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ABSTRACT

Conceptual models of river—floodplain systems and
biogeochemical theory predict that floodplain soil
nitrogen (N) and phosphorus (P) mineralization
should increase with hydrologic connectivity to the
river and thus increase with distance downstream
(longitudinal dimension) and in lower geomorphic
units within the floodplain (lateral dimension). We
measured rates of in situ soil net ammonification,
nitrification, N, and P mineralization using monthly
incubations of modified resin cores for a year in the
forested floodplain wetlands of Difficult Run, a fifth
order urban Piedmont river in Virginia, USA. Min-
eralization rates were then related to potentially
controlling ecosystem attributes associated with
hydrologic connectivity, soil characteristics, and
vegetative inputs. Ammonification and P minerali-
zation were greatest in the wet backswamps, nitrifi-
cation was greatest in the dry levees, and net N
mineralization was greatest in the intermediately wet
toe-slopes. Nitrification also was greater in the
headwater sites than downstream sites, whereas

ammonification was greater in downstream sites.
Annual net N mineralization increased with spatial
gradients of greater ammonium loading to the soil
surface associated with flooding, soil organic and
nutrient content, and herbaceous nutrient inputs.
Annual net P mineralization was associated nega-
tively with soil pH and coarser soil texture, and pos-
itively with ammonium and phosphate loading to the
soil surface associated with flooding. Within an
intensively sampled low elevation flowpath at one
site, sediment deposition during individual incuba-
tions stimulated mineralization of N and P. However,
the amount of N and P mineralized in soil was sub-
stantially less than the amount deposited with sedi-
mentation. In summary, greater inputs of nutrients
and water and storage of soil nutrients along gradi-
ents of river—floodplain hydrologic connectivity in-
creased floodplain soil nutrient mineralization rates.
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INTRODUCTION

Hydrologic connectivity with the river channel
creates gradients in floodplain hydrology and flu-
vial geomorphology (hydrogeomorphology) that
fundamentally influence ecosystem processes.
Inclusion of the four dimensions of hydrologic
connectivity, namely, longitudinal, lateral, vertical,
and temporal gradients, has improved models of
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the ecosystem ecology of river—floodplain systems
(Ward 1989; Amoros and Bornette 2002; Stanford
and others 2005; Poole 2010; Noe 2013). For
example, the lateral exchange of water between
river and floodplain, described as the Flood Pulse
Concept (Junk and others 1989), is critical to the
ability of floodplains to retain watershed water,
sediment, and nutrients, and support food webs in
riverine landscapes. Hydrologic connectivity and
floodplain functions are expected to change later-
ally as topography and inundation varies across the
floodplain (Wharton and others 1982; Junk and
others 1989), longitudinally with distance down-
stream as river discharge and floodplain inundation
and width increase (Whigham and others 1988;
Brinson 1993; Spink and others 1998), and
through time (Stanley and others 1997; Sparks and
others 1998). The fluvial geomorphic landforms
and processes that permit hydrologic exchange
between the channel and the riparian zone pro-
mote greater nutrient cycling rates and vegetation
production by providing a flood subsidy of
resources compared to closed wetland systems
(Hopkinson 1992; Heiler and others 1995).
Nitrogen (N) and phosphorus (P) mineralization,
the conversion of organic to inorganic forms, is a
bottleneck biogeochemical process of ecosystems
that influences standing stocks of nutrients and
nutrient availability to primary producers. Nutrient
mineralization rates in all ecosystems are deter-
mined by the abundance of nutrients, the lability of
organic matter, and microbial activity (Binkley and
Hart 1989). These same factors are thought to
control nutrient mineralization rates along gradi-
ents of hydrogeomorphology in wetland soils. The
quantity and lability of organic matter and nutri-
ents, either input through sedimentation (Adair
and others 2004; Wassen and Olde 2006; Kronvang
and others 2009; Jolley and others 2010) or stored
in soil (Bridgham and others 1998; Spink and
others 1998; Verhoeven and others 2001; Wassen
and Olde 2006), influence microbial activity and
nutrient mineralization in wetlands. Thus, wetland
soil nutrient mineralization is impacted by
hydrogeomorphic variation, including topography
(Burke and others 1999; Wolf and others 2011a),
soil texture (Pinay and others 1992; Bechtold and
Naiman 2006; McIntyre and others 2009), water
table depth and inundation (Hefting and others
2004; Wassen and Olde 2006; Follstad Shah and
Dahm 2008; Surridge and others 2007), soil mois-
ture (Adair and others 2004; Sleutel and others
2008), soil redox (Bridgham and others 1998), and
earthworm activity (Costello and Lamberti 2009).

The ecosystem theory of floodplains suggests
that different geomorphic functional units of
varying hydrologic connectivity exist along lateral
and longitudinal gradients and their shifting dis-
tribution is a function of the dynamic fluvial sys-
tem (Amoros and others 1987, Ward 1989;
Stanford and others 2005). Each of the potential
controlling factors for mineralization can vary
among geomorphic units arrayed along gradients
of connectivity in floodplains (Hupp 2000; Lewis
and others 2000; Pinay and others 2000; Johnston
and others 2001). Consequently, lateral gradients
in floodplain hydrogeomorphology have been
shown to influence patterns of other biogeo-
chemical processes, including nutrient sedimenta-
tion fluxes (Noe and Hupp 2005), denitrification
(Richardson and others 2004; Welti and others
2012), microbial respiration (Welti and others
2012), soil P sorption (Lyons and others 1998; Axt
and Walbridge 1999; Bruland and Richardson
2004), and vegetative nutrient fluxes (Clawson
and others 2001; Mouw and others 2009). Flood-
plain productivity and soil nutrient availability
increase with river size (Spink and others
1998), and would therefore be expected to change
along longitudinal gradients within a watershed.
Although these studies have demonstrated
meaningful lateral variation in floodplain biogeo-
chemistry, longitudinal variation in floodplain
biogeochemistry and the interaction of lateral with
longitudinal gradients of hydrologic connectivity
have not been well measured as tests of floodplain
ecosystem theory.

