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Critical Reviews in Environmental Control, 21(5, 6):491-565 (1991)

Sediment and Nutrient Retention by
Freshwater Wetlands: Effects on Surface
Water Quality*

Carol A. Johnston, Ph.D.
Center for Water and the Environment, Natural Resources Research Institute, University
of Minnesota, 5013 Miller Trunk Highway, Duluth, MN 55811

* Contribution 77 of the Center for Water and the Environment.

ABSTRACT: Freshwater wetlands alter surface water quality in ways which benefit downstream
use. This review summarizes the mechanisms of freshwater wetland interaction with sediment and
nutrients that affect surface water quality. The mechanisms vary in magnitude and reversibility,
and differ among wetland types. They include sedimentation, plant uptake, litter decomposition,
retention in the soil, and microbial processes. Sedimentation is a relatively permanent retention
mechanism whereby particulates and associated contaminants are physically deposited on the wet-
land soil surface. Plant uptake and litter decomposition provide short- to long-term retention of
nutrients, depending on rates of leaching, translocation to and from storage structures, and the
longevity of plant tissues. Plant litter can also provide a substrate for microbial processing of
nutrients. Wetland soils sorb nutrients, and provide the environment for aerobic and anaerobic
microorganisms that process nutrients. Wetland storage compartments, fluxes, and net retention
rates are discussed for nitrogen and phosphorus.

KEY WORDS: wetlands, water quality, sediment, nitrogen, phosphorus, plants, litter, microbes,
soil, retention.

I. INTRODUCTION

Freshwater wetlands are complex ecosystems that interact with contaminants
in a number of ways. The general perception that wetlands improve water quality
has led to their use for wastewater disposal in many parts of the world, 1-2 but
many of the mechanisms by which wetlands retain and process waterborne inputs
are still poorly understood. The purpose of this review is to summarize information
from the literature about the various mechanisms by which naturally occurring
freshwater wetlands interact with surface water, and to draw conclusions about
their importance to water quality.

1040-838X/91/$.50
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This review focuses on wetland processes which affect sediment and nutrients.
In general, processes that decrease waterborne sediment and nutrient concentra-
tions are considered to benefit water quality, although reduction below minimal
threshold concentrations may not provide additional benefit and may even be
detrimental to the productivity of downstream ecosystems. This review does not
deal with the impacts of water quality impairment on wetland ' 'health' ' , but rather
on the ability of the wetland to retain and process contaminants to the benefit of
other surface waters. Literature compilations by Nixon and Lee3 and Johnston et
al.4 served as major reference sources.

A. Characteristics of Wetlands

Wetlands are defined by the U.S. Fish and Wildlife Service as "lands where
saturation with water is the dominant factor determining the nature of soil de-
velopment and the types of plant and animal communities living in the soil and
on its surface."5 Wetlands are distinguished from uplands by soil wetness, and
from deep water habitats by water depth. Although areas with submergent aquatic
vegetation and standing water up to 2 m in depth fall within the U.S. Fish and
Wildlife Service definition of wetland, most of the wetlands considered in this
review have shallower water, and floating, emergent, or woody vegetation. Wet-
lands with herbaceous vegetation (especially those with standing surface water)
are generically called marshes, while those with woody vegetation are called
swamps.

Wetland soils vary in texture and organic matter content. Organic soils contain
at least 12 to 18% organic carbon, depending on clay content, while mineral soils
contain less.6 "Peatlands" are wetlands with organic soils and little or no surface
water. The terms "bog" and "fen" are used, respectively, to refer to acidic and
alkaline peatlands, although use of the terminology varies.7

Water is the primary medium of material transfer into and out of wetlands.
Freshwater wetlands receive water from precipitation, groundwater, and/or sur-
face water, conveyed in the form of runoff, streams, rivers, lakes, and human
wastewater discharges. These water sources convey varying amounts of sediment
and nutrients. In general, the highest inputs are from anthropogenically altered
sources (wastewater discharges, surface waters, and runoff from urban and ag-
ricultural lands), while the lowest are from precipitation and groundwater. An
individual wetland may receive water from any and all of these sources, often
with substantial seasonal variation (e.g., seasonal precipitation trends, spring
flooding). There is an equivalent variety of possible output paths (into surface
water, groundwater, and evapotranspiration), making it difficult to construct the
hydrologie budgets necessary to quantify accurately wetland-water interactions.8-9

B. Processing of Materials by Wetland Ecosystems

Once a substance enters a wetland, it may be stored, altered by chemical or
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biological action, or discharged via water or atmospheric fluxes.10 A generic
model of these interactions contains 7 different storage compartments and 28
different flux pathways for materials in wetlands (Figure 1). While some of these
storage and discharge mechanisms are well understood, the difficulty in quanti-
fying others has resulted in highly variable published results on the effects of
wetlands on water quality.

Retention in wetlands results from cumulative fluxes into storage compart-
ments of the wetland ecosystem: soils, vegetation, and plant litter (Figure 1). If
annual inputs are greater than outputs, the storage compartment is a "sink",
removing the substance from circulation. Storage compartments that are sinks
gradually accumulate substances, those that are sources are gradually depleted
of them, and those in which annual inputs equal outputs have no net effect.

Total storage of a substance in a particular compartment ("standing stock")
is expressed as mass per unit area, and is computed by multiplying the mass or
volume of the storage medium (e.g., biomass per square meter; soil volume per
square meter) by the concentration of the substance per unit of that mass or
volume, such as grams of nitrogen per gram dry weight of biomass (mg/gdw),
or grams of phosphorus per milliliter of water. The flux of a substance between
compartments is expressed as mass per unit area over time. In this paper, con-
centrations are expressed as percent dry weight, mg/gdw, or jig/gdw, standing
stocks are expressed as mg m~2 or g m"2, and fluxes are expressed as mg m~2

year"1 or g m"2 year"1.
Measurement of standing stocks gives a snapshot view of the total amount

of nutrients contained in a storage compartment at a particular time. Some standing
stocks (e.g., nutrients stored in tree boles or soils) change very little over time,
while the standing stocks in dynamic storage compartments (e.g., leaves, her-
baceous plants) change substantially during the course of a year. The timing of
standing stock measurement can therefore affect the results obtained.

The importance of a storage compartment to water quality depends on both
the rate of flux into a storage compartment and the duration of retention in that
compartment ("turnover time"). A given flux into a short-term storage com-
partment (e.g., wetland surface water) is less desirable from the standpoint of
water quality than a comparable flux into a long-term storage compartment (e.g.,
burial in soil). If the flux rate into a long-term storage compartment is small,
however, its net effect on water quality will also be small but nevertheless positive
when compared to the alternative of exporting standing stocks.

The size of a standing stock is not necessarily indicative of its net effect on
water quality. A large standing stock may be the result of small annual additions
over a long period of time. For example, new annual nutrient storage in tree
boles is typically very small, but standing stocks of nutrients in tree boles may
be substantial because tree longevity results in long turnover times.

The conversion of an element from one form to another can benefit water
quality even if there is no net retention by a storage compartment. For example,
inorganic nitrogen (NH4 and NO3) can degrade water quality by promoting algae
blooms, but other forms of nitrogen cannot be taken up by algae. Therefore, the
conversion of dissolved inorganic nitrogen to organic nitrogen can benefit water
quality without a change in total N concentration.
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3, 4, 5

FIGURE 1. General model of major fluxes and standing stocks of materials in wetland
ecosystems. Standing stocks: L = aboveground shoots or leaves; T = trunks and branches,
woody plants; R = roots and rhizomes; W = materials dissolved or suspended in surface
water; D = litter or detritus; S = near-surface sediments; B = deep sediments below the
rooting zone. Fluxes: 1, 2 = exchanges of dissolved and paniculate materials with adjacent
waters; 3-5 = N fixation in sediments, rhizosphere, and litter; 6 = denitrification; 7, 8 =
groundwater inputs to surface water and roots; 9, 10 = atmospheric deposition to water
and land; 11, 12 = aqueous deposition from canopy and stemflow; 13 = uptake by roots;
14, 15 = foliar uptake from surface water and rainfall; 16 = translocation from roots to
trunks and stems; 17 = translocation from trunks and stems to leaves; 18 = litterfall; 19, 20
= readsorption of materials from leaves through trunks and stems to roots and rhizomes;
21 = leaching from leaves; 22 = death or sloughing of root material; 23 = incorporation
of litter into sediment; 24, 25 = uptake by and release from decomposing litter; 26 =
volatilization of ammonia; 27 = sediment-water exchange; 28 = long-term burial in sedi-
ments, outputs to groundwater. (From Nixon, S. W. and Lee, V., Wetlands and Water
Quality, Wetlands Research Program, Tech. Rep. Y-86-2, U.S. Army Engineer Waterways
Experiment Station, Vicksburg, MS, 1986. With permission.)

Input-output ("black box") studies treat the whole wetland as a storage
compartment. Fluxes into and out of a wetland, represented by arrows entering
and leaving the bounding box in Figure 1, are measured to determine the net
effect of the wetland on water quality. These studies are typically done for
wetlands with single, well-defined surface water inlets and outlets, negligible
groundwater inputs and outputs, and high anthropogenic inputs.

Wetland literature contains numerous studies of standing stocks, particularly
in vegetation, but studies of fluxes are less common. There are few comprehensive
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studies that quantify all the fluxes among wetland vegetation, litter, surface water,
groundwater, soil, and atmospheric compartments, and even fewer such studies
with data for multiple years. Where long-term studies have been conducted, they
have shown that initial trends may not be indicative of long-term retention ca-
pacities, and may even be reversed over time.11"13

II. SEDIMENT RETENTION

A. Mineral Sediment Deposition

Sediment deposition in wetlands benefits downstream water quality by re-
ducing the turbidity and suspended solids concentration of surface waters, and
by retaining phosphorus and contaminants that are sorbed to the sediments re-
tained.14 Although some reworking of sediments may occur due to fluvial activity
in floodplain wetlands and wind resuspension in shallow lakes, 15 sedimentation
is a relatively irreversible mechanism.16

The capacity of flowing water to transport sediment depends on its velocity
and the size of particles being transported.17-18 Erosion occurs at velocities above
the critical erosion velocity for a given particle size, transport occurs at velocities
below the critical erosion velocity but above the fall velocity, and deposition
occurs at velocities lower than the critical erosion velocity but higher than the
fall velocity.17 Stream velocity can be calculated by means of the Manning equation:

1 49
V = — - R^S112 (1)

n

where V = velocity, R = hydraulic radius (cross-sectional area divided by wetted
perimeter), S = stream gradient, and n = roughness coefficient. Velocity will
decrease with a decrease in hydraulic radius, a decrease in stream gradient, or
an increase in the roughness coefficient. All three of these conditions occur when
a stream floods a wetland, and the resultant decrease in water velocity permits
the sediment load of the stream to settle out. This process may be accelerated by
the flocculation of clay particles and high molecular weight humic acids.1619

A number of methods have been used to estimate rates of sedimentation in
wetlands (Table 1). Methods for measuring short-term sedimentation (i.e., =sl
year) include sediment traps constructed from polyethylene bottles, 22 leaf squares
placed in hardware cloth holders, 31 and dust, clay, or glitter horizons sprinkled
on the soil surface prior to a flood event.24'25 Longer-term methods use radiois-
otope dating with 137Cs or 210Pb to estimate the number of years over which a
measured mass or thickness of soil has accumulated, 21'26"29'32 sometimes in com-
bination with changes in soil morphology indicative of a change in sediment
supply.30'33 Novitzki34 used input-output suspended solids budgets to estimate
sedimentation rates, but Kadlec and Robbins29 found little change in suspended
solids concentrations in streams flowing through wetlands, despite relatively high

495

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 1
8:

04
 1

7 
D

ec
em

be
r 

20
17

 



TABLE 1
Annual Thickness and Mass Accumulation Rates for Mineral Soils and Sediments

Wetland description

Riparian forest
Sagittaria wetland
Alluvial cypress swamp
Lake Ellyn (drained)
Cypress swamp
Barataría Bay marshes
Streamside with hurricane
Streamside without hurricane
Inland with hurricane
Inland without hurricanes
Streamside without hurricane
Capitol Lake, near swamp
inlet

Freshwater bay bottom
Lac des Allemands
River bottom, South Channel
North Channel inside of bend
North Channel outside of bend
Marsh edge at outlet pool
Cattail
Sedge Meadow
Cranberry Bog inlet stream
delta

Cranberry Bog outlet
floodplain

Forest edge
Ephemeral streams
Forest edge

Location

Tifton
Big Lake
Cache River
Du Page County
Barataría Basin
Barataría Basin
Barataría Basin
Barataría Basin
Barataría Basin
Fourleague Bay marshes
Fourleague Bay marshes
Baton Rouge

Barataría Basin
Barataría Basin
Pentwater
Pentwater
Pentwater
Pentwater
Pentwater
Pentwater
Stevensville

Stevensville

Panther Swamp
Cypress Creek
Cypress Creek

State

GA
IA
IL
IL
LA
LA
LA
LA
LA
LA
LA
LA

LA
LA
Ml
Ml
Ml
Ml
Ml
Ml
Ml

Ml

NC
NC
NC

Thickness
accretion

(cm
year-')

0.22
1.70
0.80
2.00

-0.60
0.60
1.50
1.10
0.90
0.56
0.13
2.60

0.65
0.44-0.81

~0
—
0.04
0.10
0.41
0.29
0.06

0.23

1.0-1.50
0.25-0.75
0.75-2.50

Mass
accumulation

(g m-»
year"1)

3500-5200
—

5600
—:
—
—
—
—
—
—
—

17.9

—
—
~0

4700
50

110
1400
1000
330

2300

—
—
—

Method

Depth to argillic horizon
137Cs dating
Sediment traps
Sediments accumulated in impounded lake
Dust, clay, glitter marker horizons
White-clay marker horizons
White-clay marker horizons
White-clay marker horizons
White-clay marker horizons
White-clay marker horizons
White-clay marker horizons
137Cs dating

137Cs dating
137Cs dating
210Pb dating
210Pb dating
210Pb dating
210Pb dating
810Pb dating
210Pb dating
210Pb dating

210Pb dating

137Cs and sediment-soil morphology
137Cs and sediment-soil morphology
137Cs and sediment-soil morphology

Ref.

20
21
22
23
24
25
25
25
25
25
25
26

27
28
29
29
29
29
29
29
29

29

30
30
30
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Intermittent streams
Floodplain swamp
Floodplain swamp
Intermittent streams
Low areas
Intermediate elevations
Higher elevations
Prairie Potholes
Riparian forest levee
Riparian forest backwater area
Wet meadow

Arithmetic Mean
Range

Cypress Creek
Cypress Creek
Panther Swamp
Panther Swamp
Creeping Swamp
Creeping Swamp
Creeping Swamp
Various
Cecil
Cecil
Madison

NC
NC
NC
NC
NC
NC
NC
SD
Wl
Wl
Wl

0.25-0.75
0-0.25
0-0.50

0.25-1.00

—
—

1.30
0.50
—

0.69
-0.6-2.6

—
—
—

305
148
39

430-800
7840
472
956

1680
0-7840

137Cs and sediment-soil morphology
137Cs and sediment-soil morphology
137Cs and sediment-soil morphology
137Cs and sediment-soil morphology
Flood event sedimentation
Flood event sedimentation
Flood event sedimentation
137Cs dating
137Cs and sediment-soil morphology
137Cs and sediment-soil morphology
Suspended solids budget

30
30
30
30
31
31
31
32
33
33
34

I Note: Negative values indicate erosion.
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sedimentation rates measured with radioisotopes. Other methods for estimating
sediment accretion include depth to the argillic horizon, 20 dendrogeomorphic
measurement, 35 and drainage basin modeling.36

Sedimentation rates are expressed in terms of vertical accretion (cm year"1)
and mass accumulation (g m~2 year"1: Table 1). Mass accumulation rates are
more meaningful for inter-wetland comparisons of sedimentation rates because
vertical accretion rates vary substantially with differing soil bulk densities (i.e.,
soil mass per unit volume). For example, even though the study by DeLaune et
al.26 had the highest thickness accretion rates reported in Table 1, it had one of
the lowest mass accretion rates due to the flocculent nature of the lake bottom
sediments.

