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Abstract: This paper describes a study of nutrient dynamics in 12 tidal and non-tidal freshwater riverine
wetlands in The Netherlands, Belgium, and Maryland (USA). The purpose of the study was to investigate
the relationships between nutrient cycling processes in riverine wetlands that were geographically separated,
that were dominated by different types of vegetation, and that had different hydrodynamics. We also com-
pared restored and natural riverine wetlands. The results showed distinct differences in interstitial water
chemistry between the sites in Maryland and Europe. No such regional differences were found in the soil
variables, except for soil phosphorus, which was higher in The Netherlands. Soil organic matter, total nitro-
gen and phosphorus content, and bulk density were higher in tidal freshwater wetland soils. Forested wetland
soils had higher organic matter and total nitrogen and lower bulk density and total phosphorus than soils
from wetlands dominated by herbaceous species. Restored wetlands had lower soil organic matter and total
soil nitrogen and phosphorus than similar types of natural riverine wetlands. There were no differences in
nutrient-related process rates nor plant nutrient concentrations in tidal versus non-tidal riverine wetlands.
Lower nitrogen and phosphorus concentrations in plants at the restored sites suggest that nutrient uptake by
vegetation may be poorly coupled to rates of nutrient cycling during early stages of vegetation development.
A principal components analysis of the data identified groupings of soil and water variables that were similar
to those that had been previously identified when we applied the same methods to peatlands that were also
geographically widely separated. Results of the study demonstrate that the techniques that we have been
using are robust and repeatable. They are especially useful for making general comparisons of nitrogen and
phosphorus cycling when there are limitations on the number of wetland that can be sampled. The approach
that we have developed may also be used to calibrate and refine nutrient cycling models that are incorporated
into wetland assessment procedures.

Key Words: The Netherlands, Maryland, Belgium, riverine, tidal, non-tidal, wetlands, vegetation, miner-
alization, denitrification, geographic comparison, decomposition

INTRODUCTION

For the past several years, we have been using stan-
dard methods to develop a regional and global ap-
proach to examine patterns of nutrient cycling in var-
ious types of wetlands to evaluate factors that are re-
lated to rates of nutrient cycling (Verhoeven et al.
1994, 1996). Our primary goal has been to use stan-
dard methodology to develop a global data set that
could be used to compare nitrogen (N) and phosphorus
(P) dynamics in similar types of wetlands that are geo-
graphically separated (i.e., on different continents) and
that experience different levels of human perturbation.

This goal is of interest because it would allow us to
evaluate factors that control N and P cycling under
differing climatological conditions and under situa-
tions where human impacts on wetlands may be quite
different (e.g., different levels of atmospheric loading
of N, drainage). A secondary goal has been to develop
a methodology that could be used to evaluate and re-
fine functional assessment models that are used to as-
sess nutrient cycling in wetlands. The HGM (hydro-
geomorphic) and FAEWE (Functional Analysis of Eu-
ropean Wetland Ecosystems) approaches to functional
assessment are two examples of assessment systems
that are currently being developed and that include nu-
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trient cycling models (Brinson 1993, Maltby et al.
1996, Brinson et al. 1998).

There are strengths and weaknesses in the HGM and
FAEWE approaches to wetland assessment. A strength
of the HGM approach is that variable scaling and se-
lection are based on sampling many wetlands chosen
to represent the range of natural and anthropogenic
activities that impact the wetland class. A strength of
the FAEWE approach is that the models are based on
detailed scientific studies. A weakness of both ap-
proaches is that they have been developed without rig-
orous testing of the assumptions that the variables that
are used to assess ecological functions are correlated
with ecological processes that control the functions. It
is unlikely, however, that it will ever be possible to
have adequate funding to test the assumptions of the
assessment models across a range of sites that would
be representative of the different conditions that exist
for a specific wetland class or hydrogeomorphic unit.
The standardized and relatively rapid approach to mea-
surements of nutrient cycling that we have imple-
mented may serve to identify key components of nu-
trient cycling that can be used and calibrated in func-
tional assessment models.

This paper reports results of a comparative study of
riverine wetlands in the USA and Europe. Our objec-
tive was to compare N and P cycling in natural, cre-
ated, and restored tidal and non-tidal riverine wetlands.
We compared freshwater tidal wetlands with non-tidal
riverine wetlands because the former have been pur-
ported to be among the most productive types of wet-
lands in the temperate zone (Odum et al. 1984, 1988,
Simpson et al. 1983), and less is known about nutrient
cycling in them in comparison to non-tidal riverine
wetlands. We compared restored to natural wetlands
because it is important to develop a better character-
ization of how ecological processes develop in restored
wetlands (Middleton 1999). To achieve our objective,
N- and P-related process rates were simultaneously
measured in a standardized manner in wetlands bor-
dering freshwater tidal and non-tidal rivers in The
Netherlands, a freshwater tidal wetland in Belgium,
and freshwater tidal and non-tidal wetlands in Mary-
land and the District of Columbia, USA. The approach
involved measuring rates of N and P release or uptake
in incubated soil samples during the period of active
growth of vegetation in the early summer, measuring
relative rates of decomposition, and denitrification dur-
ing the same period and relating the process measure-
ments to soil and interstitial water variables (Verhoe-
ven et al. 1994, 1996). The wetlands selected differed
in flooding frequency (twice daily bi-directional flood-
ing in freshwater tidal wetlands versus only periodic
and unidirectional flooding in non-tidal wetlands) and
vegetation (dominance of woody versus herbaceous

vegetation). We are also able to use data collected in
Maryland to contrast N and P cycling in restored fresh-
water tidal and non-tidal wetlands compared to nearby
natural wetlands of the same types.