The goal of this study was to test if soil nutrient
mineralization rates varied along longitudinal and
lateral geomorphic gradients associated with flood
connectivity as predicted by floodplain ecosystem
theories. Our objectives were to (1) quantify in situ
rates of net N and P mineralization and annual
turnover rates of soil nutrients; (2) determine if N
and P mineralization changed along longitudinal
and lateral floodplain gradients and through time;
and (3) identify the hydrogeomorphic controls of N
and P mineralization. We predicted that soil N and
P mineralization would increase with greater in-
puts and storage of nutrients and organic matter
along spatial gradients of floodplain hydrologic
connectivity, and hence be greater at lower eleva-
tions along the lateral gradient and at more
downstream locations along the longitudinal gra-
dient. Quantification of nutrient mineralization
fluxes and controls in floodplain wetlands would
benefit efforts to understand the role of floodplains
in influencing water quality.
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METHODS
Location

We studied the floodplain of Difficult Run, a single
channel meandering alluvial river of the Virginia
Piedmont, USA, which has three dominant lateral
geomorphic units (levee, backswamp, and toe-
slope) typical of Piedmont and Coastal Plain
floodplains in the eastern US.

Difficult Run is a fifth-order river in the crystal-
line (gneiss and schist bedrock) Piedmont that is a
tributary to the Potomac River and the Chesapeake
Bay (Figure 1). Streams and rivers of this region
generally have considerable fine-grained deposits
of legacy sediment on floodplains and terraces from
post-colonial upland erosion. The watershed has a
mix of urban, suburban, and forested land use.
Mean discharge near the mouth (46 m above
NGVD29) of the 151 km? watershed is 1.76 m’ s~!
(US Geological Survey 2007).

Measurements were made in floodplain plots lo-
cated in each of the three lateral geomorphic units
at each of five sites arrayed longitudinally in the
watershed. Five floodplain sites were located on the
fourth- to fifth-order mainstem of Difficult Run
from near the headwaters to the mouth of the wa-
tershed (Figure 1). Site locations were chosen to
span the watershed, have typical geomorphology
and vegetation, and be publicly owned and man-

B

Figure 1. A Map showing the location of the Difficult
Run watershed in the Chesapeake Bay watershed, USA.
B Map of the Difficult Run watershed showing the
locations and catchment areas of Sites 1-5 in the river
network.
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Figure 2. Floodplain soil elevation data relative to river
surface water for the three transects at Site 3. The dif-
ferent geomorphic units are shown by different symbols,
with the location of mineralization plots shown by letters
above the symbols (L levee; B backswamp; T toe-slope).

aged for natural resource protection (Fairfax
County Park Authority). Sites 1, 2, 3, 4, and 5
include cumulative catchment areas of 14, 28, 74,
117, and 141 km?, respectively. Total floodplain
width at each site averaged 80, 65, 160, 160, and
130 m at Sites 1, 2, 3, 4, and 5, respectively. All sites
were forested and located on one side of the river.

Each site included three geomorphic units arrayed
laterally from channel to uplands: higher elevation
natural levee adjacent to the channel, lower eleva-
tion backswamp, and higher elevation toe-slope
adjacent to the uplands (Figure 2), with the excep-
tion of Site 4 that lacked a toe-slope. Each site had
three transects oriented perpendicular to the channel
that began on the levee near the river and ended at
the transition from toe-slope to uplands. Transects
were spaced 50 m apart along the longitudinal
dimension. Plots were located every 25 m along each
transect and classified into one of the three geomor-
phic units based on site hydrogeomorphic interpre-
tation and relative elevation (Figure 2). From among
all the transects within a site, two replicate plots in
each geomorphic unit in each site were randomly
chosen for measurement of mineralization and eco-
system attributes associated with hydrologic con-
nectivity (n = 28 total). All measurements at a plot
occurred within 2 m of each other.
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Mineralization Measurement

Rates of annual net N and P mineralization in
surficial soil were measured in each plot using
sequential monthly incubations of modified resin
cores for 1 year. Modified resin cores (Noe 2011)
use relatively open incubations of intact wetland
soil to measure in situ net rates of soil ammonifi-
cation, nitrification, and P mineralization. The
modified resin core design includes three perme-
able mixed-bed ion-exchange resin bags located
above and three resin bags located below soil
(0-5 cm depth) incubating inside a 7.8-mm diam-
eter core tube (Figure 3). The resin bags trap NH,",
NOs~, and soluble reactive phosphorus (SRP) pro-
duced within but transported out of the intact soil
core (two inner resin bags adjacent to soil) and
prevent external inputs from entering the incu-
bating soil core (two outer resin bags). The two
middle bags serve as a quality control check to
ensure that the inner and outer bags were not
saturated with ions and incapable of trapping
nutrients. Modified resin cores allow water and gas
exchange and track changes in the surrounding soil
abiotic environment, as well as perform better than
closed vessel incubations in wetland soils (Noe
2011). Areal net mineralization rates (M) were
determined by comparing concentrations in the
modified resin cores after field incubation to initial
soil cores collected at the start of the incubation.
Ss+Ru+R =8

M=t T Ao
AD

Upper outer resin bag
Upper middle resin bag
Upper inner resin bag

L Soil

Core tube

Lower inner resin bag
Lower middle resin bag
Lower outer resin bag

Figure 3. Cutaway diagram of a modified resin core, in
which surficial soil (0-5 cm) and six mixed-media ion-
exchange resin bags are incubated inside a core tube.
Modified from Noe 2011.