The study by Kadlec and Robbins29 illustrates the within-wetland variability
in sedimentation rates, even between sites in close proximity. The mass accretion
rate measured at the inside of a bend of the North Channel in Pentwater Marsh
was very high (4700 g m"2 year"1), while the rate measured at the outside of
the bend was one of the lowest reported (50 g m~2 year"1). Johnston et al.33 also
reported highly variable mass accumulation rates within an individual wetland,
ranging from 7840 g m~2 year"1 in a natural levee deposited by a 1-m wide
stream, to only 472 g m"2 year"1 in backwater areas farther from the stream.
Because of this variability, extrapolating data from a few sample cores to a much
larger area may yield erroneous results.37

The highest mass accumulation rates were generally measured in wetlands
receiving: (1) seasonal flooding from sediment-laden rivers and streams , 20i22>29>33

or (2) surface water runoff from upland cultivated fields ("forest edge"30). With
the exception of Pentwater Marsh, 29 the wetlands with the highest sedimentation
rates were forested, possibly because floodplain forests are adapted to the seasonal
flooding regimes associated with the highest sedimentation rates. Sediment de-
livery from surface water inputs, rather than wetland characteristics per se, was
the major factor influencing sediment retention by wetlands.

Average rates of thickness accretion and mass accumulation for mineral soil
wetlands were 0.69 cm year"1 and 1680 g m"2 year"1, respectively. Sediment
deposition is not routinely measured in wetlands, however, and tends to be studied
in wetlands which receive appreciable amounts of sediment. Therefore, these
accumulation rates are probably higher than those occurring in most wetlands.

Sediment retention within individual wetlands can have an important cu-
mulative effect on water quality at the watershed scale.38 In an analysis of erosion
yields from eight watersheds containing wetlands, Phillips39 found that less than
65% of the sediment eroded from upland areas was transported out of the wa-
tersheds studied (Table 2, column B). Of the sediment that reached streams within
the watershed, 23 to 93% was retained by wetlands through which those streams
flowed (Table 2, column C).

B. Organic Soil Accumulation

Organic soil ("peat") is formed by the accumulation of organic matter where
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TABLE 2
Sediment Storage in Wetlands, Percent of Watershed Erosion

Basins

Lone Tree Cr.
Upper Neuse
Upper Tar
Dry Creek
Coon Creek, 1853-1938
Coon Creek, 1938-1975
Gullied basin
11 Small basins
Yendacott

State or
country

CA
NC
NC
NE
Wl
Wl
SE Australia
Luxembourg0

Devon, U.K.

Area
(km»)

1.7
1997
1119

52
360
360
340

3.5
1.0

A
Sediment stored

in wetlands
(% of total
erosion)

19
15
21
31
58
37
37"
14
45

B
Sediment

leaving basin
(% of total
erosion)

62
14
8

64
6
7

10
34

3

C
Sediment stored

In wetlands
(% of inputs
to streams)

23
52
72
33
91
84
79
29
93

Ref.

40
41, 42a

39
43
44
44
45
46
47

Note: Values in column C = A/(A + B).

• Sediment budget estimated by Phillips39 from data published in these sources.
b "Floodplain" deposits as identified by Melville and Erskine45 are equated to alluvial storage, and "floodout" deposits to non-

wetland storage.
° Values are means for the 11 basins.

After Phillips, J. D., Water ResourC., Bull., 25, 867, 1989.
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biomass production exceeds decomposition rate. Most organic soils occur in
wetlands because rates of decay are slow due to the lack of oxygen. Unlike
mineral sediment deposition, which depends on inputs of soil material from
outside of the wetland, organic soil accumulation depends primarily on the pro-
duction and decomposition of material in situ.

Formation of peat consists primarily of three processes: (1) loss of organic
matter by leaching or attack by animals and microorganisms; (2) loss of physical
structure; and (3) change of chemical state (i.e., the production of new types of
molecules by microorganisms and spontaneous chemical reactions).48-49 A number
of factors can affect the rate of organic matter accumulation:50

1. Nature of plant material (different plant species decompose at different rates)
2. Climate (influences decomposition rates, depth to permafrost, regional flora

and fauna)
3. Fire (initial destruction of peat and vegetation, ashes increase available

nutrients in peat for several years after fire)
4. Geologic factors (glacial readvance, erosion)
5. Flooding (can cause anaerobic conditions)
6. Human disturbance (logging, cultivation, drainage, burning, blocking drain-

ages with road fills, etC., )

As with mineral soils, rates of organic soil accumulation may be measured
by use of radioisotope dating (Table 3). Hemond52 used 210Pb dating to measure
organic matter accumulation, but 14C dating of wood buried in peat or the peat
itself is more commonly used.50-31-53"57 Modeling of decomposition in bogs has
also been used to estimate organic soil accumulation.57

Both thickness accretion and mass accumulation rates generally decrease with
depth within a peat profile because the organic matter continues to decompose
and be compacted over time. Therefore, the depth of sampling influences averaged
accumulation calculations; Heilman's51 measurements of surface peat accretion
are five to seven times Heinselman's50 deep (0 to 216 cm) peat measurements.
The average thickness accretion rate for organic soils (0.12 cm year"1: Table 3)
was one sixth the average accretion rate for mineral soils (0.69 cm year"1: Table
1). However, average mass accumulation was over an order of magnitude lower
for organic soils (96 g m"2 year"1: Table 3) than mineral soils (1680 g m~2

year"1: Table 1) due to the low bulk densities of organic soils. Measured rates
of Sphagnum moss accretion and mass accumulation are much higher than those
for organic soils58"62 because the moss is largely undecomposed. Mass accu-
mulation rates fall within the range of Sphagnum productivity values summarized
by Johnston63 (10 to 680 g m"2 year"1).

III. NITROGEN AND PHOSPHORUS RETENTION

Nitrogen and phosphorus are nutrients essential to plant growth, but excessive
concentrations of these nutrients can be detrimental to lake and stream water
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TABLE 3
Annual Thickness and Mass Accumulation Rates for Organic Soils

O1
0

Wetland description

Sphagnum peat
Sphagnum peat
Thoreau's Bog
Glacial L. Agassiz peatland
Myrtle Lake peatland
Sedge meadow
Marsh site
Shrub site
Cypress site
Lagg
Muskeg
Bog forest
Moor House

Arithmetic mean
Range

Location

Fairbanks
Fairbanks
Concord
Littlefork
Littlefork
Cecil
Okefenokee
Okefenokee
Okefenokee
Manitoba
Manitoba
Manitoba
—

State or
country

AK
AK
MA
MN
MN
Wl
GA
GA
GA
Canada
Canada
Canada
U.K.

Sample
depth
(cm)

0-41
0-71

60
0-216
0-430
0-50
0-380
0-180
0-360
80-85
200-205
185-190

—

Thickness
accretion

(cm
year-1)

0.25
0.38
0.30
0.05
0.14
0.17
0.06
0.05
0.06
0.03
0.03
0.04
0.01

0.12
0.01-0.38

Mass
accumulation

( g m - 2

year-1)

150
280

—
—
—
80
68
74
52
27
36
—

96
27-280

Dating
method

14C
14C
210P b

14C
14C
"C
14C
1 4 C

14C
14C
, 4 C

14C
Bog model

Reí

51
51
52
50
53
54
55
55
55
56
56
56
57
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quality, resulting in algae blooms, decreased light penetration, loss of dissolved
oxygen, and ultimately the eutrophication of lakes. Therefore, the retention of
nitrogen and phosphorus in wetlands can benefit downstream water quality. Since
wetland plants require nitrogen and phosphorus for growth, small additions of
nutrients are generally not harmful. Nutrient additions that are high in proportion
to normal inputs, however, can alter the species composition of wetland vegetation
and cause other biological changes.64

A. Sources of Nitrogen and Phosphorus to Wetlands

1. Atmospheric Deposition

All wetlands receive inputs of nitrogen and phosphorus from precipitation
and atmospheric deposition. Atmospheric inputs are the major source of nutrients
to wetlands for which precipitation is the primary source of water, 52-65-66 but
nutrient concentrations in precipitation are typically much lower than those in
surface waters, particularly surface waters receiving point and nonpoint-source
pollution. Loadings from precipitation average about 0.5 g N m~2 year"1 and
0.04 g P m~2 year"1 (Table 4), while loadings from wastewater applications in
wetlands typically exceed 6.0 g N m~2 year"1 and 1.7 g P m~2 year"1.12 At-
mospheric N deposition tends to be highest in the humid eastern U.S. and lowest
in the drier west coast areas, while the spatial distribution of atmospheric P
deposition lacks an apparent pattern (Table 4). Deposition rates of N and P are
an order of magnitude lower in Alaska than in the 48 contiguous states (Table
4).

2. Nitrogen Fixation

Nitrogen fixation, the process whereby gaseous N2 is converted into organic
N by prokaryotic organisms containing the enzyme nitrogenase, is a source of
nitrogen to some wetlands. A wide variety of symbiotic (associated with nodulated
host plants) and asymbiotic (free-living) organisms can fix nitrogen. Nitrogen-
fixing organisms occur in the water column, on the soil surface, in aerobic and
anaerobic flooded soils, in the root zone of plants, and on the leaf and stem
surfaces of plants.88

The prevailing method for measuring nitrogen fixation is the acetylene re-
duction activity (ARA) method, in which soil and/or plants are incubated in a
10% acetylene atmosphere over a period of time. The acetylene is reduced by
nitrogenase to ethylene, which is measured by gas chromotography, 89 and used
to estimate nitrogen fixation assuming a ratio of 3 mol ethylene formed to 1 mol
dinitrogen (N2) fixed.90 An alternative but more expensive method is to measure
the uptake of 15N2 with a mass spectrometer or emission spectrometer.91 In wetland
studies in which ARA assays were calibrated against 15N measurements, the molar
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TABLE 4
Atmospheric Deposition of Nitrogen and Phosphorus

Location

Barrow
Barrow
Poker Flat
New Haven
Lewes
Gainesville
Sapelo Island
Putnam Co.
Okefenokee Swamp
Chicago
Southern IL
Falmouth
Rhode River
Houghton Lake
Marcell
Marcell
Tar River Swamp
Creeping Swamp
Coweeta
Piedmont
Mirror Lake
Hubbard Brook
New York State
Finger Lakes
Ithaca
Brookhaven
Ithaca
Whiteface
Cincinnati
Cochocton
Western Oregon
Penn State
Narragansett
Savannah River
Walker Branch
Charlottesville
Cedar River
Seattle
Various locations
Great Lakes region
SD, NE, MN
West Coast
MT, ND, WY
Southeastern U.S.

Arithmetic mean
Range

Note: TN = total N.

country

AK
AK
AK
CT
DE
FL
GA
GA
GA
IL
IL
MA
MD
Ml
MN
MN
NC
NC
NC
NC
NH
NH
NY
NY
NY
NY
NY
NY
OH
OH
OR
PA
Rl
SC
TN
VA
WA
WA
Wl
—•>

—

—

—

—

N form(s)

N03H
—
N03 H
—
N03

TN
NO3H
—
N03

—
—
TN
TN
TN.
—
TN
TN
—
—
—
N0 3 -
—
—
—
N03 -
N0 3 -
NO3 -
NO3-
—
—
—
N 0 3 -
—
—
—
N 0 3 -
—
—
TN
—
NO3

NO3

N03

NO3

- NH4

L NH4

h NH4

f NH4

h NH4

f NH4

f NH4

f NH4

t- NH4

f NH4

(mg m~2 year-1)

23
—

12
—
340

1050
300
—
332
—
—
800

1370
520
—
728
580
—
—
—
660
—
—
—

1000
405
560
520
—
—
—
625
—
—
—
515
—
—
114
—

220-450
60-110

110-220
220

490
12-1370

(mg m~2 year-1)

—

1.2
—
12

—
90
—

92-95
22
25

110
100
45
30

9-15
60
49

60-79
9-13

28
4

63
22-64

29
18

—
—
—
80
17
27

—
7

30
54

—
30

150
5

10-50
—
—
—
—

43
1.2-110

Ref

67
68
69
70
71
72
73
74
75
70
22
76
77
78
79
80
81
31
82
83
84
85
70
70
84
71
71
71
70
70
70
71
70
86
87
71
70
70
34
70
69
69
69
69
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ratio of ethylene production to I5N2 fixation ranged from 3.5 to 4.4, 92-93 higher
than the 3:1 ratio normally assumed. Therefore, studies that have used the 3:1
assumption may somewhat overestimate actual values.90

Most nitrogen fixation studies are conducted in the laboratory on small sam-
ples of soil or plants. While this allows researchers greater control over experi-
mental conditions, the collection and incubation process may disturb the sample.
Results are also affected by sample size and incubation time.94 In situ incubation
techniques for nitrogen fixation have been used by several wetland researchers
to avoid the problems inherent in laboratory incubations, 92-9596 but the spatial
variability in ARA over very short distances makes extrapolation of results from
in situ measurements or laboratory incubations uncertain.94

A number of environmental factors influence the rate of nitrogen fixation in
flooded soil.88 The availability and quality of carbon compounds appears to be
the primary factor limiting growth of heterotrophic nitrogen-fixing bacteria be-
cause these microorganisms must obtain their energy from carbon compounds
synthesized by other organisms. Added labile carbon substrates have been shown
to stimulate nitrogen fixation in flooded soils, 91 and excretion of organic com-
pounds from plant roots helps make the rhizosphere a favorable environment for
heterotrophic nitrogen fixation.97 Factors that inhibit nitrogen fixation include
high ambient concentrations of inorganic nitrogen, low light intensities (decreases
autotrophic nitrogen fixation), high oxygen concentrations (inhibits nitrogenase),
high redox potential (fixation is greater under reduced than under oxidized con-
ditions), and high (>8.0) or low (<5.0) pH levels88-97 Growing season length
also appears to affect fixation rates, with average fixation in tropical regions (2.5
g N m~2 year"1) greater than fixation in temperate and arctic regions (1.3 g N
m"2 year"1: Table 5).

Although asymbiotic fixation can provide more than half of the total nitrogen
input to wetlands hydrologically dependent on precipitation, 52-67 nitrogen inputs
from fixation are generally small compared to those from surface water inputs
to wetlands, 66 particularly surface waters containing anthropogenically derived
N.72 Therefore, asymbiotic fixation in wetlands is probably not a significant source
of nitrogen to downstream waters.

Symbiotic nitrogen fixation occurs in root nodules of host plants such as
legumes and certain wetland shrubs (e.g., Alnus spp. and Myrica gale and M.
cerífera). Only a few researchers have tried to quantify symbiotic nitrogen inputs
to wetlands, and the rates reported varied over two orders of magnitude (Table
6). Symbiotic fixation rates are typically higher than asymbiotic fixation rates
(Tables 5 and 6), although a Netherlands study reported that asymbiotic nitrogen
fixation approximately equaled symbiotic nitrogen fixation by Alnus glutinosa in
a recharge fen.107 Studies that estimated fixation rates based on soil nitrogen
concentrations113-114 reported higher values than those based on acetylene reduc-
tion from excised nodule material112 or exhumed Alnus roots.107

While symbiotic nitrogen fixation is clearly an important mechanism of ni-
trogen input to wetlands having the appropriate host vegetation, the distribution
and relative abundance of such wetlands is unknown. The importance of symbiotic
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TABLE 5
Asymbiotic Nitrogen Fixation in Wetlands

01s

Wetland description

Temperate regions
Tundra, polygonal troughs, and marshes
Tundra, high center polygon
Tundra, low center polygon
Tundra, wet meadow
Cypress dome (sewage enriched), Azolla
Cypress dome, cypress roots, and Azolla
Cypress dome (sewage enriched), litter
Cypress dome, litter
Panicuni hemltomon marsh
Flooded rice field soil
Thoreau's Bog
Scirpus atrovirens marsh
Peat bog
Hibiscus marsh
Sphagnum peatland bog
Typha latifolia stand (in situ)
Glyceria and Typha rhizomes
Beaver pond
Poor fen
Fen
Bog
Recharge fen, peat muck
Recharge fen, Sphagnum
Discharge fen, peat muck
Blanket bog

Location

Barrow
Barrow
Barrow
Barrow
Gainesville
Gainesville
Gainesville
Gainesville
Deltaic Plain
Crowley
Concord
Petersham
Petersham
Choptank River
Marcell
St. Paul
Ontario
Sept-lles, Quebec
Southern Germany
Southern Germany
Southern Germany
Vechtplassen
Vechtplassen
Vechtplassen
Pennine

State or
country

AK
AK
AK
AK
FL
FL
FL
FL
LA
LA
MA
MA
MA
MD
MN
MN
Canada
Canada
G.D.R.
G.D.R.
G.D.R.
Netherlands
Netherlands
Netherlands
U.K.