STUDY SITES

Field work was conducted in 1995 between 30
May–10 July in Europe and 15 May–25 June in Mary-
land. Nomenclature for plants follows Van der Me-
ijden et al. (1984) for the European wetlands and Rad-
ford et al. (1968) for Maryland. We studied wetlands
along two rivers in The Netherlands. Two wetlands
were located in the river forelands (‘uiterwaarden’) in
the Millingerwaard along the Waal River. The river
forelands are positioned between the high ‘winter
dykes’ that protect the hinterland from flooding, and
the low ‘summer dykes’ that directly border the river
channel. The two wetlands flood about once every two
years during high winter river discharges. Wetlands at
both sites had developed in abandoned clay pits, areas
on the floodplain where clay had been extracted at
least 50 year ago. Shallow surface water is present for
most of the year at both wetlands. One wetland (NRH)
was dominated by Phragmites australis (Cav.) Trin.
ex Steudel, while the other (NRF) was vegetated with
a 30-year-old forest dominated by Salix alba L. and
Salix purpurea L. and a dense understory of Urtica
dioica L. and Rubus sp. Two other Dutch sites were
freshwater tidal wetlands along the Oude Maas be-
tween Rotterdam and Spijkenisse. One wetland (NTH)
was dominated by herbaceous species (Scirpus lacus-
tris L., Scirpus maritimus L., Senecio paludosus L.)
and the other (NTF) by woody taxa (Alnus glutinosa
(L.) Gaertner, Salix spp.) The depth of tidal flooding
at NTH was ; 1 m. Soils at NTF were continuously
saturated but did not flood with each tide, and the
depth of flooding was less than 1 m. A freshwater tidal
wetland in Belgium (BTH) was located on the Schelde
River near Hingene. The wetland was dominated by
Phragmites australis, and it flooded twice daily to ;
1 m.

In Maryland, one non-tidal riverine forested wetland
and two freshwater tidal wetlands were sampled at the
Jug Bay Wetland Sanctuary on the Patuxent River.
The non-tidal forested wetland (ARF1) was located
approximately 1 km upstream of the freshwater tidal
wetland. Dominant trees were Acer rubrum L., Betula
nigra L., Liquidambar styraciflua L., and Lirioden-
dron tulipifera L. The dominant understory shrubs
were Viburnum dentatum L. and Lindera benzoin (L.)
Blume. One tidal wetland sampled at Jug Bay (ATS)
was a shrub-scrub habitat dominated by Alnus rugosa
(Du Roi) Sprengel, Rosa palustris Marshall, Cornus
amomum Miller, and scattered A. rubrum and Ce-
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phalanthus occidentalis L. Common herbaceous spe-
cies were Impatiens capensis Meerb., Peltandra vir-
ginica (L.) Kunth., Sagittaria latifolia Willd., Leersia
oryzoides (L.) Swartz., Polygonum arifolium L., Typha
latifolia L., and Sparganium sp. The depth of twice-
daily tidal flooding in the shrub-scrub wetland was less
than 30 cm. The second tidal wetland at Jug Bay
(ATH) was dominated by Nuphar advena Aiton., Pon-
tederia cordata L., T. latifolia, P. virginica, and P.
australis. The flooding regime at the site was similar
to the one at ATS.

Two restored tidal freshwater wetlands were sam-
pled in Maryland. One (ATH1*) was located along the
Anacostia River, a heavily-polluted tributary of the Po-
tomac River in the District of Columbia. The site had
originally been a tidal wetland but had been dredged
many years ago to create a tidally influenced lake. The
site had been restored to a freshwater tidal wetland in
1992–1993 by raising the level of the substrate using
coarse grained material (e.g., gravel) with a thin cov-
ering (10–50 cm) of fine sediments that had been
dredged from the Anacostia River. Wetland vegetation
was planted to provide initial colonization of the site
but extensive recruitment and spread of natural vege-
tation had occurred by the time that we sampled the
site in 1995. Dominant species were T. latifolia, Ac-
nida cannabina (L.) J.D. Sauer, Bidens laevis (L.)
BSP, L. oryzoides, P. cordata, P. virginica, Scirpus
americanus Persoon, and I. capensis. The depth of the
twice daily tidal flooding averaged ; 50 cm. The sec-
ond restored tidal freshwater wetland (ATH2*) was
located 7 km upstream of Jug Bay on the Patuxent
River. The restoration was completed in 1993. The
wetland was similar to the Anacostia River wetland in
that the substrate consisted of gravel overlain with a
thin (10–20 cm) layer of fine dredged sediments. Dom-
inant species were T. latifolia, Eleocharis obtusa
(Willd.) Schultes, A. cannabina, Ranunculus scleratus
L., Echinochloa crus-galli (L.) Beauvois, Epilobium
coloratum Biehler, Polygonum punctatum Ell., B. lae-
vis, Ludwigia palustris var. americana (DC.) Fernald
& Griscom, Juncus effusus L., and Cyperus diandrus
Torr. Scattered seedlings of Salix sp. and Populus sp.
were present. Tidal flooding averaged between 30–50
cm.

