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FOREWORD

The Cottonwood Lake area is a prairie pothole wetland complex on the
Missouri Coteau in east-central North Dakota. Studies to investigate the relation
between waterfowl and prairie wetlands in the area were initiated in 1967 and
continue to the present (2003). The studies complemented concurrent investiga-
tions of the feeding ecology and renesting characteristics of breeding waterfowl.
The studies were expanded in 1979 to include investigations of the hydrology of
the wetland complex and the effects of hydrology on wetland water chemistry and
on plant and animal communities. Studies of the soils in part of the area were
done from 1991 to 1993. Further expansion of the biological work in 1992
involved detailed monitoring of macroinvertebrates, macrophytes, herptiles, and
birds.

This report presents selected results of the research conducted from 1967 to
1998 at the Cottonwood Lake area. Information on the area is supplemented in
Chapters 4 and 5 by information from Eisenlohr and others (1972) that dates back
to 1961. The timing of the studies was fortuitous because during the last 2
decades of the 20 century, the area experienced a major climate cycle that
included the second worst drought of the 20t century and the greatest amount of
precipitation in more than a century. At the outset of the studies in 1967, most of
the semipermanent wetlands in the area were open-water lakes. At present, those
wetlands are again open-water lakes. However, in the intervening years, all of the
wetlands dried up at least once, and some dried up more than once.

The dynamic climate conditions in the Cottonwood Lake area caused
equally dynamic hydrological, chemical, and biological responses from plant and
animal communities. The effects of the climate and hydrological conditions on
plants and animals, and the implications for wetland management, which was the
primary impetus for this report, are presented in Chapter 4. Background informa-
tion on the geology and hydrology of the area is presented in Chapter 1, informa-
tion on the climate is presented in Chapter 2, and information on the water
chemistry and biology is presented in Chapter 3. Results of mathematical models
of the vegetation changes in response to water-level changes for the present as
well as for a condition of climate change are presented in Chapter 5.
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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
Length
inch (in.) 2.54 centimeter
inch (in.) 254 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
mile, nautical (nmi) 1.852 kilometer
yard (yd) 0.9144 meter
Area
acre 4,047 square meter
acre 0.4047 hectare
acre 0.4047 square hectometer
acre 0.004047 square kilometer
square foot (ft?) 929.0 square centimeter
square foot (fi?) 0.09290 square meter
square inch (in?) 6.452 square centimeter
section (640 acres or 1 square mile) 259.0 square hectometer
square mile (mi?) 259.0 hectare
square mile (mi?) 2.590 square kilometer
Volume
barrel (bbl), (petroleum, 1 barrel = 42 gal) 0.1590 cubic meter
ounce, fluid (fl. oz) 0.02957 liter
pint (pt) 0.4732 liter
quart (qt) 0.9464 liter
gallon (gal) 3.785 liter
gallon (gal) 0.003785 cubic meter
gallon (gal) 3.785 cubic decimeter
million gallons (Mgal) 3,785 cubic meter
cubic inch (in’) 16.39 cubic centimeter
cubic inch (in’) 0.01639 cubic decimeter
cubic inch (in’) 0.01639 liter
cubic foot (ft3) 28.32 cubic decimeter
cubic foot (ft3) 0.02832 cubic meter
cubic yard (yd®) 0.7646 cubic meter
cubic mile (mi’) 4.168 cubic kilometer
acre-foot (acre-ft) 1,233 cubic meter
acre-foot (acre-ft) 0.001233 cubic hectometer
Flow rate
acre-foot per day (acre-ft/d) 0.01427 cubic meter per second
acre-foot per year (acre-ft/yr) 1,233 cubic meter per year
acre-foot per year (acre-ft/yr) 0.001233 cubic hectometer per year
foot per second (ft/s) 0.3048 meter per second
foot per minute (ft/min) 0.3048 meter per minute
foot per hour (ft/hr) 0.3048 meter per hour
foot per day (ft/d) 0.3048 meter per day
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CHAPTER 1

GEOHYDROLOGIC SETTING OF THE
COTTONWOOD LAKE AREA

Thomas C. Winter, U.S. Geological Survey, Denver, Colorado

ABSTRACT

Geologic deposits in the Cottonwood Lake
area consist largely of silty, clayey glacial till that
contains numerous fractures and small, randomly
distributed sand and gravel deposits. The sand
deposits can have a substantial effect on ground-
water flow between wetlands in the area and can
cause some to drain while others have relatively
stable inflow. Direct precipitation and runoff
from snowmelt are the primary sources of water
to the wetlands and evaporation accounts for the
largest loss of water from the wetlands. The
wetlands in the study area have a range of
functions with respect to their interaction with
ground water. Some of the seasonal wetlands
recharge ground water and others recharge ground
water and receive ground-water discharge. The
semipermanent wetlands receive ground-water
discharge much of the time, but some have
reversals of flow between them and the ground-
water system nearly every year. Ground-water
flow toward the wetlands is caused by recharge in
the uplands and by focused recharge near the
wetland perimeters. Flow from the semiperma-
nent wetlands to the ground-water system occurs
when the wetland water levels are higher than the
contiguous water table, resulting in bank storage,
and when evapotranspiration directly from the
ground-water system causes seepage around the
wetland perimeters. Substantial climate
variability during the study period caused the
wetlands to range from being completely dry to
having such high water levels that some of the
wetlands merged to become large lakes.

INTRODUCTION

A geohydrologic framework is the foundation
of aquatic ecosystems. Landforms, geologic deposits,
and the movement of water over and through a
geologic landscape determine the types and positions
of aquatic features that are present in the landscape.
Geochemical interactions of rocks and water
determine the general chemical characteristics of the
aquatic features and plants and animals respond to the
presence (or absence) of water and its chemical
characteristics. The purpose of this chapter is to
describe the geohydrologic framework of the
Cottonwood Lake area to set the stage for discussion
of the chemical and biological responses that have
been observed in the area for more than 30 years, from
the mid-1960s to the late 1990s.

GEOLOGIC ORIGIN AND PHYSIO-
GRAPHIC FEATURES

The Cottonwood Lake area is located near the
eastern edge of the Missouri Coteau in Stutsman
County, east-central North Dakota (fig. 1). The
Missouri Coteau is a large glacial stagnation moraine
that transects North Dakota from the northwest corner
to the south-central part of the State. It lies north and
east of the Missouri River. During the Pleistocene,
continental glaciers moved south from Canada,
overriding and incorporating bedrock consisting of
Precambrian igneous and metamorphic rocks, early
Paleozoic sandstones, limestones, and dolomites, and
Cretaceous shales and siltstones (Carlson, 1969). The
Pierre Formation was exposed at the surface in a large
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Figure 1. Physiographic regions of North Dakota, location of the Cottonwood Lake area, locations of National Weather Service
stations, and location of geohydrologic section shown in figure 2.

part of the area over which the glaciers moved before altitude of about 542 m. Because of the silty and
reaching the Cottonwood Lake area, and incorporation | clayey characteristics of the till, land slopes are as
of the fine-grained bedrock resulted in the very silty much as 80 percent in many places in the Cottonwood
and clayey glacial till in the area. Lake area.

The Missouri Coteau rises more than 100 m
above the surrounding terrain along much of its length.
The Cottonwood Lake area, situated on one of the
higher parts of the eastern edge of the Missouri CHARACTERISTICS OF GEOLOGIC
Coteau, lies about 120 m higher than the James River DEPOSITS
lowland to the east and about 30 m higher than a small
lowland within the Missouri Coteau about 4 km to the Depositional processes characteristic of terminal
west (location of Eric Lake in figure 2). Woodworth, and stagnation moraines, such as the Missouri Coteau,
about 16 km to the northwest, is situated on the highest result in highly heterogeneous geologic deposits
part of the Missouri Coteau in the general vicinity of commonly referred to as drift. In the Missouri Coteau,
the Cottonwood Lake area. most of the drift consists of till, a mixture of clay

Local relief within the 80 ha that constitute the through boulder-size rocks, that was deposited directly
Cottonwood Lake area is about 33 m (fig. 3). The by glaciers. However, meltwater streams flowing
area is very hummocky and has many closed depres- from the glaciers also resulted in the deposition of
sions, most of which contain wetlands. The wetlands discrete fluvial deposits of well-sorted clay, silt, sand,
range in altitude from about 577 m for seasonal and gravel that then were buried by minor advances of
Wetland T8 to about 551 m for semipermanent the glaciers. Therefore, fluvial deposits within the till
Wetland P9. Wetland P11 lies about 4 km west of the are common, have limited extent, are highly variable
Cottonwood Lake area (near Eric Lake) (fig. 4) at an in size and shape, and are randomly distributed.
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Figure 2. Hydrogeologic section showing the Cottonwood Lake area with respect to regional geology and numerical simulation of
intermediate and regional ground-water flow systems. Line of section shown in figure 1. (Modified from Winter and Carr, 1980).

DISTRIBUTION AND PHYSICAL
CHARACTERISTICS OF GEOLOGIC
DEPOSITS

About 55 test holes were drilled in the Cotton-
wood Lake area (fig. 3). Most of the test holes were
drilled using a power auger, but one (near test hole 15)
was drilled to bedrock, a depth of 133 m, by the mud-
rotary method. The test drilling indicated that most of
the drift in the Cottonwood Lake area is silty, clayey
till containing a considerable number of rocks as large
as boulders. However, fluvial sand and silt deposits
were encountered in a number of the test holes.
Although the fluvial deposits in the drift have complex
shapes and are somewhat random in size and distribu-
tion, mapping of the sand intervals on the basis of their
upper-surface altitudes (Winter, 1975) indicated that
one or more continuous buried sand deposits are
present in the area (fig. 5). To aid in the visualization
of the three-dimensional distribution of the sand

deposits, a number of cross-sections are shown in
figure 6.

Many of the test holes drilled in the western part
of the study area encountered sand intervals that have
upper-surface altitudes of 556 m to 559 m. (See test
holes 16, 41, 42, 43, 44, and 46 in figs. 5 and 6,
sections A-A’, B-B', and C-C'.) Recognizing the
uncertainty of correlating subsurface fluvial deposits
in the drift, it nevertheless is conceivable that the sand
intervals encountered in the test holes drilled in the
western and southern part of the study area are a single
continuous deposit. Sand intervals that have similar
upper-surface altitudes were encountered in test holes
1, 14, 19, and 24 in the southern part of the study area.
These sand intervals could be isolated deposits or they
could be an extension of the same deposit that occurs
at the surface near Wetland T2 in the western part of
the study area. If they are an extension of the same
deposit, they would need to be part of a long sinuous
deposit that extends to the east through the vicinity of
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test holes 14 and 19 and then continues to the
southeast to the vicinity of test holes 1 and 24. That
the sand deposit would need to be sinuous is dictated
by the number of test holes in the southern part of the
study area, such as test holes 17, 18, 20, and 21, and in
the southeast part of the study area, such as test holes
2,3, 7, and 30 (figs 5 and 6, sections A-A' and B-B'),
that penetrated deeper than 556 m in altitude but did
not penetrate sand. The test holes that did not
penetrate sand indicate that, if the sand intervals
encountered in test holes 1, 14, 19, and 24 are an
extension of the deposit that occurs in the western part
of the study area, the deposit would need to bifurcate

northeast of Wetland P6, with one arm extending to
the vicinity of test hole 1 and the other extending to
the vicinity of test hole 24. The deposit may extend
beyond test hole 24, but the extent could not be
defined because test holes 4, 5, 6, and 54 were not
drilled deeply enough. Much of the sand in the deposit
in the southern part of the study area is fine to medium
grained, and the deposit contains fine gravel in some
locations. As will be discussed later in this chapter,
the continuity of the sand deposit has important
implications for the hydrologic function of some of the

wetlands in the Cottonwood Lake area.
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Figure 3. Locations of wetlands and locations of test holes and ground-water wells in the Cottonwood Lake area.
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Another smaller buried sand deposit is present
at a higher altitude in the eastern part of the study area.
Test holes 6, 30, and 34 penetrated sand intervals in
that area that have upper-surface altitudes of 566 m to
569 m (figs. 5 and 6, section D-D'). Much of the sand
in the deposit in the eastern part of the study area is
very-fine to fine grained and is quite silty. Other sand
intervals in the study area, particularly north of
Wetland P1, appear to be thin isolated deposits (figs. 5

99 06'

and 6, section A-E). Sand also is present at the surface
in the vicinity of test holes 29 and 36.