N
(g m-2 year-1)

0.12
0.04
0.09
0.02
0.07

Neglible
0.12
0.39
6.7
2-3
1.00

0.4-2.0
0.05
0.70

0.05-0.07
1.80
6.00
5.10
0.53
2.10
0.07
0.11

Negligible
1.27

0.05-3.20

Ref.

98
98
98
98
72
72
99
99

100
91-
92

101"
102
103
66
96

104
105
106
106
106
107
107
107
108
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TABLE 5 (continued)
Asymbiotic Nitrogen Fixation in Wetlands

Wetland description

Arithmetic mean
Range

Tropical regions
Typha angustata wetlands
Planted rice soil
Papyrus marsh
Rice field, Puro soil (¡n situ)
Rice field, Santa Domingo soil <jn situ)

Arithmetic mean
Ranae

Location

Union Territory

State or
country

India
Ivory Coast
Kenya
Philippines
Phillipines

N
(g m-2 year-1)

1.33
0-6.7

2.2-2.38
7.20
0.01

1.85-3.33
0.23-0.57

2.50
0.01-7.2

Ref,

109
110
111

95
95

Note: Rates are as reported in original references except where footnoted. Studies by Reddy and Patrick91 and Chapman and Hemond92

used 15N; all other studies were done by the acetylene reduction activity method.

a Daily rate x 365 days.
b Daily rate x 200 days.
c Fixation rate per "cropping season".

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 1
8:

04
 1

7 
D

ec
em

be
r 

20
17

 



TABLE 6
Nitrogen Fixation in Wetlands with Nitrogen-Fixing Symbionts

Wetland description

Myrica gale open peatland
Myrica gale lakeside wetland
Alnus rugosa wetland
Alnus rugosa wetland
Alnus glutinosa fen

Location

Petersham
Petersham
Union
Montreal, PQ
Vechtplassen

State or
country

MA
MA
CT
Canada
Netherlands

N
fixation rate

(g m-2 year-1)

3.4
2.4
8.5

16.8
0.1

Ref

112
112
113
114
107

Note: Rates are as reported in original references.

N fixation in wetlands to downstream water quality is also unknown, although a
study of nitrogen fixation by an upland Alnus stand showed increased aquatic
productivity downstream.115 Because symbiotic fixation becomes incorporated in
plant tissues, rendering in unavailable until the organic matter is decomposed,
this source of nitrogen is probably not detrimental to downstream water quality.

B. Nutrient Concentrations and Standing Stocks in Wetlands

1. Nutnent Concentrations in Soil

Nutrient concentrations reported for wetland soils span several orders of
magnitude: 0.02 to 65.0 mg N/gdw and 0.001 to 7.0 mg P/gdw (Tables 7 and
8). While it is difficult to derive generalities from such variable data, organic
soils average about twice as much N (17 mg/gdw) as mineral soils (8 mg/gdw)
on a per-mass basis. Average phosphorus concentrations per unit weight (0.6
mg/gdw) were comparable for both organic and mineral soils (Tables 7 and 8).

The differences in nutrient concentrations between organic and mineral soils
are altered, however, by expressing soil nutrient concentrations on a per-volume
basis because organic soils have much lower bulk densities than mineral soils.
Volumetric concentrations of total N were only slightly higher for organic soils
than for mineral soils in a Wisconsin wetland (5.3 and 4.8 g/1, respectively), and
volumetric concentrations of total P were three times higher in the mineral soils
(0.75 g/1) than they were in the organic soils (0.26 g/1).33 Volumetric N concen-
trations calculated from Florida wetland soils were lower for organic (2.3 g/1)
than mineral soils (6.8 g/1), even though organic soils had much higher concen-
trations by weight (23.7 vs. 9.2 mg/gdw for mineral soils).121 Volumetric units
permit more valid comparisons of nutrient concentrations in organic vs. mineral
soils and are more realistic in terms of vegetative nutrient supply because plant
roots occupy a volume rather than a mass of soil. Although several authors have
advocated volumetric reporting of nutrient concentrations in wetland soils, its use
is still uncommon.33-147'148
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TABLE 7
Concentrations of Nitrogen and Phosphorus in Mineral Wetland Soils

S
09

Wetland or soil type

Muskeg
Carex aquatilis wetland
Arctagrostis tundra
Dupontia tundra
Dupontia tundra
Arctagrostis tundra
Mixed hardwood swamp, sewage enriched
Floodplain forest
Cypress domes, 4 natural sites
Scrub cypress
Cypress domes, 2 nutrient-enriched sites
Freshwater marsh receiving wastewater
Riviera fine sand
Floridana fine sand
Astor sand
Chobee fine sandy loam
Eureka fine sandy loam
Valkaria fine sand
Delray fine sand
15 cypress domes
Cypress swamp, 26 sewage-enriched cores
Capitol Lake, near swamp inlet
Cypress-Tupelo Swamp
Alluvial Swamp
Creeping Swamp
Devils Lake
Freshwater tidal marsh
Silt loam alluvium

Location

Fairbanks
Fairbanks
Barrow
Barrow
Barrow
Barrow
Wildwood
Gainesville
Gainesville
Naples
Gainesville
Clermont
St. Johns Co.
Lee Co.
Lake Co.
Palm Beach Co.
Marion Co.
Lee Co.
Okeechobee Co.
Gainesville
Waldo
Baton Rouge
—
Tar River
Pitt County
—
Camden
Cecil

State or
country

AK
AK
AK
AK
AK
AK
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
LA
LA
NC
NC
ND
NJ
Wl

Sample
depth
(cm)

5-25
5-25.
0-3
3-13
0-3
3-13
0-8
0-20
0-20
0-20
0-20
0-25
0-10
0-10
0-10
0-10
0-10
0-10
0-10
0-150
0-50
0-69
—
0-10
—
—
0-5
0-15

Total N
(mg/gdw)

—
0.06
0.07
0.02
0.06
5-65
—
— •
—
—
—
3.8

14.3
11.7
9.9
8.6
0.2

10.7
2.4-15.1

—
—

11.0
11.0
—
2.3

7.2-8.6
7.1

Total P
(mg/gdw)

0.007-0.009
0.008-0.016

0.013
0.022
0.005
0.033

—
0.35

0.14-0.30
0.001

0.55-1.01
0.90

—
—
—
—
—
—
—
—

0.21-1.05
0.14-1.70

1.01
1.17
1.30
0.38

1.2-1.5
0.93

Organic
matter
(% dry
weight)

12
1.9-3.3

—
—

—
—

8
8-49
<1
18
—
10
26
15
15
12
1

13
—

6-40
—
37
35
—
—
—

Ret,

116
116
117
117
117
117
118
119
119
119
119
120
121
121
121
121
121
121
121
122
123
26

124
125
31

126
127
57
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§
(O

Sandy loam alluvium
Sand alluvium
Marsh
Swamp
Exhausted pegasse soil
Six shallow Danish lakes, 15 cores

Arithmetic mean
Range

Cecil
Cecil
Ontario
Ontario
NW District
Jylland

Wl
Wl

Canada
Canada
British Guiana
Denmark

0-15
0-15
—
—
0-24
0-25

0.9
1.1

15.2
12.1
6.7

12-27

8.3
0.02-65.0

0.43
0.22
1.28
0.69

—
1-7

0.69
0.001-7.0

26
3-12

57
57

128
128
129
130

Note: Mineral soils have <12 to 18% organic carbon (about 25 to 38% organic matter), depending on clay content.56

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 1
8:

04
 1

7 
D

ec
em

be
r 

20
17

 



TABLE 8
Concentrations of Nitrogen and Phosphorus in Organic Wetland Soils

Wetland or soil type

Organic soils
Wet tundra
Picea mañana bog
Peatbog
Appalachicola Swamp Forest
Everglades muck
Pickney fine sand
Surrency sand
Samsula muck
Brighton peat
Peat soil, Cladium mire
Okefenokee Swamp, marsh site
Okefenokee Swamp, cypress site
Okefenokee Swamp, shrub site
Freshwater marsh, 2 sites streamside
Freshwater marsh, 2 sites backmarsh
Freshwater tidal marsh
Thoreau's Bog
Atlantic white cedar wetlands
Chamaedaphne-Betula
Alkaline peatland, Larix laricina
Alkaline peatland, Picea mañana
Peat soils
Peat soil, 36 fens
Freshwater marsh, Typha-Sdrpus
Sapric soil
Virgin pegasse soil
Small valley mire, peat cores
Raised bog, Trichophon/m-Carex
3 fens, Vechtplassen area
Marginal fen, Carex-Sphagnum
Ambrotrophic bog, Rhynchospora-Sphagnum

Arithmetic mean
Range

Location

Barrow
Fairbanks
Bethany
Tallahasse
Marion Co.
Franklin Co.
Alachua Co.
Alachua Co
Lake Co.
Everglades
—

—
Barataría Basin
Barataría Basin
Pembroke
Concord
Annapolis
Houghton
Roseau
Roseau
Various
Various
Theresa
Cecil
NW District
York
Galway
Utrecht
Aneboda
Aneboda

State or
country

AK
AK
CT
FL
FL
FL
FL
FL

a
FL
GA
GA
GA
LA
LA
MA
MA
MD
Ml
MN
MN
NC
U.S.
Wl
Wl
British Guiana
U.K.
U.K.
Netherlands
Sweden
Sweden

Sample
depth
(cm)

5-25
0-51
0-10
—
0-10
0-10
0-10
0-10
0-10
0-40
—
—
—

0-50
0-50
0-100
—
—
—
5-80
5-80
—
0-40
0-20
0-15
0-24
0-60
0-20
—
0-20
0-20

Total N
(mg/gdw)

—
4.3-5.9

5-15
12.5-17.6

18.2
8.2

15.6
29.7
23.3
27.3
30.0
21.0
20.0
15.0
18.0

1.8
7.0

14.4
25 A
24.0
15.0
9-24
19.4
17.5
14.7
10.2
—

18.0
16-25
25.0
11.0

17.1
1.8-30.0

Total P
(mg/gdw)

0.003-0.015
—
—

0.22-0.36
—
—
—
—
—
0.17
0.53
0.57
0.57
0.93
0.94
0.16
—
1.20
0.90
1.10
1.30
—
—
—
0.79
—

0.19-0.68
0.20

0.8-1.3
0.70
0.30

0.64
0.003-1.3

Organic
matter (% dry

weight)

78
—
—

67-98
95
56
88
99

100
—
95
95
96
41
52

40-75
—
65
71
—
—
68
66
40

—
55

—
—
—
—
—

Ref.

116
51
131
132, 133
121
121
121
121
121
134
58
58
58
135
135
136
52
137
138
139
139
140
141
142
57
129
143
144
145
146
146

Note: Organic soils have at least 12 to 18% organic carbon (about 25 to 38% organic matter), depending on clay content.5-6

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 1
8:

04
 1

7 
D

ec
em

be
r 

20
17

 



2. Nutrient Concentrations in Vegetation

Nitrogen and phosphorus are taken up and assimilated by growing plants.
Numerous studies have measured nutrient concentrations in the aboveground
portions of herbaceous wetland plants (Table 9), and it was observed 20 years
ago that "there appears to be little need for additional research of this type on
emergent aquatic plants."174 Vegetation nutrient concentrations tend to be highest
early in the growing season, decreasing as the plant matures and se-
nesces.150-155'167-169-175 When measured at peak standing crop, concentrations of
N and P reported for emergent wetland vegetation averaged 1.9 and 0.2% of dry
weight, respectively (Table 9). While there was some interspecific variation in
nutrient concentrations, most studies reported concentrations in the range of 1 to
3% dry weight for nitrogen and 0.1 to 0.3% dry weight for phosphorus. Con-
centrations in free-floating wetland vegetation were somewhat higher, averaging
3.1% N and 0.5% P dry weight (Table 9).

Average N and P concentrations in the leaves of woody wetland plants (2.1
and 0.2% dry weight, respectively: Table 10) were similar to those in herbaceous
wetland plants. Nutrient concentrations were much lower, however, in woody
tissues. Shrub stems had N and P concentrations averaging 0.6 and 0.06% dry
weight, respectively, while tree boles and roots had concentrations averaging 0.4
and 0.01% dry weight, respectively (Table 10).

Nutrient concentrations in fallen wetland plant litter (Table 11) were generally
lower than concentrations in their live counterparts, best illustrated by studies
that measured nutrient concentrations in live plant parts and litter at the same
s ¡ t e i2o, i6i, i84 Nutrients were leached out of newly fallen litter or translocated back
into perennial tissues prior to litterfall, decreasing nutrient concentrations. An
exception to this trend can occur when microbes associated with plant litter take
up ("immobilize") nutrients from the environment, thereby increasing
concentrations.16M83

Over time, leaching and immobilization continue to alter litter nutrient con-
centrations throughout litter decomposition and can cause very different trends
among species. In an Iowa study, Sparganium eurycarpum and Car ex other odes
litter exhibited net gains in N and P concentrations after 330 days of decompo-
sition, Scirpus validus and Typha glauca litter exhibited net losses after 330 and
525 days, respectively, and Scirpus fluviatilis litter exhibited a net gain of P and
a new loss of N after 525 days. S. fluviatilis had still not lost 50% of its initial
dry weight after 525 days of decomposition.183

3. Nutrient Standing Stocks in Soil

Soils contain by far the largest standing stocks of nutrients of any wetland
storage compartment (Tables 12 and 13). Although reported values range widely
due to the lack of standard depth criteria, soil nutrient standing stocks are at least
one and sometimes two orders of magnitude higher than standing stocks in veg-
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TABLE 9
Concentrations of Nitrogen and Phosphorus in the Aboveground Portions of Herbaceous
Wetland Vegetation at Peak Standing Crop (% dry weight)

Species

Emergent
Acorus calamus
Altemanthera philoxeroides
Andropogon sp.
Bidens laevis
Carex aquatilis
C., aquatilis
C., lacustris
C., lacustris
C., lacustris
C., lacustris
C., lacustris
C., lacustris
C., lanuginosa
C., rostrada
Carex spp.
C., stricta
C., tenuiflora
C., trisperma
Cladium jamaicense
C., jamaicense
Dupontia fisheri
D. fisheri
Eleocharis quadrangulata
Erianthus sp.
Eriophorum anguistifolium

Location

Trenton
Montgomery
Aiken
Trenton
Wet tundra, Barrow
Tundra biome, Barrow
Ithaca
Ithaca
Theresa
—
Great Lake marshes
North central
Ithaca
Ithaca
Houghton Lake
—
Ottawa, Ontario
Ottawa, Ontario
Everglades
Everglades
Wet tundra, Barrow
Tundra biome, Barrow
Par Pond, Aiken
Aiken
Wet tundra, Barrow

State or
country

NJ
AL
SC
NJ
AK
AK
NY
NY
Wl
MN
Various
IA
NY
NY
Ml
MN
Canada
Canada
FL
FL
AK
AK
SC
SC
AK

N

2.06
2.20

—
2.22
2.18

2.9-3.3
1.72
1.70
0.60

—
1.20
1.30
3.27
1.47
1.60

—
1.70
1.20

—
—

1.60
2.4-3.0

0.90
—

2.10

P

_ .
0.39
0.15

0.15
0.2-0.3

0.25
0.17
0.16
0.17
0.10
0.13
0.45
0.24
0.12
0.17
0.15
0.15
0.04
0.02
0.09

0.2-0.4
0.13
0.07
0.11

Ref.

