WETLANDS, Vol 19, No 2, June 1999, pp 458-472
© 1999, The Society of Wetland Scientists

[2V e

CHARACTERIZING HYDROLOGY AND THE IMPORTANCE OF
GROUND-WATER DISCHARGE IN NATURAL
AND CONSTRUCTED WETLANDS

Randall J. Hunt, John E Walker, and David P. Krabbenhoft
US Geological Survey—Water Resources Division
8505 Research Way
Middleton, Wisconsin, USA 53562
i @usgs.gov

Abstract:  Although considered the most important component for the estabhishment and persistence of
wetlands, hydrology has been hard to characterize and linkages between hydrology and other environmental
conditions are often poorly understood. In this work, methods for characterizing a wetland’s hydrology from
hydiographs were developed, and the importance of ground water to the physical and geochemical condrtions
mn the root zone was investigated Detailed sampling of nearly contiuous hydrographs showed that sites
with greater ground-water discharge had higher water tables and more stable hydrographs. Subsampling of
the continuous hydrograph failed to characterize the sites correctly, even though the wetland complex 1s
located 1n a strong regtonal ground-water-discharge area By comparing soil-moisture-potential measurements
to the water-table hydrograph at one site, we noted that the amount of root-zone saturation was not necessarly
drven by the water-table hydrogiaph but can be a result of other soil parameters (1 e, soil texture and
assoctated capillary fringe). Ground-water discharge was not a significant determinant of maximum or av-
erage temperatures in the root zone High ground-water discharge was associated with earliest date of thaw
and shortest period of tume that the root zone was frozen, however Finally, the direction and magnitude of
shallow ground-water flow was found to affect the migration and unportance of a geochemical species. Areas
of higher ground-water discharge had less downward penetration of CO, generated 1n the root zone In
contrast, brotically derived CO, was able to penetrate the deeper ground-water system n areas of ground-
water recharge Although ground-water flows are difficult to characterize, understanding these components

1s critical to the success of wetland restoration and creation efforts
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INTRODUCTION

Wetland hydrology is widely recognized as the pri-
mary influence on wetland ecology, development, and
petsistence (Carter 1986, Erwin 1989, Mitsch and
Gosselink 1993) and is essential to understanding and
quantifying wetland functions and processes (e.g,
Good et al. 1978, Greeson et al. 1979, Ivanov 1981).
Hydrology has been linked to specific wetland type
(e g, calcaieous fens) and forms the basis of a recent
wetland classification methodology (Rrison 1993),
However, the linkages between water-budget compo-
nents and their importance to the physical and chem-
ical environment of the wetland root zone are not well
known, due in large part to poor understanding of how
ground water flows mto and out of wetlands.

Ground-water flow has been Mown to be a signifi-
cant deterrenat ton T e pay..al and chemical envi-
ronment of other aquatic systems (e.g, Iurley et al.
1985, Anderson and Bowser 1986). The amount of
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sons carried by ground water is typically much higher
than surface water and can have a profound influence
on the pH and nutrient status of the wetland (e.g , Hunt
et al. 1997) In addition, water-level fluctuations as-
sociated with ground-water systems are geneially
smaller than surface-water or precipitation-dominated
systems (Novitzki 1982, Zimmerman 1987). A few re-
cent studies have characterized ciound water and its
telation to wetland plant communities and function
(e g, Ray Benayas 1990, Ashworth 1997, Cole et al.
1997), bttt o wadely recooraod that mere work 18
needed (e g, Carter 1996).

Ground-water systems are difficult to characterze,
thus, ground water 1s generatly considered the most
difficult component of the wetlind water budset to
quantify (Caiter 1986, LaBaugh 1986, Mitsch and
Gosselink 1993). Previous work on ground water in
wetlands has often relied on methods used in aquifer-
scale studies, such as widely spiced somple intervals
and traditional aquifer tests (e g., slug tests). The us€
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of these traditional methods has had Iimited success in
clucidating the effect of ground water on the wetland
physical and chemucal hydrology. Recently, non-tra-
dinonal mvestigations of wetlands have shown sub-
stantial complexity within a given wetland’s hydrolog-
1c system. Harvey and Nuttle (1995) showed that mac-
1opores can significantly affect water and solute fluxes.
Hunt et al. (1996) quantified ground-water discharge
in an adjacent natural and constructed wetland system
and found that ground-water-flow magnitude and di-
tection varied spatially, even though the wetland com-
plox was located 1 a regronat ground-water-dischaige
area. Moreover, although ground-water fluctuations are
considered to be less variable than other systems, spa-
ttal (e g, Hite and Cheng 1996, Hunt et al. 1997) and
transtent (e.g, Siegel et al. 1998) considerations can
have a maiked effect on the wetland porewaters. While
problems assoctated with 1gaoring the ground-water
term are well known (e g., Winter 1981), wetland hy-
diologtsts have had difficulty developing methods to
characterize ground-water data, as well as demonstrat-
ing that ground-water flow is important to physical and
chemical conditions that occur in the root zone. Thus,
1t 15 not surprising that many relationships between
wetland plant communities and hydrology are not well
understood.

This paper addresses two primary topics: 1) how
hydiograph data can be used to characterize a wet-
land’s hydrology and 2) the cffect ground-wuter flow
has on the environmental conditions experienced by a
plant 1n that wetland. To address the first wssue, we
exanune how a wetland’s hydrology can be character-
1zed using commonly collected water-table data and
then formulate representative statistics that encompass
the maonitude of fluctiation ard dormtan of (o0t acae
inundatuon. Secondly, we tie this information to factors
impertant to the wetland plant community by dem-
onstrating that ground-water flow has profound effects
on the physical and chemical environment of the root
sone. While detailed discussion of the response of wet-
land vegetation to these changes in environment is be-
yond the scepe of this paper, the woik repoited here
elucidates some of the factors that connect hydrology
to wetland plant establishment and persistence. More-
over, tt shows scientific basis for the statement that

byvd olory is probubly the sincle oo trertant de-
tetmimant of the establishment 1nd mamienance of
<pectfic types of wetlands and wetland processes’™
i7Mitsch and Gosselink 1993) This work 1s umque 1n
tht it foctr o on a gradient of ground-water-di-charge
regunes i one site area that mctudes both an adjacent
natutal and constructed wetland system Dor clanty,
ground-water dischirge 15 et had e oo alow f1on
the gre 1 o1~ stem /o the wetland roet cone. In
contrast, ground-water recharge 1s defined hete as flow
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Figure 1  Schematic site map showing the locations of the
two strumented sites in the natural wetland (W1 and W2)
encompassing the two vegetation types and two sites 1n the
constructed wetland (F1 and F2) located in areas of on-site
and off-site salvaged marsh surface (SMS) application.

to the ground-water system from the wetland root
zone.

