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Abstract
The Mississippi River experienced historic flooding during 2019, inducing >150 days of floodplain wetland inundation. We
evaluated flood effects using repeated measures of hydrogeomorphic (HGM) wetland assessment variables prior to the flood
(October 2018), immediately post-flood (August 2019) and one year after initial assessment (October 2019). The flood had little/
no impact on 11 of 13 assessment variables, but altered the abundance of woody debris and forest floor litter. Immediately after
the flood, these changes decreased the functional capacity of wetlands to 1) detain floodwater (mean − 9.7% reduction) and 2)
precipitation (−17.3%); 3) cycle nutrients (−7.5%); and export organic carbon (−23.8%). Subsequent sampling documented the
detain precipitation function returning to pre-flood conditions. The export organic carbon function also improved, yet remained
below pre-flood levels. Other functions will likely require additional recovery time due to the persistence of accumulated excess
woody debris. Across all sample intervals, floodplain wetlands displayed high wetland function capacities and appear resilient to
surface water inundation. This analysis highlights the utility of the HGM assessment to detect responses to changing environ-
mental conditions over short time intervals. The study also emphasizes the need to incorporate metrics with appropriate impact-
response characteristics when developing and implementing ecological assessments.
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Introduction

The Mississippi River watershed conveys water from 41% of
the conterminous United States, representing the world’s
fourth largest river system. The lower portion of the
Mississippi River valley historically supported 10 million ha
of floodplain forested wetlands, far exceeding the spatial ex-
tent of other large wetland systems including the Everglades,
Okeefenokee, and Great Dismal swamps (Turner et al. 1981;
The Nature Conservancy 1992). Forested wetlands in the
Mississippi River valley provide a wide variety of ecological
functions related to hydrology, habitat, and biogeochemical
cycling that in turn benefit society through regulation of
flooding, provide economic and recreational value, and im-
prove water quality (Smith and Klimas 2002). Landscape
scale alterations in the region resulted in an estimated 70%

reduction in forested wetland extent, mostly associated with
conversion to agricultural lands, drainage for development,
and the construction of flood control infrastructure (Stanturf
et al. 2000).

In particular, the establishment of more than 3500 km of
levees adjacent to the main channel of the Mississippi River
provides for navigation, agriculture, and economic develop-
ment; protects over 4 million people from flooding; and has
prevented over one trillion dollars in flood damage since its
inception (Camillo 2012). The levee system also induced dra-
matic ecological changes (DuBowy 2013), decreasing the ac-
tive Mississippi River floodplain area by 75–90% which al-
tered the timing and extent of floodplain inundation
(Schramm et al. 2015; Remo et al. 2018). The constriction
of the river to a narrow floodplain results in more erratic flow
regimes, more frequent major floods, and fewer years with
stable water levels (Sparks et al. 1998). These altered flood
regimes have important implications for faunal populations,
vegetation communities and soil characteristics (Jones et al.
2019). For example, De Jager et al. (2012) reported a decrease
in plant diversity and increases in fine soil textures with longer
flood durations in theMississippi River valley. Schramm et al.
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(2009) modeled nutrient cycling changes in the region under
present day and historic hydroperiods, with results suggesting
that the present inundation cycle removes less nitrogen than
historic conditions. Despite the size and importance of the
Mississippi River system, few studies investigate the implica-
tions of altered flood pulses on wetland functions and more
research is required to evaluate the impacts of long duration,
major flood events in large floodplain wetlands.

The Mississippi River watershed experienced historic
flooding during 2019, including periods exceeding 150 days
above flood stage in many areas (Fig. 1; Table 1), and
resulting in an estimated $20 billion dollars in economic
losses (NOAA 2020). The unusual duration of flooding pro-
vided an opportunity to evaluate changes in wetland functions
following an extreme sustained flood event, including short
term recovery potential following floodwater recession. In
response, we applied the hydrogeomorphic (HGM) wetland
functional assessment approach prior to the onset of 2019
flooding (October 2018) and at two sampling intervals follow-
ing floodwater recession (August 2019 and October 2019).
The objectives of the study included 1) determine if the
HGM approach detected flood effects and identify associated
assessment variables, 2) document implications for wetland
functions, and 3) evaluate potential functional recovery during
short (< 1 year) time frames.