149
150
151
149
152
153
154
155
156
157
158
159
154
154
78

157
160
160
161
134
152
153
162
151
152
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E. vaginatum
E. vaginatum
Glyceria grandis
Impatiens capensis
Juncus effusus
J. effusus
Justicia americana
Nuphar advena
Peltandra virginica
Petasites frigidus
P. frigidus
Phragmites communis
Polygonum arifolium
P. punctatum
Pontedaria cordata
Sagittaria lancifolia, control
S. lancifolia, enriched
S. latifolia
S. latifolia
Saururus cernuus
Scirpus americanus
S. cyperinus
Sparganium eurycarpum
Sphagnum flavicomans
Sphagnum spp.
Tillandsia usneoides
Typha angustifolia
T. glauca
T. latifolia
T. latifolia
T. latifolia
T. latifolia
T. latifolia

Atkasook
Eagle Creek
Hamilton, Ontario
Trenton
17 sites, SE U.S.
Steed Pond, Aiken
Auburn
Trenton
Trenton
Wet tundra, Barrow
Tundra biome, Barrow
Norfolk
Trenton
Aiken
Trenton
Clermont
Clermont
Aiken
Trenton
25 sites, SE U.S.
Par Pond, Aiken
Aiken
Ithaca
Bethany
Concord
Okefenokee Swamp
Everglades
Ithaca
28 sites, SE U.S.
Par Pond, Aiken
Aiken
Great Lake marshes
Trenton

AK
AK
Canada
NJ
U.S.
SC
AL
NJ
NJ
AK
AK
U.K.
NJ
SC
NJ
FL
FL
SC
NJ
U.S.
SC
SC
NY
CT
MA
GA
FL

• NY
U.S.
SC
SC
Various
NJ

2.30
2.00

1.5-1.7
2.08

0.9-1.3
1.3-1.8

1.60
2.13
2.15
2.26

2.8-3.5
3.94
1.93

2.11

1.91
1.4-2.6

0.83

3.35
0.5-0.8

0.70
0.8-1.0

—
2.47

0.7-2.3
0.51

2.90
2.01

0.29
0.40

0.13-0.21
—

0.05-0.20
0.16-0.30

0.09
—

0.22
0.2-0.3

0.18
—

0.32

0.05-0.27
0.11-0.45

0.58

- 0 . 2
0.13
0.19
0.64

—
—

0.03-0.04
0.14-0.19

0.53
0.05-0.40

0.09
0.16
0.10

163
164
165
149
166
166
150
149
149
152
153
167
149
151
149
120
120
151
149
168
169
151
154
131
52
75

170
154
171
169
151
158
149
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TABLE 9 (continued)
Concentrations of Nitrogen and Phosphorus in the Aboveground Portions of Herbaceous
Wetland Vegetation at Peak Standing Crop (% dry weight)

Species

Zizania aquatica
Emergent marsh
Herbaceous spp.
Hamilton marsh, control
Hamilton marsh, sewage enriched
Woodbury Creek marsh

Arithmetic mean
Range

Free floating
Eichhornia crassipes
Lemna minor
Salvinia rotundifolia, control
Mixed Spirodela and Salvinia
Spirodela poly riza, transplanted
Salvinia rotundifolia, transplanted
Spirodela polyrhlza, control

Arithmetic mean
Range

Location

Trenton
Genessee Co.
Pinelands
Trenton
Trenton
Camden

17 sites, Orlando
Genessee Co.
Wekiva River, Sanford
Wekiva River, Sanford
Wekiva River, Sanford
Wekiva River, Sanford
Wekiva River, Sanford

State or
country

NJ
NY
NJ
NJ
NJ
NJ

FL
NY
FL
FL
FL
FL
FL

N

2.12
2.41
1.97
2.60

2.41-3.39
2.54

1.94
0.5-3.94

1.3-3.3
4.30
1.94

2.94-4.14
3.3-4.2

3.13-3.85
2.21

3.08
1.3-4.3

P

0.52
—

0.19
0.14-0.24

0.18

0.21
0.02-0.64

0.14-0.80
0.75
0.21

0.38-0.73
0.52-0.68
0.55-0.74

0.33

0.51
0.14-0.75

Ref.

149
171
172
127
127
127

162
171
173
173
173
173
173
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TABLE 10
Concentrations of Nitrogen and Phosphorus in Woody Wetland Vegetation (% dry weight)

•

oí

Species

Leaves
Acer rubrum
A. rubrum
A. rubrum
A. rubrum
Alnus serrulata
Betula nana
B. nana
B. pumila
Chamaecyparis thyoides
Chamaedaphne calyculata
Clethra alnifolia
Gaylussacia frondosa
Hardwoods, cypress dome
Hardwoods, floodplain forest
Hardwoods, control dome
Hardwoods, sewage dome
Hardwoods, riparian forest
Ledum palustre
L palustre
Leucothoe racemosa
Magnolia virginlana
My rica cerífera
Nyssa sylvatica
N. sylvatica
N. sylvatica
N. sylvatica

Location

Dismal Swamp
—
Pinelands
—
Aiken
Atkasook
Eagle Creek
Houghton Lake
Dismal Swamp
Houghton Lake
Pinelands
Pinelands
Alachua County
Alachua County
Alachuá County
Alachua County
Rhode River
Atkasook
Eagle Creek
Pinelands
Pinelands
Aiken
Dismal Swamp
—
Pinelands
—

State or
country

VA
NC
NJ
NY
SC
AK
AK
Ml
VA
Ml
NJ
NJ
FL
FL
FL
FL
MD
AK
AK
NJ
NJ
SC
VA
NC
NJ
NC

N

1.65-1.88
1.67
1.93
1.90

—
3.80
2.80
2.06

—
1.69
1.92
1.34

—
—
—
—

1.63
3.00
1.80
1.49
2.10

—
1.65-1.93

1.74
1.48

—

P

0.09-0.16
0.16

0.23
0.20

0.50
0.11
0.14
0.09

—
—

0.08
0.21
0.06
0.17
0.16
0.39
0.30

—
—

0.11
0.10-0.21

0.17
—

0.11

Ref.

176
177
172
178
151
163
164
78

176
78

172
172
119
119
179
179
180
163
164
172
172
151
176
177
172
181
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TABLE 10 (continued)

Concentrations of Nitrogen and Phosphorus in Woody Wetland Vegetation (% dry weight)

2

Species

Quercus alba
Q. alba
0. alba
Q. alba
Q. laurifolla
Rhododendron viscosum
Rubus chamaemorus
Salix nigra
S. pulchra
S. pulchra
Salix spp.
Shrubs, new growth
Taxodium distichum
T. distichum, scrub cypress
T. distichum, cypress dome
T. distichum, floodplain forest
T. distichum, needles & twigs
T. distichum, control dome
T. distichum, sewage dome
Vaccinium corymbosum
V. uglinosum
V. vitis-idea

Arithmetic mean
Range

Location

——

Dismal Swamp
—
—
Dismal Swamp
Pinelands
Atkasook
Aiken
Wet tundra, Barrow
Atkasook
Houghton Lake
Okefenokee Swamp
Dismal Swamp
Collier County
Alachua County
Alachua County
Okefenokee Swamp
Alachua County
Alachua County
Pinelands
Eagle Creek
Eagle Creek

State or
country

MN
VA
NC
NY
VA
NJ
AK
SC
AK
AK
Ml
GA
VA
FL
FL
FL
GA
FL
FL
NJ
AK
AK

N

1.94
1.69
2.15
2.60
1.78
1.76
4.50

—
3.80
4.40
2.00

0.96-1.69
—
—
—
—

1.43
—
—

1.55
3.00
0.70

2.12
0.70-4.50

P

0.40
0.12
0.12
0.14
0.12

—
—

0.25
0.49
0.60
0.12

0.04-0.09
0.17
0.05
0.10
0.17
0.10
0.08
0.26

—
0.50
0.25

0.19
0.04-0.60

Ref.

182
176
177
178
176
172
163
151
152
163
78
75

176
119
119
119

75
179
179
172
164
164
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Shrub stems
Betula pumila
Chamaedaphne calyculata
Clethra alnifolia
Gaylussacia frondosa
Leucothoe racemosa
Rhododendron viscosum
Salix spp.
Shrubs
Vaccinium corymbosum

Arithmetic mean
Range

Tree boles and roots
Acerrubrum boles
Hardwood boles
Hardwood roots
Hardwood boles, control dome
Hardwood boles, sewage dome
Magnolia virginiana boles
Nyssa sylvatica boles
Taxodium distichum, scrub cypress
T. distichum, floodplain forest
T. distichum
T. distichum, control dome
T. distichum, sewage dome

Arithmetic mean
Range

Houghton Lake
Houghton Lake
Pinelands
Pinelands
Pinelands
Pinelands
Houghton Lake
Okefenokee Swamp
Pinelands

Pinelands
Rhode River
Rhode River
Alachua County
Alachua County
Pinelands
Pinelands
Collier County
Alachua County
Okefenokee Swamp
Alachua County
Alachua County

Ml
Ml
NJ
NJ
NJ
NJ
Ml
GA
NJ

NJ
MD
MD
FL
FL
NJ
NJ
FL
FL
GA
FL
FL

0.91
0.72
0.71
0.41
0.40
0.48
0.71
0.35
0.49

0.57
0.35-0.91

0.60
0.08
0.16

—
—

0.68
0.60

—
—

0.24
—

—

0.39
0.08-0.68

0.08
0.07

—
—
—

0.07
0.02

—

0.06
0.02-0.08

—
0.010
0.044
0.006
0.011

—
—

0.004
0.006
0.009
0.003
0.005

0.011
0.003-0.044

78
78

172
172
172
172
78
75

172

172
180
180
179
179
172
172
119
119
75

179
179
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TABLE 11
Concentrations of Nitrogen and Phosphorus in Wetland Plant Litter (Standing Dead and Fallen Litter)
(% dry weight)

Wetland or litter type

Herbaceous plant litter
Cladium jamaicense, standing dead
Typha angustifolia, standing dead
Scirpus validus, leaves
Typha glauca, leaves
Sparganium eurycarpvm, leaves
Typha glauca, leaves
Scirpus fluviatilis, leaves
Carex atherodes, leaves
Sagittaria lancifolla, enriched
S. lancifolia, control
Woodbury Creek Marsh

Arithmetic mean
Range

Tree and shrub leaf litter
Acer rubrum
Chamaecyparis thyoides
Nyssa acuática
N. aquatica
Other spp. ÇTaxodium, Fraxinus)
Nyssa aquatica
N. sylvatica
Quercus spp.
Taxodium ascendens
T. distichum, control

Location

Everglades
Everglades
Hancock County
Hancock County
Hancock County
Hamilton County
Hamilton County
Hancock County
Clermont
Clermont
Camden

State

FL
FL
IA
IA
IA
IA
IA
IA
FL
FL
NJ

Great Dismal Swamp
Great Dismal Swamp
Okefenokee Swamp
Pitt County
Pitt County
Great Dismal Swamp
Great Dismal Swamp
Great Dismal Swamp
Okefenokee Swamp
Gainesville

VA
VA
GA
NC
NC
VA
VA
VA
GA
FL

N Ref.

—
—

0.4
0.5
0.6
1.3
1.0
0.3
—
—
1.3

0.75
0.3-1.3

1.0-1.2
1.2

0.7-1.1
1.1
1.3

1.3-1.8
1.1-1.3
1.2-1.3
0.6-0.7

0.01
0.02
0.06
0.06
0.01
0.24
0.20
0.05

0.04-0.25
0.06-0.07

0.12

0.09
0.01-0.24

0.06-0.07
0.07
0.04
0.07
0.09

0.07-0.11
0.05-0.08
0.06-0.07

0.03
0.42-0.54

161
161
183
183
183
183
183
183
120
120
184

185, 186
185, 186

187
81
81

185, 186
185

185, 186
187
188
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T. distlchum, enriched
T. distichum, enriched
T. distichum
Annual mean, mixed leaves
Woody bog litter

Arithmetic mean
Range

Tree and shrub reproductive material
Annual mean, flowers
Reproductive material

Woody litter
Annual mean, twigs and bark
Wood

Gainesville
Waldo
Great Dismal Swamp
Okefenokee Swamp
York

Okefenokee Swamp
Pitt County

Okefenokee Swamp
Pitt County

FL
FL
VA
GA
U.K.

GA
NC

GA
NC

1.4-1.8
0.7-1.1

1.16
0.6-1.8

1.1-1.6
1.4

0.5-1.0
0.9

0.42-1.13
0.52-0.97
0.10-0.12
0.03-0.05
0.60-0.80

0.23
0.03-1.13

0.07-0.13
0.17

0.02-0.04
0.04

188
123

185, 186
187
143

187
81

187
81
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TABLE 12
Standing Stocks of Nitrogen in Vegetation, Litter, and Soil (g m~2)

01

8

Type of wetland

Emergents
Alternanthera philoxeroides
A. philoxeroides
Calluna-Eriophorvm bog
Carex lacustrls marsh
C., rostrata fen
Carex spp.
Cladium ¡amaicense marsh
Freshwater tidal marsh
Freshwater tidal marsh
Glycerla grandis fens
Juncus effusus
Justicia americana
Papyrus swamp
Phragmites communis
P. communis
P. communis
Sagittaria marsh, high treatment
Sagittaria marsh, low treatment
Scirpus americanas
S. fluviatllls
S. fluviatiiis marsh
Subarctic mire
Tundra biome site
Typha angustifolla
T. glauca
T. glauca marsh
T. latifolia
T. latifolia
T. latifolia (Par Pond)
7*. latifolia marsh

Arithmetic mean
Range

Location

Montgomery
Gainesville
Pennines
Ithaca
Ithaca
Houghton Lake
Everglades
North River
Trenton
Ontario
Aiken
Lake Ogletree
—
—
—
Norfolk
Clermont
Clermont
Aiken
Goose Lake
Theresa
Stordalen
Barrow
Norfold
Goose Lake
Eagle Lake
Aiken
—
Aiken
Lake Mendota

State or
country

AL
FL
U.K.
NY
NY
Ml
FL
Manitoba
NJ
Canada
SC
AL
Uganda
Czechoslovakia
Czechoslovakia
U.K.

a
a
SC
IA
Wl
Sweden
AK
U.K.
IA
IA
SC
Czechoslovakia
SC
Wl

Leaves
and

herbs

24.1
24.0-42.5

12.0
18.3
14.8
4-6

5.5-8.9
18.0
29.0

45.7-72.0
26.1
15.3
61.6
41.0
28.0
43.3
4.8
9.0
1.7
6.6

15.4
5.9

0.6-2.4
13.0
16.5
28.2
6-12
25.1
5.4

31.0

20.7
0.6-72.0

Wood

Roots
and

rhizomes

4.8
3.7

24.4

29.0

14.9
19.3

5.3

3.9

13.2
3.7-29.0

Litter

20.0

Soil

342

11.2
5.3

8.1 1696

Soil
depth
(cm)

—
(0-30)

—
>ot zone

—

—

—
—
—
—
—
—
—
_
—

(3-15)
—

—

—
—
—

Ref.

150
189
108
155
190
191
134
192
193
165
166
150"
194
195
196
167
197
197
169
183
198
199
152
167
183
200
162
196
169
201
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Floating macrophytes
Elchhomla crassipes
E crassipes
Hydrocotyle umbellata
Lemna minor
Pistla stratiotes
SaMnla rotundifolia

Arithmetic mean
Range

Woody
Chamaedaphne peatland
Murray River floodplain
Nyssa aquatica swamp
Sphagnum bog
Taxodium distichum swamp

Arithmetic Mean
Range

Gainesville
Aubum
Gainesville
Gainesville
Gainesville
Gainesville

Houghton Lake
Victoria
Pitt County
Marcell
Okefenokee

FL
AL
FL
FL
FL
FL

Ml
Australia
NC
MN
GA

30-90
5-34
9-30

0.4-5.0
9-25

1.5-9.0

20.7
0.4-90

6.2
12.5
—

4.7

7.8
4.7-12.5

189
202
189
189
189
189

5.0 5.6

94.8

Aboveground stocks determined by dividing whole-plant standing stocks by the ratio of total standing stock/aerial standing stock as of June 14 (2.9).
Values are means from seven artificially irrigated plantations containing Eucalyptus camaldulensis, E. grandis, E. saligna, Casuarina Cunningham, PInus radíala, Populus
deltoides, and Populus deltoides xP.nigra.