where S;, R,, R, and §; are the quantity of nutrient
(mol) in the soil at the end of the incubation of the
modified resin core, resin bag immediately above
the soil, resin bag immediately below the soil, and
initial soil core, respectively, representing the net
production of nutrient, A is the area of the soil core
(mz), and D is the duration of the incubation
(days). The production of SRP, NH,*, and NOs~
estimated net P mineralization, net ammonifica-
tion, and net nitrification, respectively. Net N
mineralization is the sum of ammonification and
nitrification, and percent nitrification is calculated
as nitrification times 100 divided by net N miner-
alization. Due to variation in soil bulk density
among plots, mineralization rates are expressed
on an aerial basis (mol m 2 day™'). Cumulative
annual mineralization is calculated as the sum of
mineralization in individual incubations, including
negative mineralization rates (immobilization). N
and P turnover rates are calculated as the annual
mineralization rate divided by the standing stock of
TN and TP in the soil (mol mol~' y~!, or y').
The mineralization sampling area at each plot
consisted of a 1 m? quadrat that was divided into
100 10 x 10-cm cells. At the start of each incuba-
tion, an unused cell was randomly chosen for the
modified resin core and an adjacent unused cell
was randomly chosen for the initial core. Twelve
monthly incubations began on September 2, 2008
and ended on September 8, 2009, and the duration
of each incubation ranged from 27 to 35 days
(average 31 days; total number of incubations in
the study 336). A total of 7 modified resin core
incubations failed due to thick ice, disappearance,
or vandalism. Cumulative annual mineralization
rates were calculated only from the duration of
successful incubations to account for missing data.
Initial soil cores and modified resin cores were
collected from each site in 1 day and stored at 4°C
for less than 18 h. Soils from both core types were
removed from the core tubes, weighed, and then
homogenized with a spatula. A 4-g dw equivalent
mass subsample of field moist soil and 2-g ww
subsample of resin beads from each of the six resin
bags were each placed in a 50-mL centrifuge tube
and then extracted with 40 mL of 2 M KCl for 1 h
on a 250-rpm shaking table. The samples were then
centrifuged at 3000 rpm (soils only) and filtered
with a syringe through a 0.2-pm porosity polye-
thersulfone filter (Pall Corporation, Port Washing-
ton, New York USA). Extracts were stored at 4°C
until analysis of inorganic nutrients on a seg-
mented flow autoanalyzer (Astoria-Pacific, Astoria,
Oregon USA) within 1 week. The 2 M KCl extracts
were analyzed for SRP, NO, , NO;~, and NH,"
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(Mulvaney 1996; Reddy and others 1998). Nitrite
concentrations were below detection and we report
NOs;~ as NO;  + NO, . Every autoanalyzer run
included an external reference standard (£10% of
published value QA/QC threshold; ERA, Arvada,
Colorado, USA) that was diluted with 2 M KCI and
sample blanks (extracts from empty centrifuge
tubes or new resin beads in empty centrifuge
tubes).

Ecosystem Attributes

A suite of ecosystem attributes were measured that
have been shown to vary along gradients of
floodplain hydrologic connectivity and to influence
nutrient mineralization, including metrics of
hydrologic inputs, soil quality, and vegetative in-
puts (Table 1). Indirect metrics of hydrologic inputs
associated with connectivity included plot water
level, inundation, sedimentation, and inorganic
nutrient loading to the soil surface. A pressure
transducer (Esterline Pressure Systems, Hampton,
Virginia, USA) was installed in a screened PVC well
located adjacent to the lowest elevation plot at each
site. Water level was recorded for every 15 min
starting in November 2008, after the first two
monthly incubations. Mean water elevation and
hydroperiod relative to the soil surface (percentage
of observations with water depth >0) of each plot
at a site was calculated from the transducer water
elevation reading and a survey of soil surface at
each site using laser levelling. Net sediment accre-
tion at each plot was measured from the change in
the depth of sediment over a feldspar clay marker
horizon (net deposition) or the exposed length of a
buried chain (net erosion) from June 17-27, 2008
to June 22-23, 2009 (Hupp and others, unpub-
lished). Cumulative annual NH,*, NO5;~, and SRP
loading rates to the soil surface were quantified
using the accumulation of inorganic nutrients on
the upper outer resin bags of the modified resin
cores that were flush with the soil surface (Fig-
ure 3), representing inputs of inorganic nutrients
to the floodplain from floodwater, precipitation,
and atmospheric deposition.

A variety of physical, chemical, and biotic attri-
butes of soils were measured. A subsample of soil
from each initial core was dried (60°C until con-
stant mass) to estimate water filled pore-space
(WFPS; {volumetric-moisture + [1 — (bulk-density +
quartz parent material density)]}, assuming
2.65 g cm™°) moisture content. Bulk density was
estimated from the dry weight equivalent of the
soil and the volume of the soil. Ground resin-core
soils were each analyzed for TC and TN (CHN

analyzer; Thermo Electron, Milan, Italy), followed
by microwave-assisted acid digestion and mea-
surement of total P (ICP-OES; Perkin-Elmer, Wal-
tham, Massachusetts, USA) of the March 2009
incubation only. The remaining soil from initial
cores was air dried and then analyzed for pH using
a 1:2 soil-to-DI water slurry (Robertson and others
1999). Median particle size (d50) and sand, silt, and
clay fractions of mineral (combusted) soil were
measured for a single resin core incubation (March
2009) using a LISST-100X laser particle size ana-
lyzer (Wolf and others 2011b; Sequoia Scientific,
Inc., Bellevue, Washington, USA). Soil tempera-
ture was measured by an iButton® (15-min sam-
pling frequency; Maxim Integrated Products,
Sunnyvale, California, USA) attached mid-depth
on the outside of each modified resin core during
incubation. Finally, the wet mass of earthworms
was measured in each resin core.

Plant litter nutrient inputs were calculated from
biomass production at each plot measured using
duplicate litterfall traps with monthly collections
(elevation 1.2 m above soil surface, surface area
0.3 m?) and triplicate clip plots of peak herbaceous
biomass (1 m? July 1 to August 10, 2009). The TC,
TN, and TP concentrations of plant litter were
analyzed similar to soil and used to calculate an-
nual litter nutrient fluxes (Rybicki and others,
unpublished data).