Relatively thick silt deposits are present at the
surface in two small valleys within the watershed of
Wetland P1. In the valley southwest of Wetland P1,
silt extends to depths of 1 m at test hole 17 and 4.9 m
at test hole 18. In the valley northwest of Wetland P1,
silt extends to depths of 1.2 m at test hole 26 and 4.3 m
at test hole 27.

47 06'

Base from U.S. Geological Survey 0

75 150 METERS

| O T |
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EXPLANATION
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Figure 5. Distribution of buried sand deposits in the Cottonwood Lake area and locations of geologic sections shown in

figure 6.
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Fractures are common in the till in the study
area. The large clay content of the till in the Missouri
Coteau causes the till to crack upon drying, and results
in the numerous fractures (Meyboom and others,
1966; Grisak and Cherry, 1975; Keller and others,
1986). To determine the presence and characteristics
of fractures in the till in the Cottonwood Lake area,
soil pits 3 m x 1 m in size were dug to a depth of 2.2 m
at the top, side, and base of the hillslope northwest of
Wetland P1 (Swanson, 1990). Fractures observed in
the till in the soil pits have a spacing of about 10 cm
and openings of various sizes; some are hairline
fractures, but others have openings as great as 1 to
2 mm (Swanson, 1990). Many of the fractures are
lined with gypsum crystals that are 1 to 2 mm in
diameter, and some of the weathering rinds are as
much as 2 cm wide. The depth to which the fractures
extend in the study area is not known.

Single-well slug tests to determine the hydraulic
properties of the till also indicated that fractures are
common in the till in the study area. The fractured till
proved to be relatively permeable, and hydraulic
conductivity values were in the 10 to 1077 cm 57!
range. These values are considerably greater than the
hydraulic conductivity values that would be expected
from a solid block of till; Hendry (1988) reported
values to be about 10 cm s™! for a similar till in
Canada.

The middle soil pit confirmed the presence of
the thick silt deposit in the vicinity of test hole 27, and
soil augering in the floor of the pit revealed the
presence of saturated white marl containing abundant
gastropod shells from 35 to 60 cm below the pit
bottom [about 2.5 m below land surface (Swanson,
1990)]. These data indicate that the water level of
Wetland P1 probably was about 2 m higher and that
the wetland covered a larger area at some time in the
past compared to the time the pits were dug and
mapped in 1990.

MINERALOGY OF GLACIAL DEPOSITS

The mineralogy of the drift in the Cottonwood
Lake area reflects the mineralogy of the bedrock over
which the glaciers moved. Igneous and metamorphic
rocks derived from the Canadian Shield make up a
large percentage of the rocks in the drift. Many of
these rocks have large amounts of quartz and feldspar.
Calcite and dolomite derived from the lower Paleozoic

rocks north of the area are common. Shale particles
derived from the Pierre Formation, and lignite, are
abundant. Minor amounts of pyrite are also present in
the drift. Smectite is the most common clay mineral
(Swanson, 1990).

Gypsum is very abundant as a secondary
mineral, both in fracture fillings, as mentioned
previously, and disseminated in the drift. Crystals as
large as 2 cm long and 1 cm in diameter were
recovered from drill cuttings of the silt deposit
southwest of Wetland P1. Calcite, largely in the form
of fine crystals, also occurs as a secondary mineral
near the wetland perimeters (Swanson, 1990; Arndt
and Richardson, 1993). Iron oxide staining is
common, particularly near the wetland perimeters, and
iron oxide concretions were recovered from some drill
cuttings of the till.

HYDROLOGIC CHARACTERIS-
TICS OF WETLANDS

Although biological studies in the Cottonwood
Lake area began in the 1960s, hydrological studies did
not begin until 1979. In that year, the first test holes
were drilled, and deep piezometers and water-table
wells were constructed. The water-table wells were
constructed by inserting well screen and casing into
the test holes discussed in the previous section of this
chapter. Therefore the number designations for the
wells are the same as for the test holes. In addition,
staff gages were installed in the wetlands, a recording
stage gage was placed in Wetland P1, and a climate
station was established near Wetland P1. Climate,
surface-water, and ground-water data have been
collected at these hydrologic installations since 1979,
but hydrologic information for only the 20-year period
from 1979 to 1998 is presented in this report.

INTERACTION OF WETLANDS AND
ATMOSPHERIC WATER

Precipitation is the primary source of water to
wetlands in the study area. During the wintet, the
precipitation is stored on the land surface as snow.
The snow commonly is deepest in the wetlands
because the wetlands are more protected from the
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wind than the uplands and the tall wetland plants trap
more snow than the shorter upland plants. Because
soil frost impedes infiltration during the winter,
snowmelt from the uplands usually enters the wetlands
as surface runoff during a relatively short time in the
spring while the soils are still frozen. The flux of
water, including meltwater from the snow in the
wetlands, results in a sharp rise in wetland water
levels, and the water levels generally reach the highest
levels of the year in late April and May. Spring
rainfall also commonly contributes to the high water
levels at that time of year. During the growing season,
the only precipitation that contributes water to the
wetlands generally is that which falls directly on the
water surface. Most of the water that falls on the
uplands infiltrates into the soil zone and is transpired.
Only during prolonged or intense summer rainstorms
does precipitation that falls on the uplands infiltrate
past the root zone to recharge ground water. Precipita-
tion following killing frosts in the fall can infiltrate
past the root zone to recharge ground water, but this
precipitation usually results in only moderate rises in
ground-water levels. In some years, water from late-
fall rain is stored over the winter in the soil zone as ice,
and the water contributes to ground-water recharge or
wetland water the following spring (Winter and
Rosenberry, 1995). Further information on the charac-
teristics of precipitation in the study area is given by
Rosenberry (Chapter 2 of this report).

Evaporation from wetlands in the study area is
driven by radiation energy. When this study began,
the loss of water by evaporation from the wetlands in
the prairie environment had not been studied
sufficiently well to estimate evaporation from network
data, such as from National Weather Service stations.
Therefore, instruments were placed at Wetland P1 to
determine evaporation by the energy-budget method,
which generally is considered to be one of the most
accurate methods for determining evaporation
(Harbeck and others, 1958; Gunaji, 1968). The instru-
ments included sensors to measure the incoming solar
radiation, atmospheric radiation, air temperature,
vapor pressure, windspeed, and temperature of the
wetland water surface. A further purpose of the
energy-budget studies was to provide evaporation
values against which empirical methods of
determining evaporation could be evaluated so that an
acceptable simpler and cheaper method could be used
for long-term monitoring of evaporation.

Results of the energy-budget studies, which
were conducted for 6 years (1982-87), indicated that
evaporation varied considerably from season to
season, as expected, and also from year to year
(Parkhurst and others., 1998). For example, the
highest midsummer high rate of evaporation was
7.0 mm d~! in 1987, and the lowest midsummer high
rate was 4.4 mm d”! in 1982. Other midsummer high
rates of evaporation were 5.3 mm d!in 1983,
49mmd!in 1984, and 5.6 mm d! in 1985. These
evaporation rates apply only to the open water of
Wetland P1; the difference between these rates and
transpiration by aquatic plants in the vegetated part of
the wetland has yet to be determined. Most of the
semipermanent wetlands in the Cottonwood Lake area
are as shallow as Wetland P1; therefore, it is assumed
that evaporation rates for the other semipermanent
wetlands in the area are similar to the rates for
Wetland P1.

WETLAND WATER LEVELS

Wetland water levels usually followed a
similar annual pattern and were highest in the spring
following snowmelt and spring rainfall (fig. 7).
During the remainder of the open-water period, the
water levels gradually declined because evaporation
exceeded rainfall and ground water contributed a
relatively small amount of water to the wetlands.
Heavy rains during the open-water periods caused the
water levels to rise temporarily, but the water levels
usually resumed their downward trend soon after the
rainy period.

Since this study began, the Cottonwood Lake
area has experienced highly variable to extreme
climate conditions (Rosenberry, Chapter 2 of this
report). Therefore, the interannual and long-term
fluctuations of the wetland water levels followed a
much more unpredictable pattern than the annual
pattern. Although precipitation was below normal
during the first 9 years of the study (1979-87), the
wetland water levels had relatively minor interannual
variations (fig.7, A-D). Relatively high water levels in
1979 were followed by 2 years of low levels and a
return to high levels in 1982. The water levels then
increased for the next 2 years, 1983 and 1984, and
then declined substantially in 1985. The water levels
increased again for the next 2 years, and, in 1987,
reached the highest levels for the period of record at
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that time. The water levels declined precipitously in
1988, and some of the semipermanent wetlands
became dry. The dry conditions that began in 1988
continued for the next 4 years, and 1988-92 became
the second worst drought of the 20th century for this
part of North Dakota (Winter and Rosenberry, 1998).
During those 5 years, Wetland P1 dried up every
summer (fig. 7A), Wetland P11 dried up for the first
time in 1990 and again in 1991 and 1992 (fig. 7D), and
Wetland P8 dried up for the first time in 1991 and
again in 1992 (fig. 7E). Wet conditions returned
during the spring of 1993 and all of the wetlands
contained water, but the great deluge that began in July
1993 caused the water levels to rise to unprecedented
levels. The wet period continued to 1998 and caused
water levels to rise to the point where some of the
wetlands merged to become single lakes (fig. 8). For
example, Wetland P1 merged with Wetland T3 in 1995
(fig. 7A), and Wetland P2 merged with Wetland P4 in
1997 (fig. 7C). The time at which the wetlands
merged to become single lakes is shown in figure 7
where hydrographs for the individual wetlands begin
to plot on top of hydrographs for the other wetlands.
All of the hydrographs shown in figure 7, B-D,
are for wetlands that are enclosed by surface
watersheds that are considerably higher than the
normal wetland water levels. The hydrographs for
those wetlands show the interannual variability of
water levels even during the wet years from 1993 to
1998. Other wetlands in the Cottonwood Lake area
have low points on their surface watersheds that
allowed the wetlands to spill to adjacent wetlands only
when the water levels become high enough. Wetlands
that spill when their water levels are only slightly
higher than normal will spill to adjacent wetlands
fairly frequently, usually following spring snowmelt
and (or) periods of abundant rainfall. Hydrographs for
those wetlands (fig. 7, A, E, F, and H) show a charac-
teristic plateau at which a spill is likely to occur.
Wetland T3 frequently spilled to Wetland P1 prior to
the drought that began in 1988 and before the two
wetlands merged in 1995 (fig. 7A). Wetland P8
frequently spilled to Wetland P9 except during the
driest years (fig. 7E), and Wetland P3 spilled to
Wetland P9 only during the wet years that began in
1993 (fig. 7E). Some seasonal wetlands, such as
Wetland T6 (fig. 7F) and Wetlands TS and T7 (fig.
7H), spilled most years except during the drought
when they seldom contained water. Other seasonal
wetlands, such as Wetlands T8 and T9, rarely spilled

even during the wettest years (fig. 7G). Wetlands T8
and T9 apparently have a greater elevation difference
between their normal water levels and the water level
at which a spill occurs because those wetlands rarely
overflowed.

INTERACTION OF WETLANDS AND
GROUND WATER

The high topographic position of the Cotton-
wood Lake area precludes the wetlands in the area
from receiving ground-water inflow from regional
ground-water flow systems, therefore, the wetlands are
associated largely with local ground-water flow
systems. Although some of the recharge in the study
area contributes to the recharge of regional flow
systems, most of the recharge is to the local flow
systems. Winter and Carr (1980) indicated that
wetlands in the study area serve the full range of
functions with respect to ground water; some recharge
ground water, some receive ground-water discharge
but also recharge ground water (termed flow-through),
and some receive ground-water discharge (fig. 9). For
example, Wetlands T8 and T5 do not receive ground-
water discharge, but they do recharge ground water
during the brief period of the year that they hold water.
Water-table gradients are always away from those two
wetlands, and the water table declines as much as 2 m
below the bottoms of the wetlands during dry times of
the year.