9.8
9.2

4.50-6.12
—

24.1

12.1
4.5-24.1

683
—
—

6900
5365

(0-20)
—
—

(0-400)
(0-290)

78
203"
204

66, 205
75
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TABLE 13
Standing Stocks of Phosphorus in Vegetation, Litter, and Soil (g m~2)

Type of wetland

Emergents
Altemanthera philoxeroides
A. philoxeroides
Carex lacustris marsh
C., rostrata ten
Carex spp.
Cladium ¡amaicense marsh
Freshwater tidal marsh
Glyceria grandis fen
Juncus effusus
Justicia americana
Manitowoc River
Phragmites commuais
P. communis
P. communis
Sagittaria marsh, high treatment*
Sagittaria marsh, low treatment
Scirpus americanas
S. fluviatilis
S. fluviatilis marsh
S. fluviatilis marsh
Tundra biome site
Typha angustifolia
T. angustifolia marsh
T. glauca
T. glauca marsh
T. latifolia
T. latifolia
T. latifolia (Par Pond)
T. latifolia marsh

Arithmetic mean
Range

Location

Montgomery
Gainesville
Ithaca
Ithaca
Houghton Lake
Everglades
Trenton
Ontario
Aiken
Lake Ogletree
Brillion
—
—
Norfolk
Clermont
Clermont
Aiken
Goose Lake
Theresa
Brillion
Barrow
Norfolk
Brillion
Goose Lake
Eagle Lake
Aiken
—
Aiken
Lake Mendota

State or
country

AL
FL
NY
NY
Ml
FL
NJ
Canada
SC
AL
Wl
Czechoslovakia
Czechoslovakia
U.K.
FL
FL
SC
IA
Wl
Wl
AK
U.K.
Wl
IA
IA
SC
Czechoslovakia
SC
Wl

Leaves
and

herbs

2.69
3.0-5.3

1.60
1.90

0.2-0.4
0.25
3.60

5.2-6.8
3.02
0.65
1.00
5.30
2.90
2.00

(3.58)
0.69
0.18
1.38
3.33
0.70

0.1-0.33
3.20
0.49
3.17
3.74

0.7-1.7
1.60
0.71
3.20

2.15
0.1-6.8

Wood

—
—

—
—
—

—
—
—

—
—
—
—
—
—

—
—
—
—
—
—
—
—
—
—
—

Roots
and

rhizomes

—
—
1.20
0.70
—
—
2.90
—

2.03

—

—
(15.11)

2.19
—

2.00
—
— .
—
—
—
1.39
—
—
—
2.50

1.84
0.7-2.9

Litter
Soil depth

Soil (cm)

9.7-25.7 Root zone

(2.14)
0.41

1.13

(81) (0-150)
96 (0-150)

Ref.

150
189
155
190
191
134
193
165
166
150-
206
195
196
167
120
120
169
183
198
207"
152
167
207"
183
200
162
196
169
201
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Floating macrophytes
Eichhornia crassipes
E. crassipes ponds
Hydrocotyle umbellata
Lemna minor
L minor
Nuphar luteum
Pislia stratiotes
SaMnia rotundifolia

Arithmetic mean
Range

Woody
Chamaedaphne peatland
Murray River floodplain
Nyssa aquatics swamp
Nyssa-Acer-Fraxinus swamp
Taxodium ascendens swamp
T. distichum dome
T distichum dome
I. distichum strand
7. distichum swamp
T. distichum swamps

Arithmetic Mean
Range

Gainesville
Auburn
Gainesville
Cache River
Gainesville
Chowan River
Gainesville
Gainesville

Houghton Lake
Victoria
Pitt County
Pitt County
Okefenokee
Gainesville
Gainesville
Waldo
Cache River
Various

FL
AL
FL
IL
FL
NC
FL
FL

Ml
Australia
NC
NC
GA
FL
FL
FL
IL
FL

6-18
0.5-3.0
2.3-7.5

3.3
0.1-1.6

0.20
2.0-5.7
0.4-2.4

3.53
0.1-18.0

0.41
1.70
—
1.24
0.32
0.56
0.73
1.08
1.20

0.08-1.50

0.89
0.08-1.70

—
—
—
—
—
—
—
—

_

1.00
—
4.25
4.28
2.67

2.81
5.10

0.18-3.52

3.14
0.18-4.28

—
—
—
—
—
—

—

_

1.10
—
—
—
—
0.28
8.06
2.80
—

—
—
—
—
—
—

—

0.43
1.50

0.28-0.96
0.45
1.94
0.21
0.63
1.93
—
—

0.96
0.21-1.94

—
—
—
—
—
—
—
—

24
—
—
33
—

. 16
16

179
120
—

64
16-179

—

—
_

—

—

(0-20)
—
—

(0-25)
—

(0-20)

(0-50)
(0-24)

189
202
189
22

189
208
189
189

78
203c

204
31
75"

209
210
123*

22
119

Aboveground stocks determined by dividing whole-plant standing stocks by the ratio of total standing stock/aerial standing stock as of June 14 (4.1).
End of season harvest.
Values are means from seven artificially irrigated plantations containing Eucalyptus camaldulensis, E. grandis. E. saligna, Casuarina Cunningham, Pinus radiata, Populus
deltoides, and Populus deltoides x P. nigra.
Utter includes 0.39 g m*2 in standing dead trees.
Litter includes 0.5 g m"2 in large wood detritus.

Values not included in computations.D
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etation. Even in the Okefenokee Swamp, where nitrogen standing stocks in the
mature cypress forest were the highest of any wetland system studied (99.5 g
m~2), soil nitrogen standing stocks were 50 times those in vegetation.75 In a
Michigan peatland, the soil compartment contained >97% of all N and P in the
wetland system.78 Standing stocks are proportional to concentration per unit vol-
ume over the depth sampled.

A major reason that soils constitute such a large standing stock is the very
long turnover times for soil nutrients, estimated by dividing the standing stock
by annual inputs to the compartment. In contrast to P turnover in leaves and
litter, which averages about 2 years, the turnover time in soils is about 100 years
(Table 14). The shortest turnover time for soil P (8 years) occurred in a floodplain
forest with rapid sedimentation due to flooding during the period of study.22

Turnover time in bog soils may be much longer; N accumulation rates in a
Minnesota bog indicated turnover times of over 5600 years.66 Therefore, once
nutrients enter the soil compartment, they are retained there for a very long time.

4. Nutrient Standing Stocks in Herbaceous Vegetation

Nutrient standing stocks in vegetation are computed by multiplying concen-
trations by biomass per unit area, usually measured for herbaceous vegetation at
peak standing crop. Although nutrient concentrations for herbaceous vegetation
and leaves generally fall within a narrow range (about 1 to 3% N and 0.1 to
0.3% P), biomass values are much more variable, even within a single species.63

For example, aboveground standing crops of T. latifolia throughout the U.S.
varied from 0.38 to 1.34 kg m"2.211 An even wider range of values (0.67 to 3.98
kg m~2) was reported for Phragmites australis in Scottish lakes.212

As a result of this variability in biomass, aboveground nutrient standing stocks
for wetland émergents are highly variable, ranging from 0.4 to 72 g N m~2 and
0.1 to 6.8 g P m~2 (Tables 12 and 13). The highest values generally occurred
in marshes with high biomass, 165>194-195 but the high N standing stock reported by
Mason and Bryant167 for P. communis was due primarily to high N concentrations
(3.94% dry weight: Table 9) in the plant tissues. Nutrient standing stocks for
floating macrophytes are also variable, with highly productive species such as
Eichhornia crassipes having the highest values (Tables 12 and 13).

In northern temperate latitudes, aboveground nutrient standing stocks in her-
baceous vegetation increase early in the growing season, peak sometime during
early to late summer, and decline during autumn senescence. Overwinter above-
ground standing stocks are generally negligible due to annual die-back, but some
aboveground tissue may persist even frozen in the ice and snow of northern
wetlands.213 Aboveground N standing stocks in C., lacustris, for example, were
3.9 g m~2 in winter, as compared to 18.3 g m~2 in August.155 Aboveground
standing stocks tend to peak earlier at lower latitudes; peak nitrogen standing
stocks occurred in May in South Carolina, 169 in July in New Jersey, 214 and in
August in New York State.155175 Although N, P, and biomass standing stocks
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ai

TABLE 14
Estimated Turnover Time for Phosphorus in Vegetation, Litter, and Soil of Woody Wetlands, in Years

Type of wetland

Taxodium distichum dome
Nyssa-Acer-Fraxinus swamp, 1977
Nyssa-Acer-Fraxinus swamp, 1978
Taxodium distichum swamp
T. distichum strand
Chamaedaphne peatland
Taxodium ascendens swamp

Arithmetic mean
Range

Location

Gainesville
Pitt County
Pitt County
Cache River
Gainesville
Houghton Lakes
Okefenokee

State or
country

FL
NC
NC
IL
FL
Ml
GA

Leaves
and

herbs

4.0
2.4
3.2
1.0
0.8
2.4
1.5

2.2
0.8-4.0

Wood

267
51
47
73
40
—
214

115
40-267

Roots
and

rhizomes

—
—
93
20
—
—

57
20-93

Litter

1.4
1.6
1.1
—
2.1
3.3
—

1.9
1.1-3.3

Soil

64
106
87

8
85

225
. —

96
8-225

Soil
depth
(cm)

(0-20)
(0-25)
(0-25)
(0-24)
(0-20)
(0-20)

—

Ref.

209
31
31
22

123
78*
75

Similar turnover times were reported for nitrogen.
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are generally considered to peak concurrently, Chapin215 showed that N peaked
2 weeks before biomass in tundra foliage, and Boyd169 showed that N peaked a
month before P in Typha.

Nutrient additions to wetlands can alter both the timing and magnitude of
peak aboveground standing stocks. The application of high levels of effluent
(10.2 cm/week) to a Florida marsh resulted in peak aboveground P standing
stocks of 3.6 g m~2, five times those in a low effluent treatment area.120 Peak P
standing stock occurred a month earlier in the high treatment area than in the
low treatment area.

Although there are fewer studies of nutrient standing stocks in belowground
structures of herbaceous wetland plants, these storage compartments are clearly
important. In southeastern U.S. marshes, 120-150-197 belowground nutrient standing
stocks were two to three times higher than aboveground stocks, while in northern
U.S. marshes belowground to aboveground standing stocks ranged from 1:1 to
1:7 for N and 1:1 to 1:3 for P (Tables 12 and 13).

The ratio of P in litter relative to aboveground standing stocks in a Florida
wetland (1:1.7) was unchanged by nutrient additions even though total standing
stocks increased five times in each compartment.120 Nutrient additions also in-
creased N standing stocks in the litter, but decreased N standing stocks in above-
ground biomass so that litter-to-aboveground ratios switched from 1:2 to 2:1.
Litter-to-aboveground standing stocks were also 2:1 for N in a British Calluna-
Eriophorum bog.108 Litter nutrient standing stocks that exceed the amounts in
live vegetation can occur where low decomposition rates result in the accumulation
of litter from several years, where immobilization increases litter nutrient con-
centrations, or where sediment is deposited on litter during flooding. Litter stand-
ing stocks were lower than aboveground stocks of N (1:2) and P (1:3) in a
Wisconsin S.fluviatilis marsh.198

5. Nutrient Standing Stocks in Woody Vegetation

The biomass of wetland forests is much higher than that of herbaceous
wetlands.216 Aboveground biomass values summarized by Conner and Day217 for 18
southeastern U.S. swamp forests averaged 25.4 kg m~\ and a number of authors have
reported values for Taxodium distichum swamps exceeding 30 kg m"2.75-123-217-220 A
summary of data from over 50 freshwater forested wetlands by Lugo et al.221

showed that riverine wetlands have higher average aboveground biomass (24.2
kg m~2) than forested wetlands in hydrologie basins (16.3 kg m~2). Bog forests
have less biomass than other wetland forests, but more than most herbaceous
wetlands: reported values range from 4.4 to 10 kg m~2.59-205

In mature wetland forests, woody plant parts constitute the vast majority of
biomass.221 Therefore, even though mean nutrient concentrations in wood are low
relative to concentrations in leaf biomass (Table 10), total nutrient storage is
greatest in woody plant parts (Tables 12 and 13), up to 20 times the amount in
leaves.75 In young forest plantations where leaves make up a larger proportion
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of aboveground biomass, however, nutrient standing stocks in wood were only
about half the amount in leaves.203

There are few studies of belowground forest biomass and nutrient standing
stocks due to the inaccessibility of root systems (Tables 12 and 13). Belowground
woody standing stock values were generally estimated by assuming a belowground
biomass amount proportional to aboveground biomass and multiplying by nutrient
concentrations in roots. The exception is the Stewart et al.203 study in Australia
in which entire root systems of 5-year-old trees were excavated. While it may
not be possible to extrapolate measurements from such young trees to mature
forests, these data infer that nutrient standing stocks in roots may be comparable
to those in aboveground woody structures.

Due to the longevity of trees, turnover times for P in wood are very long,
on the order of decades of centuries (Table 14). Tree roots also seem to constitute
a long-term storage compartment for P, although this would likely depend on the
size of the roots. Turnover times for leaves and litter in forested wetlands are
much shorter, usually 3 years or less (Table 14). Unlike herbaceous wetland plant
litter, nutrient standing stocks in forested wetland litter tended to be less than
standing stocks in green tissues and constituted a small proportion of total standing
stocks in biomass (Table 12).

C., Nutrient Fluxes among Wetland Compartments

The storage of nutrients in a wetland compartment is not permanent. With
the exception of deep sediments below the rooting zone where nutrients are
essentially isolated from biotic cycling, nutrients move both into and out of storage
compartments. The net benefit to water quality, therefore, is not a function of
storage compartment size, but rather net annual retention (i.e., inputs minus
outputs).

When considering the effect of wetlands on water quality, the fluxes of
primary interest are those involving surface water (Figure 1). However, since all
of the wetland elements are interconnected, fluxes that do not directly affect
surface water may ultimately influence water quality. For example, a large pro-
portion of annual nutrient fluxes into plants are returned to the wetland surface
as litter, which releases nutrients into surface water as it decomposes. Therefore,
it is important to understand the mechanisms and rates of transfer for each of
these flux paths in order to assess the net effect of a wetland on water quality.

1. Fluxes between Water and Soil

Fluxes from water and soil are generally beneficial to water quality because
of the long turnover times for nutrients in soil (Table 14). Water-to-soil fluxes
include deposition of organic matter and sediments, and sorption of water-soluble
nutrients. While sorption is a reversible mechanism, sediment and organic matter
accretion usually are not.
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The deposition of sediment can result in large fluxes of nutrients, particularly
phosphorus, from surface waters to wetland soils. Nutrient fluxes via sediment
deposition were high in wetlands with mineral soils, averaging 15 g N m~2 year" '
and 1.5 g P m~2 year"1 (Table 15). Much of this deposition occurred during
flood events.22-31 Nutrient deposition rates were higher adjacent to streams than
in backwater areas, 33-135 and higher in cultivated watersheds than in uncultivated
ones.32

Nutrient fluxes associated with organic soil accumulation were about an order
of magnitude lower than those associated with mineral sediment deposition, av-
eraging 1.6 g N m~2 year"1 and 0.26 g P m~2 year"1 (Table 15). This is due
in part to the lower average mass accumulation rates for organic soils as compared
to mineral soils (Tables 1 and 3). Also, wetlands with organic soils typically
have much lower nutrient inputs than wetlands with mineral soils. Unlike mineral
sediment fluxes from flood events, in which allochthonous materials are carried
into the wetland and deposited directly on the soil surface, nutrients in organic
soil are primarily derived from atmospheric inputs and nutrient cycling in situ.

There has been considerable debate about the ability of wetland soils to sorb
nutrients, particularly phosphorus. Laboratory leaching experiments by a number
of researchers have shown that wetland soils can remove substantial amounts of
ammonium and phosphorus.222-223 While the ability of organic soils to sorb phos-
phorus was initially forwarded as a justification for their use in wastewater treat-
ment systems, 224-225 Richardson13 demonstrated that organic soils were less suit-
able than mineral soils for phosphorus sorption. The phosphorus adsorption potential
of wetland soils was best predicted by the amorphous (i.e., acid oxalate-extract-
able) aluminum and iron content of the soil, which is higher in mineral than
organic soils.13 The presence of these compounds under anaerobic conditions
results in more soil phosphate being sorbed where solution phosphate is high,
and more soil phosphate being solubilized where solution phosphate is low.226-227

Phosphorus desorption rates are much higher in saltwater estuaries than they are
in freshwater systems, where P is bound by sediment particles with little recycling
to the water column.228-229 Rates of ammonium removal are positively correlated
with percent carbon, 230 which is highest in organic wetland soils.

