National Wildlife refuge, 2008 through 2012.

Similar to the temporal patterns, assessments of within-
unit spatial variation can be used to increase the efficiency 
of the Long Lake monitoring program. Data presented in 
figures 13–16 suggest the individual Long Lake management 
units are well mixed, and the number of sample sites could be 
reduced, while still providing sufficient information to refuge 
managers. It is apparent that each unit could be characterized 
sufficiently with a minimal number of spatially-distributed 
sample sites. Based on the data presented in figures 13–16, a 
minimum of one sample from each management unit is recom-
mended as long as the locations are not affected by inflows 
[for example, Unit 1, site 4, (fig. 13); Unit 3, site 5 (fig. 16)] or 
mixing with other units through water-control structures. If the 

water-quality of inflows is of interest, or if there is available 
labor, additional sample locations could be added.

Ultimately, the primary purpose of monitoring water 
quality of NWR lakes and wetlands is to assess habitat suit-
ability for target wildlife species such as waterfowl and other 
migratory birds. An important factor related to the suitability 
of refuge habitats for wetland-dependent birds is the makeup 
of the aquatic plant and invertebrate communities, which can 
be highly correlated with various water-quality properties such 
as salinity (Gleason and others, 2009). General comparisons 
between salinity data collected for this study and information 
presented by Gleason and others (2009) suggest most com-
mon taxa likely inhabiting Long Lake would not be negatively 



Implications    23

affected by salinity levels during most years. Further, salin-
ity values were typically lowest in the spring when birds 
hatch and many plants germinate. However, the observations 
suggest that extended drought, or management resulting in 
sustained low water levels, could result in prolonged periods 
of extremely high salinity in some units (for example, Unit 2 
Marsh; fig. 11) that could have a negative effect on some plant 
and invertebrate taxa.

Based on the climate-related variability demonstrated by 
this study and the range of salinity tolerances exhibited by var-
ious aquatic biota (for example, Gleason and others, 2009) the 
ability to predict salinity levels for various climate scenarios 
would support future decisions concerning water management. 

For example, various models have been presented for use in 
planning water management and predicting habitat conditions 
for NWRs based on water needs and availability (Hamilton 
and others, 1989; Kendy, 1999; Nimick and others, 2011; Tan-
gen and others, 2013). These models provide useful tools for 
refuge managers and they require additional data relating to 
water balance, bathymetry, and water-management capabilities 
(Tangen and others, 2013). Therefore, information (including 
salinity tolerances) pertaining to the composition of aquatic 
plant and invertebrate communities, as well as data to sup-
port modeling efforts, would enhance the ability of USFWS 
personnel to manage lakes and wetlands for target species.
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Figure 15.  Specific conductance from water-quality samples collected across 67 sample periods for the 3 
sample sites (symbols) distributed around Unit 2 Marsh of Long Lake National Wildlife refuge, 2008 through 
2012.
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Figure 17.  Mean arsenic 
concentrations from 
water-quality samples 
of Unit 1, Unit 2, Unit 2 
Marsh, and Unit 3 of Long 
Lake National Wildlife 
Refuge, 2008 through 2012. 
Corresponding water-level 
and specific conductance 
values are presented in 
figures 9–12.
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Figure 16.  Specific 
conductance from water-
quality samples collected 
across 59 sample periods for 
the 5 sample sites (symbols) 
distributed around Unit 3 of 
Long Lake National Wildlife 
refuge, 2009 through 2012.
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Figure 18.  Specific conductance from hand-held loggers deployed at Long Lake Creek and Unit 1, Unit 2, Unit 2 Marsh, and Unit 3 of Long Lake National Wildlife 
Refuge, 2008 through 2012.
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Summary
There are widespread concerns about declining water 

quality of managed lakes and impoundments throughout the 
U.S. Fish and Wildlife Service, National Wildlife Refuge 
system. Many of these lakes and impoundments are fed by 
lotic systems, receive excess runoff from surrounding agri-
cultural lands, and have been modified with dams, dikes, and 
water-control structures that allow for the retention of water 
and limit natural flushing events that can alleviate buildup of 
water-quality constituents. These concerns are most promi-
nent in arid regions where negative precipitation:evaporation 
ratios can exacerbate water-quality problems by concentrat-
ing potentially harmful salts, trace metals, toxic elements, 
and agrichemicals.