Temporal Variation in Sedimentation
and Mineralization

The effect of finer scale temporal patterns of sedi-
mentation on mineralization fluxes was tested at a
single floodplain location, Site 3, the year prior to
the larger study. Five plots were located along a low
elevation flowpath, from a crevasse on the natural
levee, through the backswamp, and to a depression
near a distributary channel that reconnects to the
main channel. Three modified resin cores were
incubated at each of the five plots for 12 consecu-
tive monthly deployments (for a total of 180
modified resin core incubations) from August 2007
to August 2008. Mineralization rates were reported
in Noe (2011).

Sedimentation rate was measured during each
incubation using a ceramic tile (20 x 20 cm) at
each plot. Deposited material, excluding fresh or-
ganic detritus (for example, fresh litterfall) without
attached mineral sediment, was dried and weighed,
ground, and analyzed for TC and TN to calculate
mass, C, and N sedimentation fluxes. Mean TP
among the plots (0.570 mg g~ '; n = 5, one stan-
dard error = 0.087), measured from sediment
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accumulated on marker horizons in a pilot study,
was used to estimate P sedimentation flux.

Statistics

Longitudinal, lateral, and temporal differences in
monthly mineralization rates were tested using re-
peated measures analysis of variance (RM-ANOVA;
SAS 9.1), with longitudinal and lateral positions as
the main factors and time as the repeated measure.
The RM-ANOVA models included two-way inter-
action terms; models with a three-way interaction
term underperformed the simpler model based on
Akaike Information Criteria indices. Significant lat-
eral or longitudinal termsin the RM-ANOVA models
were further evaluated using Tukey’s post hoc tests.
Because of the unbalanced experimental design
caused by the lack of toe-slope at Site 4, a second set
of RM-ANOVA models with post hoc tests was ana-
lyzed with Site 4 omitted to compare the toe-slope to
the levee and backswamp geomorphic units. Asso-
ciations between annual mineralization rates and
each of the individual ecosystem attributes were
tested using Pearson product-moment correlation
analyses. All variables were evaluated for normality
and transformed appropriately when necessary. All
statistical tests were evaluated using « = 0.05.

RESULTS

Lateral and Longitudinal Differences in
Soil Mineralization Rates

Mineralization rates differed among floodplain
geomorphic units for net ammonification, net
nitrification, percent nitrification, net N minerali-
zation, and net P mineralization (RM-ANOVAs,
Table 2). Ammonification and P mineralization
were both much greater in the backswamp than
the levee, whereas nitrification and percent nitri-
fication were both much greater in the levee than
the backswamp (Table 2). Net N mineralization
rates, the sum of ammonification and nitrification,
did not differ between levee and backswamp be-
cause of the balancing opposite effects of the two
constituent processes. However, net N mineraliza-
tion was greater in the toe-slope than either the
levee or backswamp. Otherwise, the toe-slope was
similar to either levee or backswamp for the other
mineralization rates. Notably, N and P turnover
(the amount mineralized relative to the soil pool)
did not change laterally across the floodplain. Lat-
eral differences in geomorphology also interacted
with the time of incubation to affect ammonifica-
tion, with both backswamp and toe-slope, but not

the levee, having elevated ammonification during
Spring when soils were the wettest compared to the
rest of the year.

Few significant differences in floodplain miner-
alization rates were identified longitudinally
through the watershed. Site effects were significant
for only ammonification and nitrification, with
greater nitrification at Sites 1 and 3 compared to
Site 2 and a pattern of enhanced ammonification at
Sites 3 and 4 (Table 2). The effect of lateral geo-
morphic units also depended on longitudinal site
position, as indicated by their significant interac-
tion for ammonification and nitrification. Specifi-
cally, ammonification rates were the highest in the
wet backswamp at Site 4 and nitrification rates
were higher in the backswamp than the levee and
toe-slope at Site 2. The longitudinal effect of site
also interacted with the time of incubation to affect
P mineralization indicating that sites had unique
temporal patterns.

Mineralization rates varied among the monthly
incubations of the year-long study. Ammonifica-
tion, nitrification, net N mineralization, P miner-
alization, N turnover, and P turnover all
significantly varied over time in the repeated
measures ANOVAs, but percent nitrification did not
(Table 2). Thus, there was substantial seasonal
variation in mineralization rates. Mineralization
rates, for net N in particular, were lower in the
colder winter months and higher in the warmer
late spring and summer months (data not shown).

Longitudinal and Lateral Gradients in
Ecosystem Hydrologic Inputs, Soils, and
Vegetation

Headwater floodplain soils tended to be more or-
ganic with greater nutrient content and lower bulk
density than downstream floodplain soils (Table 1).
In contrast, downstream floodplains had greater
hydrologic connectivity (shallower ground water
depth, wetter soils, longer hydroperiod, and greater
inorganic nutrient loading to the soil surface) and
greater vegetative inputs (litterfall fluxes and her-
baceous production) than the headwater flood-
plains.

The natural levees adjacent to the river channel
occurred at relatively high elevations and thus had
less hydrologic connection (inundated less often,
deeper groundwater, less soil moisture, and less
inorganic nutrient loading to the soil surface) than
the low elevation backswamps, whereas the toe-
slope geomorphic unit, adjacent to uplands,
typically had intermediate wetness (Table 1). Soil
texture did not change along lateral or longitudinal
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gradients in the floodplain. Levees had much
greater rates of sediment deposition than the
backswamp. Finally, soil TP and SRP contents were
greater and pH lower in soils of the toe-slope than
either backswamp or levee.

Ecosystem Controls of Annual Soil
Mineralization Rates

Annual net mineralization rates of P and N gener-
ally covaried (Table 3). P mineralization rates in-
creased with ammonification (Pearson product-
moment correlation, # = 28, r = 0.654, P < 0.001)
and net N mineralization rates (r= 0.384,
P = 0.044) and decreased with percent nitrification
(r = —0.566, P = 0.002). Ammonification and nitrifi-
cation were negatively associated (r= —0.433,
P =0.021).