2. Plant Fluxes

The flux of nutrients into, within, and out of wetland plants is very complex,
involving a number of pathways (Figure 1). Plant uptake is the net annual flux
of nutrients into plant roots (fluxes 8 and 13). Once taken up, nutrients may
remain in the roots or be translocated upward into aboveground woody tissues
(flux 16) and/or herbaceous tissues (flux 17). Leaching, the removal of soluble
nutrients from mature and stand dead plants by precipitation, can return substantial
amounts of nutrients to wetland surface waters (flux 21). As tissues senesce,
nutrients may be retranslocated downward (fluxes 19 and 20), or leave the plant
as litterfall (flux 18) or root sloughing (flux 22).
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TABLE 15
Annual Accumulation of Nitrogen and Phosphorus in Wetland Soils (g m~2 year~1)

8

Wetland description

Mineral soils
Bald cypress-tupelo swamp
Lac des Allemands
Backmarsh area
Streamside marsh
Bottomland hardwoods,
higher elevations

Bottomland hardwoods,
area-weighted mean

Bottomland hardwoods,
middle elevations

Bottomland hardwoods,
low areas

Prairie potholes, cultivated
watersheds

Prairie potholes,
uncultivated watersheds

Riparian forest levee

Arithmetic mean
Range

Organic soils
Cypress site
Marsh site
Shrub site
Black spruce bog
Sphagnum bog
Riparian forest backwater
area

Arithmetic mean
Range

Location

Cache River
Baratada Basin
Baratarla Basin
Barataría Basin
Creeping Swamp

Creeping Swamp

Creeping Swamp

Creeping Swamp

Eastern Counties

Eastern Counties

Cecil

Okefenokee Swamp
Okefenokee Swamp
Okefenokee Swamp
Marcell
—
Cecil

State

IL
LA
LA
LA
NC

NC

NC

NC

SD

SD

Wl

GA
GA
GA
MN

Sweden
Wl

N Deposition

—

7.1
9.0

16.0
—

—

—

—

1.7

1.4

52.4

14.6
1.4-52.4

0.9
2.5
1.4

0.7-1.2
1.0
2.7

1.6
0.9-2.7

P Deposition

3.60
1.10
0.50
1.00
0.10

0.17

0.20

0.28

0.57

0.30

8.20

1.46
0.1-8.2

0.04
0.05
0.04
—

0.09
1.10

0.26
0.04-1.1

Method

Sediment traps
137Cs dating
137Cs dating
137Cs dating
Flood event sedimentation

Flood event sedimentation

Flood event sedimentation

Flood event sedimentation

Flux of inorganic matter from
watershed

Flux of inorganic matter from
watershed

137Cs dating

14C dating
14C dating
14C dating
Ash inputs, ambrosia pollen
Moss growth
137Cs dating

Ref

22
28

135
135
31

31

31

31

32

32

33

58
58
58
66
56
33
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With the exception of floating plants such as Lemna minor and E. crassipes,
wetland plants obtain most (95 and 99%) of their nutrients from the soil in which
they are rooted, rather than from overlying surface waters.231 After the senescing
macrophytes fall to the soil surface, much of the phosphorus in reincorporated
into the sediments via litter decomposition, but some is leached into overlying
surface waters. Therefore, vegetation uptake does not directly benefit water qual-
ity, and in some cases may even degrade it by transferring nutrients from soil to
water. Rooted émergents indirectly benefit water quality, however, by trans-
porting oxygen belowground.232

Given the large number of studies for nutrient standing stocks in wetland
plants, it is surprising that few workers have attempted to quantify net annual
retention of nutrients in plant biomass (Tables 16 and 17). One reason for the
lack of such studies is the complexity of within-plant fluxes (Figure 1). Another
reason may be that many wetland botanists think of nutrient uptake only within
the context of a growing season, and only with respect to live plants. The eval-
uation of wetland effects on water quality, however, requires a perspective en-
compassing the entire biogeochemical cycle.

a. Herbaceous Plants

In herbaceous wetland plants, net annual retention is equal to annual uptake
minus losses from leaching and litterfall (Table 16). While it is often assumed
that the nutrient standing stocks represent annual uptake in herbaceous wetland
vegetation, a large proportion of nutrients in aboveground biomass of many
wetland perennials is translocated upward from belowground storage structures
in the spring, and downward from the shoots in the fall. This internal recycling
of nutrients helps plants conserve nutrients, but reduces their net uptake of nutrients.

Studies of within-plant nutrient cycling help distinguish net retention from
annual uptake. Klopatek198 found that 26% of the N and 38% of the P uptake by
S.fluviatilis was retained overwinter, the rest being lost via leaching and litterfall
(Table 16). Of the 5.32 g N m~2 and 2.0 g P m~2 retained annually, 2.03 g N
m~2 and 0.44 g P m~2 had been retranslocated from aboveground to belowground
structures. In a similar study, Prentki et al.201 reported 30% overwinter retention
of P by Typha latifolia (1.3 g m~2), of which 0.75 g m~2 had been retranslocated
from aboveground. Nutrient retention percentages in tundra wetlands were even
higher, exceeding 50% of annual uptake.68

The detailed study by Prentki et al.201 illustrated changes in P storage by T.
latifolia over an entire growing season. Belowground stocks started at 2.5 g m~2

in March, but declined early in the growing season as P was translocated to
aboveground structures. By mid-June, 40% of the aboveground standing stock
consisted of P reallocated from belowground plant parts, and upward translocation
had ceased. At this point, belowground P reserves began to be replenished.

Lindsley et al.235 showed a similar pattern of spring translocation and fall
storage for N and P in Sparganium eurycarpum, which also has an extensive
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TABLE 16
Nitrogen and Phosphorus Cycling by Herbaceous Wetland Vegetation (g m~2 year-1)

Wetland type

Nitrogen
Scirpus fluviatilis
S. fluviatilis
Tundra biome site
Typha glauca
T. glauca

Arithmetic mean
Range

Phosphorus
Tundra biome site
Typha swamp
Scirpus fluviatilis
T. glauca
T. glauca
Scirpus fluviatilis
Typha latifolia

Arithmetic mean
Range

Location

Goose Lake
Theresa
Barrow
Goose Lake
Eagle Lake

Barrow
Everglades
Goose Lake
Goose Lake
Eagle Lake
Theresa
Madison

State or
country

IA
Wl
AK
IA
IA

AK
FL
IA
IA
IA
Wl
Wl

Plant
uptake

—
20.75

1.79
—
—

0.12
—
—
—
—

5.33
4.3

Fluxes out

Leaching

1.49
7.34
—

1.13
0.10

2.52
0.1-7.34

—
0.37
0.10
0.20
2.20
—

0.72
0.1-2.2

of plants

Litterfall

3.15
8.09
0.80
6.09
3.80

4.39
0.8-8.09

0.05
0.47-0.73

0.63
1.13
0.60
1.13
2.50

0.95
0.05-2.5

Net annual
retention"

—
5.32
0.99
—
—

0.06
—
—
—
—

2.00
1.3

Percent
retention

—
26
55

—

54
—
—
—

, —
38
30

Ref.

183"
198
68

183"
183"

68
161
183b

183"
200»
198
201°

Calculated as plant uptake minus fluxes out of plants.
Includes standing dead litter as of April of the following year.
Losses from belowground sloughing were 0.6 g r 2 year-1.
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TABLE 17
Nitrogen and Phosphorus Cycling by Woody Wetland Vegetation (g m~2 year-1)

Wetland type

Nitrogen
Acer-Nyssa swamp
Chamaecyparls thyoides
swamp

Chamaedaphne peatland
Nyssa aquatica swamp
N. sylvatica swamp
Ouercus-Acer-Nyssa swamp
Shrub swamp
Sphagnum bog
Sphagnum bog
Taxodlum dlstichum swamp
T. dlstichum swamp
T. distichum swamp

Arithmetic mean
Range

Phosphorus
Acer-Nyssa swamp
Chamaecyparls thyoides
swamp

Chamaedaphne peatland
Nyssa aquatica swamp
N. sylvatica swamp
Nyssa-Acer-Fraxinus swamp
Ouercus-Acer-Nyssa swamp
Shrub swamp
Taxodlum distichum dome
T. distichum dome
T. distichum strand
T. distichum swamp
T. distichum swamp

Location

Great Dismal Swamp
Great Dismal Swamp

Houghton Lake
Pitt County
Okefenokee Swamp
Great Dismal Swamp
Okefenokee Swamp
Concord
Marcell
Okefenokee Swamp
Great Dismal Swamp
Okefenokee Swamp

Great Dismal Swamp
Great Dismal Swamp

Houghton Lake
Tar River
Okefenokee Swamp
Pitt County
Great Dismal Swamp
Okefenokee Swamp
Gainesville
Gainesville
Waldo
Okefenokee Swamp
Great Dismal Swamp

State or
country

VA
VA

Ml
NC
GA
VA
GA
MA
MN
GA
VA
GA

VA
VA

Ml
NC
GA
NC
VA
GA
FL
FL
FL
GA
VA

Plant
uptake

—
—

3.00
—
—
—
—
3.80
6.60
—
—
—

—
—

0.17
—
—
0.53
—
—
0.15
—
1.55
—

Wood
Increment

—
—

—
—
—
—
—
—
—
—
—
—

—
—

—
—
—
0.06, 0.12
—
—
0.01

0.07«
—

Fluxes out of plants

Leaching

—
—

— •

0.45
—
—
—
—
—
—
—
—

—
—

—
0.11
—
0, 0.05
—.
—
—

—
—

Litterfall

3.35
2.19

2.30
7.28
3.94
2.08
2.11
3.80
6.60
3.85
2.66
3.82

3.67
2.08-7.28

0.19
0.13

0.10
0.54
0.21
0.34, 0.35
0.12
0.08
0.15
0.16
0.69
0.20
0.18

Net
annual

retention*

—
—

0.7
—
—

—
0
0
—
—
—

—
—

0.07
—
—
0.19, 0.12
—
—
0

0.86
—

Percent
retention

—
—

23
—
—
—
—
0
0
—
—
—

—
—

41
—
—
36, 23
—
—

0
—
56
—

Ref.

185
185

78
81

187
185
187
52»
66"

187
185
75

185
185

78
81

187
31e

185
187
209
188
123"
187
185
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T. distichum swamp Cache River IL 0.87 0.07 0.03 0.77 0.07 8 22
7*. distichum swamp Okefenokee Swamp GA 0.23 0.00 0.08 0.16 0.00 0 75

Arithmetic mean 0.58 0.05 0.06 0.27 0.16 23
Range 0.15-1.55' 0-0.12 0-0.11 0.08-0.77 0-0.19 0-56

• Calculated'as plant uptake minus fluxes out of plants.
b Annual litterfail was assumed to equal annual uptake.
c First value is for 1977, second value Is for 1978.
" Values estimated by simulation model, based on field data.233234

• Root increment was 0.40 g rrr2 year-1.
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rhizome system. In Scirpus validus, however, the trend for belowground standing
stocks of N was different from that for P; although upward translocation decreased
belowground N standing stocks early in the growing season, belowground P
standing stocks continuously increased between June and September because P
was being concentrated in the rhizomes.235 Belowground stocks of both N and P
in Scirpus were two to three times higher than aboveground stocks throughout
most of the growing season. Overwinter belowground nutrient stocks were low
for Sagittaria latifolia, and negligible for Zizania aquatica, an annual.

Leaching can rapidly deplete aboveground nutrients at the end of the growing
season. Leaching and translocation reduced P standing stocks in Scirpus fluviatilis
and T. latifolia by 37 and 65% between August 15 and November 15.183 Annual
leaching losses from this and other herbaceous plant studies averaged 2.5 g N
m~2 and 0.7 g P m"2 (Table 16).

Litterfall from herbaceous plants involves the fragmentation and toppling of
dead plant matter. Unlike annual litterfall from woody deciduous plants, herba-
ceous litterfall can take more than a year, particularly in persistent emergent
species. Davis and van der Valk183 reported that 9 and 18% of peak nutrient
standing stocks in T. glauca and 5. validus, respectively, remained in standing
dead litter 13 months after the end of the growing season. The litter of 5. validus,
however, had completely fallen underwater by 3 months after peak standing crop.
Litterfall losses averaged 4.4 g N m~2 year"1 and 1.0 g P m"2 year"1, 20 to
45% of annual plant uptake (Table 16).

b. Woody Plants

In addition to the within-plant fluxes described for herbaceous wetland plants,
nutrients taken up by trees and shrubs may be incorporated into woody tissues.
While cumulative standing stocks of nutrients stored in wood can be high due to
their slow turnover rate (Table 13), annual additions of nutrients to woody tissues
(i.e., wood increment) are small, averaging only 0.05 g P m~2 year"1 (Table
.17). This is comparable to the amount lost annually from leaching.

Nutrient fluxes via litterfall from wetland forests, particularly southeastern
swamps, have been studied by a number of researchers (Table 17). Forest litterfall
fluxes for nitrogen (2.1 to 7.3 g m~2 year"1) fall within the range of values
reported for herbaceous litterfall (0.8 to 8.1 g m~2 year" ': Table 16), but average
phosphorus fluxes are lower for woody than herbaceous plant litterfall (0.3 and
1.0 g m~2 year"1, respectively). Estimates of percent phosphorus retention by
woody wetland vegetation were variable, ranging from 0 to 56% (Table 17). The
highest retention estimate included storage in root biomass, 123 which was ignored
by most researchers.

3. Litter Decomposition

Litter is a dynamic storage compartment, both in terms of its short turnover

534

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 1
8:

04
 1

7 
D

ec
em

be
r 

20
17

 



time (about 2 years: Table 14), and interaction with wetland surface waters (Figure
1). The litter decay constant, k, is derived from the exponential decay formula,

-k = ln(X/Xo)/t (2)

where Xo is the dry weight initially present and X is the dry weight remaining at
the end of the period of measurement, t, in years.236 The half-life for litter decay
(i.e., the time at which half the initial litter has been decomposed) is calculated
as:

t1/2 = 0.693/Jfc (3)

Rates of litter decomposition vary substantially among different wetland spe-
cies. Litter decay constants summarized for wetland species by Johnston et al.4

ranged from an exceptionally high value of 18.1 for rapidly decomposing Sag-
ittaria latifolia1"3 to a low of 0.06 for recalcitrant tundra vegetation.237 Decay
constants for herbaceous plants and leaves usually fall between 0.2 to 2.0, while
those for slower decaying twigs and wood generally range from 0.1 to 0.3. Brinson
et al.125 reported a mean annual decomposition coefficient of 0.3 for northern
peatlands, significantly lower than the 0.9 average for other wetlands. Tundra
vegetation showed decreasing decomposition in the order: soft leaves > hard
leaves and shrub shoots > mosses, lichens, and wood.237 Among aquatic plants,
floating-leaved water lilies (Nuphar variegatum) decayed fastest, submersed plants
decayed at an intermediate rate, and emergent bulrushes decayed at the slowest
rate.238

Environmental factors are important in determining decomposition rates.
Moisture is particularly relevant in wetlands, where decomposing litter experi-
ences conditions ranging from complete submergence to complete exposure.125

Wetter conditions were associated with faster decomposition of Nyssa aquatica
and N. sylvatica leaves, but slower decomposition of Acer rubrum leaves.210-239

Nessel210 reported faster decomposition of Taxodium ascendens leaves under wet
conditions, but Duever et al.240 found the opposite. Loss of Peltandra virginica
litter in a freshwater tidal marsh was rapid, and increased with frequency of
flooding.241

Differences in decomposition rates under different moisture regimes may be
due to oxygen availability rather than moisture per se, with continuously anaerobic
conditions being least favorable for decomposition.125 Godshalk and Wetzel238

experimentally demonstrated lower decomposition of aquatic plants under an-
aerobic conditions, while Reddy and Patrick242 demonstrated that alternate aerobic
and anaerobic conditions result in less loss of soil carbon than continuously aerated
conditions.242 Other factors affecting decomposition rates include plant physi-
cochemical properties, initial N concentrations and C:N ratios, and
temperature.125-243

Changes in nutrient concentrations during decomposition are not necessarily
proportional to loss Of biomass. Initial nutrient loss rates are often higher than
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mass losses due to leaching.167-169-244-246 Nutrient immobilization by microbes
associated with plant litter has the opposite effect, increasing nutrient concentra-
tions over time.183-244-246-247 Increases in P concentration can also be due to silt
deposition on fallen litter.183-241

Studies of P. virginica litter showed different trends of N loss/gain during
decomposition in different environments.241 Submerged or creekbank-buried Pel-
tandra showed an increase from an initial concentration of 2.9 to 4.0-5.5% N
after 10 to 20 days, followed by a decline to 3.0-3.8% N after 50 days. The C:N
ratio declined from an initial level of 15.5 to 7.6-10.6 after 29 days, followed
by a rise to 12.3-15.2 after 50 days. In contrast, the N content of litter placed
on the irregularly flooded high marsh rose steadily from 2.9 to 6.1% after 20
days, and 6.5% after 50 days. The C:N ratio dropped from 15.5 to 9.2 after 10
days, and reached 7.0 after 50 days. The authors attributed this different pattern
to colonization of high marsh litter by autotrophic bacteria and nitrogen-fixing
blue-green algae.