Methods

The HGM wetland functional assessment developed by
Murray and Klimas (2013) was applied at 35 locations within
the active floodplain (i.e., batture) of the mainline Mississippi
river levee system. The analysis included study sites in
Missouri, Arkansas, and Tennessee. Sample locations all oc-
curred within the low-gradient riverine overbank wetland sub-
class and exhibited hydric soils, mature forests dominated by
hyrdrophytic vegetation, and indicators of wetland hydrology
(USACE 2010). Common soils within the study area included
Sharkey (Very-fine, smectitic, thermic Chromic Epiaquert),
Robinsonville (Coarse-loamy, mixed, superactive, nonacid,
thermic Typic Udifluvents), Commerce (Fine-silty, mixed,
superactive, nonacid, thermic Fluvaquentic Endoaquepts),
and associated series. Generally, Celtis laevigata, Salix nigra,
Fraxinus pennsylvanica, and Populus deltoides dominated the
tree stratum; Forestiera acuminata and Cephalanthus
occidentalis were common shrub species; Saururus cernuus
and Toxicodendron radicanswere frequently observed herba-
ceous plants. Multiple indicators of wetland hydrology were
present at each sample location, examples include: Surface
Water, High Water Table, Saturation, Sediment Deposits,
Drift Deposits, Water Marks, Surface Soil Cracks, Drainage
Patterns, Moss Trim Lines, Geomorphic Position, and
Crawfish Burrows (USACE 2010).

Sample locations were selected based upon their proximity
to proposed levee improvement projects, the presence of for-
ested floodplain wetlands, and existing right of entry agree-
ments that provided for site access to conduct the wetland
assessment. Data collection occurred at the same study loca-
tions at three intervals: prior to the flood in October 2018 (i.e.,
pre-flood); < 30 days following the recession of floodwaters in
August 2019 (post-flood1); and one year after initial data col-
lection in October 2019 (post-flood2). A combination of 13
onsite and offsite variables were collected at each location
during each sampling interval (Table 2). Variable metric data
was transformed into variable subindex scores ranging from
0.0 to 1.0, and wetland functional capacity index (FCI) scores
were calculated using empirical equations (Table 3).

Statistical analysis compared assessment variable metrics,
variable subindex scores and wetland functional capacity in-
dexes at the three sampling intervals using a repeated mea-
sures approach in SPSS version 26.0 (IBM, Inc). The non-
parametric Freidman’s test was applied (α < 0.05) because
the data displayed marked deviations from normal distribu-
tions. Where differences were detected, post-hoc testing using
Wilcoxon signed-rank test with Bonferroni-adjustment (α <
0.017) identified differences between sample intervals (pre-
flood vs. post-flood1; pre-flood vs. post-flood2; post-flood1
vs. post-flood2).

Results

Eleven of the 13 HGM wetland assessment variables
displayed limited/no differences between sampling intervals,
including all of the off-site variables (e.g., tract size, habitat
connectivity) and a subset of the on-site variables (e.g., tree
species composition). For example, the tree basal area fluctu-
ated slightly between the pre-flood (mean ± standard error =
15.7 ± 0.75), post-flood1 (14.8 ± 0.74), and post-flood2 (14.8
± 0.63) sampling intervals but the changes were minor (p =
0.912). Areas subject to micro-depressional ponding also
showed little change (pre-flood = 35.3 ± 3.5%; post-flood1 =
39.7 ± 3.7%; post-flood2 = 35.4 ± 2.5%; p = 0.575).

Alternatively, the downed woody debris and snags var-
iable exhibited an increase following the flood, with
higher than normal abundance of woody materials present
at 40% of study locations and excessive amounts (> 25%
of ground coverage) of downed wood at 2 of the 35 lo-
cations evaluated during both post-flood sampling inter-
vals (p < 0.001). The changes in observations of woody
debris persisted between the post-flood1 and post-flood2
sample intervals (p = 1.0). The leaf litter cover variable
also displayed differences following flooding. Prior to
the flood, litter covered 92.6 ± 2.3% of the forest floor,
flooding decreased surface litter cover to 22.8 ± 4.1% dur-
ing the post-flood1 sampling interval (p < 0.001). The
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litter cover subsequently rebounded to 68.4 ± 3.9% over
the next 90 days (post-flood2), higher than post-flood1 (p

< 0.001) but remained depressed compared to pre-flood
conditions (p < 0.001).