Two non-tidal riverine wetlands were also sampled
in Maryland. Both wetlands were located on the Pa-
tuxent River in Anne Arundel County in a suburban
area between Washington, DC and Baltimore, MD.
One wetland (ARF2) was a floodplain forest dominat-
ed by a mature canopy of A. rubrum and Fraxinus
pennsylvanica Marshall. Viburnum dentatum was the
dominant understory shrub. Saururus cernuus L., I. ca-
pensis, Boehmeria cylindrica (L.) Swartz, Cinna arun-
dinacea L., and L. oryzoides were common herbaceous

species, and Rhus radicans L. was also abundant. The
wetland experienced periodic overbank flooding from
the Patuxent River and overland discharge from an
adjacent watershed. The second Patuxent River wet-
land was a restored wetland (ARF*) that was located
approximately 500 m from ARF2. Dominant herba-
ceous taxa at ARF* were J. effusus, Cyperus sp., Pan-
icum sp., Lycopus virginicus L., Arthraxon hispidus
var. cryptantherus (Hackel) Honda, and Bidens bip-
innata L.. There was no evidence of surface flooding
of the ARF* site, but pools of water, most likely from
precipitation, were present in depressions on the wet-
land surface. Soil texture was spatially variable and
consisted of areas with substrates that had a high clay
content interspersed with areas with gravelly or sandy
substrates. The substrate contained very little organic
matter, and the litter layer on the soil surface was ab-
sent or poorly developed.

METHODS

At each wetland, 5 sampling locations were random-
ly chosen. Relative decomposition was evaluated using
the cotton strip assay (Harrison et al. 1988). Duplicate
cotton strips were placed vertically into the soil to a
depth of 30 cm at each sampling location at the start
of each field period. One cotton strip from each sam-
pling location served as a control and was immediately
removed and returned to the laboratory where they
were washed in tap water followed by a second wash
with distilled water. The cotton strips were then air
dried. The second cotton strip in each pair was re-
trieved after 6 weeks, gently washed with tap water,
rinsed in distilled water and air dried. Loss of cotton
tensile strength (TSL) was measured on the dried sam-
ples (Maltby 1988).

Measurements of net N mineralization and P release
or uptake were made using 6-week in situ soil incu-
bations following procedures described and tested by
Verhoeven et al. (1990, 1994, 1996) and Van Oorschot
et al. (1997). Fresh (time 5 0) and incubated (time 5
6 weeks) soil material was extracted with 0.2 M KCl
(available ammonium and nitrate) and 0.1 M HCl in
combination with 0.03 M NH4F, available phosphate,
following the procedure described by Richardson and
Marshall (1986). Extracts were analyzed for ammoni-
um, nitrate and phosphate with a Skalar continuous-
flow analyzer. Uptake and release were calculated as
mgN or mgP/m2d.

Denitrification was measured at the start and at the
end of the 6-week period by 24-h incubations of soil
using the acetylene blockage technique following pro-
cedure described in De Klein and Van Logtestijn
(1994). Glass jars (diameter 9.5 cm) were filled with
four undisturbed samples of the upper 10 cm of soil
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that was collected with a 2.6-cm-diameter soil corer
using plastic film to avoid compaction. The samples
were wrapped in aluminum foil before being placed
into the jars to prevent them from collapsing into a
slurry. Jars were taken to the lab where they were
flushed with nitrogen (N2) gas to remove the air before
they were sealed. The lids had two silicon rubber sep-
ta, through which 50 ml of acetylene was added to the
headspace with a syringe. After 24 h of incubation at
field temperature (about 158C), 2 ml of gas were ex-
tracted from the headspace of the containers and N2O
concentrations were determined with ECD (Electron
Capture Detection) gas chromatography. Denitrifica-
tion was calculated as mgN/m2.

Interstitial soil water samples were collected at the
end of the 6 week soil incubation periods from holes
created with a soil corer. Electrical Conductivity (EC)
and pH were measured in the field. Acid washed poly-
ethylene bottles, filled completely to minimize contact
with air, were used to transport the samples to the
laboratory where they were stored at 48C. Concentra-
tions of dissolved nitrate (NO3

2), ammonium (NH4
1),

phosphate (PO4
32), sulfate (SO4

22), calcium (Ca21),
magnesium (Mg21), sodium (Na1), potassium (K1),
aluminum (Al31), iron (Fe), bicarbonate (HCO3

2), and
chlorine (Cl2) were determined on 2 m-Millipore fil-
tered samples with a Skalar continuous-flow analyzer.
The water table was measured in the holes relative to
soil surface at the beginning and at the end of the field
period.

Soil temperatures were measured at 5 cm below the
soil surface using soil thermistors. Soil redox potential
was measured using platinum-calomel probes that
were placed into the soil one week before the start of
the 6-week field period at a depth of 5 cm below soil
surface at each sampling location. Both temperature
and redox potential were measured at the beginning
and at the end of the study periods, and the average
values of these 2 measurements were used in the data
analysis.