SITE DESCRIPTION

The Wilton wetland complex 1s located along the
Kickapoo River in Monroe County, in the unglaciated
region of southwestern Wisconsin, USA (Figure 1).
Hughes et al. (1981) describe the Kickapoo River ba-
wm as hav g steep <lopes (30 to 40 percent), rounded
ridges, and steep nartow valleys Geology of the site
consists of thin (< 5 m) fluvial/lacustrine sediments in
the river bottoms; these sediments were derived from
the Cambrian and Ordovician bedrock and overlie
sandstone bedrock of Cambrian age. Adjacent bluffs
are comprised of Ca~ bran sandstone capped by Or-
Natural wetlands within the
floodplain have thin accumulations of peat (ranging
from 0.1 to 1 m) overlying fluvial deposits. The peat

dovity
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contains varying amounts of silt, influenced by agri-
cultural practices in the adjacent highlands.

The natural wetlands consist of one hectare of nat-
ural shrub-carr/sedge meadow dominated by Carev
spp. (predominantly Carex tricocarpa Muhl. and Car-
ex stricta Lam.) and Alnus rugosa (Du Roi) Spreng,
and 7.5 hectares of ripartan wetland dominated by Al-
nus rugosa, Ulmus americana L., and Fraxinus nigra
Marsh. During the summer of 1991, 3.8 hectares of an
adjoining upland aguicultural field were excavated as
part of a project to miutigate wetland loss associated
with an adjacent road project (Figure 1). The field was
excavated to depths of two meters based on pre-con-
struction water levels from 72 wells 1n the field and n
the natural wetland. Salvaged marsh surface (SMS)
from the destroyed wetland (0.4 hectare) was applied
over the constructed wetland Additional SMS was ob-
tained from an off-site wetland to complete the project.
Embedded within the constructed wetland site are
twenty-two 15.2-m X 15.2-m experimental plots
where hydrologic and vegetational parameters weie
varied. As a result of the geomorphic setting, surface-
water inflow and outflow are munimal components of
the water budget for both the natural or constiucted
wetlands.

The physical hydrogeology of the Wilton wetland
was previously investigated with an intensive net-
worls af o onted wells dhat were monitored for erght
years, continuous water-level monitoring, areal two-
dimensional analytic element-flow modeling (Hunt
1992), three-dimensional ground-water-flow model-
ing (Brown 1996), stable 1sotope mass balance, tem-
perature-piofile modeling, and numencal water-bal-
ance modeling (Hunt et al 1996). This work has
shown that the site lies within a regional ground-wa-
ter-discharge area and is characterized by strong up-
ward gradients (average 0.1 m/m and locally >0.2 m/
m). The magnitude of ground-water dischaige varies
spatially but generally 1s chatacterized by increasing
ground-watet  dischatge near the Kickapoo River
(Hunt et al. 1996).

FIELD AND LABORATORY METHODS

Two sites were instrumented 1n the natural wetland
(W1 wd A2 c0d o in the constiucted wetlands (F1
and F2, Figure 1). W1 and W2 wete selected to typify
the two dommant wetland vegetation communities
(shrub-carrsedge meadow and riparian wetland), F1
and F2 wete «elected to mnclude areas of both on-site
and off-site SMS. The equipment consisted of 1) a
well nest contarung a water-table well and a deeper
prezometer, 2) ot s astalled at different
depths in the soil column, 3) a cylinducal gy psum so1l
moisture block installed within the root zone, and 4)

seven sampling points spaced at 0 15-m intervals be-
low land surface to a total depth of 1 07 meters. The
vertical profiles at each site spanned the mineral soil/
hydric sotl interface (approximately 1 m in the natural
wetland and 0.15 m in the constructed wetland).

Water-table wells consisting of 3 8- or 5 1-cm-di-
ameter PVC pipe with a 1-m screened interval were
installed using a hand auger and placed so that the
screen intersected the water table Deep piezometers
consisted of 3.2-cm-diameter galvamized steel pipe
with a 0.7-m stainless steel drive point at W1 and W2,
a mini-piezometer (Lee and Cherry 1978) at Fl, and
a 3.8-cm-diameter PVC well with 1-m-long screened
mterval at F2. The PVC well at F2 was installed one
meter below the fluvial sediment/Cambrian sandstone
interface using mud rotary methods, all others were
hand-driven to bedrock refusal (approximately 3 to 5
meters below land surface) Water-level measurements
from the shallow and deep ground-water system were
made at the sites using capacitance probes and poten-
ttometers with data loggers and by hand with a steel
tape. Datalogger measurements were taken daily dur-
ing the non-growing season and hourly during the
growing season; hourly data are considered *‘contin-
uous” for the purposes of this study.

Porewater temperature was also monitored at the
sites from 1992 thiouch 1996 The dita et coentains
over 100,000 data points that were collected hourly
during the growing season and at least daily during the
remainder of the year. A galvamzed steel pipe was
filled with water and allowed to equilibrate thermally
with the ambient ground water The temperature pro-
file within the pipe was measuted at various depths
using stattonary thermocouples and a digital data log-
ger.