Fig. 1 Study locations (♦) within the active Mississippi River floodplain and hydrograph of the 2018–2019 period indicating the timing of repeated
wetland functional assessments. Mississippi River stage data from the Caruthersville, MO gauge (★)
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As expected based on the variable metric results, wetland
assessment variable subindex values followed similar trends
with limited/no differences detected in 11 of the 13 parameters
(Fig. 2). The VDWD&S variable displayed a change following
flooding (p < 0.001), that persisted between post-flood sam-
pling intervals (p = 1.0). The VLITTER variable exhibited a
subsequent decrease (p < 0.001) followed by partial recovery
(p < 0.001).

The wetlands within the active floodplain exhibited high
levels level of function, with average functional assessment
scores of 0.93 ± 0.02 prior to the flood (Fig. 3). The high
scores included functions related to hydrology (e.g., detain
floodwater and precipitation), biogeochemical cycling (i.e.,
export organic carbon, cycle nutrients), and habitat for plants
and animals. The variable responses induced by flooding re-
sulted in decreases in four of the six wetland functional capac-
ities examined. The detain floodwater (mean reduction =
−9.7%; p < 0.001) and cycle nutrients (−7.5%; p < 0.001)
functions decreased as a result of excess woody debris accu-
mulation following flooding and those conditions persisted
during both post-flood sample intervals (post-flood1 vs post-
flood2; p > 0.520). Changes in litter cover decreased the de-
tain precipitation function (−17.3%;p < 0.001), followed by
recovery to pre-flood conditions one year after initial data
collection (pre-flood vs post-flood2 p = 0.314). Changes in
woody debris and litter compounded to reduce the export
organic carbon function (−23.8%; p < 0.001) immediately af-
ter the flood, with partial recovery during the post-flood2
sample interval (p < 0.001). The plant communities and fish
and wildlife functions were not altered as a result of the flood
(data not shown).

Discussion

Wetlands within the active Mississippi River floodplain have
undergone substantial alteration as a result of levee construc-
tion and other disturbances, yet continue to provide high
levels of wetland function (DuBowy 2013). The changes in
a subset of wetland assessment variables (i.e., alteration of

woody debris and litter distribution) is not unexpected, given
the hydrodynamics of the constrained floodplain at flood
stage. Flood stage discharges and flow velocities were not
available at each study locations, but in-channel discharges
>4800 m3s−1 were documented at the upstream New
Madrid, MO gauge near the sample locations, providing some
insight into the energy associatedwith the flood. Downstream,
out-of-channel measurements available for Vicksburg, MS
report floodplain discharges exceeding 1.2 m3s−1 during the
flood. These discharges are sufficient to introduce woody de-
bris into floodplain wetlands and scour/bury litter on the forest
floor, inducing the observed changes in wetland assessment
variables. Other studies investigate the implications of woody
debris and litter content alteration on floodplain ecological
processes and functions (Wohl 2020). For example, burial or
rafting of leaf litter during flooding alters organic material
processing and nutrient cycling within floodplains and rivers
(Mayack et al. 1989). The recruitment of woody debris chang-
es sediment capture and floodplain flow velocities (Gurnell
et al. 2002). Excessive woody debris transport in floodplains
damages vegetation, and prolonged inundation periods may
increase tree mortality, providing additional autochthonous
sources of snags and woody debris following large flood
events (Sparks et al. 1998; Johnson et al. 2000).