Measurements of soil variables included extractable
N and P, total N and P, organic matter (OM), bulk
density and water content. The variables were mea-
sured on samples collected at the end of the 6-week
study period at each location. Extractable N and P
were determined as described above for the incubated
samples Organic matter was determined as loss on ig-
nition at 5508C. Total N and P were measured after
acid digestion according to a salicylic-acid thiosul-
phate modification of the Kjeldahl method (Page et al.
1982).

At the end of the 6-week field periods, all herba-
ceous vegetation was harvested from a 50 3 50 cm
quadrat positioned adjacent to each of the locations
used for the incubations. Samples were dried to con-

stant weight at 608C, weighed, ground in Wiley mills,
and analyzed for N and P using the same procedure
described for total soil N and P.

Results were analyzed using SAS (1985). The sim-
ilarity among wetlands based on process rates and en-
vironmental factors was evaluated with cluster analy-
sis. Stepwise multiple regression was used to correlate
variables for which rates were measured with the soil
and water chemistry data. These parameters were fur-
ther investigated for mutual relationships with a prin-
cipal component analysis in the SAS ‘FACTOR’ pro-
cedure. Five factors were retained in the analysis on
the basis of the criterion that each retained factor ex-
plained at least 10% of the total variance and had an
eigenvalue .1.

RESULTS

Interstitial Water

Interstitial water variables (Table 1) showed conti-
nental patterns, with lower pH, Ca, Mg, SO4, and
HCO3 and higher Fe concentrations in Maryland wet-
lands. Ammonium concentrations were also lower in
interstitial water from the Maryland wetlands, but the
differences were not statistically different. The cluster
analysis of interstitial water variables resulted in sep-
arate groupings for the European and Maryland wet-
lands (Figure 1a). The European cluster was further
subdivided into one subgroup composed of the two
Dutch wetlands dominated by herbaceous vegetation
which had lower interstitial Ca and Mg (Table 1). The
second subgroup was composed of the two Dutch for-
ested wetlands and the Phragmites-dominated site in
Belgium: all with significantly higher NO3, Ca, Mg,
and SO4. The Maryland cluster was also subdivided
into two groups: one formed by wetlands dominated
by trees or shrubs and one dominated by herbaceous
species. The subgroup formed by the herbaceous wet-
lands had higher pH, calcium, chloride, and bicarbon-
ate concentrations.

Soil

Soil parameters were highly variable among and
within wetlands, and the only significant differences
were that the restored wetlands (ATH1*, ARF*) had
lower NH4 and NO3, total N, O.M., and higher bulk
density (Table 1). Cluster analysis of the soil data
grouped together the 3 wetlands dominated by forests
(Figure 1b). The exception was ARF2 (Figure 1b),
which for no clear reason grouped with two of the
restored wetlands. Forested wetlands were separated
from the other wetlands because they had higher redox
and lower O.M. (Table 1). The ATH and BTH wet-
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Figure 1. Dendrograms indicating the distance between cluster centroids. For a key to the sites see Table 1. a. Cluster analysis
based on interstitial water variables (pH, Ca, Mg, Fe, Al, Cl, PO4, NH4, NO3). b. Cluster analysis based on soil variables
(organic matter, bulk density, redox, extractable ammonium, extractable phosphate, total soil N, total soil P). c. Cluster analysis
based on process rates (cotton TSL, N mineralization, P release, denitrification). d. Cluster analysis based on plant N and P
concentrations.

Figure 2. Cotton tensile strength loss (% per day) with SE
in the soil of the sites studied during the spring field period.
For a key to the sites see Table 1.

lands were also separated from all others in the cluster
analysis because they had high extractable PO4 con-
centrations (Table 1).

Process Rates

Cotton tensile strength loss was greater in most of
the wetlands dominated by herbaceous vegetation and
the scrub-shrub wetland at Jug Bay (Figure 2). The
TSL was very low for one of the restored (ARF*)
wetlands (Figure 2). Nitrogen mineralization rates
were greatest in the freshwater tidal wetland in Bel-
gium (BTH), one of the forested wetlands in The Neth-
erlands (NRF), and two restored wetlands (ARF*,
ARH*) in Maryland (Figure 3). Denitrification rates
were low in all wetlands, with the exception of the
Belgian site (BTH) and one of the forested sites (NRF)
in Holland (Figure 4). The restored wetlands had both
high (ARF*, ATH2*) or low (ATH1*) N mineraliza-
tion rates compared to similar types of natural wet-
lands (ARF and ATH, respectively). Phosphorus re-
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Figure 3. N mineralization (mg N m22d21) and P release
(mg P m22d21) with SE in the soil of the sites studied.

Figure 4. Denitrification (mg N m22d21) with SE in the soil
of the sites studied.

Figure 5. Plant N and P concentrations (mg g21) in the
above-ground vegetation at the sites studied.

lease was greatest in the Belgium wetland, interme-
diate in The Netherlands wetlands, and lowest in the
Maryland wetlands (Figure 3). Two Maryland sites
(ATH, ARF2) had a net P uptake. Cluster analysis of
the process rate data showed that the Belgian wetland
(BTH) was very different from the other wetlands
(Figure 1c) due to the high rates of P release and de-
nitrification. The ATH2* and NRF wetlands were clus-
tered separately from BTH and all other wetlands be-
cause of high N and P release rates in both wetlands,
low TSL at ATH2*, and high denitrification at NRF.
The third cluster was subdivided into two groups that
were characterized by low P release (ARF2, ARF*) or
P uptake (ATH).