Seasonal wetlands that are topographically
lower and at an intermediate altitude in the study area,
such as Wetlands T3 and T4, are flow-through
wetlands most of the time. Semipermanent wetlands
that are at an intermediate altitude, such as Wetland
P1, receive ground-water discharge most of the time.
However, reversals of flow between the wetlands and
the ground water around the wetland perimeters are
common. The flow reversals are caused by focused
recharge and transpiration directly from ground water,
as discussed later. The topographically lowest
wetlands, such as Wetland P8, nearly always receive
ground-water discharge, but they also may have
transpiration-induced outflow to ground water.

The 20-year records of wetland water levels and
ground-water levels indicate that the annual and long-
term interannual fluctuation patterns of the ground-
water levels were similar to those of the wetland water
levels (figs. 10 and 11). The annual pattern showed
high levels in the spring and an overall decline for the
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Figure 7. Wetland water levels, 1979-98. Wetlands P1 and T3 (A), Wetlands P1, P6, and P7 (B), Wetlands P2 and
P4 (C), Wetland P11 (D), Wetlands P3, P8, and T2 (E), Wetland T6 (F ), WetlandsT8 and T9 (G), Wetlands TS and
T7 (H).
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Figure 8. Extent of open water in wetlands in the Cottonwood Lake area in the fall of 1996 following 4 years of
unusually wet climate conditions. All wetlands are larger than shown in figure 3, and a number of wetlands merged to
form single water bodies. (From Winter and Rosenberry, 1998)

remainder of the year. The long-term interannual
pattern showed minor variations during the first 9
years (1979-87), an overall decline during the drought
(1988-92), and a substantial rise during the deluge
(1993-98).

Although the general patterns of highs and lows
were similar, the magnitudes of the fluctuations in the
ground-water levels were much larger than those in the
wetland water levels, and the magnitudes differed
between wells. A given amount of water added to a
porous media will result in a greater increase of
hydraulic head than the same amount of water added
to an open-water surface. Because the water fills only

the pore spaces between the solid material, 1 cm of
water added to earth materials having an effective
porosity of 20 percent would result in a water-table
rise of 5 cm; whereas, 1 cm of water added to an open-
water surface would result in a water-level rise of 1
cm. Where water tables are shallow, such as near
surface-water bodies that are connected to the ground-
water system, infiltrated water that recharges ground
water causes transient water-table mounds to form
directly adjacent to the surface water. This process is
referred to as focused recharge (Winter, 1983). The
transient water-table mounds generally have hydraulic
heads greater than the hydraulic head of the surface
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water. However, in the same areas of shallow water
tables, plant roots can reach the capillary fringe above
the water table and transpire water from the ground-
water system. Consequently, the plants act as pumps,
lowering the water table and causing cones of depres-
sion near the wetland perimeters (Meyboom, 1967
Winter and Rosenberry, 1995).

Given the transient relations between the
ground-water and surface-water hydraulic heads, a
typical annual interaction between a wetland and
contiguous ground water is as follows. When the
water table near the wetland is higher than the wetland
water level, it is usually because a given amount of
ground-water recharge resulted in higher water levels
than the equal amount of water added to the open-
water surface. Wetland water levels are sometimes
higher than ground-water levels for a brief time in the
early spring when water from snowmelt and (or)
spring rains on the uplands runs into the wetland over
frozen soil. The runoff results in less water being
available for ground-water recharge in the uplands and
more water being available for focused recharge in the
lowlands and for the wetland itself. When the soil
thaws, the ground-water levels generally rise higher
than the wetland water levels because of focused
recharge. As the season progresses, evapotranspira-
tion directly from the ground-water system by plants
that have roots deep enough to reach the capillary
fringe lowers the water table. The resulting gradient
causes seepage from the wetland, but the seepage is
transpired by plants and does not recharge the ground-
water system. At the same time, ground water
continues to move toward the wetland from higher
parts of the ground-water flow system, but much of

585
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that water also is transpired before it reaches the
wetland.

The highly variable climate conditions that
occurred during the last 2 decades of the 20th century
provided an opportunity to evaluate the effect of
changing climate conditions on the generally expected
relation between the wetlands and ground water in the
Cottonwood Lake area. The following discussion
focuses primarily on the interaction of ground water
with Wetland P1 because that wetland was selected for
the most detailed study of water and chemical budgets
and has the most wells within its watershed.

The hydrographs of water levels in upland wells
within the watershed of Wetland P1 were always
higher than the wetland water level (fig. 10),
indicating that ground-water gradients are toward the
wetland. This relation held true for the relatively
normal climate conditions during the first 9 years of
the study as well as during the drought and deluge.
Using data from only the upland wells would indicate
that Wetland P1 is a ground-water discharge wetland
under all climate conditions. However, the relation
between the wetland water levels and the water levels
in the lowland wells near the wetland was more
complex.

For most years, the water levels in the wells
nearest the wetland were higher than the wetland
water levels in spring and early summer and lower
than the wetland water levels in late summer and fall
(fig. 11). However, during the drought, the ground-
water levels declined further each year to where spring
recharge did not always raise the levels to the bottom
of the wetland. In contrast, during the first 2 years of
the deluge, the ground-water levels were higher than

T3 T4

13

. o
Water table

Direction of ground-water flow

VERTICAL EXAGGERATION X 5
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| |

Figure 9. Hydrologic section through the Cottonwood Lake area showing the relation of wetlands to the
water-table profile. (Modified from Winter and Carr, 1980)



CHAPTER 1

15

568 T T T T T T T
566 — :’""'. ]
| H 4
w PN ,,
o i AN
- v ! :,
5 y
) 564 — —
w . )
3 Well 22 ~f [\ oot L AN i
Q v S l‘{ n A
< WL
@ 5ep | Well 28 \ ! j\ ~~~~~~~~~ \ {\\\l'\l "‘ ,’\I\\, ; \ ',\\_
w ,\\ \‘ \l | ] ‘ , \
o NN A . AN AR \
s } - \ V
4 I / A
o 560 |— v \-U/ \4 I/\\, N i \\ ‘r"\ \\4\. \_
=) Well 19 \/ \\,AV\ M f\
D v\~
= et s
5 A ~ AW
2 N ~ Y NN
558 [— Wetland P1 “n N ]
N ’\._ Mo
556 | L 1 | [ L I [ L1 Lo
22 [=] - o (V) <t e} [{=} ~ [ee] [<2] (=] -~ o™ ™ < Lo [(s] ~ [<]
~ [ o] [+o3 ®© 2o} [+s] Q0 o] 2] [+s] (2] [+23 [=2] [+2] [+23 N D D [*2]
2 2 2 @ @ @ @2 g a2 2 2 2 2 2 2 2 2 2 2 2
CALENDARYEARS

Figure 10. Water level of Wetland P1 and water levels in selected ground-water wells in the uplands, 1979-98.

the wetland water levels throughout the year. By
1995, the wetland expanded to the vicinity of well 25,
and the wetland water levels and the water level in
well 25 coincided in subsequent years. As the high
water levels persisted, the seasonal reversals of flow
became reestablished, as indicated by the hydrographs
for the wetland and well 20 (fig. 11). These data
indicate that reversals of flow between the wetland
and ground water occur even when the wetland
expands beyond the zones of wetland plants and the
wetland perimeter is in direct contact with upland
plants.

Hydrographs of the water levels in Wetland P1
and of the water table in the vicinity of wells 20 and 25
provide a time-series view of the relation between the
wetland and only two of the wells near the wetland.
To provide an areal view of the relation between the
wetland and to the ground water in the wetland
watershed, water-table maps were prepared for several
dates to indicate the range of conditions that occurred
during the study period. The configuration of the
water table during a wet period is shown in figure 12.

Ground-water levels in all wells were greater on that
date than the wetland water level, indicating that
ground water was discharging to the wetland around
its entire perimeter. In contrast, during the drought,
transpiration from ground water caused cones of
depression to form around much of the wetland
perimeter (fig. 13), and seepage from the wetland
moved toward the depression. This seepage then was
transpired along with the ground water that moved
toward the wetland from higher in the flow system.
The configuration of the water table in and around
Wetland P1 has many variations between the two
extremes. For example, cones of depression formed
nearly every summer in some areas around the
wetland perimeter, but the depressions commonly
were not as continuous as shown in figure 13 and did
not always form in the same place. The directions of
flow, either toward the wetland or away from the
wetland toward the cones of depression, are shown in
figure 14 for the periods of high and low water levels
for each year from 1981 to 1990.
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Figure 11. Water level of Wetland P1 and water levels in selected ground-water wells in the lowlands near the

wetland, 1979-98.

To gain an increased understanding of the
transient flow processes near the wetland perimeters, a
number of water-table wells were installed along a
transect from Wetland T3 to Wetland P1. The wells
were instrumented with continuous recorders to
document the small-scale time and space effects of
focused recharge and transpiration from ground water
on the configuration of the water table and to assess
the effect of those processes on the flow of ground
water between the wetlands. Data were collected for a
5-year period from 1989 t01993. As a result, data for
4 of the 5 years were collected during the drought, data
collection was terminated when the wells became
flooded during the deluge that began in 1993.

The data indicate that when Wetland T3
contained water, seepage from the wetland moved
through the ground-water system and discharged to
Wetland P1. During those few times that Wetland T3
contained water over the four dry years of the 5-year
period (fig. 7A), infiltration of precipitation resulted in
the formation of transient water-table mounds between
the two wetlands. The mounds interrupted the ground-

water flow from Wetland T3 to Wetland P1, but the
mounds persisted for only a few days (Rosenberry and
Winter, 1997).

When Wetland T3 was dry, ground-water
gradients commonly were away from Wetland P1
toward transpiration-induced cones of depression.
However, infiltration of snowmelt and precipitation
still caused the formation of transient water-table
mounds, but they generally were below the bottom of
Wetland T3. The magnitude and duration of the
mounds depended on the timing and amount of the
rainfall. Rainfall in spring or early summer usually
created large water-table mounds that were located
near the center of the upland between the two
wetlands, and rainfall in late summer or early fall more
often created small water-table mounds that were
located adjacent to the lower wetland. On two
occasions, the late-season water-table mounds formed
adjacent to the lower wetland and then migrated away
from the wetland as the height of the mounds
dissipated. Although water-table mounds formed
frequently following rainfall during the 5-year period
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Figure 12. Configuration of the water table in the Cottonwood Lake area, May 31, 1987, indicating that ground water
was discharging to Wetland P1 around its entire perimeter. (From Winter and Rosenberry, 1995)

of data collection, two examples, one for early
summer and one for late summer, are shown in figure
15. The early-summer series (fig. 15, A-E) shows
water-table configurations before and after rainfall of
51 mm on June 14 and 30 mm on June 28-30, 1991.
The late-summer series (fig. 15, F-J) shows water-
table configurations before and after rainfall of 52 mm
on August 18 and 43 mm on August 31-September 3,
1989. Before the recharge event in both cases (fig. 15,
A and F), a cone of depression was present adjacent to
the wetland. Because the antecedent water table was
higher in early summer than in late summer, the
equivalent amount of rainfall resulted in higher and
longer lasting mounds in early summer. For example,

the early-summer mound was as much as 1.3 m higher
than the water level of Wetland P1 (fig. 15B), and the
mound persisted for about 12 days before a trough
reformed near well 51 on June 28 (fig. 15C). The
highest late-summer mound formed following the
second period of late-summer rainfall and was 0.5 m
higher than the wetland water level (fig. 15I). That
mound persisted for only about 6 days (Rosenberry
and Winter, 1997).