Annual net ammonification rate increased with
ecosystem attributes indicating greater hydrologic
connectivity and wetness and finer texture soils
with more nutrient content. Ammonification was
positively correlated with hydroperiod, ammonium
loading to the soil surface, soil WFPS, soil TN, soil
TP, and soil percent clay, and negatively correlated
with soil percent silt and soil d50 (Table 3). Of
these ecosystem hydrogeomorphic attributes, soil
WEFPS had the strongest relationship (r = 0.577)
with ammonification.

Annual net nitrification rate had significant cor-
relations with only a few ecosystem attributes.
Nitrification rate increased weakly with the soil
stoichiometric ratios of soil C:P, soil C:N, and soil N:P
(Table 3). However, percent nitrification decreased
with greater wetness and finer textured soils. Per-
cent nitrification decreased with hydroperiod, soil
WEPS, soil percent clay, and soil TP, and increased
with soil percent silt, sediment accretion, and soil
temperature (Table 3). Of these ecosystem hydrog-
eomorphic attributes, soil WFPS had the strongest
relationship with percent nitrification (r = —0.563,
Figure 4); in other words, wetter soils had a smaller
proportion of DIN production as nitrate.

Annual net N mineralization rate was correlated
with many individual ecosystem variables associ-
ated with hydrologic connectivity, soil organic and
nutrient content, and vegetation inputs. N miner-
alization increased with ammonium loading to the
soil surface, soil TN and TC and TP and N:P and C:P,
soil KCl-extractable NH,* and SRP, and herbaceous
litter P and C and N production, and decreased with
soil bulk density (Table 3). Soil TN was most
strongly correlated with net N mineralization
(r = 0.677, Figure 4).

Annual net P mineralization rate varied with
gradients of hydrologic connectivity and soil char-
acteristics. P mineralization had the strongest cor-
relation with and increased with ammonium
loading to the soil surface (r = 0.539, Figure 4), and
also increased with SRP loading to the soil surface,
and decreased with soil percent silt, soil pH, and
annual sediment accretion (Table 3).

N turnover rate increased with ammonium
loading to the soil surface (r = 0.652), herbaceous
litter C (Figure 4) and P and N production and soil
KCl-extractable NH," and SRP, and decreased with
soil bulk density (Table 3). P turnover rate in-
creased with soil C:P (r = 0.388, Figure 4) and N:P,
and SRP loading to the soil surface (Table 3).

Effect of Sedimentation on Monthly
Mineralization Rates

The influence of sedimentation on monthly soil
nutrient mineralization was evaluated by comparing
individual mineralization incubations with concur-
rent sediment deposition on tiles at five plots along a
floodplain flowpath at Site 3. More monthly sedi-
ment deposition led to higher monthly nutrient
mineralization rates. Net N mineralization rate in-
creased with the amount of N sedimentation (Fig-
ure 5; Pearson product-moment correlation, 7 = 60,
r=0.295, P = 0.022) as well as the amount of mass
and C sedimentation during each incubation
(r > 0.265, P < 0.041). P mineralization rate also
increased with the mass of sediment deposition
(Figure 5; r = 0.508, P < 0.001) and the amount of
C and N sedimentation during each incubation
(r > 0.450, P < 0.001). Unlike net N mineraliza-
tion, P mineralization rate increased both with the
amount of mass, C, and N sedimentation during the
incubation as well as the amount immediately prior
to the incubation (r > 0.380, P < 0.004). Although
sedimentation stimulated mineralization, the
amount of N or P mineralized in the soil during
incubation was substantially less than the amount of
N or P deposited with sedimentation (Figure 5). The
mass-weighted average C and N contents of the
deposited sediment among all plots was 10.7 and
0.41%, respectively. The average P content of
sediment deposited over marker horizons at all Dif-
ficult Run sites is 518 ug g~ (Noe 2013). Thus,
newly deposited sediment was enriched in C and N,
but not P, compared to surficial soil (Table 1).
Cumulative annual sedimentation rates ranged from
1,124- to 8,187-gdwm 2y ' among the five
floodplain flowpath plots at Site 3 (mean:
3,917 gm 2y ).
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Herbaceous C production (mol-C m™ yr'")
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Turnover of Soil N and P Pools

The cumulative annual net nutrient mineralization
rates were divided by the standing stocks of total
nutrients in the plots to calculate the turnover rates
of soil N and P pools. Annual turnover of soil N
averaged 0.046 & 0.005 y~' (£1SE), or 22 years to
mineralize the existing pool of soil TN. In contrast,
the average annual turnover rate of soil P was
0.0027 + 0.0003 y !, or 369 years to mineralize the
existing standing stock of soil TP. Both estimates of
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nutrient depletion times assume no new inputs of N
and P, although nutrient inputs to the floodplain
likely occur from both riparian transport from adja-
cent uplands and floodplain transport (overbank
flow) from upstream catchment, as well as flood-
plain litter production.

DiscussioN

Hydrologic connectivity with the river channel cre-
ates gradients in floodplain hydrogeomorphology
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N sedimentation during incubation (mmol-N m2 d'])
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Figure 5. Net N and P mineralization rates compared to N and P sedimentation rates during each deployment. The 1:1 line
between mineralization and sedimentation fluxes is shown as a dashed line.

that fundamentally influence ecosystem processes
(Amoros and others 1987; Junk and others 1989;
Ward 1989; Amoros and Bornette 2002; Stanford
and others 2005; Poole 2010; Noe 2013). Flood-
plains ecosystem theory suggests that different
geomorphic functional units of varying hydrologic
connectivity exist along lateral and longitudinal
gradients and their shifting distribution is a func-
tion of the dynamic fluvial system (Amoros and
others 1987; Ward 1989; Stanford and others
2005). This mosaic of floodplain ecosystem hydro-
logic connectivity should lead to strong spatial
gradients in soil N and P mineralization by influ-
encing the factors known to influence mineraliza-
tion, namely, organic nutrient quantity and lability
and microbial activity.