As plant litter decomposes, the nutrients it contains may be transported out
of the system in soluble or paniculate form (Figure 1 : flux 25), or be incorporated
into the soil (flux 23). The fate of nutrients released from plant litter determines
to a large extent the effect of this mechanism on water quality; incorporation of
nutrients into the soil could be beneficial to water quality, while export to down-
stream waters could be detrimental. While fluxes from litter can be assumed to
remain on site in hydrologically closed wetlands such as peatlands248 and cypress
domes, 209 litter-derived nutrients may be exported downstream from flow-through
wetlands.31 Research is needed to quantify these pathways of nutrient movement
following litter decomposition.

4. Fluxes to the Atmosphere

a. Denitrification

Denitrification is the process whereby nitrate (NO^") is reduced by facultative
anaerobic bacteria to nitrous oxides or dinitrogen gas, as shown by the overall
reaction:

5(CH2O) + 4NO; + 4H+-»5CO2 + 2N2 + 7H2O (4)

This reaction is irreversible, and occurs only under anoxic conditions (Eh =
+ 350 to +100 mV), where nitrate is used as an electron acceptor in place of
oxygen. The actual sequence of biochemical changes from nitrate to elemental
gaseous nitrogen is: 2NO3~ -> 2NOJ- -»> 2NO -> N2O -» N2.

249 Both N2O and
N2 contribute to atmospheric nitrogen (Figure 1: flux 6).

Denitrification is commonly held to be a major pathway of nitrogen removal
from wetlands. Unlike nutrient storage mechanisms, denitrification ultimately
exports nitrogen out of the wetland system into the atmosphere and can apparently
proceed indefinitely without harm to the wetland. A number of authors have
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reviewed denitrification and related microbial nitrogen transformation pro-
cesses.25*-253

In order to denitrification to proceed, there must be an available supply of
nitrate (Equation 4). Wetlands that are hydrologically isolated receive nitrate
primarily from precipitation and nitrification; those that are not, also receive
nitrate inputs from surface waters.254"256 Since denitrification requires anoxic
conditions, the downward flux of nitrate from the oxidized soil surface into the
anaerobic zone is a factor that limits denitrification rates.257"259 Reddy and Patrick252

reported diffusion coefficients for NO3-N movement in soils ranging from 0.04
to 1.94 cm2/day.

Nitrification, the oxidation of ammonium by Nitrosomonas (NH^ -> NO¿")
and Nitrobacter (NO¿~ —> NOf), is an important source of nitrate for denitrifi-
cation. Unlike nitrate, ammonium is stable under anaerobic conditions, but is
susceptible to oxidation in the aerobic soil layer and overlying water column.
The major supply of ammonium to the aerobic soil layer comes from minerali-
zation of organic N and the upward diffusion of ammonium from the underlying
anaerobic layer.252 This upward diffusion rate is a major factor controlling the
rate of nitrification in wetland sediments258 because nitrate produced by nitrifi-
cation is denitrified very quickly.260 Denitrification rates are maximized by the
coupling of nitrification and denitrification via diffusion across the aerobic-an-
aerobic soil boundary.261"264 DeLaune and Smith265 reported that nitrification
accounted for approximately 70% of the denitrification rate in soil-water columns.
High rates of denitrification occur where the close proximity of aerobic and
anaerobic zones (e.g., anoxic microsites in fecal pellets or plant detrital particles)
minimizes the path length for diffusion, 266 or where alternating aerobic and an-
aerobic conditions occur.267

Different measurement methods for denitrification provide variable results in
part because they measure or block other portions of the nitrogen cycle. Laboratory
incubations measuring NO3~ loss from water overlying a submerged soil sample
may overestimate denitrification rates because they measure assimilative (i.e.,
microbial uptake) as well as dissimilative (i.e., denitrification) N losses. While
Bartlett et al.268 reported that assimilative N losses constituted only 5 to 10% of
nitrate reduction in freshwater wetlands, Dierberg and Brezonik222 reported a
fivefold difference between N loss rates determined by leaching through soil
columns vs. acetylene reduction. Another commonly used method involves the
short-term measurement of N2O production by submerged soils in the presence
of acetylene (C2H2), which blocks the reduction of N2O to N2.

269 However, the
acetylene block method also inhibits nitrification and may therefore underestimate
denitrification rates by cutting off the natural supply of nitrate. The use of stable
isotope dilution (I5N) can overcome this problem by providing simultaneous
estimates for nitrification and denitrification.263-265 The advantages and disadvan-
tages of different denitrification measurement techniques are summarized by
Tiedje.270

In addition to nitrate, the denitrification reaction also requires the presence
of readily available C (Equation 4). Reddy et al.271 found that denitrification rates

537

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 1
8:

04
 1

7 
D

ec
em

be
r 

20
17

 



were influenced by the rate at which available C was mineralized and made
available to denitrifiers. Significant correlations have also been found relating
nitrate loss to water-soluble C272 and extractable C., 273 and denitnfication rates
have been shown to increase with the addition of glucose274 and sucrose.262 Other
environmental factors known to influence denitrification rates include redox po-
tential, 275-276 soil moisture, 277 temperature, 278279 pH, 280 presence of denitri-
fiers, 281-282 soil type, 283 and the presence of overlying floodwater.257-284

Tremendous variation exists among denitrification rates based on laboratory
incubations: loss rates per unit soil mass range over four orders of magnitude,
while those expressed per unit area range over three orders of magnitude. The
highest denitrification potentials reported were for Finnish conifer swamps with
very low bulk density (0.06 to 0.08 g cm"3) organic soils.285 Results from
laboratory incubations are difficult to extrapolate to annual rates due to high
spatial and temporal variation, and few workers have attempted it (Table 18).
Annual denitrification potentials for soils incubated with added nitrogen averaged
7.6 g m~2 year"1, while denitrification rates without amendments averaged only
0.07 g m~2 year"1.

In situ measurements of N2O flux (Table 19) provide a more realistic estimate
of actual losses of nitrogen from wetlands via denitrification, but are also subject
to measurement error.270 Several of the in situ studies measured fluxes of 15N
and N2O from the soil surface using chambers placed over wetland soils, while
others used the acetylene block technique. As with laboratory incubations, much
higher denitrification rates were obtained for soils with added nitrogen. Rates for
sites with added N ranged from 16tol34gm" 2 year"1, while rates for unamended
soils were much lower, averaging only 0.2 g m~2 year"1 (Table 19). A French
study296 showed that in situ rates (25 mg m~2 day"l) were one seventh the potential
rates determined by laboratory incubation (175 mg m~2 day"1).

b. Ammonia Volatilization

Ammonia volatilization (Figure 1: flux 26), the conversion of ammonium
ions to ammonia gas, is not considered to be an important mechanism of N loss
from flooded soils and sediments except where high ammonium concentrations
exist in conjunction with high pH.252 Reddy and Graetz225 reported rapid ammonia
volatilization losses from wastewater aerated with C02-free air, while little vol-
atilization occurred in the water aerated with CO2-containing air. During periods
of high pH and ammonium concentrations, Murphy and Brownlee302 observed
high disappearance rates of ammonia from a hypertrophie prairie lake in south-
western Manitoba, which they attributed to ammonia volatilization.

C., Phosphine

• Although the reduction of phosphate to phosphine gas (PH3) in wetlands was
speculated upon by early workers, Burford and Bremner272 could detect no such
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TABLE 18
Denitrification Rates Determined by Laboratory Incubation of Wetland Soils

Wetland or soil
type

Incubations with
added amendments
Cypress dome

Cypress dome

Cypress dome

Soil without plants

14 soils

Soil with plants

Trti swamp

Savannah wetland

Sediment (no
plants)

Pontederia
cordata

Juncus effusus

Freshwater
swamp

Freshwater marsh
soils

Aerobic/anaerobic
Anaerobic

incubation

Location

Gainesville

Gainesville

Gainesville

—

Various

—

Apalachicola
N.F.

Apalachicola
N.F.

Lake
Okeechobee

Lake
Okeechobee

Lake
Okeechobee

Bayou Sorrel

—

Crowley
Crowley

State or
country

FL

FL

FL

FL

FL

FL

FL

FL

FL

FL

FL

LA

LA

LA
LA

Dally N loss
per soil
mass

(lig gdw-'
day1)

—

—

—

—

—

—

—

—

—

—

—

—

0.94-1.76
0.5

Dally N loss
per area
(mg m"2

day-')

—

—

—

120

60-290

200

3.0-8.6

3.4-41.5

8-14

14-122

67-102

350

75

—
—

Annual N loss
per area
(gm- !

year-1)

2.01

5.5

28.2

—

—

—

—

—

—

—

—

—

—
—

Method

Acetylene
block

Acetylene
block

NO3 loss from
water

NO3 loss from
water

NO3 loss from
water

NO3 loss from
water

NO3 loss from
water

NO3 loss from
water

15N

1 5 N

1 5 N

NO3 loss from
water

NO3 loss from
water

i s N

1 5 N

Time
incubated

(days)

?

?

?

56

12

56

1-7

1-7

26

26

27

12

12

128
128

Amendments

Sewage

NO3

NO3

Sewage

NO3

Sewage

NO3

NO3

NH4

NH4

NH«

NO3

NO3

NH4

NH4

Ref.

286

222

222

121

121

121

287

287

288

288

288

256

289

242
242
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TABLE 18 (continued)
Denitrification Rates Determined by Laboratory Incubation of Wetland Soils

Wetland or soll
type

Aerobic incubation
Lac des
Allemands

Lac des
Allemands

Lac des
Allemands

Lac des
Allemands

Carlisle muck
Carlisle muck
15 soils, flooded

15 soils

Wetland soil,
0-6 cm

W. Humber River

Stream sediments

Watercress bed

Phragmites
swamp

Paludified spruce
marsh

Tall-sedge fen

Location

Crowley
Barataría
Basin

Barataría
Basin

Barataría
Basin

Barataría
Basin

—
—
Various

Various

Thredbo

Toronto, ON

Toronto, ON

Toronto, ON

Lake
Arneskov

—

—

State or
country

LA
LA

LA

LA

LA

Ml
Ml
U.S.

U.S.

Australia

Canada

Canada

Canada

Denmark

Finland

Finland

Dally N loss
per soil

mass
((ig g d w 1

day' )

0.04
0.01

—

1.5

15
25
26-118

34-161

97-150

—

0.1-1.2

1.1-3.2

0.4-12

31-40

Dally N loss
per area
(mg m-»
day-')

2.5

0.3-124

—

—

—

170

0.2-8

17-30

50

—

Annual N loss
per area
(g m"2

year-')

0.03

5.5

—

1.4

—

—

—

—

—

—

Method

15N

Acetylene
block

Acetylene
block

Acetylene
block

«N

15N

NO3 loss from
water

NO3 loss from
water

Acetylene
block

Acetylene
block

Acetylene
block

Acetylene
block

NO3 loss from
water

Acetylene
block

Acetylene
block

Time
Incubated

(days)

128
27

112

2

168

2
2

1

1

1

2

0.1

0.1

1

6-21

6-21

Amendments Ref.

NH4

NH4

NH4

NO3

NH4

NO3

NO3, glucose

NO3

NO3

Sewage

NO3

NO3

NO3

NO3, N-serve

NO3

NO3

242
290

290

290

290

273
273
291

291

292

293

294

294

295

285

285
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Alnus glutinosa
swamps

Conifer swamps

Bogs

Recharge fen

Discharge fen

Blanket Bog

Floodplain forest

Arithmetic mean
Range

Incubations with
no amendments
Wetland soil,
0-6 cm

Hemlock swamp
interior

Hemlock swamp
margin

Phragmites
swamp

Cypress dome

Thoreau's Bog

Recharge fen

Discharge fen

Arithmetic mean
Range

—

Vechtplassen

Vechtplassen

Pennine

Toulouse

Thredbo

Toronto, ON

Toronto, ON

Lake
Arneskov

Gainesville

Concord

Vechtplassen

Vechtplassen

Finland

Finland

Finland

Netherlands

Netherlands

U.K.

France

Australia

Canada

Canada

Denmark

FL

MA

Netherlands

Netherlands

3-211

295-533

11-32

—

—

—

—

0.01-E

16

—

0.1

Negligibl

0.1-1Í

25.0

0.3-350

—

—

—

20.0

5.9

0.1

—

7.6
0.03-28.2

Acetylene
block

Acetylene
block

Acetylene
block

Acetylene
block

Acetylene
block

NO, loss from
water

7

6-21

6-21

6-21

1

1

30

7

NO,

NO,

NO,

NO,

NO,

NO,

NO,

285

285

285

107

107

108

296

0-0.6

42-44

0-55

0-55

—

—

—

—

0.15

0.1

0.03

Negligible

0.07
0.03-0.15

Acetylene
block

Acetylene
block

Acetylene
block

NO, loss from
water

Acetylene
block

Acetylene
block

Acetylene
block

Acetylene
block

1

0.1

0.1

?

?

4

1

1

None

None

None

None

None

None

None

None

292

297

297

298

286

52

107

107
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TABLE 19
Denitrification Rates Determined in the Field

Wetland or soil type

Sites with
amendments added
Lac des Allemands
Alluvial cypress

swamp, Tar River
Alluvial cypress

swamp with sewage

Arithmetic mean
Range

Sites with
no amendments
Coastal plain tundra
Lac des Allemands
Alder/willow riparian

zone
Wet meadow
Drained marsh
Undrained marsh

Arithmetic mean
Range

Location

Barataría Basin
Pitt County

Pitt County

Barrow
Barataría Basin
Lake Tahoe

Madison
Madison
Madison

State
or

country

LA

NC

NC

AK

LA
NV

Wl
Wl
Wl

Annual N
loss (g m~2

year-1)

134

29

16

60
16-134

0.002

0.34
0.18

0.11-0.14
0.23-0.74
0.002-0.006

0.19
0.002-0.34

Method

1 5 N

Mass balance

Acetylene block
Acetylene block

Acetylene block
Acetylene block
Acetylene block

Amendments

NO3, NH4

NO3, NH4

Sewage

None

None
None

None
None
None

Ref.

299

125

204

67

290
300

301
301
301
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gas production. Even if phosphine were produced, they showed that it would be
sorbed by the soil and would not escape to the atmosphere. Therefore, gas fluxes
do not appear to affect P dynamics.

D. Input-Output Studies

Input-output studies are those in which wetland outputs are subtracted from
inputs to determine the net effect of wetlands on water quality. Nutrient sources
such as precipitation, N fixation, runoff, groundwater, and surface water flow
are measured as inputs, while nutrient losses via denitrification and water leaving
the wetland are measured as outputs. Input-output investigations may be part of
a more comprehensive mass balance study, in which all nutrient storage and
fluxes are quantified, or they may be conducted without trying to determine
within-wetland processes (i.e., black box studies).