Plant Nutrients

Plant N concentrations were highest in two Dutch
forested wetlands (NTF, NRF) compared to the Eu-
ropean wetlands dominated by herbaceous species
(Figure 5). Plant N concentrations were similar among
the Maryland wetlands, with the exception of low val-
ues for vegetation in the 3 restored wetlands (Figure
5). Phosphorus concentrations in plant tissues were
generally higher in vegetation in forested wetlands and
lowest in restored wetlands (Figure 5). Cluster analysis
resulted in two main groupings. Low N and P tissue
concentration were characteristic of one cluster that
included the 3 restored wetlands and the two Dutch
herbaceous wetlands (Figures 1d). The second cluster
was divided into a subgroup formed by the NRF and
NTF wetlands that had very high tissue nutrient con-
centrations and a subgroup consisting of the ARF* and
ATH2* wetlands that had low tissue N and P concen-
trations.

Comparison of Interstitial Water and Soil Variables

Principle Component Analysis of the interstitial wa-
ter and soil variables resulted in 5 factors that ex-
plained 76.2% of the total variance (Table 2). The first
factor was highly correlated with interstitial water var-
iables related to the base status of the wetland (i.e.,
HCO3, Ca, Mg, and pH). The second factor was cor-
related with soil characteristics (organic matter, bulk
density, total N, and extractable NH4). The third factor
was correlated with total and extractable P and with
interstitial PO4. Interstitial water concentrations of
NH4, Fe, and K were correlated with the 4th PCA com-
ponent and NO3 and redox potential with the 5th fac-
tor, respectively. The five PCA components can be
characterized as ‘base status’ (i.e., base saturation sta-
tus), ‘soil N/organic matter’, ‘soil P’, ‘water nutrients’,
and ‘redox status’, respectively.
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Table 2. Principal components of the soil (s) and interstitial water (w) variables.

Principal component
I

base status
II

soil N/org. matter
III

soil P
IV

water nutrients
V

redox status

Cl (w)
HCO3 (w)
Mg (w)
Ca (w)
pH (w)
SO4 (w)
Al (w)
O.M. (s)
total N (s)
extr. NH4 (s)
bulk dens. (s)
extr. PO4 (s)
total P (s)
PO4 (w)
NH4 (w)
Fe (w)
K (w)
extr. NO3 (s)
NO3 (w)
redox (s)
variance expl. (% of total)

0.91
0.90
0.87
0.87
0.86
0.60

20.59
0.13
0.28

20.13
20.35

0.25
0.46
0.04

20.16
20.38

0.20
0.47
0.07

20.29
28.1

20.08
0.09
0.14
0.05
0.14
0.25

20.14
0.86
0.81
0.69

20.71
0.10
0.19
0.40

20.04
0.12

20.34
0.26

20.05
20.33
15.1

0.20
0.28
0.21
0.32
0.11
0.08
0.23
0.33
0.40

20.18
20.35

0.87
0.78
0.54

20.01
20.10

0.07
20.06
20.16

0.14
12.3

20.06
20.13
20.15
20.21

0.15
20.24

0.14
20.14
20.17

0.23
0.28
0.01

20.11
0.05
0.85
0.75
0.54

20.18
0.22

20.23
10.4

0.04
0.06
0.21
0.20

20.17
0.50
0.39
0.02
0.07

20.23
20.08
20.11

0.06
20.02
20.01

0.03
20.04

0.72
0.71
0.66

10.3

Comparison of Process Rates with Interstitial Water,
Soil, and Plant Variables

A stepwise multiple regression of the process rates
and plant nutrient concentrations with the PCA factors
showed that the loss of cotton tensile strength was neg-
atively related to ‘redox status’ (factor 5) and that it
explained 22% of the variance (Table 3). Nitrogen
mineralization was positively related to ‘soil N/organic
matter’ and ‘soil P’ (PCA factors 2 and 3, respec-
tively), and it explained 43% of the variance. The ‘soil
P’ and ‘base status’ factors (factors 3 and 1, respec-
tively) explained 56% of the variance associated with
P release from the soil. Denitrification was positively
related to ‘redox status’ (factor 5) of the soil, as well
as ‘base status’ (factor 1) and ‘water N and K’ (factor
4) concentrations of interstitial water. The three factors
explained 60% of the variance in rates of denitrifica-
ton. ‘Redox status’, ‘soil N/organic matter’, and ‘water
nutrients’ (factors 5, 2 and 4) explained about 50% of
the variance in both plant N and P concentrations.