Soil moisture data were collected using a gypsum
cylindrical soil-moisture block installed 1n the wetland
root zone (15 cm below ground surface). The ability
of a gypsum block to conduct electricity 15 a function
of the degiece of wetness, thus, a coarse estumate of
soil moisture can be obtained by measuiing the voltage
drop across the soil-moistute block The soil-moisture
block was read hourly using the digital data logger,
and a 5% order polynomual fit was applied to convett
voltage differences to soil-moistuie potential (Camp-
bell Screttific 1990). Lhe measutements ate somew hat
imprecise due to vanations i sol type and wire
length. Because the blocks were not calibrated to the
peat soils investigated at the site, the measurements
are expected to be reliable to only *1 bar

The vertical sampling points used for puoaewater
sampling consisted of munt-prezometers and ceramic
cup suction lysimeters. Samples were collected along
a subsutface vertical profile extending from 15 to 107
cm below land suiface at 15 ¢m intervals. This sam-
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pling scale was deemed appropriate based on the dis-
tribution of temporal and spatiral chemical heteroge-
neity and the importance of sampling scale at this wet-
land complex reported elsewhere (Hunt et al. 1997).
Samples were collected using a peristaltic pump or a
hand-pump and were filtered in the field. Samples for
alkalinity, dissolved inorganic carbon, and pH analyses
were collected in October 1992 and measured in the
laboratory using standard methods (APHA, 1995).
Samples for Ca and Mg analyses were collected in
September 1992 and analyzed using inductively cou-
pled plasma (ICP) emission spectroscopy. Dissolved
morganic carbon was analyzed in the laboratory using
an O.1. Model 700 TOC Analyzer. Partial pressures of
carbon dioxide (PCO.) 1n porewater wcre calculated
from pH, alkalmity, and dissolved inorganic carbon
data.

CHARACTERIZING HYDROLOGY

To facilitate comparisons between the four sites in
the following discussion, it 18 useful to rank them by
aagnitude of ground-water-recharge or discharge.
Hunt et al. (1996) measured nflow at the site using
multiple techniques and concluded that stable 1sotope
mass balance techniques weie most accutate 1f the un-
detlying assumptions were met (1., the system 1s at
1sotopte and hydrologic steady-state and porewaters
within the root zone are well mixed). Using these re-

sults, the sites were ranked as follows® Fl = no
ground-water discharge, W1 = weak ground-water

discharge, F2 = mteimediate ground-water discharge,
and W2 = strong ground-water discharge.

Investigating the Hydrograph

Physical hydrology of a wetland 1s often 1nvestigat-
ed by collecting water level data and formulating hy-
drographs. When continuous water-level data are col-
lected, the extremcly large data sets can make the task
of summarizing formidable, but when penodic mea-
sarenients ate made, their ability to represent the tem-
poral variauons 1s questionable Others have tried to
obtain hydrologic msight from hydrographs (e g, Cole
Coat doooy Mt e ed sutcts e LUy Wk, we
analyzed the hiydrographs to formulate representative
“hydroperniod statistics™ that encompass magnitude of
water-level uctu.tion and duration of mmundation of
the roat zote— the mmportant _haract --istics of the hy-
drograph. In addition, the contingous data set was sam-
pled at different intervals to assess the minimum data
Jensity needed to characterize the wetland hy drograph
properly. These results were then combined with the
independent estimates of ground-water discharge re-

ported by Hunt et al. (1996) to determine the effects
of ground water on the water-table hydrograph.

Continuous water-level d~ta were collected from
two sites in the natural wetlands (W1 and W2 in Fig-
ure 1), and two sites in the constructed wetland (F1
and F2 in Figure 1) during the 1996 growing season
{Figure 2) The challenge in assessing the hydroperiod
for a particular site is to determine an appropiiate sta-
tistic or set of statistics to characterize the temporal
variability of the hydrograph. In addition to the usual
parametric and non-parametric measures of location
(mean, median) and scale (standard deviation, nter-
guartile range), we attempted to use harmonic analysis
as described elsewhere (e.g, Long and Nestler 1996;
Nuttle 1997). However, the hydrographs did not show
statistically siginificant pertodic components over the
single growing season, perhaps due to the erratic na-
ture of the hydrographs over shoster time scales (i.e.,
hourly and daily scales compuared to monthly and an-
nual scales). We then calculated the amount of time
th.at the root zone 1s saturated. We estimated a *‘root-
zone probability,” which we defined as the proportion
Gl measurements whete e water tevel was at o1 above
the depth of the root zone (taken as 30 cm below land
surface). The selected statistics, computed for hourly
measurements over the crowinyg ~2ason (ice-out 1n late
April through the end of September) were then suni-
marized for the four sites (Table 1).

Hydropertod characteristics were expected to have
more uncertainty when water-level measurements were
taken less frequently than hourly. To assess this un-
certainty, we used a Monte Carlo experiment to sub-
sample the hourly time senies at several less frequent
intervals, with an average period between measute-
ments ranging from one to 28 days For each sampling
interval, a variability about the interval was specified
to sinulate real wotld conlit ‘ns—for example, ac-
counting for field personnel meking pertodic measure-
ments near but not exactly equal to the interval spec-
1fied. The sampling interval vancoility ranged from a
<tandard deviation of 6 hows for the daily measure-
ments to a standard deviation of 1 week for the mea-
surements every 28 days For cach sampling terval,
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from the hourly measurements and used v compute
the five selected hydioperiod statistics (mean, standard
deviation, median, mter-quatnle range, and root-zone

aabihity). For each hydroperniod statistic a random
data set was compared to the values computed for the
hourly data (Ctrue® values in Table 1) to determine the
error based on the random sample The number of ran-
dom data sets to be diawn was deternuned by varying
the number of realizations fiom 30 10 30,000 for site
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Figure 2

F1; at 5,000 realizations, the bias and root-mean-
squared errors leveled off and became stable. An over-
all root-mean-squared error for each hydroperiod sta-
tistic was determined for the 5,000 realizations and is
presented for each measurement 1aterval (Table 2). In
general, errors can be represented by two components:
accuracy, represented by the measurement bias, and
precision, represented by the measurement variability.
We chose to use root-mean-squared error because it is
a measure that incorporates both bias and variability
and is an overall indicator of measurement uncertainty.

To put the results into perspective, we considered
the uncertainty of the water-level measurements. The
continuous water-level recorders used to obtain the
hourly measutements are considered to have an error
of roughly 0 009 m (95% confidence interval), which
translates to an error standard deviation of 05 cm.
Thus, to obtain results with comparable uncertainty at
site F1 would require measurements roughly every 1

Table 1.