Data from the long-term records of wetland
water levels and ground-water levels throughout the
Cottonwood Lake area and from the shorter-term
instrumented record of water levels between Wetlands
T3 and P1 indicate that several generalizations can be
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Figure 13. Configuration of the water table in the Cottonwood Lake area, August 31, 1989, showing the cones of
depression caused by transpiration directly from ground water around much of the perimeter of Wetland P1. (From

Winter and Rosenberry, 1995)

made with respect to the interaction of the wetlands
with ground water: (1) Flow reversals between the
wetlands and ground water are common; (2) during
high-water conditions, ground-water gradients are
toward the wetlands most of the time; and (3) during
low-water conditions, ground-water gradients are
away from the wetlands toward transpiration-induced
cones of depression much of the time, particularly
from midsummer through the fall.

Data for the Cottonwood Lake area also provide
insight into several other features of the geohydrologic
setting of the wetlands. These features are: (1) the
transient characteristics of the major ground-water
divides separating the wetlands and the rates of
ground-water flow from wetland to wetland, (2) the

effect of highly permeable ground-water drains on
ground-water flow near the wetlands, (3) the superpo-
sition of ground-water flow systems, and (4) the
characteristics of the wetland soils.

With respect to the first feature, a ground-water
divide separates the ground-water basins of Wetlands
P1 and P8 most of the time. The ground-water basin
of Wetland P1 extends from the vicinity of well 16
(figs. 12 and 13) to Wetland T8 and is bounded to the
north and south by water-table highs underlying the
land-surface ridges contiguous to Wetland P1. The
only part of the divide that is occasionally lower than
Wetland P1, especially during drought conditions, is
near wells 15 and 16. When the divide is not present,
ground water can move from the basin of Wetland P1
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to that of Wetland P8 (fig. 16). However, the low
hydraulic conductivity of the till allows only a small
amount of ground water to transfer from one ground-
water basin to the other. Using 0.016 for the hydraulic
gradient of the water table between the two wetlands
and an effective porosity of 0.2, the average linear
pore-water velocity calculated for the movement of
ground water between the two wetlands ranges from
0.025 m yr~! if the hydraulic conductivity is

1078 cm s7! t0 2.5 m yr! if the hydraulic conductivity
is 107* cm s™!. These rates of ground-water flow
through the till probably are typical of rates
throughout the Cottonwood Lake area.

With respect to the role of ground-water drains,
a cone of depression is present between Wetlands T5
and T8 and between Wetlands T4 and T5 (fig. 9) for
all climate conditions. Theoretical numerical
modeling studies of ground-water flow have indicated
that zones of high permeability in the subsurface can
cause increased downward gradients over the
upgradient parts of the zones (Freeze and Wither-
spoon, 1967; Winter, 1976). For example, figure 17
shows that increased hydraulic gradients toward the
highly permeable zone on the side toward the ground-
water divide cause flow to converge into the
permeable zone. Conversely, on the side of the
permeable zone toward the ground-water discharge
area, gradients are the opposite and flow diverges
away from the permeable zone. The upgradient side
of the permeable zone can be thought of as a drain.
The mechanism of enhanced flow toward a ground-
water drain could be responsible for the persistent
cone of depression between Wetlands T5 and T8 and
Wetlands T4 and T5. If the subsurface sand deposit in
the southwest part of the study area extends as a
continuous deposit as far east as wells 1 and 24, as
shown in figure 5, the deposit could cause the
enhanced downward gradients that essentially would
drain the ground-water system between the two
wetlands.

With respect to the superposition of ground-
water flow systems, the Cottonwood Lake area
provides a field example of the effect of superposition
on the ecological characteristics of prairie pothole
wetland complexes (See Swanson and others, Chapter
4 of this report). The configuration of the water table
in the area is highly irregular. As a result, some of the
wetlands are enclosed by local ground-water flow
systems where water cannot move from wetland to
wetland by way of the ground-water system.
However, other wetlands recharge ground water, and

some of that water moves through the ground-water
system and discharges to wetlands at a lower altitude.
For example, because of the known ground-water
divides between some of the wetlands, it is unrealistic
to view the ground-water flow field from Wetland T8
to Wetland P11 as a continuous flow system where
water flows from one wetland to the next lower
wetland through the ground-water system. A more
realistic flow field would show that ground water
discharging to Wetland P11 would be receiving ground
water that was recharged within its own local flow
system as well as from ground water that was
recharged in the highest part of the Cottonwood Lake
area. Some of the ground water recharged in the
higher part of the Cottonwood Lake area would flow
as an intermediate ground-water flow system, passing
at depth beneath the local flow systems associated
with Wetlands P1, P8, P10, and several unnamed
wetlands before discharging into Wetland P11

(fig. 18).

With respect to wetland soils, Arndt and
Richardson (1993) indicated that evapotranspiration
from ground water is a key part of the process that
concentrates salts in the subsurface around wetland
perimeters. Stolte and others (1992) also discussed the
role of evapotranspiration from ground water as part
of the process that concentrated salts in soils around
the perimeter of a ground-water-recharge wetland in
Manitoba. Evapotranspiration from ground water
results in wetland water and solutes being drawn into
the subsurface during dry times of the year. The
annual flushing of the subsurface in the spring
apparently does not completely dissolve and remove
the salts. The process that concentrates salts in the
subsurface around wetland perimeters, repeated over
thousands of years, has resulted in the presence of
large amounts of gypsum and calcite crystals along
parts of the perimeter of Wetland P1 (Swanson, 1990;
Arndt and Richardson, 1993). The storage of salts in
the subsurface is probably the reason that Wetland P1
is not more saline (LaBaugh and Swanson, Chapter 3
of this report). As indicated earlier, the ground-water
basin of Wetland P1 is a closed local flow system most
of the time, and except for the outseepage caused by
evapotranspiration, the basin would have outseepage
only during the times that the ground-water divide
near well 16 is absent. As indicated earlier, the loss of
water and solutes from the basin of Wetland P1 to
Wetland P8 by way of ground water is minimal and
could not account for a large loss of solutes from
Wetland P1.
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Figure 16. Configuration of the water table in the Cottonwood Lake area, May 25, 1990, indicating one of the few
times during the study when a ground-water divide was not present between Wetlands P1 and P8.

Mapping of the wetland soils in the Cottonwood
Lake area also has provided useful information for the
general delineation of wetlands. In mapping the soils
throughout the watershed of Wetland P1, James Arndt
(oral and written commun., 1993) found wetland soils
on the hillsides that were about 2 m above the level of
Wetland P1 prior to the deluge that began in 1993.
The outer limit of the calciaquoll wetland soils
(fig. 19) is similar to the present area of open water in
Wetland P1 (fig. 8). The area of open water in the
wetland is at least as extensive at present (2002) as it
was 150 years, and perhaps 500, years ago (Winter and

Rosenberry, 1998). Thus, the soils indicated that
Wetland P1 had been as large in the past as it is at
present, and probably was that large many times in the
past. This information indicates that mapping of
wetland soils is perhaps the most useful way to
delineate wetlands because the soils integrate highly
variable climate and hydrologic conditions over many
millenia.
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Figure 17. Numerical simulation of ground-water flow in the vicinity of
a highly conductive aquifer of limited extent within a porous media
having lower hydraulic conductivity. (Modified from Winter, 1976)
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Figure 18. Hydrologic section showing intermediate ground-water flow systems passing at depth beneath local ground-
water flow systems associated with selected wetlands. Note the local and intermediate flow systems discharging into
Wetland P11. The intermediate flow system is also shown in figure 2 where ground water moves from the Cottonwood Lake
area to Eric Lake. Wetland names are shown along top of figure. U indicates unnamed. Line of scction shown in figure 4.
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Soils in the Wetland P1 Area
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Figure 19. Generalized distribution of soils in the Cottonwood
Lake area. (Map courtesy of Dr. James Arndt, then of North
Dakota State University)
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CHAPTER 2
CLIMATE OF THE COTTONWOOD LAKE AREA

Donald O. Rosenberry, U.S. Geological Survey, Denver, Colorado

ABSTRACT

The climate of central North Dakota is
continental, with typically long, cold, dry winters and
short, mild, variably wet summers. The average
annual temperature is 4°C, and average annual precip-
itation is 440 mm. Central North Dakota receives an
average annual 59 percent of possible sunshine.
Annual windspeed averages 4.5 m s7!, and prevailing
winds are from the northwest. The number of daylight
hours in a 24-hour period ranges from less than 9
hours in December to more than 16 hours in June.
This large range contributes to the large seasonal
temperature changes; extreme temperatures range
from —47 to 48°C. Normally, 17 days each year have
temperatures that exceed 32°C, 56 days each year have
temperatures below —18°C, and 195 days have temper-
atures below 0°C. November through February are the
driest months, and average precipitation during those
months ranges from 12 to 14 mm per month. Average
annual snowfall is 865 mm, and average maximum
snow depth is 300 mm. Snow normally covers the
area from December 4 to March 24. June is normally
the wettest month of the year and has an average 91
mm of rainfall. Thunderstorms produce most of the
rainfall during summer. Average annual lake evapora-
tion is 810 mm per year, almost twice the average
annual precipitation. Spring runoff, overland flow,
and ground-water seepage make up the difference
between evaporation and precipitation. Wetland water
levels respond markedly to seasonal and annual
climatic perturbations.

Conditions at the Cottonwood Lake area
were warmer and drier than normal for the first 14
years of the study period and were especially dry
during a drought that lasted from 1988 through
1992. The cumulative precipitation deficit,

relative to normal, during the 14-year period was
635 mm. Conditions were much wetter than
normal from 1993 through 1998; during that time,
the cumulative precipitation excess, relative to
normal, was 885 mm. This wet period was the
wettest of the century for central North Dakota.

INTRODUCTION

The hydrology, geochemistry, and biology of the
Cottonwood Lake area are being studied to improve
the understanding of wetland processes. Knowledge
of the climate of the Cottonwood Lake area is
paramount to understanding the hydrology, which
drives the geochemical and biological processes. The
climate of the area is continental and is characterized
by large temperature changes over daily and annual
time scales (Jensen, 1972). The area receives light to
moderate precipitation and nearly continuous wind.
Air masses arrive from polar, Pacific, and Gulf of
Mexico sources. The Pacific air masses typically are
moderate and pleasant, but the Gulf of Mexico and
polar air masses generally bring extreme climatic
conditions to the area.

Annual evaporative losses in the area are almost
twice as large as precipitation amounts (Eisenlohr and
others, 1972). For many of the prairie wetlands,
surface runoff and ground-water seepage are the only
hydrologic fluxes available to make up the difference
between evaporation and precipitation. Therefore,
many wetlands in the area dry up during prolonged
periods of drought when evaporative and transpirative
losses are not compensated for by precipitation,
runoff, and ground-water inflow.

Information on the normal climatic conditions
for central North Dakota is presented in the first part
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of this chapter. This information is followed by a
more detailed description of climatic conditions for
the Cottonwood Lake area based on data collected at
the site since 1979.

METHODS

Temperature and precipitation data from three
National Weather Service stations near the Cotton-
wood Lake area were used to represent monthly and
annual normal conditions for the study area. Normals
were calculated for the 30-year period from 1961 to
1990 using data collected at the Carrington,
Jamestown airport, and Pettibone stations (fig. 1).
These stations are located 39 km north, 39 km
southeast, and 32 km west of the Cottonwood Lake
area. Weighted averages were determined to represent
normal conditions for the area. Other climatic charac-
teristics of the area were summarized from data
collected at National Weather Service stations at
Bismarck, Devils Lake, and Fargo (Jensen, 1972).