DISCUSSION

Interstitial Water and Substrates

The chemical composition of interstitial soil water
showed clear geographic differences (Figure 1a).
Maryland wetlands had higher interstitial NH4, Fe, and
Al concentrations and lower concentrations of Ca, Na,

Mg, HCO3, SO4, and Cl and a lower pH (Table 1). The
geographic pattern is most likely due to differences in
the parent rock material, which is the source of water
solutes and sediments carried by the tributaries to riv-
ers. Research in the Chesapeake Bay region has dem-
onstrated that differences in water quality parameters
can be anticipated when there are regional differences
in geologic characteristics. Jordan and colleagues (Jor-
dan et al. 1997a, 1997b, 1997c) examined the rela-
tionships between land-use patterns and stream water
quality in several hundred watersheds throughout the
Chesapeake Bay region. They found that watersheds
with similar land-use characteristics had different
stream water quality parameters and that the differ-
ences were related to differences in underlying geol-
ogy across physiographic regions. Other factors can
also influence water quality parameters. The high in-
terstitial Na and Cl in the Dutch wetlands, for example,
are probably related to high concentrations of these
ions in Rhine water, which is the result of mining ac-
tivities in France (Van Dijk et al. 1994). Regional dif-
ferences in atmospheric deposition of nitrogen might
also result in higher interstitial NH4 concentrations.
The presence of higher interstitial NH4 in Maryland
wetlands was surprising, as N loading rates to Dutch
and Belgian rivers would be assumed to be much high-
er than in Maryland due to higher rates of atmospheric
N deposition (Erisman 1991, Isermann 1993, Jordan
and Weller 1996). Jordan and Weller (1996), however,
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Table 3. Stepwise multiple regressions of process rates versus the principal components of water and soil factors (see Table 2). RC—
standardized coefficient.

Step Variable Model R2 F P RC

Dependent variable: Cotton tensile strength loss

1 Factor 5 0.2 13.50 0.0006 20.46

Dependent variable: N mineralization

1
2

Factor 2
Factor 3

0.2
0.4

19.16
14.22

,0.0001
0.0004

0.52
0.40

Dependent variable: P release

1
2

Factor 3
Factor 1

0.4
0.5

49.36
7.44

,0.0001
0.0088

0.70
0.26

Dependent variable: Denitrification

1
2
3

Factor 5
Factor 1
Factor 4

0.4
0.5
0.6

40.71
11.26
3.15

,0.0001
0.0016
0.0826

0.70
0.33

20.17

Dependent variable: Plant N content

1
2
3
4

Factor 5
Factor 2
Factor 4
Factor 1

0.2
0.3
0.5
0.5

12.81
15.20
10.27
3.08

0.0008
0.0003
0.0024
0.0859

0.45
0.43
0.33
0.17

Dependent variable: Plant P content

1
2
3

Factor 2
Factor 5
Factor 4

0.3
0.4
0.5

22.07
14.72
8.95

,0.0001
0.0004
0.0044

0.55
0.40
0.29

have found that atmospheric loading to the Chesa-
peake Bay region is relatively high, and all of the wet-
lands that we studied are located near wastewater treat-
ment facilities, which would be significant sources of
nitrogen. Our results also suggest that the chemical
characteristics of interstitial water are likely to vary
little between wetlands that occur in the tidal and non-
tidal portions of rivers. This result is surprising be-
cause, at least in Maryland, freshwater tidal wetlands
usually are located in the portions of rivers that have
greater amounts of urban and suburban development
and, therefore, higher nutrient loading rates (Simpson
et al. 1983).

The restored sites in Maryland had higher Ca,
HCO3, and NH4 concentrations than their natural coun-
terparts. Chemical characteristics have almost always
been shown to differ when restored or created wet-
lands have been compared to their natural counter-
parts, but the differences are not always consistent.
Galatowitsch and van der Valk (1996) showed that
water in restored wetlands in the Prairie Pothole region
had a higher pH and lower levels of alkalinity, con-
ductivity, Ca, and Mg than comparable natural wet-
lands. Wilson and Mitsch (1996) found that mitigation
wetlands in Ohio had lower P, K, Ca, and Mg.

The distinct differences between Maryland and Hol-

land/Belgium in interstitial water were not reflected in
a similarly strong regional differences in the physico-
chemical soil characteristics (Figure 1b). The one clear
regional difference among soils was a higher total soil
P content in the Dutch/Belgian sites, which is most
likely related to the history of decades of high P loads
in the Rhine and Scheldt river basins (Van Dijk et al.
1994, Dogterom et al. 1998). Differences in soil char-
acteristics among the 12 wetlands were most clearly
related to water regime and the dominant plant type.
Soil organic matter, total N, total P, and bulk density
were all higher in tidal wetlands. The regular deposi-
tion of nutrient-rich riverine sediments in tidal wet-
lands might be one reason for the higher N, P, and
bulk densities (Simpson et al. 1983, Bowden 1984).
Findley et al. (1990), however, found that much of the
organic detritus in Hudson River freshwater tidal wet-
lands was removed by tidal action, suggesting that the
tidal wetland soils would not have higher levels of
organic matter. Higher N and P in soils of tidal wet-
lands may also be due to their physical locations near
potential urban and suburban sources of nutrients. As
indicated earlier, many tidal freshwater wetlands are
located in areas where discharges from wastewater
treatment facilities are common.

Non-tidal forested wetlands had higher organic mat-
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ter and total N and lower bulk density and total P than
the herb-dominated wetlands. The presence of nitro-
gen-fixing alders in some of the forested sites may, in
part, explain the higher N levels. A higher organic
matter content, higher total N, and lower bulk density
of soils in forested wetlands may also be due to low
rates of decay of the woody plant tissues compared to
the high rates of decomposition of herbaceous species
in tidal freshwater wetlands (Odum 1984, Whigham et
al. 1989), as was also confirmed in our cotton tensile
strength loss results. The lower organic matter content
of soils in the herbaceous tidal wetland may also be,
as noted above, due to tidal export of organic matter
(Findley et al. 1990).

