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MATERIAL FLUXES ACROSS WETLAND ECOTONES IN
NORTHERN LANDSCAPES!

CAROL A. JOHNSTON
Natural Resources Research Institute, University of Minnesota, Duluth, Minnesota 55811 USA

Abstract. The spatial and temporal distribution of sediment, nutrients, and cations in
a 2-ha wetland near Shawano, Wisconsin (USA) was used to evaluate the effect of wetland
ecotones on water- and windborne fluxes at ecosystem and landscape scales. Within the
wetland ecosystem the ecotones studied were beach ridges deposited by post-glacial White
Clay Lake, and stream levees deposited by a second-order stream flowing through the
wetland. Snow, soil, and surface water data collected from a 52-point sampling grid were
geostatistically analyzed to derive contour plots of within-wetland concentrations. Wind-
blown snow from the frozen lake surface accumulated in the wetland behind a low beach
ridge to a depth of > 65 cm, nearly 7 times the depth at wind-protected areas of the wetland.
As a result of this snow accumulation, areas to the lee of the beach ridge annually received
10% more water and 1.5% more inorganic N from direct precipitation than did other areas
of the watershed. The use of geostatistical plots to analyze wetland surface waters revealed
that: (1) within-wetland spatial variability was high on every sampling date except early
snowmelt; (2) on a given sampling date, concentration patterns differed for different ele-
ments, sometimes substantially; (3) with the exception of NO;-N, the spatial patterns for
a given material changed considerably over time; and (4) many of these spatial patterns
were interpretable on the basis of observed water flow patterns and wetland ecology. In
general, there was a decrease in the concentrations of inorganic solids and most ions, and
an increase in Ca*+ and chemical oxygen demand with distance from the stream. Overbank
fluxes contributed P to the wetland during spring and fall floods, but diluted ambient P
concentrations during snowmelt events. During snow-free periods there was a sharp gradient
in NO;-N concentrations from a streamside value of =5 mg/L to <0.4 mg/L in wetland
areas >45 m from the stream. Measurement of the concentration gradient perpendicular
to the stream indicated NO,-N disappearance rates of 6.6 g/100 m of distance during the
spring flood. Soil concentrations of mineral matter and P were highest in areas of the
wetland closest to the stream; soil concentrations of ammonium and nitrate were spatially
disaggregated, and related to levee elevation. At the watershed scale the wetland retained
and/or denitrified 15.2% of the total solids, 13.7% of the N, and 14.2% of the P fluxes from

the watershed, thus benefitting the water quality of White Clay Lake.
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INTRODUCTION

The effect of ecotones on fluxes of water, nutrients,
and materials has been central to the changing ecolog-
ical approach to ecotone study (Risser 1990). While
ecotones have traditionally been viewed as a change
over space in the structure of adjacent vegetation com-
munities or biomes, ecotones can also play an active
role in mediating fluxes that affect processes in the
systems they separate. While these fluxes may not be
important at the scale of biomes, they can be crucial
to ecosystem and landscape dynamics.

Fluxes of energy and materials across ecotones can
be increased by vectors that move materials or energy
in the system (Wiens et al. 1985). Vectors such as wind
and moving water can increase the permeability of an
ecotone by actively transporting materials across it. By
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altering the distribution of materials, these vectors can
cause directional imbalances that ultimately feed back
and alter boundary locations.

Ecotones can alter material flux rates by affecting the
kinetic energy of a vector. For waterborne fluxes, this
can be predicted by Manning’s equation as:

1
V= ;RZBSI/Z’ (1)

where V' = average velocity, in metres per second; (m/s),
R = hydraulic radius in metres (cross-sectional area
divided by wetted perimeter); s = channel slope, di-
mensionless; and n = roughness coefficient, in metres
to the ', power (m'¢) (Chow 1964). Velocity will de-
crease with a decrease in hydraulic radius, a decrease
in stream gradient, or an increase in the roughness
coeflicient. A decrease in water velocity generally re-
sults in the deposition of entrained sediment, since the
ability of flowing water to transport sediment is a func-
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tion of its velocity and the size of particles being trans-
ported (Hjulstrom 1939).

Substances dissolved in water do not settle out like
larger waterborne particles, so changes in vector ve-
locity have little effect on their concentrations. How-
ever, ecotones can affect their distribution in the land-
scape by altering pathways and rates of water flux.
Furthermore, chemical and biological processes that
occur at ecotones can affect concentrations of dissolved
and suspended substances. For example, the changes
in salinity that occur when fresh water meets brackish
water in estuaries can promote flocculation of sus-
pended clay particles by collapsing the electrical double
layer that surrounds them (Boto and Patrick 1978).
Flocculation of dissolved high-molecular-mass humic
acids has also been observed in areas of estuarine mix-
ing (Sholkovitz et al. 1978).