Climate data have been collected during open-
water periods from a raft or platform in the center of
Wetland P1 and at a land station adjacent to the
wetland since 1979. Climate parameters that were
monitored for all of the period from 1979 to 1998
include air temperature, relative humidity, windspeed,
and precipitation. Incident shortwave solar radiation
and incident longwave atmospheric radiation were
monitored for part of the period. Wetland surface-
water temperature was monitored for the entire period.
Bottom-water temperature and sediment temperature
at 0.5- and 1.0-m depths below the sediment-water
interface were monitored for part of the period. Since
1981, the climate data have been recorded by a digital
data logger and exist as hourly and daily averages or
totals of scans made at 1-minute intervals. During the
open-water periods of 1979 and 1980, temperature,
humidity, and windspeed data were collected by
analog instruments. Rainfall during the open-water
periods was monitored with a standard 8-in National
Weather Service gage, monitored weekly, and an
8-in.-diameter tipping-bucket gage with 0.01 inch
resolution. The tipping-bucket gage was monitored
continuously during open-water periods by a land-
based data recorder. Evaporation during 1982 to 1987
was determined using the energy-budget method
(Parkhurst and others, 1998).

REGIONAL CLIMATE OF CENTRAL
NORTH DAKOTA

The climate of central North Dakota, is
continental, with typically long, cold, dry winters and
short, mild, variably wet summers. The average
annual temperature is 4°C and average annual precipi-
tation is 440 mm. Large seasonal differences in the
climate are related to the number of daylight hours in a
24-hour period. This number ranges from less than
9 hours in December to more than 16 hours in June.
The large range in the number of daylight hours
contributes to the large seasonal temperature changes.
Extreme temperatures in central North Dakota range
from —47 to 48°C and are nearly as great as the
statewide extremes of —51 and 49°C. The freeze-free
period normally lasts 119 days from May 20 to
September 15.

Winter is typically cold and dry; normally,

56 days each year have temperatures below —18°C,
and 195 days have temperatures below 0°C. January
is the coldest month and has an average temperature of
-13.5°C (fig. 20). The diurnal temperature range is
smallest from November through March and averages
11.5°C. Based on data from the Jamestown airport
station, soil frost normally reaches a depth of 1.4 m
although depths as great as 1.8 m have been recorded.
November through February are the driest months;
average precipitation during those months ranges from
12 to 14 mm per month (fig. 20). Average annual
snowfall is 865 mm, the average maximum snow
depth is 300 mm, and an average snowpack of at least
25 mm covers central North Dakota from December 4
to March 24. On average, two blizzards, usually
originating in either Alberta, Canada or Colorado,
occur in North Dakota each year. Blizzards that
originate in Alberta generally pose a greater hazard
than those that originate in Colorado because they tend
to be faster moving and often approach with little
advance warning.

A maximum mean monthly temperature of
20.5°C occurs in July, but August is nearly as warm
(fig. 20). During a normal year, 17 days have
temperatures that exceed 32°C. The chance of
extended warm periods is greatest from July 19 to
August 1. The diurnal temperature range is greatest
during summer, and a maximum average monthly
difference of 16.5°C is reached in August. June is
normally the wettest month of the year and has an
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average of 91 mm of rainfall. Most summer rainfall is
generated by thunderstorms. From April to October,
an average of 30 thunderstorms can be expected; and,
during June through August, 7 to 8 thunderstorms
occur each month.

100
90
80
70
60
50
40
30
20
10

T T T 1 T T
g Precipitation
—— Temperature

PRECIPITATION, IN MILLIMETERS
(4]
TEMPERATURE
IN DEGREES CELSIUS

=z o = > O
< o w o i}
$233260¢24

Figure 20. Normal (1961-90) monthly precipitation and
temperature for the Cottonwood Lake area based on data from
three nearby National Weather Service stations.

On average, 72 days each year have measurable
precipitation. Most precipitation events are light;

48 percent result in 3 mm of precipitation or less.
Only 4 percent of the precipitation events result in
more than 25 mm of precipitation during a 24-hour
period. The chance for precipitation is greatest from
6 to 9 a.m., the chance reaches 30 percent at 8 a.m.
during the winter and 13 percent at 6 a.m. during the
summer. The chance for precipitation is smallest
during midafternoon in the winter and during midday
in the summer. The chance for precipitation is
uniformly small during the fall, and averages about
12 percent throughout the day.

Relative humidity is generally highest near
6 a.m. and lowest during midafternoon and has a much
greater diurnal range in the summer than in the winter.
Mean monthly maximum values range from
71 percent in January to 86 percent in July. Mean
monthly midafternoon minimum values range from
67 percent in January to about 50 percent in July.
Typically, daily-average relative humidity is lowest
during midspring and early fall.

On an average annual basis, central North
Dakota receives 59 percent of total possible sunshine.
This value is a ratio of incoming solar radiation
measured on the ground and the amount of solar
radiation that the earth would receive at that latitude if
there were no clouds. Based on data from the
Bismarck and Fargo stations, July is the sunniest

month and receives an average of 74 percent of
possible sunshine. November is the cloudiest month
and receives an average of only 43 percent of possible
sunshine. Central North Dakota averages about 210
clear or partly cloudy days each year, monthly totals
range from an average of 24 days during July to about
14 days during November through February.

Wind is one of the more noticeable features of
the climate of central North Dakota. Wind prevails
from the northwest during all seasons at an average
speed of 4.5 m s~1. Average monthly windspeed is
greatest during late winter through early spring and
reaches a maximum of 5.4 m s~ in April. The July
monthly windspeed averages 4.0 m s—1. Monthly
maximum windspeeds are normally greatest during
July and August and usually accompany thunderstorm
activity. However, monthly maximum windspeeds
associated with winter cold fronts often are large also.

Whereas precipitation generally decreases from
east to west across central North Dakota, evaporation
increases from northeast to southwest. Average
annual lake evaporation is 810 mm near the study area
and ranges from 760 mm 80 km northeast of the study
area to 860 mm 80 km southwest of the study area
(Eisenlohr and others, 1972).

LOCAL CLIMATE OF THE
COTTONWOOD LAKE AREA

Many characteristics of climate are highly
variable spatially, and areally averaged data often do
not provide accurate information for a specific site.
Also, few wetlands are instrumented with climate
stations, and the climate over a wetland can be
different from the climate over an area where wetlands
are not present. Therefore, to obtain accurate, site-
specific data for estimating evaporation using the
energy-budget method, climate data have been
collected for the Cottonwood Lake area since 1979
(Sturrock and others, 1986; 1987; Parkhurst and
others, 1994, 1998). These data also allow a more
site-specific characterization of the climate over a
wetland. For example, monthly average air tempera-
tures calculated as weighted means of data from the
Carrington, Jamestown airport, and Pettibone stations
were compared to monthly average air temperatures
measured at the study area for June, July and August
1982-85 (fig. 21). The average of the differences
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between the National Weather Service data and the
study area data for the 12 months was only 0.1°C, but
the differences for the individual months ranged from
0.3°C during June 1982 to 2.7°C during August 1985.
These differences can cause error when network data
are used to estimate evaporation for a specific site.
Also, most network climate stations provide only air
temperature and precipitation data, and daily-average
air temperature data often are determined by averaging
the daily maximum and minimum values. However,
for the Cottonwood Lake area, data were collected
every minute, and 1,440 values were averaged each
day to provide a more accurate daily-average air
temperature.
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Figure 21. Summer monthly average air temperatures
measured at the Cottonwood Lake area and monthly average
air temperatures calculated as weighted means of data from
the Carrington, Jamestown airport, and Pettibone National
Weather Service stations, 1982-85.

Daily maximum and minimum values for many
of the climate variables, and the times that the values
occurred, were collected for the study area. The
monthly mean hours of occurrence for the maximum
and minimum air temperatures are shown in figure 22.
These monthly means do not include days when the
maximum occurred during nighttime hours or when
the minimum occurred between noon and midnight;
the means represent typical days, when the maximum
occurs sometime during the day and the minimum
occurs sometime during the night or morning. The
monthly mean hour of occurrence for the maximum
air temperature was about 4 p.m. The maximum

usually occurred between 2 and 6 p.m., and the time
was fairly consistent throughout the summer. The
hour of occurrence for the maximum air temperature
varied the most during May, and occurred earliest
during May and latest during July. The monthly mean
hour of occurrence for the minimum air temperature
was about 4:15 a.m., and the minimum usually
occurred between 2 and 6:30 a.m. The hour of
occurrence for the minimum air temperature varied
little between May and September, and the minimum
occurred earliest during July and latest during May.

HOUR
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Figure 22. Monthly mean hours of occurrence for daily
maximum and minimum air temperatures, and one standard
deviation from the monthly mean, for the Cottonwood Lake
area, 1982-85.

Incident solar and atmospheric radiation for the
Cottonwood Lake area were monitored from 1982 to
1987. Longwave atmospheric radiation varies
primarily with air temperature, but shortwave solar
radiation varies primarily due to changes in cloud
cover. The daily total incident shortwave solar
radiation for the study area and the theoretical
maximum total value assuming a clear sky are shown
in figure 23. The shortwave solar radiation had
considerable variability from year to year. For
example, the springs of 1984 and 1986 appear to have
been relatively cloud free based on the high values of
solar radiation relative to the maximum possible
values. The summers and falls of 1982 and 1983
appear to have been more cloudy than the other years.
The monthly average percent of clear-sky shortwave
solar radiation for 1982 to 1987 indicates that
radiation was greatest during May through July; the
monthly average ranged from 68 percent in July, to
slightly less than 50 percent during October and
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November (fig. 24). This range in average monthly
solar radiation is somewhat less than the range based
on data from the Bismarck and Fargo stations that was
previously reported in this chapter.

Windspeed also was highly variable on a daily,
seasonal, and annual basis and also varied spatially.
During 1982 to 1991, the annual average windspeed at
Wetland P1, measured during May to October each
year, varied from 2.3 m s~! during 1991 to 3.6 m s~!
during 1986. Monthly average values during the same
period indicate that the windiest conditions occurred
during May and the calmest conditions occurred
during August (fig. 25).

A focus on the climatic conditions over a
wetland is essential to understanding the variability of
the temperature of the water in the wetland.
Therefore, to obtain water temperature data, thermistor
thermometers were installed at the center of Wetland
P1 at the wetland water surface and at the wetland
water bottom. In addition, thermistor thermometers

29

were installed in the wetland sediment at 0.5 and 1.0 m
below the sediment-water interface. The water depth
of Wetland P1 ranged from 0.3 to 1.2 m during the
period for which the temperature data were collected.
The data indicate that during the open-water season
the average temperature of the entire water column
was greater than the average air temperature (fig. 26).
Monthly average surface-water temperatures ranged
from 16.6°C during September to 23.7°C during July.
Monthly average air temperatures were 2.6°C
(August) to 4.6°C (May) lower than the surface-water
temperatures, and monthly average bottom-water
temperatures at were 1.4 °C (June) to 3.1°C (May)
lower than the surface-water temperatures. Wetland
water temperatures peaked during July, but the much
colder sediment temperatures peaked during August
and September. Wetland sediments warmed at an
average rate of slightly less than 0.1°C day~!
throughout the spring and summer.
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Figure 23. Measured daily total incident shortwave solar radiation at the Cottonwood Lake area from 1982 to
1987 and clear-sky shortwave solar radiation at 47 degrees north latitude.



30 CHAPTER 2

Air temperature and precipitation are the most
commonly used parameters for characterizing the
climate of an area, and onsite collection of these data
provides information about variations in the climate
relative to conditions normal for the area. The
cumulative departures from normal monthly average
values for both air temperature and precipitation from
1978 to 1998 for the Cottonwood Lake area are shown
in figure 27. The plots were created by calculating
monthly averages, determining the departures from
normal for each monthly average, and then
determining the running sum of the departures from
the normal monthly averages. Onsite data were used
when available; otherwise, the temperature data were
the weighted averages for the Carrington, Jamestown
airport and Pettibone stations; precipitation data were
from the Woodworth station. Normal monthly values
are those shown in figure 20. In figure 27, segments
of the curves that have a positive slope represent
periods of above-normal temperature or precipitation,
and segments of the curves that have a negative slope
represent periods of below-normal temperature or
precipitation. If conditions averaged out to be normal
for the study period, the lines would end near their
respective zero points by the end of 1998. The figure
indicates that, for the first 14 years of the study,
conditions were warmer and drier than normal, and,
for the last 6 years of the study, conditions were
slightly cooler and much wetter than normal.
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Figure 24. Monthly average percent of clear-sky shortwave
solar radiation for the Cottonwood Lake area, 1982-87.