The restored sites in Maryland differed from their
natural counterparts by lower soil organic matter and
total soil N and P. Lower organic matter content of
soil and lower amounts of N and P have typically been
found in restored wetlands. Soil organic matter and
bulk density are two soil variables that are typically
lower and higher, respectively in restored and created
wetlands (Galatowitsch and van der Valk 1996, Stauf-
fer and Brooks 1997, Mitsch et al. 1998). Obviously,
the use of gravel with only a thin layer of fine river
sediments on the surface was at least partially respon-
sible for the observed physical and chemical charac-
teristics of the soil.

N and P Cycling

None of the nutrient-related process rates nor the
plant nutrient concentrations showed any clear region-
al patterns (Figure 1c,d), nor were there differences for
tidal versus non-tidal wetlands within the same river
systems. These results further demonstrate that the
chemical characteristics of water and sediment in in-
dividual river systems have a greater impact on nutri-
ent cycling processes than does the flooding regime
(i.e., tidal or non-tidal). There were also only minor
influences of vegetation type on nutrient-related pro-
cesses, again indicating the importance of the chemical
characteristics of water and sediment in riverine sys-
tems

Surprisingly, process rates in the restored and nat-
ural wetlands in Maryland were not significantly dif-
ferent, although significant differences did exist in the
factors (e.g., water chemistry and soil variables) that
control N and P cycling. Lower N and P concentra-
tions in plants and similar or higher concentrations of
soil N and P at the restored sites suggest that plant
nutrients were available but were not being taken up
in plant biomass. The reasons for this situation are
unclear, but the stage of vegetation development may
have been important. Mitsch et al. (1998) found that
several years were required before nutrient concentra-

tions of plants in restored sites reached the same levels
as those found in natural wetlands. Lower N and P in
the vegetation also suggests that vegetation uptake
processes may be poorly coupled to rates of nutrient
cycling during early stages of vegetation development
in restored wetlands.

Simpson et al. (1983) and Odum et al. (1984) had
suggested that freshwater tidal wetlands would have
higher levels of productivity than non-tidal riverine
wetlands because of the daily tidal subsidies. Higher
rates of production would also be suggestive of higher
rates of nutrient cycling if the vegetation was obtaining
nutrients primarily from the soils. We found no cor-
relative evidence to suggest that freshwater tidal wet-
lands had higher nutrient-related process rates even
though the tidal wetland soils had higher total N and
P. The high level of within-wetland variability in pro-
cess rates could have obscured any differences be-
tween tidal and non-tidal wetlands. Another explana-
tion for the absence of patterns could be that the nu-
trient release was not related to the total nutrient pool
but rather to a limited pool of easily recyclable nutri-
ents. The incubation procedures that we used are only
suggestive of longer term (e.g., 6 week) uptake or re-
lease of nutrients and would not be a good indicator
of short-term turnover rates of N or P (Bowden 1986).

Comparison of Riverine and Fen Data Sets

Our primary long-term goal has been to use the
methods that were employed in this study to develop
a data base that can be used to compare general pat-
terns of nutrient cycling among and between wetlands
that are located in different regions of the world. We
have previously compared fens and bogs in Maryland,
The Netherlands, and Poland using these procedures
(Verhoeven et al. 1994, 1996). Table 4 shows the re-
sults of a comparison of riverine and fens data sets.
For this analysis, we grouped wetlands with similar
vegetation structure. In the riverine data set, 3 struc-
tural types were distinguished: deciduous trees/shrubs,
herbaceous plants, and Phragmites dominated wet-
lands. In the fen data set, 4 types are distinguished:
evergreen shrubs, deciduous trees and shrubs, herba-
ceous plants, and Sphagnum-dominated wetlands.

For N and P mineralization, riverine sites dominated
by herbaceous species had higher rates than riverine
sites dominated by trees, which were in the same range
as all of the fen sites. Nutrient concentrations in veg-
etation were in the same range for riverine and fen
wetlands. The fact that most of the process rates were
higher in the riverine sites illustrates their generally
more nutrient-rich status.

The multivariate analyses of data from the two wet-
land categories also demonstrates that the standard



220 WETLANDS, Volume 21, No. 2, 2001

Ta
bl

e
4.

C
ot

to
n

te
ns

ile
st

re
ng

th
lo

ss
an

d
so

il
nu

tr
ie

nt
pr

oc
es

s
ra

te
s

in
(1

)
fe

ns
do

m
in

at
ed

by
ev

er
gr

ee
n,

de
ci

du
ou

s,
gr

am
in

oi
d

an
d

Sp
ha

gn
um

pl
an

t
ty

pe
s

an
d

(2
)

ri
ve

ri
ne

w
et

la
nd

s
do

m
in

at
ed

by
de

ci
du

ou
s,

he
lo

ph
yt

e
an

d
he

rb
ac

eo
us

pl
an

t
ty

pe
s.

D
at

a
ar

e
m

ea
ns

6
S.

E
.

M
ea

ns
fo

llo
w

ed
by

th
e

sa
m

e
le

tte
r

ar
e

no
t

si
gn

ifi
ca

nt
ly

di
ff

er
en

t
(T

uk
ey

te
st

af
te

r
A

N
O

V
A

,
p

,
0.

05
).

n:
nu

m
be

r
of

sa
m

pl
in

g
st

at
io

ns
.