Wind is another abiotic vector that affects particle
fluxes across ecotones. The power of wind to move
large amounts of material over long distances caused
the deposition of thick layers of loess over much of
central North America during post-glacial times, and
within more recent memory caused the Dust Bowl.
Humans have long understood the influence of eco-
tones on windborne fluxes, and have planted wind-
breaks in order to minimize soil losses from wind ero-
sion (Van Eimern et al. 1964, Hewes and Jung 1981).

Wetland ecotones have an important influence on
wind- and waterborne fluxes at both landscape and
ecosystem levels (Adomaitis et al. 1967, Holland et al.
1990, Pieczyniska 1990, Pinay et al. 1990). At the land-
scape level, wetlands are themselves ecotones between
aquatic and terrestrial systems. Their position in land-
scape depressions makes them the receptors of water-
borne materials from upslope, often to the benefit of
downstream water quality (Chan et al. 1982, Nichols
1983, Nixon and Lee 1986). When flowing water cross-
es from an upland into an wetland, there is a decrease
in topographic slope, a decrease in hydraulic radius as
water spreads out into wider or multiple channels, and
an increase in roughness caused by aquatic vegetation
in the flow path, all of which act to decrease water
velocity (Eq. 1) and promote sedimentation. Other
physical (sorption by litter and soil) and biotic (plant
uptake, microbial transformations) processes in wet-
lands also promote nutrient retention (Mitsch and Gos-
selink 1986). The cumulative effect of these processes
on water quality is highly variable, however. Studies
in which nutrient outputs are subtracted from inputs
to determine the net effect of wetlands on water quality
have reported retention in natural wetlands ranging
from 14 to 100% of nitrogen inputs, and 4 to 80% of
phosphorus inputs (Johnston 1991).

At the ecosystem level ecotones that occur within
wetlands have been demonstrated to influence species
distribution (Fredrickson 1979, Hupp and Osterkamp
1985), biomass (DeLaune et al. 1979), productivity
(Conner and Day 1976, Dahm et al. 1987) and sedi-
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mentation rates (DeLaune et al. 1978, Mitsch et al.
1979, Baumann et al. 1984, Johnston et al. 1984q,
Kadlec and Robbins 1984), but the influence of wet-
land ecotones on processes that affect water quality
have largely been ignored. Previous work by the author
(Johnston et al. 19844, b) has demonstrated the im-
portance of fluvial ecotones within a wetland (natural
levees) to sediment and nutrient retention, but like
other studies evaluated these ecotones as one-dimen-
sional features, correlating soil nutrient concentrations
with distance from the stream. Streams are inherently
two-dimensional in flat terrain, meandering back and
forth across the floodplain and forming multiple chan-
nels, but quantitative techniques were lacking for their
evaluation in two dimensions.

The development of geostatistics and its recent ap-
plication to ecological research (Robertson 1987, Rossi
etal. 1992) provides researchers with an analytical tool
for evaluating ecotones spatially. Traditional statistical
techniques ignore the effects of spatial autocorrelation:
samples collected close to one another are often more
similar to one another than are samples collected far-
ther away. Geostatistics provides a means of quanti-
fying the effect of location on sample variability. It
employs a regression method (kriging) that assumes
that the spatial variation of any variable can be ex-
pressed as the sum of three major components: (a) a
structural component, associated with a constant mean
value or trend; (b) a random, spatially correlated com-
ponent; and (c) a random noise or residual error term
(Matheron 1971). Semi-variograms, plots of semivar-
iance vs. the spacing between sample points, are used
to construct models that define the degree of autocor-
relation among the measured data points, and the mod-
els are used to interpolate values between measured
points (Cressie 1991).

The purpose of this paper is to evaluate the effect of
wetland ecotones on water- and windborne fluxes at
both ecosystem (ecotones within a wetland) and land-
scape (a wetland within a watershed) scales. At the
ecosystem level geostatistically derived maps of the
distribution of nutrients and mineral matter in water,
snow, and soil within a wetland are used to evaluate
the influence of ecotones (beach ridges, natural levees)
on wind- and waterborne fluxes of sediment and nu-
trients. At the landscape scale the cumulative effect of
this sediment and nutrient retention is used to calculate
the net effect of the wetland on surface water fluxes
from the watershed to the wetland.

METHODS
Study site

White Clay Lake, a 95-ha lake named for its marl
bottom, is located in a dairy-farming region 60 km
northeast of Green Bay, Wisconsin. The lake receives
surface water runoff from its 1215-ha watershed, the
majority of which drains to an unnamed, second-order