The air temperature averaged out to be about
normal for the first 9 years shown in figure 27. From
1986 through 1992 the air temperature was much
greater than normal (with the exception of 1989 when
the air temperature was about normal for the year).

Much of the 6-year period of above-normal air
temperatures coincided with a severe drought that
lasted from 1988 through 1992. From 1993 through
1998, the air temperature was below normal for

3 years.
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Figure 25. Monthly average windspeed, and one standard
deviation from the monthly average, for the Cottonwood Lake
area, 1982-91.

Precipitation was below normal for 9 of the first
15 years shown in figure 27; the cumulative precipita-
tion deficit, relative to normal, was 635 mm for the
15-year period. Precipitation was above normal for
only 3 of those 15 years. During an extended drought
that began in 1988 and lasted through 1992, precipita-
tion was less than normal by 575 mm, an amount
1.3 times the normal total annual precipitation for the
Cottonwood Lake area. For 1993 through 1998, the
remaining 6 years of the 21-year period shown in
figure 27, precipitation was much greater than normal.
The cumulative precipitation excess, relative to
normal, was 885 mm during the extremely wet period.

The severe drought that occurred from 1988
through 1992 had a great impact on the wetland water
levels in the Cottonwood Lake area. The water level
of Wetland P1 fluctuated slightly less than 1 m during
the first 10 years shown in figure 28, although precipi-
tation was below normal during most of that period.
However, the wetland dried up during every year of
the 5-year drought and dried up earlier each year as the
drought persisted. The extremely wet period that
began in 1993 had an even greater impact on the water
level of Wetland P1. During the 6 years of greater-
than-normal precipitation from 1993 through 1998, the
wetland water level rose to more than 1.5 m above the
highest water level recorded during the first 15 years
of the study, and the wetland went from being dry
early in 1993 to a maximum depth of 2.7 m in 1997.
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The Palmer Drought Severity Index (PDSI) is
an indicator of periods of above- or below-normal
moisture available in the soil for crop production
(Palmer, 1965). The PDSI can be used to put into
perspective the recent drought and wet period in the
Cottonwood Lake area relative to a long-term record
that extends back to 1895. The PDSI is an indicator of
meteorologic drought. Some have disputed its use as
an indicator of hydrologic drought (Alley, 1985) and
some have disputed the spatial comparability of its
definitions of severe and extreme drought (Guttman
and others, 1992). Nevertheless, the PDSI is
appropriate for showing the severity and duration of
wet or dry meteorologic conditions, such as the warm
and dry conditions in the Cottonwood Lake area from
1988 through 1992 and the extremely wet conditions
from 1993 through 1998, relative to normal conditions
over periods of months to years.

- (] N
ol o o1
T T T T T

-
o
T T

TEMPERATURE, IN DEGREES CELSIUS
[$;]

o

MAY JUN JUL AUG SEP

EXPLANATION
= Air
—e— Surface water
—— Bottom water
—+— Sediment at 0.5 meter

—— Sediment at 1.0 meter

Figure 26. Monthly average temperatures of air, surface
water, bottom water, and sediment at 0.5 meter and 1.0 meter
below the sediment-water interface at the center of Wetland
P1, 1982-85.

The PDSI data for central North Dakota for
1900 to 1998 are shown in figure 29. Values above
zero indicate wet periods, and values below zero
indicate dry periods. The greater the value, the greater
the degree of wetness or dryness. For example values
of -3 to —4 indicate severe drought, and values of less
than —4 indicate extreme drought. According to the

PDSI data, central North Dakota experienced a
drought from late 1988 to early 1993 that was matched
in severity only during the late-1930s. Periods of
drought also occurred more frequently during the
latter years shown in figure 29, leading to a hypothesis
that the long-term climate of central North Dakota
may be becoming drier with time. Todhunter (1993)
presented data from Jamestown that support this
hypothesis. Todhunter used a simple linear regression
model to show that the air temperature at Jamestown is
increasing at a rate of 1.3°C per century and that
precipitation is decreasing at a rate of 1.7 mm per
century. The extremely wet period from 1993 through
1998 was the wettest of the century, according to the
PDSI data (figure 29). Winter and Rosenberry (1998)
cite data from Devils Lake that indicate the wet period
was the wettest in the past 130 years and perhaps the
wettest in the past 500 years.

COMPARISON OF EVAPORATION AND
PRECIPITATION AT THE COTTONWOOD
LAKE AREA

On average, evaporation at the Cottonwood
Lake area is slightly greater than 800 mm/yr, or about
1.8 times the average annual precipitation (Eisenlohr
and others, 1972). During a normal year, precipita-
tion, runoff from snowmelt in the spring, overland
flow after high-intensity rainfall events, and ground-
water seepage combine to offset evaporative losses.
During years when precipitation is below normal, or
when below-normal snowfall results in diminished
snowmelt, water levels can decline substantially, even
to the point of wetlands drying up. During the warm
and dry period from 1988 through 1992 Wetland P1
dried up during mid to late summer every year.

Monthly total evaporation, determined by the
energy-budget method, and precipitation for Wetland
P1 are shown in figure 30. Problems with instrumen-
tation prevented evaporation estimates for 1986. The
evaporation/precipitation (E/P) ratios ranged from
1.0 during May 1987 to 34.0 during July 1985. The
median ratio for the 25-month comparison was 2.3.
Shjeflo (1968), in a 2-year study (1963-64) of a nearby
wetland, reported an average monthly E/P ratio of
1.92 during the May-October months. The average
monthly evaporation rate during Shjeflo’s study was
114 mm; the average monthly evaporation rate during
this 5-year comparison was 108 mm. The likely
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total precipitation for the Cottonwood Lake area, 1978-98.

explanation for the greater E/P ratio for this compar-
ison is the below-normal precipitation for the period.
During 1982-87, with the exception of 1986,
precipitation was only 61 percent of normal.

Evaporative loss was normally greatest during
July, and the greatest difference between evaporation
. and precipitation normally occurred during July
(fig. 31). Wetlands normally lost water during that
month, and losses from Wetland P1 during July were
usually large. The greatest difference between
evaporation and precipitation recorded during this
study occurred during July 1985 when evaporation
was 150 mm greater than precipitation (fig. 30).
During that time, the water level of Wetland P1
declined nearly 200 mm, indicating that other
processes also were acting to remove water from the
wetland. The energy-budget method used for
estimating evaporation assumes an open-water body
devoid of emergent vegetation; this was not the case
for Wetland P1, which contained a slowly encroaching
perimeter of cattails and hardstem bullrush. Possibly,
transpiration by these plants was acting to increase the
amount of water removed from the wetland. Stannard
and Rosenberry (1991) showed that for a shallow open

lake in Nebraska, evapotranspiration from an area of
emergent hard-stem bullrush was twice as great as
evaporation from open water. However, Shjeflo
(1968) indicated that evapotranspiration from
wetlands covered with emergent vegetation was no
greater than evaporation from open-water wetlands.
His assessment was that as transpiration increases,
evaporation decreases a like amount due to
diminished windspeeds at the water surface. Shjeflo
also reported that transpiration occurred mainly during
June-August, while the conditions contributing to
diminished wind speeds occurred even after the plants
were dormant.

Perhaps transpirational losses at the Cotton-
wood Lake area are more significant than indicated by
Shjeflo. Or perhaps ground-water seepage had a net
effect of removing water from the wetland. Winter
(Chapter L, of this report) and Rosenberry and Winter
(1997) have shown that transpiration-induced cones of
depression commonly exist around much of the
perimeter of Wetland P1, inducing seepage of water
from the wetland to the contiguous ground-water
system and increasing the overall loss of water from
the wetland.
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CHAPTER 3
SPATIAL AND TEMPORAL VARIABILITY IN SPECIFIC
CONDUCTANCE AND CHEMICAL CHARACTERISTICS OF
WETLAND WATER AND IN WATER COLUMN BIOTA IN THE
WETLANDS IN THE COTTONWOOD LAKE AREA

James W. LaBaugh, U.S. Geological Survey, Reston, Virginia
George A. Swanson, U.S. Fish and Wildlife Service (Retired), Jamestown, North Dakota

ABSTRACT

Five wetlands in the Cottonwood Lake area
were the subject of a detailed chemical and
biological study during 1984 to 1987. The study
was part of a larger investigation of longer
duration to understand the relation between the
hydrology of the wetlands and their use by
waterfowl. Chemical characteristics of water in
the wetlands varied considerably, particularly for
major ions, and were related to the interaction of
the wetlands with ground water and atmospheric
exchange (precipitation and evaporation). Plant
nutrients, such as phosphorus, nitrogen, and
silica, varied more spatially within the wetlands
than did major ions. The algal communities of the
wetlands included numerous species and differed
among the wetlands. Chlorophyll a, which is a
measure of the amount of algae in the wetlands,
varied as much spatially as phosphorus, nitrogen,
and silica. However, no distinct seasonal pattern
in chlorophyll a was evident for the seasonal
wetlands. Chlorophyll a concentrations in the
semipermanent wetlands usually followed a
seasonal pattern of (1) declining concentrations
following spring thaw, when the open-water
zones contained little submerged vegetation,

(2) remaining small through mid summer, when
submerged vascular vegetation was abundant, and
(3) increasing in the fall before ice formation,

when submerged vascular vegetation in the open-
water zones was senescent. The periods of large
concentrations were usually coincident with the
use of the wetlands by migrating waterfowl. The
microinvertebrate communities of the wetlands,
as constituted by representatives of Cladocera,
Copepoda, and Rotifera, included some species
common to all five wetlands. Copepoda generally
were the most abundant and Rotifera the least
abundant members of the microinvertebrate
communities. Replicate samples were required to
characterize seasonal differences in algal and
microinvertebrate communities due to spatial
variation.

INTRODUCTION

The prairie wetlands in mid North America are
an important resource for migrating waterfowl
(Swanson and Duebbert, 1989). The chemical
composition of water in these wetlands (LaBaugh,
1989), as well as vegetation (Stewart and Kantrud,
1972; Kantrud, Millar, and van der Valk, 1989), varies
according to differences in the hydrologic setting
(Sloan, 1972; LaBaugh and others, 1987), hydroperiod
(van der Valk, 1981), and soils (Arndt and Richardson,
1993). Although prairie wetlands have been the focus
of hydrological, chemical, and ecological studies by
scientists in Canada and the United States over the past
half-century (van der Valk, 1989), most studies have
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dealt with vegetation and waterfowl. Less is known
about the microscopic plants and animals that inhabit
the wetlands. Crumpton (1989) pointed out the lack of
information on algae, and studies of microscopic
invertebrates are rare (Bataille and Baldassare, 1993).
Thus, not much is known about the spatial distribution
of the microorganisms within or among prairie
wetlands, and only a few studies have documented
how some of the microorganism populations vary over
time (Barica, 1975; Kling, 1975).

Studies at the Cottonwood Lake area included
the collection of algae and microinvertebrates from the
water column of selected wetlands from 1984 to 1988.
Collection of these organisms has coincided with
concurrent research on hydrological and chemical
properties of the wetlands. The main objective of the
studies is to determine how the hydrogeologic setting
and wetland-ground water interactions affect the
chemical characteristics and biological communities
of the wetlands. The purpose of this chapter is to
present information about the chemical characteristics
of water in the wetlands (and of relevant ground
water) and the spatial and temporal variation in the
algal and microinvertebrate communities of five
selected wetlands. The data presented herein are for
1984 to 1987, a period for which detailed analyses of
community characteristics are available. Ancillary
chemical data collected between 1979 and 1998 are
used to place the 4-year period of data collection that
included biota in perspective with long-term changes
in the study area.