Fe
n

D
at

a
Se

t

E
ve

rg
re

en
D

ec
id

uo
us

G
ra

m
in

oi
d

Sp
ha

gn
um

R
iv

er
D

at
a

Se
t

D
ec

id
uo

us
H

el
op

hy
te

H
er

ba
ce

ou
s

C
ot

to
n

T
SL

N
m

in
er

al
iz

at
io

n
P

re
le

as
e

D
en

itr
ifi

ca
tio

n
n

1.
62

a
6

0.
04

27
.7

1ab
6

10
.9

2
30

.7
2ac

6
22

.6
3

0.
11

b
6

0.
03

5

1.
59

a
6

0.
16

67
.5

0a
6

12
.6

9
82

.3
4a

6
29

.1
1

3.
29

a
6

1.
31

15

1.
18

a
6

0.
12

20
.6

9b
6

7.
44

3.
12

bc
6

1.
60

0.
15

b
6

0.
03

20

0.
44

b
6

0.
06

41
.9

6ab
6

14
.9

9
11

.4
2bc

6
5.

81
0.

60
b

6
0.

21
20

3.
02

B
6

0.
21

54
.4

1B
6

7.
96

34
.3

8B
6

12
.7

2
18

.6
1A

6
7.

74
25

4.
40

A
6

0.
29

98
.8

6A
6

19
.9

0
18

9.
47

A
6

46
.1

1
21

.6
1A

6
10

.6
2

15

4.
37

A
6

0.
26

33
.2

4B
6

5.
69

45
.1

0B
6

19
.4

6
0.

65
B

6
0.

18
15

methods that we have chosen offer supporting evi-
dence for the general conclusions that nutrient cycling
processes in wetland are controlled by a well-delin-
eated set of different factors that are related to clearly
distinguishable soil (base status, N and P status, and
redox state) and water (nutrient status) characteristics.
In the riverine data set, the five principal components
(Table 2) were basically similar to the four principal
components that were identified in our earlier study of
12 fens and bogs (Table 2 in Verhoeven et al. 1996).
These findings are not unexpected, but the data sets
that we have compiled to date offer one of the first
tests of these general assumptions using a standard
method that is applied across more than one type of
wetland as well as across a range of trophic conditions.
The results also indicate that the methods that we have
applied can be used to examine differences in N and
P processing rates among and within different types of
wetlands. Nitrogen mineralization and relative decom-
position rates were, for example, found to be con-
trolled by different factors in fens than in riverine wet-
lands, suggesting that for decomposition, redox status
is more important in riverine wetlands and base status
is more important in fen wetlands (Table 5). On the
other hand, denitrification and P release were con-
trolled by the same factors in the riverine and fen wet-
lands. In both wetland types, there was a positive cor-
relation between denitrification and redox status, in-
dicating that nitrification rather than denitrification is
the rate-limiting process (Patrick et al. 1985).

Application to Functional Assessment Methodologies

Our findings also suggest that similar approaches
may be used in developing and testing approaches to
assess nutrient-related functions in wetland assessment
systems. The results of our study confirm the general
assumptions of functional assessment models such as
FAEWE and HGM, which are based on the prediction
that nutrient-related functions should be assessed and
tested separately for different classes of wetlands (i.e.,
riverine versus non-riverine wetlands). Qualitative pre-
dictions using a relative scale (i.e., the process occurs
at a low, medium, or high rate) may be based on the
relationships between process rates and principal com-
ponents of soil and water variables as described in this
paper. Soil organic matter, water-table fluctuation dur-
ing spring, interstitial water pH, interstitial water NH4

and PO4, and total soil P are relatively easy-to-measure
indicator variables that are expected to predict the nu-
trient-related process rates well. This assumption will
be further tested as the data set on process rates in
different wetland types across geographic regions
builds up.
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Table 5. Comparison of multiple regressions of process rates and plant nutrient concentrations in the riverine sites with data collected
in fens in Maryland, The Netherlands and Poland (see Verhoeven et al. 1996).

Process Step

River Data Set

Princ. Comp. Model R2 Coeff.

Fen Data Set

Princ. Comp. Model R2 Coeff.

Cotton TSL 1
2

redox status 0.22 20.46 base status
soil P

0.23
0.42

0.48
0.43

N mineralization 1
2

soil N/org. m.
soil P

0.27
0.43

0.52
0.40

water nutrient 0.27 0.52

P release 1
2
3
4

soil P
base status

0.49
0.56

0.70
0.26

soil P
water nutrient
base status
redox status

0.43
0.59
0.62
0.64

0.65
0.42

20.17
20.10

Denitrification 1
2
3

redox status
base status
water nutrient

0.47
0.58
0.60

0.70
0.33

20.17

redox status
base status

0.49
0.56

0.70
0.26

Plant N 1
2
3
4

redox status
soil N/org. m.
water nutrient
base status

0.20
0.39
0.50
0.53

0.45
0.43
0.33
0.18

redox status
water nutrient
base status

0.47
0.66
0.77

0.68
0.43
0.34

Plant P 1
2
3
4

soil N/org. m.
redox status
water nutrient

0.31
0.47
0.55

0.55
0.40
0.28

water nutrient
soil P
redox status
base status

0.26
0.52
0.63
0.68

0.51
0.51
0.33
0.22
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