Retention rates in input-output studies are typically calculated by subtracting
outputs from inputs. This yields positive values when materials are stored or
converted to gaseous forms in the wetland, and negative values when materials
released from wetland soils and plants cause outputs to exceed inputs. Input minus
output calculations for individual element forms (e.g., NO3, NH4) can indicate
transformations occurring within a wetland, but must be summed to determine
net element retention. For example, if all of the NH4 entering a wetland were
converted to dissolved organic N by the time it reached the outflow, there would
be an apparent 100% retention of NH4 even though net N retention was 0%.

1. Wetlands without Direct Anthropogenic Inputs

Bogs and mires are the most studied type of wetland with regard to N cycling
(Table 20). These systems are relatively simple hydrologically, receiving nutrients
inputs primarily from precipitation. Small bogs may also receive nutrients from
surface water runoff, 66'80 but most bogs do not receive streamwater inputs. As a
result, N inputs to bogs are low. Outputs may be to groundwater or to a surface
water outlet.

Bogs are very retentive of the N they receive, conserving 50 to 100% of total
N inputs (Table 20). Nitrogen fixation was the largest source of N to most of the
bogs, even though total amounts fixed were generally low (Table 5). Net retention
per unit area was relatively low, averaging only 0.9 g m~2 year"1, and turnover
times were long. Average N retention times in bog vegetation ranged from 2 to
9.8 years, longer than retention times for deciduous forests and shorter than those
for coniferous forests.66 Turnover times for microorganism biomass (0.28 year)
and soluble and exchangeable inorganic N (7.5 years) were over an order of
magnitude longer than those in deciduous forest ecosystems.199 Denitrification
was not a major source of loss from any of the bogs studied in terms of loss rates
or percentages.
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TABLE 20
Net Retention of Nitrogen by Wetlands with No Direct Anthropogenic Inputs, Based on Input Minus Output

Water Outlet State or
Wetland type source type Location country

Bogs
Coastal plain Precipitation None Barrow

tundra

AK

Stordalen Precipitation Nona Stordalen Sweden

mire

Thoreau's Precipitation Stream Concord MA

Bog

Moor House Precipitation Stream Pennines U.K.

blanket bog

Marcell bog

Marcell bog

Arithmetic mean

Range

Other wetlands

Okefenokee

Swamp

Runoff

Runoff

Streams

Stream

Stream

River

Marcell

Marcell

—

MN

MN

GA

Retention
(g irr2 year"1) (% of Inputs)

NOj-N- NH4-N Organic N"

Net
denitrlflcatlon

Net retention of of total N
total N Inputs* inputs Ref.

-0.001 - 2 8 % 0.016 78% 0.063 91% 0.078 84% 0.002 9% 67

0.03 100% 0.07 100% 0.31 100% 0.42 100% 0% 199

0.50 100% 0.05 20% 0.90 90%

0.00 0% 0.60 100% 1.50 45%

1.45

2.10

83% — — 52

53% 0.10 3% 108e

0.18 86% 0.15 69% 0.30 36% 0.63 50% — — 80

0.24 57% 0.40 90% 0.01 2% 0.68 47% 0.18 12% 66"

0.22 76% 0.51 61% 0.89 69% 0.07 6%

0.02-0.15 20-100% 0.01-1.5 2-100% 0.08-2.10 47-100% 0-0.1 0-12%

0.44 98% 0.34 96% -0.089 - 9 % 0.68 39% — — 303
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Cypress Streams Estuary Barataría LA
Swamp Basin

Unie River Runoff
watershed

Rhode River Runoff
watershed

Riparian Titton GA

Riparian Annapolis MD

1.33 50% — — 304

0.73 14% 3.15 61% 305

7.38 89% — — 180

• Aqueous outputs and denltrification outputs subtracted from inputs.
* Includes inputs from N fixation.
e Used maximum rate of N fixation (3.2 g m"2 year'1).
' Authors assumed maximum possible denitrification (NO3 loading in throughfall).
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Retention percentages for different nitrogen forms were highly variable due
to the complexity of the N cycle in wetlands (Table 20). Nitrate retention per-
centages varied from —28 to 100%, the negative value indicating that NOj"
outputs exceeded inputs due to the nitrification of ammonium within the wetland.67

Net nitrate retention was zero in the Moor House blanket bog, where NOf inputs
in precipitation equaled outputs via denitrification. Ammonium retention ranged
from 20 to 100% of inputs, while organic N retention ranged from 2 to 100%.
There were large differences in retention rates of different N forms, even when
workers studied the same bog, shared the same precipitation and surface runoff
data, and derived similar total N retention rates and percentages.66-80

Nitrogen retention by two southeastern U.S. swamp systems was comparable
to that of the bog systems on a per unit area basis, but lower in terms of percent
of inputs (Table 20). The Okefenokee Swamp retained 96 to 98% of inorganic
N inputs, but was a net exporter of organic N, resulting in total N retention of
0.68 g m"2 year"1, 39% of total N inputs.303 A Louisiana cypress swamp retained
1.33 g N m~2 year-1, 50% of its inputs.304

Riparian forests in agricultural watersheds retained or denitrified more of their
N inputs than any other wetland system (Table 20). Denitrification losses from
a Georgia riparian forest were 3.15 g m ~ 2 year "1 (61 % of inputs), and net retention
was 0.73 g m"2 year"1.305 Fluxes to storage (annual nutrient accrual in vegetation)
plus net retention exceeded total inputs measured, indicating an additional source
of nitrogen internal to the system (e.g., mineralization of N stored in the soil).
Nitrogen inputs minus outputs were also high for a Maryland riparian forest (7.35
g m"2 year"1, 89% of inputs).180 Although listed as N retention in Table 20, the
authors speculated that some of this difference may have been due to denitrifi-
cation, which was not measured.

The effectiveness of riparian forests in denitrifying or retaining N may be
due to a combination of factors. First, their average N inputs were five times
higher than inputs to bogs (6.8 and 1.4 g m"2 year"1, respectively). Second,
their diffuse surface runoff and groundwater inputs maximized contact between
water and soil, where key nitrogen transformations take place. These findings
infer that the hydrology of wetlands may be an important determinant of their
effectiveness for N retention.

Phosphorus retention rates for wetlands ranged from a low of 0.07 g m"2

year"1 for the Marcell bog80 to a high of 3.48 g m~2 year"1 for a floodplain
wetland along the Cache River in Illinois22 (Table 21). The Marcell bog retention
rate was low because it receives relatively little P in surface runoff from its
forested watershed, even though it retains 61% of its inputs. Retention by the
Cache River floodplain wetland was high because it receives 3.6 g P m~2 year"1

via sediment deposition during spring flood events (Table 15). This retention
represents only 4% of the P inputs to the wetland, most of which pass by unaltered
in river flow. Other studies reported P retention rates ranging from 0.17 to 0.73
g m"2 year"1, with percent retention ranging from 9 to 80% (Table 21).

The 2-year study of Creeping Swamp by Kuenzler et al.31 provides an in-
dication of interannual variability in P retention and underscores the importance
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TABLE 21
Net Retention of Phosphorus by Wetlands with No direct Anthropogenic Inputs, Based on Input-Output

Net Retention (g m~2 year-1) (% of total Inputs)

Wetland type

Fresh marsh, control
Mendota Marsh
Little River watershed
Rhode River watershed
Marcell bog
Cornish Creek Gum Swamp
Cypress Swamp
Okefenokee Swamp
Creeping Swamp, 1978
Creeping Swamp, 1977
Alluvial cypress swamp

Arithmetic Mean6

Range

Water
source

NA
Lake
Runoff
Runoff
Runoff
Stream
Streams
Streams
Streams
Streams
River

Outlet
type

NA
Lake
Riparian
Riparian
Stream
Stream
Estuary
River
Stream
Stream
River

Location

Clermont
Madison
Tifton
Annapolis
Marcell
Newton County
Barataría Basin

—
Pitt County
Pitt County
Cache River

State

FL
Wl
GA
MD
MN
GA
LA
GA
NC
NC
IL

PO4-P

—
—
—

0.02
—
—

0.04
0.30
0.28
—

—
—
—

60%
—
—

93%
79%
42%
—

DOP-P

—
—
— •

0.05
—
—

0.388
—
—
—

—
—
—

61%
—
—

73%
—
—
—

Total

0.20
0.56
0.17
0.29
0.07
0.45
0.17
0.43
0.73
0.32
3.48

0.34
0.07-3.48

P

53%
10%
30%
80%
61%

9%
46%
75%
57%
30%

4%

45%
4-80%

Ref.

120"
201
305
180
80

306
304
303

31
31
22

Mesocosm study.
Data from Mitsch et al. excluded from mean.
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of flood events in wetland P dynamics. Phosphorus retention was twice as high
in 1978 as in 1977 (Table 21) due in large part to a flood event that increased
sedimentation and P uptake by algae. The wetland retained 61% of the particulate
P inputs in 1978, while particulate P outputs were approximately equal to inputs
in 1977.

Percent P retention was approximately equal to or greater than percent N
retention in the majority of the studies which constructed budgets for both.80-303-304

Percent P retention was lower than percent N retention, however, in the riparian
wetlands studied.180-305

2. Wetlands with Direct Anthropogenic Inputs

Studies of wetlands that have been used as waste discharge sites provide
insight into nutrient retention capacities under extremely high nutrient inputs
(Table 22). All of the wetlands studied were net sinks for N, in some cases
retaining or denitrifying 100 times as much nitrogen as the amount retained by
natural wetlands (Table 20). The percentages of nitrogen inputs retained ranged
from 21 to 95%, with no apparent relationship between loading rate and percent
retention. The long-term disposal of sewage into the Reedy Creek wetland from
1979 to 1985307 and the Bellaire wetland from 1976 to 1981 " indicated no decrease
in N retention capacity over time, despite loading rates as high as 95 g m"2

year"' to the Reedy Creek wetland.
However, the situation was quite different with regard to P. The Reedy Creek

wetland exported more P than it received during 6 out of 7 years of operation,
and in 1983 exported 171% of its inputs.307 The Bellaire wetland initially retained
P, but began to export P after 5 years of operation, and continued to be a net
source of P even after wastewater inputs were discontinued in 1982.11

Short-term studies of P retention all had positive values, indicating that P
inputs exceeded outputs, but percent retention varied from 7 to 98% (Table 22).
The lowest percent retention occurred where wastes were discharged into a stream
flowing through a wetland, rather than the wetland itself, 34 while the highest
occurred in a wetland mesocosm120 and a cypress dome lacking a surface water
outlet.72 Given the rapid shift from a P sink to a P source experienced in the
Bellaire wetland, the sustainability of high P retention rates is questionable.

IV. CONCLUSIONS

Wetlands are retentive ecosystems, trapping sediment and nutrients to the
benefit of downstream waters. Their ability to do so depends to a large extent
qn their hydrology, which controls the source, amount, and spatial and temporal
distribution of sediment and nutrient inputs they receive. Unlike terrestrial eco-
systems, which receive inputs primarily from the atmosphere, wetlands can re-
ceive inputs from the atmosphere, runoff, surface waters, and groundwater. While
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2
(O

TABLE 22
Net Retention and/or Denltrification of Nutrients by Wetlands Receiving Anthropogenic Inputs, Based on
Surface Water Inputs Minus Surface Water Outputs

Wetland name

Reedy Cr. Wetland, 1979
Reedy Cr. Wetland, 1980
Reedy Cr. Wetland, 1981
ReedyCr. Wetland, 1982
ReedyCr. Wetland, 1983
ReedyCr. Wetland, 1984
Reedy Cr. Wetland, 1985
Thuja peatland, 1976
Thuja peatland, 1977
Thuja peatland, 1978
Thuja peatland, 1979
Thuja peatland, 1980
Thuja peatland, 1981
Thuja peatland, 1982
Thuya peatland, 1983
Fresh marsh, enriched
Water hyacinth marsh
Boggy Gut Wetland
Cattail marsh
Nevin Wetland

Mixed hardwood swamp
Cypress Dome
Cypress-Tupelo Swamp

Tupelo Swamp

Arithmetic mean
Range

Wetland
type

Swamp
Swamp
Swamp
Swamp
Swamp
Swamp
Swamp
Bog
Bog
Bog
Bog
Bog
Bog
Bog
Bog
Marsh
Marsh
Marsh
Marsh
Marsh

Swamp
Swamp
Swamp

Swamp

Enriched
with

Sewage
Sewage
Sewage
Sewage
Sewage
Sewage
Sewage
Sewage
Sewage
Sewage
Sewage
Sewage
Sewage
—
—
Sewage
Sewage
Sewage
Sewage
Hatchery
waste

Sewage
Sewage
Agricultural

drainage
Nutrients

Location

Orlando
Orlando
Orlando
Orlando
Orlando
Orlando
Orlando
Bellaire
Bellaire
Bellaire
Bellaire
Bellaire
Bellaire
Bellaire
Bellaire
Clermont
Gainesville
Hilton Head Is.
Brillion
Madison

Wildwood
Gainesville
Barataría
Basin

Tar River

State

FL
FL
FL
FL
FL
FL
FL
Ml
Ml
Ml
Ml
Ml
Ml
Ml
Ml
FL
FL
SC
Wl
Wl

FL
FL
LA

NC

Total

53.20
75.50
74.92
71.01
72.62
57.53
61.74

1.84
6.75
9.63
6.21
9.07
4.46
0.76

—
—
—
44.97
—
15.05

—
11.10
3.87

—

10.34
0.76-75.5

N

71%
84%
95%
87%
77%
76%
77%
75%
80%
80%
77%
75%
81%
61%
—
—
—
83%
—
21%

—
74%
26%

—

64%
21-95%

Total

-19.36
-19.20

5.72
-11.63
-17.07

-2.71
-2.35

1.07
3.01
1.58
1.47
1.46

-0.33
-0.04
-0.03
37.09

7.70
12.12
4.80
0.11

0.79
10.44

1.69

25.10

-19.4-37.1

P

- 1 0 3 %
- 8 0 %

23%
- 5 2 %

- 1 7 1 %
- 3 0 %
- 2 8 %

91%
88%
72%
64%
65%

- 2 7 %
- 2 %
- 1 %
98%
16%
62%
68%

7%

87%
92%
41%

57%

^_
171 *•/ QflO/

Ref

307
307
307
307
307
307
307

11
11
11
11
11
11
11
11

120
308
309
206

34

118
72

310

204

>

Retention over a 10-month period.
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these multiple sources contribute to the retention ability of a wetland, they make
it difficult to generalize about wetland functions affecting water quality.

Vegetation has been the focus of much nutrient cycling research in wetlands.
This was a logical extention of research in terrestrial ecosystems, where nutrient
cycling was controlled to a large extent by vegetation. In wetlands, however,
physical and microbial processes are generally more important than vegetative
uptake in controlling sediment and nutrient retention. Unfortunately, existing
classification systems for wetlands best describe vegetation, rather than the hy-
drologie arid soil properties that have a greater influence on the distribution and
fate of materials related to water quality.

As in terrestrial systems, much more is known about concentrations than
standing stocks, and much more is known about standing stocks than fluxes
between storage compartments. Fluxes are difficult to quantify, especially when
they involve microbially mediated processes, belowground phenomenon, or pe-
riodic events such as floods that can greatly influence sediment and nutrient
retention but occur infrequently. It is the fluxes, however, rather than the storage
compartments, that control the net effect of a wetland on water quality.

In an effort to preserve dwindling wetland resources, scientists have frequently
oversold the ability of wetlands to retain sediment and nutrients, often to the
ecological detriment of wetlands that are used as disposal sites for anthropogenic
wastes. While this review has demonstrated that wetlands can and do benefit
surface water quality, it has not discussed the impacts of sediment and nutrient
retention to the wetlands themselves. While some processes (e.g., denitrification)
are probably indefinitely sustainable without detriment to the wetland, others
(e.g., excessive P loading) clearly are not. Hydrologie modifications associated
with these loadings may be as detrimental to the wetland as nutrients are. Long-
term manipulative studies are needed to determine thresholds of wetland function
and response to cumulative sediment and nutrient loadings, and policy studies
are needed to determine the trade-offs between improved water quality and wet-
land degradation.
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