METHODS

A tube water-column sampler (Swanson, 1978)
having a minimum diameter of 10 cm was used to
collect water samples from the wetlands. Each
wetland was divided into three transects according to
procedures described in LaBaugh, and others (1987).
During 1984 to 1987, samples were collected from
approximately the same location along each transect
every month that the wetlands contained water and
were ice free. On the rare occasions when the
wetlands were very shallow, samples were collected
from the middle of the wetland instead of along each
of the three transects. The contents of the sampler
were poured into a large polyethylene jug or large
plastic bucket from which water was taken for

processing. Multiple insertions were made when
insufficient water was collected by a single insertion
of the sampler into the water column.

Ground-water samples were collected for
chemical analysis by pumping or bailing a well dry
and then collecting the water that seeped into the well
overnight. If the well yielded water readily when
pumped, three casing volumes of water were removed
before sampling.

Some of the water collected from the wetlands
was used to determine the chlorophyll @ concentration
in the water column. A known volume of water was
pumped through a glass-fiber filter using a hand-
operated vacuum pump. The filter was placed in a
glass vial, stored in ice, and then shipped in ice to the
U.S. Geological Survey National Water Quality
Laboratory in Arvada, Colorado. At the laboratory,
the chlorophyll a concentration was determined by the
high pressure liquid chromatographic and fluorometric
technique described in Britton and Greeson (1988).

Water collected for algal analysis was put into a
1-L high-density polyethylene bottle and the contents
were preserved with 10 mL of Lugol's solution. The
composition of the solution and the prescribed propor-
tion of preservative to sample are described in Vollen-
weider (1974). Algal samples collected in 1984 were
examined to determine the algal species and their
abundance. Algal samples collected during 1985 to
1987 also were examined to determine the biovolume
represented by each species in addition to their
abundance. Identification, enumeration, and
biovolume determination of the algal species were
done by Richard Dufford, Ft. Collins, Colorado, using
standard inverted microscopic techniques.

Some of the water collected from the wetlands
also was used to determine species identification and
enumerate invertebrates found in the water column of
the wetlands. For invertebrate samples, the total
volume of water collected from a transect was
measured using a 1-L graduated cylinder and then
poured through an 80-m mesh Wisconsin plankton
bucket. The total volume of water represented by the
sample was recorded; usually this volume was
between 2 and 6 L. The contents of the plankton
bucket then were placed into a 250-mL high-density
polyethylene bottle. Prior to preservation with 10 mL
of 40-percent formalin, the organisms in the bottle
were narcotized with soda water. Preserved samples
were sent to Dr. William Taylor, Michigan State
University, for analysis.
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Water collected from the wetlands also was
analyzed for physical properties and chemical
inorganic constituents. The samples were analyzed for
specific conductance, pH, and dissolved calcium,
magnesium, sodium, potassium, sulfate, chloride,
orthophosphate phosphorus, nitrate plus nitrite
nitrogen, iron, manganese, and silica. Total alkalinity,
kjeldahl nitrogen, and phosphorus concentrations also
were determined. Details of the sample processing
and analytical techniques used are described in
LaBaugh and Swanson (1992).

SPECIFIC CONDUCTANCE AND
CHEMICAL CHARACTERISTICS
OF WETLAND WATER

Chemical characteristics of the water in the
wetlands were not uniform, and specific conductance
varied among the wetlands (fig. 32). The variation in
specific conductance during the period when the
wetlands were ice free, usually from April through
October, reflected differences in the hydrologic
functions of the wetlands. Water in Wetland T8,
which is in an area of recharge to ground water and
receives little, if any, ground water discharge, had
smaller specific-conductance values than water in the
remaining selected wetlands (Note that the range in
specific-conductance values for Wetland T8 for 1984
to 1987 is small enough that the size of the symbols
used to indicate values outside of the 10th and 90th
percentiles in figure 32 mask the median and percen-
tile symbols). The remaining selected wetlands
received some ground-water discharge and water in
those wetlands had larger specific-conductance values
than water in Wetland T8. Among the wetlands
receiving ground-water discharge, Wetland P8 had the
smallest specific-conductance values, reflecting the
fact that the wetland had an intermittent outlet by
which water and solutes could be removed. Wetlands
P1 and P11 did not have outlets during 1984 to 1987
and Wetland T3 spilled to Wetland P1 only occasion-
ally in spring. In addition, ground water in part of the
basin of Wetland P8 contained fewer solutes (specific
conductance was less than 600 uS cm™!) than typically
found in ground water in the other wetland basins.
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Figure 32. Summary of specific-conductance data for five
wetlands for 1984 to 1987.

The specific conductance of water in each
wetland also varied over time. An example of the
seasonal changes in specific conductance for a
semipermanent wetland is illustrated by data for
Wetland P1 for 1984 to 1987 (fig. 33). Commonly,
specific-conductance values were smallest in spring
after ice melt and increased through the summer and
into the fall as water levels declined. However, the
general pattern of increased specific conductance from
the spring to the fall was interrupted by episodes of
decreased specific conductance as a result of dilution
by rainfall. Specific-conductance values for each of
the three transects in Wetland P1 are shown in figure
33. Each point in the figure represents the value for
one transect. Therefore, three points are shown for
each date. In most cases, values for each of the three
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transects are quite similar and many points overlie one
another. However, as indicated in the figure, large
differences exist among the values for October 1986.
The seasonal changes in specific conductance for the
seasonal wetlands were similar to those for the
semipermanent wetlands; commonly, specific-
conductance values were the smallest in spring after
ice melt and largest in the summer prior to the
complete loss of all standing water.
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Figure 33. Specific conductance of water in Wetland P1 for
the months when the wetland was ice free during 1984 to 1987.
Gaps between lines are periods when the wetlands were ice
covered. Lines connect median values. Points represent data
from each of the three transects from which water samples
were collected for chemical analysis. Many points overlie one
another for individual dates.

Specific conductance of water in the wetlands
varied from year to year in both the seasonal changes
and the range of values. While the seasonal changes
were related to episodic rainfall punctuating declines
in wetland water levels, annual changes in the range of
values was related to periods of generally wetter or
drier conditions. A period of decreased rainfall in
1988 resulted in relatively larger specific-conductance
values for Wetland P1 than those observed in the
preceding years (fig. 34A). Between 1988 and 1992,
wetland water levels declined to the point where, in
each year, the wetland was dry in late summer; this
condition previously was observed in 1976. A deluge
in July 1993, followed by years in which more of the
annual input of water from the atmosphere occurred
during October to April than in earlier years, resulted
in increased water levels and relatively smaller
maximum specific-conductance values than those
observed since 1979 when detailed hydrological
studies began in the Cottonwood Lake area.
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Figure 34. Specific conductance of water in semipermanent
Wetlands P1 (A), P8 (B), and P11 (C), for the months when
the wetlands were ice free during 1979 to 1998. Gaps between
lines are periods when the wetlands were ice covered.

All semipermanent wetlands in the Cottonwood
Lake area did not respond uniformly to wetter or drier
conditions, although the wetlands are in close
proximity. Specific conductance of the water in
Wetland P8 continued to increase in succeeding years
of the declining water levels from 1988 through 1992,
whereas specific conductance of the water in Wetlands
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P1 and P11 did not increase in succeeding years during
that period (fig. 34). During the latter part of the
relatively drier years between 1988 and 1992, the
relation between Wetland P1 and ground water
changed. At times, the ground-water levels adjacent
to the wetland were lower than the wetland water
levels so that the direction of flow was from the
wetland to the ground-water system rather than from
the ground-water system to the wetland. This change
in the direction of flow provided a means for removing
water and solutes from Wetland P1 that did not occur
for Wetland P8 during the same time period. In the
case of Wetland P11, the smaller specific-conductance
values in 1991 and 1992 were related to the fact that
when Wetland P11 became dry in 1990 and 1991, salts
in the wetland were removed by wind action
(deflation) in the fall and winter. When the wetland
refilled with water in the springs of 1991 and 1992,
fewer salts were present to dissolve so specific-
conductance values were less than in the previous
years of relatively dry conditions. While the focus in
this chapter is on the chemical and biological data for
1984 to 1987, placing these years within the context of
a 20-year period as shown in figure 34 points out the
importance of recognizing that characteristics of the
wetlands can be quite variable both spatially and
temporally because of the relation between the
wetlands and ground water and because of the
response of the wetlands to changes in rainfall.

Water in the wetlands typically was alkaline
although in wetlands P8, T3, and T8 circumneutral
values were recorded between 1984 and 1987. The pH
values were larger for the semipermanent wetlands

than for the seasonal wetlands (table 1, fig. 35). The
smaller pH values for the seasonal wetlands may be
due to the large amounts of rain and snow inputs
relative to ground-water inputs, decomposition of
organic matter, or organic acids. The pH values for the
semipermanent wetlands commonly were smallest in
the spring after ice melt, increased during midsummer,
and decreased in the fall. The pH values for each of
the three transects in Wetland P11 are shown in figure
36. The differences between the data points, which
represent the pH values measured on a specific day at
each of the three transects, indicate pH was not
uniform within the wetland on a given date of sample
collection.

The wetlands differed not only in specific
conductance and pH but also in the relative abundance
of dissolved major ions (table 1). The most abundant
cations were calcium or potassium in Wetland T8,
calcium or magnesium in Wetland T3, magnesium in
Wetlands P1 and P8, and sodium in Wetland P11. The
most abundant anions were sulfate in Wetlands T3, P1,
and P11, bicarbonate or sulfate in Wetland P8, and
bicarbonate in Wetland T8 (most of the alkalinity
reported in table 1 is due to the bicarbonate anion).
The seasonal changes in concentration commonly
were similar to the seasonal changes in specific
conductance, particularly for the most abundant cation
and anion. The major-ion composition generally
reflected the influence of ground-water input. For
example, those wetlands receiving some ground-water
discharge had an increased abundance of magnesium,
sodium, and sulfate.

Table 1. Summary of pH and major ion data for five wetlands of the Cottonwood Lake area. Values presented are medians for 1984 to

1987.
Wetland Number of Median pH Median concentration
samples (standard units) (milliequivalents per liter)

Calcium Magnesium Sodium Potassium Alkalinity Sulfate Chloride
P1 78 8.2 5.99 18.5 5.65 1.35 6.45 25.0 0.380
P8 78 8.1 2.77 6.00 2.04 0.715 7.41 2.81 0.479
P11 78 8.7 224 304 435 2.56 104 64.5 6.21
T8 27 7.0 0.349 0.312 0.017 0.460 0.979 0.333 0.053
T3 36 7.7 8.48 9.05 1.70 0.511 5.710 14.0 0.128

1 At the pH values present in the wetlands, most of the alkalinity was due to the bicarbonate ion.
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Figure 35. Summary of pH data for five wetlands for 1984 to
1987.

The relation of the chemical characteristics of
the water in the wetlands also was examined by use of
a modified Schoeller diagram (fig. 37). Values shown
in figure 37A are for May 1986 for Wetland T8, June
1986 for Wetland T3, and August 1986 for the
remaining wetlands. The May and June data for the
seasonal wetlands were the last data obtained before
the wetlands either went dry or became too shallow for
the collection of a sufficient amount of water for
chemical analysis. The differences in the concentra-
tions for Wetland T8 and the concentrations for the
remaining wetlands reflect the fact that the wetlands
having larger concentrations than Wetland T8 received
some ground-water discharge. As concentrations
increase along ground-water flow paths, magnesium

exceeds calcium as saturation levels are reached for
calcium and bicarbonate minerals. Along flow paths
where ground water is in contact with the till for some
time, ion exchange can take place, making it possible
for sodium concentrations to exceed magnesium
concentrations. Weathering of sulfate minerals at the
same time that saturation levels for bicarbonate
minerals are reached results in sulfate concentrations
exceeding bicarbonate concentrations. Thus, the
concentrations of those major ions are larger for
wetlands receiving some ground-water discharge than
for Wetland T8, and the relative abundance of those
major ions also reflects where the wetlands lie in
relation to the ground-water flow systems.
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Figure 36. pH of water in Wetland P11 for the months when
the wetland was ice free during 1984 to 1987. Gaps between
lines are periods when the wetlands were ice covered. Lines
connect median values. Points represent data from each of the
three transects from which water samples were collected for
chemical analysis. Some points overlie one another for
individual dates.