Water-table hydrographs for the instrumented sites for the pertod April through October 1996

day for the mean water level (RMSE=0.46 cm in Ta-
ble 2) or roughly every 2 days to characterize the stan-
dard deviation (RMSE=0.49 cm in Table 2). To char-
acterize root-zone probability with an average error
root-mean-squared error of roughly 20% would require
weekly measurements at a minimumn.

In addition to the water-table analyses, we also in-
vestigated the uncertainty of vertical gradients at one
site in the natural wetland (W1 n Figure 1) for various
measurement intervals. As with the uncertainty anal-
ysis for the hydroperiod statistics, we used a Monte
Carlo experiment to subsample the hourly time series
(shown in Figure 3) at several less frequent intervals.
The average measurement intervals and the variability
about those intervals were the same as thase used pre-
viously. At this site, continuous records of the water
table and deep piezometer (3.6 m below grade) were
obtained for the 1996 growing season. Based on as-~
sumed measurement errors for the two recording de-

True values for various hydropertod statistics based on hourly water-lesel measurements using data from the 1996

hydrographs. Negative numbers repiesent depth below land suiface

Median Mean Inteiquartile Standard Ront-zone
Site (cm) (cm) range {cm) deviation (cm) probabulity
F1 -4 -~37 34 17 0.42
Wi -9.9 ~14 22 12 0384
F2 -1.9 ~13 26 14 0385
w2 25 22 18 25 100
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Table 2. Root-mean-squared errors (RMSE) for the four sites determined by comparing samples generated with specified

nicasurement intervals to the true values shown in Table |

RMSE RMSE RMSE RMSE RMSE
Measurement Median Mean Interquartile Standard Root-zone
ttecval (days) (em) (cm) range (cm) deviation (cm) probability
Site F1
1 te6 0.46 029 031 016
2 22 0.78 042 049 023
4 3 12 068 073 018
7 37 1.7 17 11 019
14 5S4 25 50 17 Q27
21 67 27 57 22 027
28 77 36 77 28 029
Site W1
t 064 029 1t Q15 0.0l1
2 11 052 15 025 0016
4 17 069 25 041 0025
7 24 0.97 41 067 0038
14 33 16 56 14 Q13
21 44 18 56 16 018
28 48 23 6.4 22 0.17
Site F2
L 27 041 070 0.16 0016
2 42 069 11 026 0017
4 58 11 14 045 0027
7 77 15 18 069 0037
14 94 24 31 14 0.098
21 94 27 41 17 014
28 95 32 53 24 0.17
Site W2
1 0019 Q076 030 022 000
2 0098 012 033 035 000
4 021t 021 037 052 000
7 031 029 0.43 063 000
14 039 Q52 059 094 000
21 0.43 064 087 12 000
28 048 076 1.2 1.3 0.00

vices (93% confidence mtervals of 0006 and 0.009 m
for the deep and shallow wells, respectively), a 95%
confidence interval for an indeterminate gradient mea-
catentent was caleulated. For a parncular measure-
ment, an upward gradient was assumed 1f the gradient
exceedod the upper level of the confidence irferval, if
the gradient was less than the lower limit ot the con-
fidence interval, a downward gradient was assumed.
The number of measurcments with upward gradients
divided by the total number of measurements consti-
tuted an estitaate of the probabihity ot an upward gra-
dient. For each measurement mterval, random data sets
were drawn from the hourly measurements and used
to compute the upward-gradient probability. This prob-
ability was then compared to the value computed ” r
the houtly data to determine the error based on cach

random sample. As with the Monte Carlo experiment
for the hydroperiod statistics, the number of realiza-
tions was varied from 50 to 50,000, at 10,000 reali-
zauons, the bias and root-mean-squared error for the
upward-gradient probability became stable. Using the
continuous data set, the true values of percent time of
vertical gradient direction were 66% upward gradient,
16% downward gradient, and 18% indeterminate for
the W1 hydrograph shown i Figure 3. The overall
1out-mean-squared error (RMSE) was deternuned for
the upward-gradient piobacility and cach measurement
interval (Table 3).

The RMSE in upward-gradient probabulity 1s less
than 2 percent for a daily measurement interval and
increases somewhat slowly to a value of 17% for m2a-
strements every 28 days. This can be thought of as



464

WETLANDS, Volume 19, No. 2, 1999

40
30
€ [~ water table
- — water table
5o}
T deep el
T 10
5
o
k)
§ Ot o
E “a’\,va" By KD S o o \»
E A
E .10 Y
-
2
T
2 .20
Q
8
=
S .30 | &Jrl'
o upward gradient = 66% of time W‘J
downward gradient = 16% of time o e
-40 indeterminate gradient = 18% of ime v
-50
© © © © © © © © ©
@ 2 S < 2@ 2 2 @ @
9 ES < < 5 o o a 3
& F S 5]
< = 3 3 2 S e 3 Q
1] ; < < 3 2 ; \ o~
Y v N © & d

Figure 3.
wetland during the 1996 growing season.

the uncertainty around the true value of 66% of the
period of record that upward gradients were measured.
If a root-mean-squared error somewhere between 5
and 10% wus deemed acceptable, then measurements
would be needed every 4 to 7 days. This s somewhat
less frequent than is required to characterize the water-
table hydrograph, due in part to the small degree of
variation in the deeper piezometer resulting from the
larger ground-water source and in part to the lumping
of data into categories (upward, downward, and in-
determunate) rather than estimating gradient magni-
tude. It is interesting to note that in previous work at
the site by Hunt et al. (1998) a bi-weekly sampling
interval of vertical gradients at sites F1 and W1 was
not sufficient to identify the importance of transient

Table 3. Root-mean-squared errors for upward-gradient
probability at site W1 based on average water-level-mea-
surcment 1ntervals. The root-zone probability based on hour-
ly measurements is 0 655

AW e T
Lol 1

Upward-gradient
ptobability

0018
0021
0051
0077
0116
Q143
0.172

Measurcment
interval (days)

00— o~ AN
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Hydrograph of water-table well and deep (3.8 m below ground surface) piezometer for site W1 in the natural

vertical gradient reversals elucidated by stable isotopes
of water.