Our results contribute to the existing literature by examin-
ing short term (< 1 year) wetland functional responses to a
prolonged flood event. The HGM functional assessment ap-
plied here proved valuable for identifying flood effects and
documenting initial post-flood functional responses following
floodwater recession. The HGMassessment approach has pre-
viously evaluated impact-response relationships. For exam-
ple, Berkowitz and White (2013) categorized HGM variables
as 1) rapid response variables (e.g., ground vegetation cover),
2) response variables requiring additional time to display a
measureable effect (e.g., tree basal area), and 3) stable vari-
ables that remain fixed over time (e.g., tract size) in a wetland
restoration context. The current study supports this concept
with the majority of assessment variables displaying no im-
mediate change following the flood, including all stable off-
site variables and response variables associated with mid- to

Table 1 Duration and maximum
height of recent major Mississippi
River flood events at
Caruthersville, MO

Year Flood duration (days exceeding flood stage) Maximum flood stage (m)

1973 111 12.9

1979 71 12.7

1983 73 12.6

1993 86 11.1

2008 104 15.1

2011 84 14.5

2017 23 12.0

2019 162 12.9
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long term forested floodplain evolution (e.g., development of
forest strata). Additional studies will be required to determine
if other variables, including tree basal area and composition
will exhibit flood effects at time intervals >1 year. In particu-
lar, the 2019 event may result in wetland functional shifts
because flood inundation persisting into the growing season
has been shown to induce tree mortality which in turn impacts
micro-depressional ponding (due to uprooting of flood dam-
aged trees) and other factors. For example, Cosgriff et al.
(1999) reported tree mortality rates >40% and associated
shifts in community composition and structure following
195 days of floodplain inundation associated with the 1993
flood on the upper Mississippi River.

The HGM functional assessment has also previously pro-
vided insight into recovery trajectories following ecological
perturbations (Berkowitz 2018). Here, the rapid recruitment of
litter resulted in full recovery of wetland function associated
with detention of precipitation and partial recovery of organic
carbon export. This response can be attributed to several fac-
tors. Floodwaters receded during the height of the growing
season (August), a time of rapid herbaceous growth in the
lower Mississippi River valley. Recruitment of propagules
and hydrochory during flooding likely provided seed sources
for rapid vegetation re-establishment (Moore et al. 2011).
Also, immediately after the flood many areas exhibited bare
ground allowing for herbaceous colonization with minimal
competition for space and light. These conditions, in

combination with the dominance of deciduous species shed-
ding leaves into the floodplain during the subsequent sample
interval (post-flood2) supported litter recuperation following
the flood.

The excess woody biomass currently accumulated in the
floodplain remains entrapped in debris piles at the base of
trees and tangled in drift deposits. The abundance of woody
materials will decrease over time, but the degradation, burial,
or transport of woody materials in the floodplain will require
longer than leaf litter cover to recover. This will delay the
return of wetland functions associated with floodwater deten-
tion, nutrient cycling, and (to a lesser extent) organic carbon
export to pre-flood conditions. Notably, the wetlands exam-
ined continued to yield high levels of function after the flood
event. This in combination with the mechanisms for ecologi-
cal recovery described herein highlight the functional resilien-
cy of the forested wetlands within the activeMississippi River
floodplain.

The flood did not result in changes to the habitat functions
evaluating plant communities, fish, and wildlife. The maintain
plant community function does not contain the VDWD&S or
VLITTER variables, precluding changes in that function based
upon the results observed following the 2019 flood. The fish
and wildlife habitat function incorporates the VDWD&S vari-
able, but the function also considers nine other assessment
variables, limiting the influence of VDWD&S on the functional
score. Sensitivity analysis indicates that VDWD&S can induce a

Table 2 Summary of HGM assessment variables, description, and sampling technique applied in the study (adapted from Murray and Klimas 2013)

Wetland assessment variable Description Sampling technique (units)

1. Wetland tract (VTRACT) Size of contiguous wetland area Measured using GIS (ha)

2. Core area (VCORE) Portion of wetland within 100 m buffer Measured using GIS (ha)

3. Habitat connectivity (VCONNECT) Proportion of the wetland perimeter connected to
suitable forested habitat

Measured using GIS (%)

4. Flood frequency (VFREQ) Change in wetland flood frequency due to recent
activity

Measured using flood frequency map/stream gauge
data (ordinal)

5. Flood duration (VDUR) Change in wetland flood duration due to recent
activity

Measured using flood duration map/stream gauge
data (ordinal)

6. Soil integrity (VSOIL) Proportion of the wetland exhibiting altered soils
from recent activity

Onsite and GIS assessment of soil disturbance,
excavation, fill (%)

7. Micro-depressional ponding (VPOND) Areas exhibiting small topographic depressions and
vernal pool features

Visual estimate of areas capable of ponding water (%)