Landscape Variation in Floodplain
Mineralization

Floodplain soil nutrient mineralization varied
mostly laterally but also somewhat longitudinally
in the Difficult Run watershed. Only ammonifica-
tion and nitrification rates differed longitudinally
among sites, and P mineralization varied among
sites depending on the time of year. There are few
examples of longitudinal variation in floodplain
biogeochemistry in the literature. Lockaby and
others (2005) found significant differences in
microbial biomass C and N, but not N mineraliza-
tion, between riparian plots located in upper versus
lower watershed locations but only when there
were strong longitudinal differences in sedimenta-
tion. Floodplain nutrient sedimentation fluxes also
vary with sedimentation rates along the longitudi-
nal gradient of rivers (Noe and Hupp 2005).

All measured N and P mineralization fluxes, as
well as percent nitrification, differed laterally
among geomorphic units. Many studies have found

lateral variation in floodplain biogeochemistry,
including nutrient sedimentation (Steiger and
Gurnell 2002; Kroes and others 2007; Kronvang
and others 2009), denitrification (Richardson and
others 2004; Olde Venterink and others 2006), and
P sorption (Lyons and others 1998; Axt and Wal-
bridge 1999). N mineralization potential (lab
incubations, Bechtold and Naiman 2006; McIntyre
and others 2009) and in situ N mineralization
fluxes using closed vessel incubation (Van Cleve
and others 1993; Burke and others 1999; Wassen
and others 2002) also has been shown to change
laterally across floodplain geomorphic units, but
not always (Adair and others 2004). One other
study investigated and found lateral variation in
floodplain P mineralization, with a peak in soil P
release in the middle of the floodplain (Wassen and
others 2002).

Controls of Floodplain Mineralization

The lateral and longitudinal variability of nutrient
mineralization fluxes was associated with spatial
gradients of hydrologic connectivity in the flood-
plains. The floodplain ecosystem attributes that
were predictive of mineralization can be generally
classified as sediment and inorganic nutrient in-
puts, quantity and lability of soil nutrients and
vegetative inputs, and soil moisture and oxidation
state, and showed clear lateral and longitudinal
gradients associated with hydrologic connectivity.
Headwater floodplain soils were more organic with
greater nutrient content, whereas downstream
floodplains had greater hydrologic connectivity.
The longitudinal hydrologic gradient is typical of
floodplains (Junk and others 1989). The natural
levees adjacent to the river channel occurred at
relatively high elevations and thus had less
hydrologic connection than the low elevation
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backswamps, whereas the toe-slope geomorphic
unit, adjacent to uplands, typically had intermedi-
ate wetness. The basic control of relative elevation
on inundation dynamics and soil moisture in
floodplains is common (Hupp 2000; Johnston and
others 2001; Stoeckel and Miller-Goodman 2001;
Hupp and others 2008). Surprisingly, soil texture
did not change along lateral or longitudinal gradi-
ents in the floodplain, even though others have
found coarser soil texture on levees and lower in
watersheds (Pizzuto 1987; Hupp 2000; Petts and
others 2000). Levees had much greater rates of
sediment deposition than the backswamp, in this
study, and at many more floodplain locations in
Difficult Run (Hupp and others, unpublished). This
lateral gradient of mineral sediment input also was
evident in the gradient of increasing soil organic
and N content from levee to backswamp to toe-
slope.

Sediment and Nutrient Inputs from Flooding

Areas of the floodplain with a longer hydroperiod
had greater ammonium loading rates to the soil
surface, which typically was found in the back-
swamp geomorphic unit lower in the watershed.
Thus, locations with greater ammonium loading
rates can be inferred to have greater ammonium
inputs from flooding in this small watershed with
relatively homogenous forest structure, as opposed
to greater ammonium loading from precipitation or
atmospheric inputs. Soil ammonification, net N
mineralization, N turnover, and P mineralization
all increased with enhanced loading of ammonium
to the soil surface, suggesting that flood subsidy of
inorganic N was associated with greater soil nutri-
ent mineralization rates. Floodplain locations with
greater SRP loading to the soil surface also had
greater P mineralization and turnover, but because
SRP loading was unrelated to hydroperiod, this
cannot be directly attributed to hydrologic con-
nectivity gradients.

Spatial and temporal patterns of mineralization
along a low elevation flowpath at one of our sites,
located mid-watershed, showed a positive associa-
tion between monthly floodplain sedimentation
and nutrient mineralization. The newly deposited
sediment was finely textured and had greater TC
and TN than the surficial soil. Thus, sediment
deposited at this site is richer in nutrients and
represents a nutrient subsidy to floodplain soil that
fueled nutrient mineralization. Others have also
found that sedimentation inputs can increase
nutrient mineralization rates in floodplains (Adair
and others 2004; Wassen and Olde 2006; Kronvang

and others 2009). In contrast, Jolley and others
(2010) measured decreases in riparian soil N min-
eralization potential and microbial C and N in sites
with sedimentation of coarse, sandy material
greater than between 0.1 and 0.4 cm y~'. Annual
sediment accretion rates in this study were similar
to those of Jolley and others (2010); throughout
the watershed, floodplain accretion rates averaged
0.6 cm y !, ranging from 0.02 cm y ' in back-
swamps to 1.49 cm y ! in levees. At the single
mid-watershed site, mass sedimentation rates con-
verted to vertical accretion rates using underlying
surficial soil bulk density range from 0.13 to
1.04 cm y~'. Thus, the size fractionation and bio-
geochemical characteristics of deposited sediment
clearly influences its effects on riparian ecosystem
processes.