To relate the chemical characteristics of water in
the wetlands to the chemical characteristics of the
ground water, samples were collected from four
ground-water wells (wells 4, 12, 13, and 16) prior to
1983. Those wells were thought to represent different
parts of the ground-water flow system within the
Cottonwood Lake area. Between 1983 and 1987,
additional samples were collected from wells 2, 3, 4,
7,8,10, 11, 13, 14,15, 17, 18, 19, 20, 21, 22, 23, 25,
26, 27,28, and 29, to determine the spatial variability
of the chemical characteristics of the ground water in
the vicinity of the wetlands. (See fig. 3 for the
locations of the wells.) A summary of the ground-
water chemical characteristics determined for 1984 to
1987, and specific data for selected wells, is presented
in table 2. Ground water in the vicinity of the
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wetlands differed in the relative abundance of major
ions. Calcium was the most abundant cation and
bicarbonate was the most abundant anion in ground
water having small major-ion concentrations and
specific-conductance values of less than 900 ptS'cm‘1
(wells 2, 3,7, 8, 10, 11, and 27). Data for well 11
(table 2, fig. 37B), a representative of that type of
ground water, are characteristic of ground water in
areas of ground-water recharge. Calcium was the
most abundant cation and sulfate was the most
abundant anion in ground water having large major-
ion concentrations and specific-conductance values
between 1,000 puS.cm™! and 4,500 pSem™! (Wells 4,
14, 15, 16, 22, 28, and 29). Data for well 16 (table 2,
fig. 37B), a representative of that type of ground water,
are characteristic of ground water between areas of
ground-water recharge and areas of ground-water
discharge to the wetlands. Magnesium was the most
abundant cation and sulfate was the most abundant
anion in ground water having specific-conductance
values between 4,500 pS'cm! and 16,200 pS-cm ™!
(wells 13, 17, 18, 19, 20, 21, 23, and 25). Data for
well 17 (table 2, fig. 37B), a representative of that type
of ground water, are characteristic of ground water in
areas of ground-water discharge to the wetlands.

The relation of the chemical characteristics of
the ground water to the chemical characteristics of the
water in the wetlands also is evident from examination
of figure 37. Wetland T8 recharges ground water and,
therefore, water in that wetland is unlike ground water
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in the relative abundance and concentration of major
cations. Wetlands T3, P1, P8, and P11 receive ground-
water discharge and, therefore, water in those wetlands
is similar to ground water in the concentration of
major cations. The relative abundance of major ions
in water in Wetlands T3, P1, and P8 is similar to the
relative abundance of major ions in the different parts
of the ground-water flow system represented by wells
11, 16, and 17. Ground-water samples were not
collected in the vicinity of Wetland P11 because no
wells were installed in that area. However, Wetland
P11 contained water in which sodium was the most
abundant cation, something not observed in the ground
water collected elsewhere in the study area. Ion
exchange in the ground water is a likely mechanism
that could explain the major ion relations in Wetland
P11.

In contrast to the major-ion concentrations, total
phosphorus concentrations were larger for the seasonal
wetlands than for the semipermanent wetlands
(fig. 38). Vegetation in the shallow-marsh zones of the
seasonal wetlands, and leaching from standing dead
plants in those zones, likely provided sources of
phosphorus not always present in the open-water
zones of the semipermanent wetlands. Large
orthophosphate phosphorus concentrations usually
occurred in the water in seasonal Wetland T8 (fig. 39).
Phosphorus in the water in each wetland varied
seasonally, but no distinct seasonal pattern was
evident.

Table 2. Summary statistics of pH and major-ion data for 21 ground-water wells and specific data for selected wells in the Cottonwood
Lake area. Values presented for summary statistics are for 1984 to 1987 and represent a total of 36 water samples.

pH Concentration
(standard units) (milliequivalents per liter)

Calcium  Magnesium Sodium Potassium  Alkalinity Sulfate Chloride
Median 7.3 16.9 16.0 4.35 0.383 7.79 41.6 0.224
Maximum 7.9 28.9 263 78.3 1.25 12.4 333 8.74
Minimum 6.9 3.04 1.56 0.11 0.025 4.95 0.158 0.019

Specific data for selected wells

Well 112 7.8 3.04 1.56 1.26 0.194 5.05 0.158 0.070
Well 162 7.0 26.4 16.4 5.65 0.588 5.33 43.7 0.705
Well 17° 7.1 17.9 263 78.3 0.869 11.7 333 8.741

2 Date of sample collection was August 26, 1986.
b Date of sample collection was August 20, 1985,
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Figure 37. Modified Schoeller diagram of the abundance
of major ions in water within five wetlands (A) and selected
ground-water wells (B).

Total nitrogen concentrations were similar for
all wetlands (fig. 40), and total nitrogen commonly
varied more spatially in water in a wetland than
temporally over a season. Dissolved inorganic
nitrogen was usually a small fraction of the nitrogen
content of water in the wetlands. Most of the
dissolved inorganic nitrogen in the water was
ammonia. Nitrate and nitrite typically were below
detection levels, particularly in the water in Wetlands
T3 and T8. The differences in ammonia and nitrate
plus nitrite indicated nitrification probably was
inhibited in the wetlands.

Chlorophyll a concentrations varied from less
than 1 pug/L for all five wetlands to as much as 380
png/L for Wetland T3 (fig. 41). No seasonal pattern in
chlorophyll a was evident for the seasonal wetlands.
For the semipermanent wetlands, chlorophyll a
concentrations declined in the spring after ice melt,
usually remained small through midsummer, and

increased in September or October. Data for Wetland
P11 provide an example of this seasonal pattern

(fig. 42). Large chlorophyll a concentrations for the
semipermanent wetlands usually coincided with
periods when migrating waterfow] were present.
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Figure 38. Summary of total phosphorus data for five
wetlands for 1984 to 1987.

The collection of water samples from three
transects within each wetland provided the
information needed to determine the variability of the
chemical constituents in the water in each wetland.
One measure of this variability was the coefficient of
variation, which was determined by dividing the
standard deviation by the sample mean. Data from the
transects enabled calculation of the coefficient of
variation for each date on which the samples were
collected during 1984 to 1987; these data are
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summarized in table 3. The coefficients of variation
for dissolved iron and manganese were generally
larger than those for major ions, perhaps reflecting
variation in oxidizing and reducing conditions brought
about by mixing or resuspension of sediments along
the different transects during the time of sample
collection. Generally, the coefficients of variation for
phosphorus and nitrogen also were larger than those
for major ions. This indicates chemicals such as
phosphorus and nitrogen, which are more directly
affected by uptake or loss from the biota, varied more
spatially in the water in a wetland on any date of
sample collection than did major ions. The
coefficients of variation for chlorophyll a also were
larger than those for major ions.
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Figure 39, Summary of orthophosphate phosphorus data for
five wetlands for 1984 to 1987.
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Figure 40. Summary of total nitrogen data for five wetlands

for 1984 to 1987.
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Figure 41. Summary of chiorophyll a data for five wetlands
for 1984 to 1987.
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Figure 42. Chlorophyll a concentrations for Wetland P11 for
the months when the wetland was ice free during 1984 to 1987.
Gaps between lines are periods when the wetlands were ice
covered. Lines connect median values. Points represent data
from each of the three transects from which water samples were
collected for chemical analysis. Some points overlie one
another for individual dates.

BIOLOGICAL CHARACTERISTICS
OF WETLANDS

Numerous algal species were found in the water
in the wetlands during 1984 to 1987. Some informa-
tion on the algal species is presented in LaBaugh and
Swanson (1988). A large variety of algae were present
in the water because the size and depth of the wetlands
enabled mixing of communities from open-water
areas, sediments, and vegetation zones. Biovolume
data obtained for 1985 to 1987 provided information
on the relative abundance of major taxa within each
wetland. The taxa that were the most abundant
differed among the wetlands (fig. 43). Cryptophytes
and diatoms commonly were the most abundant taxa
for Wetlands P1 and P8, and diatoms and chlorophytes
usually were the most abundant taxa for Wetland P11.
Chrysophytes were relatively more abundant in the
seasonal wetlands than in the semipermanent
wetlands. Chlorophytes dominated the algal
community of Wetland T8, but no taxon was distinctly
the major part of the community of Wetland T3.

The composition of the algal community of each
wetland varied over time. Biovolume data for
Wetland P1 for 1986 show the seasonal changes in the
relative abundance of different taxa in the algal
community of the open-water zone along each of three
transects in the wetland (fig. 44). Note that the June
peak in diatoms in samples collected along transects A
and C was not present in the sample collected along
transect E. Also, the August peak in diatoms in
samples collected along transects C and E was not
present in the sample collected along transect A.
Thus, because of the spatial variation within the
wetland, more than one sample from a single point in
the wetland was needed to characterize the seasonal
changes in the communities. Algal community data
from all of the wetlands also indicate differences in the
composition of the algal community in different parts
of each wetland--in the open-water zones of the
semipermanent wetlands and in the shallow-marsh
zones of the seasonal wetlands.
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Table 3. Median value of the coefficient of variation for each date on which water samples were collected for chemical characteristics of

five wetlands in the Cottonwood Lake area, 1984-87.

Wetland
Chemical Characteristic P1 P8 P11 T3 T8
Median value of the coefficient of variation

Calcium 35 1.9 5.0 6.9 14
Magnesium 1.9 1.2 1.7 8.9 10
Sodium 2.0 1.2 1.9 8.9 34
Potassium 2.8 21 33 6.4 5.8
Alkalinity 0.8 0.5 1.3 57 8.3
Sulfate 2.4 3.5 3.1 9.9 4.9
Chloride 49 34 3.7 12 9.2
Silica 5.6 6.6 27 6.1 55
Total nitrogen 64 10 7.6 5.1 6.2
Nitrate plus nitrite nitrogen 50 40 32 28 27
Ammonia 18 15 16 8.2 37
Ortho phosphorus 44 12 38 64 12
Total phosphorus 17 15 20 27 8.9
Iron 15 18 12 19 19
Manganese 26 24 40 45 45
Chlorophyll a 38 30 46 40 42

The microinvertebrate communities of the
wetlands included some species that were common to
all five wetlands and some that were unique to
individual wetlands (table 4). The main difference
among the wetlands was the fact that no calanoid
copepods (Diaptomus species in table 4), organisms
often associated with open-water zones, were found in
the seasonal wetlands. The total number of microin-
vertebrates was larger for the seasonal wetlands than
for the semipermanent wetlands (fig. 45), but no
distinct seasonal trend was evident for the seasonal
wetlands. However, in 1987, one of the few years in
which the seasonal wetlands contained water into
midsummer, the number of microinvertebrates in
Wetland T8 increased from the spring until the
wetland became dry in August (fig. 46). The amount
of algae also increased from the spring to the summer
that year and chlorophyll a concentrations exceeded
100 g/L, coincident with the maximum abundance of
microinvertebrates.

Copepods commonly were the most abundant
organisms in the microinvertebrate communities of the
wetlands. Data for Wetland P1 for 1986 show the
seasonal changes in the relative abundance of
copepods in the microinvertebrate community of that
wetland (fig. 47). The relative importance of the
copepods was due mainly to the relatively large
number of juvenile copepods in the samples. Rotifers

commonly constituted the smallest percentage of the
microinvertebrate community of the wetlands.
Because of the spatial variation in the distribution of
organisms within the wetlands, more than one sample
was needed to characterize the community of each
wetland.

Other microinvertebrate and macroinvertebrate
organisms also were found in samples collected along
each transect. Ostracods (seed shrimps), which are
crustaceans like the cladocerans and copepods, often
were found but were not identified further. Hydraca-
rina (water mites) were infrequent members of the
invertebrate community of the wetland water column.
Larvae of flies, such as midges, phantom midges, and
mosquitoes, were occasionally caught in the process of
sample collection. Other taxa, including representa-
tives of Trichoptera (caddisflies), Gastropoda (snails),
Ephemeroptera (mayflies), and Hemiptera (bugs),
were infrequently captured, but were not identified to
the species level.
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