Characterizing the Root-Zone Residence Time

Although the root-zone probability was originally
intended to represent the residence time, the manner
i which it is computed precludes it as a reasonable
measure of actual residence time. Sumply determining
the proportion of time water is in the root zone ignores
the small-scale t°n potal fluctuations in water levels,
which could have a significant effect on the conditions
present in the wetland. That is, a system where the
water table moves 1nto the root zone every other day
(50% root-zone probability) will hikely differ fiom one
with the water table in the root zone only during the
first half of the growing season (also 50% probability).
As an alternative, we anatyzed each hydceograph to de-
termune the actual contiguous periods of time where
the water Jevel was at or above the root zone (taken
frheMom oy kel o e f 0y Tha e etag g
sertes of residence tumes that were assumed to come
fiom a single population for cach site. Thus, the root-
zone residence-time distributed by the number of con-
tiguous days is anather means that can be used to com-
pare wetland hydrographs. This measure 1s more con-
sistent with the charactenstic hydrologic thresholds
discussed by the Natonal Research Council (1995, p.
94) Using the hourly water-level measurements, the
individual resrdence times were determined for each
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bgcausu the water-table level never left tln, root zone during the entire 1996 growing scason

of the four sites. Several distributional forms were con-
sidered, but the lognoimal distribution fit the data the
best. Continuous lognormal distributions wete fit to the
restdence times for sites Fl, F2, and W1 and are de-
picted as a standardized normal probability plot in Fig-
ure 4. In this figure, the standard normal deviate is a
transformation that converts cumulative probability to
a linear scale for the normal distrnibution, the values of
=2, =1, 0, 1, and 2 correspond roughly to cumulative
prob'xbllmes of 2.3%, 15.9%, 50%, 8+.1%, and 97.7%,
respectively. For the lognormal distribution, plotting
the log of the residence time would result in a straight
line; a linear axis was chosen because it showed a
better separation of the cuives, For site W2, there was
only one residence time, corresponding to the length
of the growing season. Hence, 1t was not possible to
fit the lognormal distribution to these data. The distri-
bution for the natural wetland (W1) differs consider-
ably from the other two sites. In the natural wetland,

frerr ot imundation periods of
shorter duration, as indicated -+, 'ne imtial steepness
of the distribution The two constiucted wetland sttes
have much heavier tails, incdhcating that there is one
episode (which occurs at the beginning of the growing
season) of rather long dutation. Tt 1s interesting to note
that, although sites W1 and T2 have simular overall
root-zone probabihities (084 and 0 85, 1espectively;
Table 1), the residence times have strikingly different
distiibutions.

thiepe ares etoch mara

CHARACTERIZING THE IMPORTANCE OF
GROUND-WATER DISCHARGE

Effect of Ground-Water Discharge on the
Hydrograph

Ground-water flows are only one portion of the wet-
land water budget and associated hydrograph. The hy-
drograph is also influenced by the amounts of other
water added (precipitation), water subtracted (evapo-
transpiration), and the ability of tue seaiments o store
water (i.e, the specific yield). In order to assess the
importance of ground-water discharge to the measured
hydrographs, a brief discussion of the other factors is
nceded.

Precipitation 1s assumed to be uniformly distribuied
over the site. Evapotranspiration (ET) rates are not uni-
formly distiibuted but are larger 1n the natural wetland
(Lott 1997). In addition, Lott reports that specific yield
values for the upper sediments 11 the natural wetland
sites are roughly twice those measured win the con-
structed wetland (0.132 and 0 062, respectively). Al-
though more subtle 1n effect, specific yields are an
unportant consideration because ey relate the soil
zone’s ability to sture water to changes in water levels.
For example, an undecomposed prat with high poros-
ity will also hove a high specitic yield Thus, for a
given grou: . ater discharge, the associated change
in water level will be less than in a soil with a lower
spectfic yield.
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The eftects of higher values of ET and specific yield
on water levels tn the natural wetland sites will offset
one another to some extent but confound simple re-
lationships between ground-water discharge and water-
table variation. This fact notwithstanding, the site with
no ground-water discharge (F1) has the lowest average
and median water tables (deepest depth to water), the
site with the highest ground-water discharge (W2) has
the highest water table (Table 1). Likew1se, site FI has
the highest variability in the water levels (inter-quattile
range or standard deviation), and W2 has the lowest
variabihty. The 1oot-zone probabilities (Table 1) fol-
low a similar trend. These results point to an interest-
mg observation—ground-water discharge can nflu-
ence root-zone saturatton even though ground water
may not be found n the root zone tself; that is, large
ground-water discharge can be thought of as a “*foun-
dation” on which the precipitation-derived water 1s
added.

The difference between the intermediaty sites (W1
and F2) is less pronounced than the extreme sites (Ta-
ble 1). We believe that the effect of higher ground-
water discharge at the constructed wetland site F2 1s
offset by a lower specific yield value typical of the
constructed wetland. It has a higher standard deviation
than a site with a higher specific yield because a given
stress cannot be significantly mutigated by soil-zone
storage but 15 manifested 1 a change in water level.
As a result, F2 bas a flashy hydrograph (Figure 2) and
a relatively large standard deviation for a site with sig-
nificant ground-water discharge (Table 1) A notable
finding of this analysis 1s that a low ground-water-
discharge site with high specific yield can have a stan-
dard deviation similar to the high ground-water-dis-
charge site with low specific yield. The effects of dif-
ferent specific yields are also Likely present in the ex-
Lones of the micasured standard deviation (F1 and
W2; Table 1) and add to the effects of the different
1ates of ground-water discharge.

The concept of specific yield 1s important to the
1ealization of in-kind mutigatton That is, can a wetland
created on mineral soil be expected to have the same
specific yield (thus hydrologic response to water ad-
ditions and subtractions) as the natural wetland it was
meant to replace? The tesults of this work indicate that
it did not because the soil properties were significantly
different. Restored wetlands may also fail to match
natural wetlands i hydrology where the otganic <ol
has been significantly altered by oxidation or decom-
posttion. Thus, emphasts should move trom a focus on
hydrology to a more holistic consideration of physical
conditions (e.g , sedrment type and density) so the ap-
propriate hydrology and vegetation can follow.