However, we also found conflicting spatial asso-
ciations between annual floodplain sedimentation
and soil nutrient mineralization rates when ana-
lyzed at the larger spatial scale that included all five
sites and greater sampling of levees. Spatial patterns
of net sedimentation throughout the watershed
were negatively correlated with P mineralization
and positively correlated with percent nitrification.
These patterns are likely an artifact of the highest
sedimentation rates occurring at the shortest hyd-
roperiods on the levees (Hupp and others, unpub-
lished). The levees had much higher net
sedimentation rates than backswamps, which were
sometimes net erosional. The higher and drier
levees also had lower nutrient mineralization rates
due to lower soil moisture and organic content, and
greater nitrification of ammonium to nitrate due to
more oxygenated soils, compared to both back-
swamp and toe-slope.

Soil Moisture and Oxidation State

Mineralization rates also were influenced by soil
moisture and oxidation state. Sleutel and others
(2008) found that N mineralization potential in
wetland soils peaks at intermediate levels of water-
filled pore space (WFPS), 65%, decreasing below
this threshold due to moisture limitation and above
this threshold due to reduced oxygen availability.
We did not measure soil oxidation state directly,
instead, we use soil WFPS as a proxy for oxygen
availability. Spatial patterns of ammonification, net
N mineralization, and P mineralization increased
linearly with soil moisture, and did not have a
unimodal distribution in contrast to Sleutel and
others (2008). These findings suggest that moisture
limitation was more important to net N and P
mineralization than oxygen limitation even in the
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wettest soils, in contrast to other studies that found
N mineralization decreased in wetter and anaerobic
soils (Bridgham and others 1998; Wassen and Olde
2006). However, nitrification rates did peak at
locations and times with intermediate WFPS, from
60 to 70%. The percent of net N mineralization that
was due to nitrification decreased above 60%
WEFPS. Thus, diminished oxygen availability likely
did limit the nitrification of mineralized ammo-
nium, but not the total amount of dissolved inor-
ganic N mineralized from organic N. Hefting and
others (2004) documented a similar pattern of
mostly ammonification with shallow groundwater
and mostly nitrification with deeper groundwater
in riparian soils. Some additional support for oxy-
gen limitation of N transformations was suggested
by the finding of greater ammonification and less
percent nitrification in soils with finer texture. Fi-
ner textured soils have reduced oxygen availability
than coarser soils (Groffman and Tiedje 1991).
Floodplain locations with greater clay content
likely had lower soil redox, stimulating preserva-
tion of mineralized NH," and limiting nitrification.
In summary, microbial degradation of organic
matter continued in fine textured and wet flood-
plain soils even when oxygen availability was
insufficient to nitrify mineralized ammonium.

Net P mineralization in acidic wetland soils is the
result of both microbial degradation of organic P
and microbial reduction of metal complexes that
desorbs orthophosphate. In the floodplains of Dif-
ficult Run, the correlations of P mineralization with
soil pH, ammonification, and texture suggest
desorption under reducing conditions as the dom-
inant pathway for orthophosphate production. We
found that P mineralization rates increased as soil
pH decreased. Lower pH increases the release of
orthophosphate from iron minerals in reducing
soils (Patrick and others 1973) and has been shown
to increase P mineralization in wetlands (Verho-
even and others 1990). In addition, the strong
positive association of P mineralization with net
ammonification and negative association with
coarse textured soils also suggest that the lack of
oxygen in reducing soils resulted in greater
desorption of SRP. However, some support for the
role of microbial degradation of organic P as a
source of mineralized P was found in the correla-
tion of P turnover with soil organic content and
nutrient stoichiometry. Faster turnover of soil P
pools was found in soils that were generally more
organic, specifically with greater C:P and N:P, sug-
gesting that soil microbes may be relying on min-
eralizing organic P to supply their inorganic P
needs. In fact, the greater turnover of P in more

organic soils suggests that organic P is more labile
than mineral P—measured as net flux using the in
situ modified resin core mineralization technique
in the short hydroperiod floodplains of Difficult
Run.

Pool Size and Quality of Organics

The amount and quality of organic material influ-
enced floodplain soil net N mineralization rates. As
soil organic matter and associated soil nutrient
content increased (and bulk density decreased)
along floodplain spatial gradients, the production of
soil NH,* and NH,* + NO; ™~ increased. Soil organic
and nutrient content is frequently identified as a
control of N mineralization (Verhoeven and others
1990, 2001; Van Cleve and others 1993; Updegraff
and others 1995; Bridgham and others 1998).

However, N turnover rates were similar across
the lateral and longitudinal dimensions of the
floodplains. Annual N turnover is calculated as the
amount of inorganic N produced relative to the
pool of soil TN. In other words, greater N miner-
alization rates were found in locations with larger
pools of soil organic N. The relatively constant rate
of N turnover suggests that the microbial capacity
to mineralize organic N does not respond to the
hydrogeomorphic gradients in these flood-
plains—more N is mineralized where more N is
available, and not that microbes mineralize more of
the available soil N. The floodplain of Difficult Run
is relatively homogenous in soil and vegetation
characteristics along lateral and longitudinal gra-
dients. Conversely, large contrasts in soil charac-
teristics among regional wetland types lead to large
differences in N turnover rates (Bridgham and
others 1998).

We did find that soil N turnover increased in
locations with greater standing stocks of C, N, and P
in peak herbaceous plant biomass, an index of
herbaceous litter production and nutrient inputs to
the soil. Herbaceous litter production is a small
component of total litter production in the forested
floodplains of Difficult Run, although largely
composed of non-native species that are potentially
increasing as in many urban forested ecosystems
(Rybicki and others, unpublished data). The faster
decomposition of soil N in locations with greater
herbaceous production suggests that herbaceous
litter is more labile than litter produced by the
deciduous overstory trees. The molar C:N ratio of
herbaceous litter (mean 22) was far less than that
of overstory litterfall (mean 44; Rybicki and others,
unpublished data). However, soil C:N and herba-
ceous C:N ratios were unrelated. Thus, inputs of
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higher quality herbaceous litter stimulated the rate
that soil N was mineralized (for example, Scott and
Binkley 1997). Alternatively, greater availability of
N stimulated production of herbaceous plants.
Greater production of plant litter in floodplains is
often associated with greater soil N mineralization
rates (Burke and others 1999; Olde Venterink and
others 2002; Wassen and others 2002; Follstad
Shah and Dahm 2008) in what may be a positive
feedback cycle.