High priority has been placed on assessing water qual-
ity throughout the National Wildlife Refuge system, but there 
is little information or guidance available pertaining to study 
design, methodology, and sample frequency. With this study, 
an intensive biweekly sample effort was completed across 
a spatially distributed set of sample locations at Long Lake 
National Wildlife Refuge over a 5-year period. Water-quality 
data from this study were used to assess the current (2008 
through 2012) state of the system, and will be used as modern 
baselines for future comparisons and assessments. Addition-
ally, the design of this study allowed for an assessment of the 
temporal and spatial variability of water management units of 
Long Lake National Wildlife Refuge, which can help refine 
and guide future monitoring efforts not only at Long Lake 
National Wildlife Refuge, but at other refuges with similar 
attributes and water-quality concerns.

Summaries of ions, trace metals, and nutrient data pre-
sented in this report represent baseline water-quality condi-
tions from 2008 through 2012. Although the historic data 
were limited in supporting a comprehensive assessment of 
past water-quality conditions, the data from this study pro-
vide information for future comparisons. Aluminum, arsenic, 
boron, copper, and sulfate regularly exceeded various state 
water-quality standards. Aluminum and copper also may be 
accumulating in Long Lake units. However, aluminum and 
copper levels are similar to other systems in the region and the 
reported levels are not a concern for aquatic life because these 
trace metals are largely insoluble in high pH systems such as 
Long Lake. Arsenic, boron, and sulfate only exceeded human 
health and drinking-water standards; thus, the levels are not 
of great concern at Long Lake, which is primarily used for 
wildlife.

Specific conductance was used as a representative 
property to identify and assess temporal and spatial variability 
in water quality. Consistent seasonal patterns of increasing 
specific conductance were related to seasonal water-level 
drawdown and evapoconcentration. The data indicate that 
specific conductance can vary greatly among years in relation 
to large spring runoff events. For the long-term, it is likely 
that similar interannual patterns will be linked to climatic 
cycles of drought and inundation. Spatial variability between 

management units was evident along a concentration (salinity) 
gradient from Unit 1 to Units 2 and 3 and Unit 2 Marsh. This 
concentration gradient was most evident during the extremely 
dry year of 2008. Conversely, there was little variability 
among the sample sites located within each water management 
unit when compared by sample collection period. The excep-
tions were sites located near areas of inflow or water-control 
structures connecting water management units. For example, 
Unit 1, site 4 was located near the mouth of Long Lake Creek 
where it discharges into the lake. Specific conductance at this 
site did not indicate the upward seasonal pattern characteristic 
of the other sites; instead, levels were more similar to those of 
Long Lake Creek during most of this study. Similarly, Unit 3, 
site 5 was located in a tributary and displayed lower specific 
conductance levels than the other Unit 3 sites.

Based on the observed temporal and spatial patterns it is 
evident that the current (2008 through 2012) sample design 
can be modified to reduce costs and labor requirements, while 
still providing sufficient data to inform management decisions. 
Modifications might be to reduce the sample frequency to a 
seasonal (spring, summer, fall) or monthly effort and to collect 
at least one sample from each management unit in a represen-
tative area that is not affected by inflows associated with local 
tributaries or water-control structures. Additional tributary 
sites may be added to provide assessments of specific areas.

Based on this and other studies, it is evident that concen-
trations of various water-quality properties vary in response 
to short- and long-term changes in water levels (that is, water 
volumes). Although salts, trace metals, and agrichemicals 
can accumulate or be removed over time, this study indicates 
that the short-term seasonal and interannual changes in these 
water-quality properties result primarily from concentration 
or dilution; therefore, researchers and refuge managers should 
consider this variability when designing monitoring efforts 
and when assessing water quality over time.
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