Relation of the Hydiograph to Root-Zone Saturation

The level whete water resides in a well screened
across the nteiface between the saturated and unsat-
urated zones 1s equal to the location where the pressure
head equals zero (Freeze and Cherry 1979) The cap-
tllary fringe (or “tension saturated zone™) 15 defined
as a zone above the water table where all pore space
is saturated but the ptessure head 15 less than atmo-
spheric Water in the capillary funge 1s held in the pote
by negative pressure (or tenston) that 1s a funcuon of
pore size and the surface tension of the water The
capilary tringe can extend meters above the water ta-
ble in fine sediments (e.g., clay, decomposed peat) and
can be less than one centimeter thick in coarser sedi-
ments (coarse sand and gravel)

Price (1997) noted a poor correlation between wa-
ter-table depth and soil moisture 1n a Canadian bog
late m the growing season, yet most wetland hydro-
logic characterization focuses on water-table data rath-
er than capillary fringe data because of the ease of
collection. A wetland plant, however, 1s influenced by
local saturation of pore spaces in the area immediately
adjacent to roots—whether the moisture comes into
the root zone from water-table inundauon or from a
capillary fiinge above the water table. Therefore, the
presence of the capillary fringe can be a critical mea-
surement in areas where the water table 1s below fand
surface. In this study, soil-moisture potential in the
root zone (15 cm below ground surface) was measured
and compared to the water-table hydrograph from late
in the growing season (August to October). This is a
pertod when the water table 1s most often below the
root zone (Figure 2).

The soils appear to be saturated or nearly saturated
at W1, as demonstrated by the low soil-moisture po-
tential (<1.0 bars) observed in the 1oot zone by the
soil moisture block (Frgure 5). TFor refeicnce, soil-
moisture potentials were observed to range from 1 to
17 bars in drier souls at the Wilton site It 15 important
to note, however, that the accuracy of the soil-moisture
potential given by the uncalibrated gypsum block is
not sufficient to resolve small changes 1n saturation at
the wet end of the spectrum. The actual degree of sat-
uration is therefore uncertain. This fact notwithstand-
ing, the pattern of the tesponse is mdicatne of what
might be expected flom a soil under capillary satura-
tion The sensor was generally unresponsive during pe-
riods of declining water table when the soil-moisture
petential would be expected to nse 1 an unsaturated
sl Fuithermone, this site was aimost conunually wet
at the surface——boot footprints would fill with water—
even during the height of the growing season. In ad-
dizion, sotls at the stte are a minture of peat, muck,
and silty muneral soil that can be expected to have a
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Figure 5.

Soil-moisture potential and water-table hydiograph for the late 1996 growing season The only deviations from

baseline saturated conditions occur when the water table rises into the toot zone whete the soil moisture probe is located.

relatively high capillary fringe. From this we conclude
that the capillary fringe was continuously piesent in
the root zone.

Hydrograph fluctuations have very hittle effect on
soil-moisture potential measured 1n the root zone; only
a shght deviation from the baseline 1s observed when
the water table rises wnto the location wheie the soil
moisture block was located (e.g., August 23, Septem-
ber 26, Figure 5). These small deviations represent the
transttion flom a low soil-moisture potential due to a
location within the capillary fringe to zero soil-mois-
ture potential (pressure head >0) below the water ta-
ble. The apparent small tluctuations in the soil-mots-
ture-potential data were not directly related to evapo-
transpiration effects, as might be expected, but were
due to daily temperature differences that affect the re-
sistance of the wire leading from the data logger to
the soil moisture block. As noted in the methods sec-
tron, we do not believe that soil moisture blocks have
sufficient accuracy to discern small changes in soil-
monsture potential (re., 01 hars)

These results demonstrate that the localized hydro-
logic conditions a root experiences may not always be
directly related to the water-table hydiograph. Rather,
the 100t zone at W1 is more appropriately character-
1zed as a fully saturated zone that 1s fed by the water
table via capillary forces, with occasional invasion by
the water table The times when the v ater table diops
are not necessarily times of less saturation 1w the 100t
zone but can conceivable be times when the capillary

fringe is “‘stretched.” The local geochemical environ-
ment associated with fully saturated conditions is ex-
pected to prevail as long as the water-table drop does
not overcome the capillary force’s ability to translocate
water from the water table to the root zone.

Effect of Ground-Water Discharge on Soil
Temperature

Soil temperature can be an important environmental
variable for seed germination and plant persistence
(e.g., Gerritsen and Greening 1989) and is an impor-
tant determinant in the rate at which infiltrating waters
become anoxic (National Research Council 1995) be-
cause respiration rates double for each 10° C increase
mn temperature (Peters 1983). One nught expect that
areas receiving large ground-water discharges would
have distinct thermal htstoties (growing season maxt-
mum, minimum, and average temperatures) because
deep giound-water sources have relatively wnvariant
temperatures (Lapham 1989) Surpisingly, giound-
water discharge was not a significant control on av-
erage or maximum values obtained from the houtly
temperatures measured during the 1993 growinyg sea-
son {Figure 6). Rather, the controlling feature appears
to be the age of the wetland, «ites in the newly con-
structed wetland (2 years post-construction) had con-
sistently higher temperatures. We atinit ate this finding
to difterences in shading that resulted trom the small-
er/less dense vegetative cover present 1 the construct-



463

WETLANDS, Volume 19, No. 2, 1999

1993 Growing Season (May 27 - Sept 30)
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Maximum, minimum, and avetage temperatures for the 1993 growing season. Maximum and average temperatures

are a result of the amount of shading from wetland vegetation, mimumum tempetatures are weakly correlated with amount of

grovnmd-water dicchage.

ed wetland. Lott (1997) also notes greater vegetation
height and deasity i the natural wetland 1 1996—
five years post-construction. In addition, the more
dense, quartz-rich soils 1n the constructed wetland are
better conductors of surface heat (Farouki, 1981). Less
shading allows more solar radiation to warm the up-
permost soil, which 1n turn can be more efficiently
conducted by denser soils, these factors overwhelm the
cool z avoociated vl g wad-waterl discliarge. Man-
imum growing season temperatures, on the other hand,
are weakly proportional to ground-water dischaige
(Figure 6) and may indicate that ground-water-dis-
charge effects can be measurable if the solar radiation
etfects are relatively small.