Earthworms

Greater abundance of non-native earthworms has
been found to increase potential net N minerali-
zation rates in upland soils (Steinberg and others
1997; Szlavecz and others 2006) and increase
nitrification in riparian soils (Costello and Lamberti
2009) of North America. In the Difficult Run
floodplains, average worm density (126 individuals
m~?, unpublished data) and worm mass were
similar to other riparian soils (Costello and Lam-
berti 2009), whereas worm density was similar but
worm mass was much less than suburban upland
soils in the mid-Atlantic USA (Szlavecz and others
2006). The earthworms in this study were domi-
nated by non-native species (M. Lowit, USGS,
unpublished data). The lack of a relationship be-
tween soil earthworm abundance and in situ N or P
mineralization in this study may be due to the
relatively wet floodplain soils, which may decrease
earthworm abundance relative to upland soils and
resulted in stronger control over microbial activity
by soil organic content and moisture content that
superseded any earthworm effects.

Wetland Nutrient Mineralization Rates

Because floodplains can trap large proportions of
annual river loads (Noe and Hupp 2009), making
accurate measurements of nutrient mineralization
is critical to the development of floodplain N and P
budgets (Andersen and others 2003; Wassen and
Olde 2006; Kronvang and others 2009). The long-
term fate of nutrient deposition in floodplains in
part depends on hydrogeomorphic-driven variation
in mineralization rates because dissolved nutrients
are more mobile than particulate nutrients. For
example, mineralization can produce large pools of
soil nitrate that may be leached from floodplain
soils into groundwater flowpaths and to the river
(Bechtold and others 2003).

Floodplain soil in situ mineralization rates in
Difficult Run are similar or lower than typical val-
ues for N and P, respectively, in other wetlands. A
compilation of published field mineralization

measurements in wetland soils (digital Appendix 1
of Supplementary material) found that median
minimum and maximum net N mineralization
rates were 469 and 2326 pumol N m~2 d~*, and for
net P mineralization were 4 and 107 pmol P m™
2 d~". In this study, net N mineralization averaged
873 and ranged from 244 to 2311 umol N m 2> d ™/,
and net P mineralization averaged 10 and ranged
from 3 to 33 umol P m 2 d~'. The relatively low
net P mineralization rates found in the urban
Piedmont floodplains of Difficult Run may be due
to their high mineral content and short hydrope-
riod compared to most wetland soils and likely
abundance of orthophosphate-sorbing iron and
aluminum oxides which prevent the accumulation
of mineralized P in extractable soil solution.

Nutrient Turnover

Measured mineralization rates indicate that exist-
ing pools of floodplain soil N and P have long
turnover times, averaging 22 years (0.046 y ';
range 8-58 years) for N and 369 years for P (0.0027
y ! range 104-1558 years). These turnover times
are similar to those found at the mid-watershed site
in Difficult Run prior to this study (Noe 2011),
indicating repeatability among years. Turnover of
soil N was relatively slow in the Difficult Run
floodplain compared to other wetlands, which
typically ranged from 10 to 26 years (digital
Appendix 1 of Supplementary material). We found
no published rates of in situ soil P turnover in
wetlands. The stability of soil N, and in particular P,
suggests that most inputs of nutrients through
sedimentation, as well as existing pools of soil
nutrients, are likely retained for a long time in the
floodplain of Difficult Run and other floodplains
with mineral soil. Vegetative litter N and P pro-
duction fluxes were similar to or exceeded soil
nutrient mineralization rates (Rybicki and others,
unpublished data), suggesting efficient recycling of
N and P within the floodplain ecosystem (Hefting
and others 2005). However, herbaceous vegetation
was associated with greater conversion of soil N
pools into dissolved inorganic N fractions, which
could be exported from floodplain soils into the
river channel and transported downstream.
Therefore, targeting tree planting as a riparian
restoration method would enhance sequestration
of soil N by reducing turnover rates compared to an
herbaceous vegetation community. Although the
slow turnover of floodplain soil nutrients is likely
good for downstream water quality in the short
term, the large reservoir of floodplain nutrients
could be exported downstream over the long term
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to sensitive aquatic ecosystems such as the Chesa-
peake Bay.

CONCLUSIONS

There was a direct functional linkage between
hydrologic connectivity and biogeochemical pro-
cess rates through the filter of floodplain geomor-
phic units. Lateral and longitudinal gradients in
river hydrologic connectivity influenced floodplain
soil N and P mineralization rates by changing in-
puts of water, nutrients, sediment, and vegetative
litterfall, as well as soil characteristics. Although
lateral gradients in mineralization and ecosystem
characteristics among geomorphic units were more
pronounced, longitudinal gradients from the
headwaters to the mouth of the watershed were
also evident. Greater inputs of sediment and inor-
ganic nutrients associated with flooding increased
both N and P mineralization in floodplain soils,
indicating that hydrologic connectivity can subsi-
dize floodplain fertility. These findings indicate that
the geomorphic functional units in floodplain sys-
tems (Amoros and others 1987; Ward 1989; Stan-
ford and others 2005) can have inherently different
biogeochemical process rates due to differences in
the inputs, quantity, and quality of soil organic
matter and nutrients. Our findings contribute to
the body of knowledge on how hydrologic con-
nectivity influences floodplain biogeochemical
fluxes and community structure, including nutri-
ent sedimentation (Craft and Casey 2000; Noe and
Hupp 2005), denitrification (Richardson and others
2004; Forshay and Stanley 2005; Welti and others
2012), NO5;~ uptake by biota (Heiler and others
1995), soil P sorption (Bridgham and others 2001),
aquatic invertebrates (Arscott and others 2005;
Reese and Batzer 2007), and vegetation (Lite and
others 2005; Renofédlt and others 2005).
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