8. Tree basal area (VTBA) Basal area per hectare; proportional to tree biomass Trees identified using a 10 factor prism (count)

9. Litter Cover (VLITTER) Abundance of leaf litter (i.e., detritus) Visual estimate of litter cover (%)

10. Strata Present (VSTRATA) Number and type of vegetation layers present Presence of trees, shrubs, saplings, and herbaceous
vegetation (count)

11. Tree composition (VCOMP) Species composition of the tallest stratum Floristic quality of dominant species (USACE 2010)
(weighted average)

12. Downed woody debris biomass and
snags (VDWD&S)

Abundance of woody debris and snag biomass Visual assessment of woody debris cover and snags
(ordinal)

13. Tree Size Classes (VTREESIZE) Number of tree size classes present Visual inspection for presence of each size class with
≥10% cover (count)
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maximum functional capacity index shift of ±0.09. The lack
of shifts in habitat functions as a result of the 2019 flood is
notable, as numerous studies establish linkages between
woody debris, litter, and habitat (Mac Nally et al. 2001;

Schneider and Winemiller 2008). The HGM assessment fo-
cuses on quantifying wetland functional capacity and the lack
of changes in the habitat functions as a result of flooding does
not imply that the methodology lacks responsiveness. Instead,

Fig. 2 Flooding had no impact on
most of the assessment variable
subindex scores including (a) tree
basal area (VTBA) and (b) micro-
depressional ponding (VPOND).
However, changes were identified
in the (c) downed woody debris
and snags (VDWD&S) and (d) litter
cover (VLITTER) subindex scores.
Error bars represent one standard
error and lower case letters indi-
cate where differences were de-
tected between sample intervals

Table 3 Wetland functions assessed at each site using the HGM approach (Murray and Klimas 2013)

Wetland
function

Description Assessment Equation

1. Detain
Floodwater

Ability to store, convey, and slow
floodwaters

FCI ¼ VFREQ x VDWD&SþVSTRATAþVTBAð Þ
3

h i

2. Detain
Precipitation

Capacity to prevent or slow runoff to
streams

FCI ¼ VPONDþ VSOILþVLITTERð Þ
2

� �
2

3. Cycle
Nutrients

Ability to convert nutrients between
organic and inorganic pools

FCI ¼
VTBAþVSTRATAþVTREESIZEð Þ

3 þ VSOILþVDWD&Sð Þ
2

� �
2

4. Export
Organic
Carbon

Capacity to export dissolved organic
carbon downstream

FCI ¼ VFREQ x
VTBAþVSTRATAð Þ

2 þ VLITTERþVDWD&Sð Þ
2

� �
2

5. Maintain
plant
communities

Capacity to develop and maintain
characteristic plant communities

FCI ¼
VTBAþVTREESIZEð Þ

2 þVCOMP

� �
2

� �
x VSOILþVDURþVPONDð Þ

3

h i� �1=2

6. Provide fish
and wildlife
habitat

Ability to support fish and wildlife
species during some portion of
their life cycle.

FCI ¼
VFREQ þ VDUR þ VPOND
� 	

3

� �
x

VCOMP þ VSTRATA þ VDWD&S þ VTBAð Þ
4

� �

x
VTRACT þ VCONNECT þ VCOREð Þ

3

� �

2
664

3
775

1=3
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these findings suggest that the flood did not decrease the
floodplain wetlands ability to provide plant, fish, and wildlife
habitat within the time period examined.

In summary, the 2019 flood provided a unique opportunity
to evaluate short term flood effects on wetland functions with-
in the active floodplain of the Mississippi River. Flooding
resulted in declines in several wetland functions, with subse-
quent full or partial recovery in a subset of metrics. Despite the
observed shifts, forested wetlands exhibited high levels of
wetland functions at all sample intervals and proved resilient
to the long duration flood. These findings, in conjunction with
other studies, support the application of the HGM assessment
approach to evaluate the effects of environmental gradients,
impacts, and recovery trajectories at a variety of time scales.
Further studies of long term functional responses will provide
additional insight into the impact of extended flood events,
inform restoration efforts, and improve the management of
wetlands within the active floodplains of large rivers.
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