Although general temperature statistics were not
strongly correlated to the amount of ground-water dis-
chuaige, the period during which the root zone 1s frozen
was related to amount of ground-water discharge (Ta-
ble 4). In the three sites with ground-wuater discharge,
the amount of flow strongly influenced the date of
freeang (i e., W1 was first to frecze, W2 was the last,
Table 4). The site with low ground-water discharge
(W1) was not only the rirst to freeze but also the last
t thaw, s o 1esult, the root zone and ~ceds contained
therewn were frozen longer at W1 than at the other
sites. Site W2, on the other hand, was alw ays the last
to freece, always thawed within 4 days of the same
date, and usually had the shortest peniod that the root

zone was {rozen Site F2 was generally intermediate
to these two extremes; the site always froze before W2
but occasionally thawed before W2 (Table 4) due pre-
sumably to the effects of reduced shading. Higher
amounts of ground-water discharge also led to a more
stable system from year to year (1.e , reduced variation
in the length of time that the root zone was frozen) as
evidenced hy the <tandard deviation ascociated with
the period of freezing.

The ground-water-recharge site (F1) had the most
vatiation 1n the timing of {reezing and thawing (stan-
dard deviation of 15.7 days, Table 4). This result is
influcnced by the vatiable depth to water (different dis-
tances to baffer the temperature changes at the air-soil
interface) as well as lack of shading. For both the con-
structed wetland sites, the length of time that the root
zone remamns frozen increased post-construction due
to the msulattion by ncreased plant cover and hitter
accumulation This observauon holds tegardless of
whether the «ite 15 1n a zone of recharge or dischuarge.
This phenomenon itfustiates that constructed wetlands
develop gradually and argues for a longer peniod of
monttormg than five vears The vegetution communnity
1s not Likely to stabihize while the temperature regime
i the root zone (as well as related penetranion of sub-
freezing temperatuies wnd cold-straufication of the
seed boa'y s stull changing Indeed, the longer and
more vartable period of freezing inherent to recharge

t
i

!
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Table 4  Time of freeczing and thawing tor ground-water discharge and recharge sites, 1992 through 1996.

Ground-Water-Discharge Sites

W1 (low ground-water discharge)

F2 (intermediate

ground-water discharge)

W2 (high ground-water discharge)

Days

Days Days
Year fce n Ice out frozen fce 1n Ice out frozen [ce in Ice out frozen
1992-1993 27-Nov 23-Apr 147 15-Dec 21-Mar 96 23-Dec 7-Apr 105
1993-1994 27-Nov 24-Apr 148 21-Dec 7-Apr 107 22-Dec 11-Apr 110
1994-1995 MR 3-May MR 12-Apr MR 11-Apr
1995-1996 13-Nov 19-Apr 158 9-Dec 3-Apr 116 26-Dec 10-Apr 106
average 151 106 107
standard dewviation 71 64 28
Ground-Water-Recharge Site
Fi Days
Year {ce in fce out trozen
19921993 MR MR
1993-1994 22-Dec 29-Mar 97
1994--1995 31-Dec 14-Apr 104
1995-1996 6-Dec 11-Apr 127

average 109
standard deviation 157

and low ground-water discharge may be an important
forcing function for the vegetational community there-
.

Eftect of Ground-Water Discharge on Porewater
Cheinistry

The ability of CO, produced in the root zone to
penetrate into the underlying peat column appears to
Feroted to the diecuon and velocaty of the ground-
water flow (Figure 7), as well as the soil texture of the
column. Regional ground water underlying the site has
a PCO, ranging from —2.2 to —1.7 atm, apparently
controlled by dolomite dissolution. At W1, where the
plant community produces telatively latge amounts of
CO, and ground-water-discharge rates are relatively
low, there 1s a relatively even distribution of soil-de-
rived CQ, throughout the upper 0.6 meters of the pro-
file (Figure 7). At W2, a different PCO, profile is ob-
served that we attribute to elevated ground-water-dis-
charge rates that limit penctratton of the CO, gradient.
As a resalt, elevated root-derned CO. s restiicted to
the upper 0 3 m ot the prohle The presence of rela-
tnvely high PCO, levels atfects the porewater micro-
environment by enhancing dolomute dissolution and
assocrated Ca+Mg concentrattons (Hite and Che g
1696).

L FEY T T T radient decreases rapidly from the
surface and 15 cotre, (ted to alkalimity and Ca+Mg con-
centratton (Frgure 7) Thus, we conclude that mineral

sotls in the constructed wetland and relatively high
ground-water-discharge rates limit the penetration of
CO, from the root zone. 'hts analysis has been sim-
plified in that it assumes the same rate of CO, pro-
duction at the four sites and only qualitatively includes
the soil textute differences between the natural and
constructed wetlands. However, Hunt et al. (1997) also
report CO, profiles measured in October 1994 that cor-
relate well with the calculated PCQO, profiles shown
here, indicating that the relation holds over tume.

The site of ground-water recharge (F1) provides an
interesting contrast. At the sites with ground-water dis-
charge (W1, W2, and F2), inorganically derived CO,
from ground-water dissolution of carbonate aquifer
minctals is a contubutor to the PCO, profile (as evi-
denced by the close relation between alkalmity and
Ca+Mg concentrations). At Fl, on the other hand,
there is vouy little inorgunic CO,, as demonstrated by
low alkalinity levels. Moreover, the Ca+Mg profile
does not correlate well with the alkalinity profile, in-
dicating that dissolunion of the source of Ca+Mg does
pat form larce amonnts of alkelinity and that these
porewaters e relatively poorly buffered. ‘these data
indicate different source matenials and controlling re-
actions than found at the other sites. Hunt et al. (1998)
used Sr.Ca ratios to show that the solute source as-
sociated with the off-site peat at site Fl 1s different
from the on-site sediments present at the other sites.

This difference 1n ancillary chemistry no:rwithstand-
ing, the PCO, profile measured at F1 appears simlar
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Figure 7 Vertical profiles of alkalimty, Ca+Mg, and PCO,

for the four sites sampled 1n fall 1992. The range of PCO,
measured in the deep ground-water system is also shown

to the other natural wetland profiles m>sured on the

” et o v gaenditlly derived
C01 at site Bl penetrates significantly into the under-
lying sediments, facilitated by downward flow of
ground water. These profiles demonstrate the impor-
tance of including data on hydrology (ground-water-
flow rates and directions), ground-water chemistry,
and the influence of near-surface processes (e g., soil
and root respiration) to infer the controlling factors of
wetland biogeochemistry correctly.

-

IMPLICATIONS FOR WETLAND RESTORATION
AND CREATION

The ability of a constructed wetland to replace the
sttucture and function of another wetland is related to
the ability to re-create the appropnate physical and
chemical environment. Moreover, society’s goal of
mingating wetland loss 1 predicated on the ability to
characterize wetland hydiology by collecting appiro-
priate data. These concerns not only exist in the design

of the replacement wetland but in the characterization
of wetlands prior to their destruction. We have shown
that even 1n wetlands with relauvely stable hydro-
graphs (1 €, systems where ground water is an impor-
tant contributor to the water budget). houtly measure-
ments dunng the growing season are needed to char-
acterize the hydtology properly (1e., accurate esti-
mates of mean, standard deviation of water levels, and
root-zone probability wete obtained) The error asso-
ciated with longer measurement intervals can be var-
table on a site (as shown m thiy study) and can be
expected to vary between wetlands. As self-contained,
continuous water-level recorders become more afford-
able and robust, they become viable alternatives to
hand measutements using 1-. 2-, or 4-day intervals,
Continuous water-level records could be collected for
one growing season and used to verify that a less-
frequent samphng schedule 15 adequate. Because un-
certainty in the water-table elevation will also affect
vertical gradient measurements, continuous water-level
monitoring ts also required.

At the present time, most would agree that the un-
derstanding of wetland hydrology 1s not advanced
enough to predict wetland hydrology and related hy-
drologic functions at the site scale (e.g., Bedford 1996,
Zedler 1996) Indeed, Hunt et al. (1996) demonstrated
that ground-water discharge can be variable at the site
scale, even in a regional ground-water-discharge area.
We have shown.in this work how this variabihty has
consequences on the ground-water system’s interaction
with vegetation (e.g., mimmum temperatures and
length of growing season), as well as how the vege-
tation interacts with the ground-water system (e.g , the
propagation of root-derived PCQO, nto the underlying
ground-water system) Furthermore, soil-moisture data
demonstrate that, in some cases, the water-table hy-
drographs commonly measured 1in wetlands may poor-
ly represent the root-zone saturation that wetland
plants actually experience.

As a result of these defictencies in understanding,
the notion that planting plans can be designed based
on predicted hydrology in the newly constructed wet-
land necds further thought. If hydrology is the most
important Jdetetmizant of wetland vegetanon and our
ability to predict hydrology is poor, detailed planting
plans created puci to vetland constiuct.on projects are
better thought of as optimistic and costly “throws of
the dice.”” We propose that a more generalized, flexi-
ble, approach is wurranted This approach could 1n-
clude rmitial seeding of cover crops and native pironeer
spectes with concurrent hy drologic investigation of the
newly constructed wetland. After the hydiology of the
site is charactenzed, a planting plan using the more
expensive species can be developed and implemented.
While this cannot guarantee the success of any given
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site, 1t does tmprove the chunces that the designer will
“reap what they sow.”

CONCLUSIONS

Hydrology is considered the most important com-
ponent for the establishment and persistence of wet-
lands, but elucidation of the relation between hydrol-
ogy and other environmental conditions 1s hmited. In
this paper, the amount of ground-water discharge was
shown to influence other environmental factors.

. Physical hydrology. Detailled sampling of nearly
continuous hydrographs showed that amount of
ground-water discharge was correlated with high
water tables 1n the natural and constructed wet-
lands. The sites with higher amounts of ground-
water dischaige also have less varability in their
hydrographs. Although this wetland is located in a
strong regional ground-water-discharge area, only
continuous hydrographs could guarantee that all
sites were correctly characterized. Different specific
yields of the soils can also significantly mfluence
the response of the water table to changing condi-
tions. Thus, the varability within the hydrograph
for a wetland can be controlled by low specific
yield values (e.g, constructed wetland site F2),
lower amounts of ground-water dischaige (e.g., nat-
ural wetland site W1), or both (e.g, constructed
wetland site F1).
Root-zone saturation. Root-zone saturation is not
necessarily driven by the water-table hydrograph
but can be influenced by other soil parameters (1.e ,
so1l teature and associated capillary fringe). Whle
likely not applicable to all wetland types (e g., wet-
lands established on sandy soils), 1t 1s a parameter
commonly omitted 1n studies of wetland hydrology.
3. Root-zone temperatures. Ground-water discharge
was not a significant factor 1n root-zone maximum
or average temperatures because the effects of
shading were dominant. High ground-water dis-
charge resulted in the earliest date of thaw and
shortest period of time that the root zone was fro-
zen, however. Thus, cold stratification of the seed
bank and length of the growing season are depen-
dent on the amount of ground-water discharge for
a given site
4. Porewater chemistry. The direction and magnitude
of shallow ground-water flow can atfect the nugra-
tion and importance of geochemical species Areas
of high ground-water discharge were found to re-
duce the downward penetration of CO, generated
in the root zone. In areas of ground-water recharge,
however, orgamcally derived CO, was able to pen-
etrate the deeper ground-water system. This al-

o

lowed the formation of a root-derived CO, profile
that closely resembled the PCO, profiles from sites
where both abiotic and root-derived CO, were pre-
sent.

These results demonstrate that quantifying ground-wa-
ter flows is more than an academic concern for wetland
restoration and creation. Although these flows are
thought too difficult to characterize 1in common prac-
tice, this understanding, as well as the effects on phys-
ical conditions, is hikely critical to the successful im-
plementation of the sophisticated planting plans so
prevalent in today’s restoration and creation efforts.
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