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Abstract
Over 300,000 ha of forested wetlands have undergone restoration within the Mississippi Alluvial Valley region. Restored forest
successional stage varies, providing opportunities to document wetland functional increases across a large scale restoration
chronosequence using the Hydrogeomorphic (HGM) approach. Results from >600 restored study sites spanning a 25 year
chronosequence indicate that: 1) wetland functional assessment variables increased toward reference conditions; 2) restored
wetlands generally follow expected recovery trajectories; and 3) wetland functions display significant improvements across the
restoration chronosequence. A functional lag between restored areas and mature reference wetlands persists in most instances.
However, a subset of restored sites have attained mature reference wetland conditions in areas approaching or exceeding tree
diameter and canopy closure thresholds. Study results highlight the importance of site selection and the benefits of evaluating a
suite of wetland functions in order to identify appropriate restoration success milestones and design monitoring programs. For
example wetland functions associated with detention of precipitation (a largely physical process) rapidly increased under post
restoration conditions, while improvements in wetland habitat functions (associated with forest establishment and maturation)
required additional time. As the wetland science community transitions towards larger scale restoration efforts, effectively
quantifying restoration functional improvements will become increasingly important.
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Introduction

Wetland Restoration in the Mississippi Alluvial Valley

Wetlands provide a variety of well-established hydrologic,
biogeochemical, and habitat functions linked to ecosystem
services that prove beneficial to society (Smith et al. 1995;
Novitski et al. 1996). In particular, bottomland hardwood
(BHW) forests within the Mississippi Alluvial Valley exhibit
wetland functions including the retention and temporary stor-
age of precipitation and floodwater; nutrient cycling, transfor-
mation of elements and compounds, and organic carbon

export; and the support of faunal and floral habitat (Smith
and Klimas 2002). Over 10 million ha of BHWonce occurred
in the region; however extensive alteration to the landscape
have resulted in a 70% decline in BHW habitat (The Nature
Conservancy 1992; King et al. 2006). Notably, rates of BHW
alteration has outpaced impacts to other wetland types, creat-
ing an area of concern in terms of reduction in wetland extent
and function (Hefner and Brown 1995). Wetland impacts re-
sulted from a variety of factors including habitat fragmenta-
tion, settlement expansion, agriculture and forestry, and flood
control activities (Gardiner and Oliver 2005).

Public and private organizations recognized the negative
impacts of BHW wetland degradation during the 1970s and
1980s and began promoting wetland restoration via afforesta-
tion to repair degraded ecosystem functions (US Congress
1985; Haynes et al. 1995; Hobbs and Cramer 2008). In re-
sponse, an estimated 300,000 has undergone reforestation un-
der the US Department of Agriculture Natural Resources
Conservation Service Wetland Reserve Program and other
initiatives (King and Keeland 1999; Allen et al. 2000; King
et al. 2006). Additionally, the US Army Corps of Engineers
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(USACE) restored >11,000 ha of BHW wetlands to offset
unavoidable adverse impacts associated with construction
of flood control and navigation projects (Haynes and
Moore 1988; USACE 1989). Restoration projects reclaim
BHW forests previously converted to agriculture, many of
which exhibited marginal production due to seasonal high
water tables and/or the need for extensive drainage
(Stanturf et al. 1998; Berkowitz 2013). Restoration activ-
ities include planting desirable BHW tree species, selected
for their capacity to thrive under wetland soil and hydro-
logic conditions (Stanturf et al. 2000; Humphrey et al.
2004). Characteristic species utilized for restoration in-
clude Fraxinus pennsylvanica , Quercus nuttallii ,
Quercus lyrata, Carya aquatica, and other flood-tolerant
hydrophytes associated with high value wetland habitats
(Smith and Klimas 2002). Afforestation typically occurs
via row planting at typical seedling spacing of 3–4 m2.
Restoration locations often contain access roads but re-
main free of other alterations, managed as natural areas
as designated through fee title agreements with state and
local agencies or private landholders. Recreational
birding, hunting, and other activities occur on a subset
of restoration locations, providing additional public bene-
fits (Jenkins et al. 2010).

The USACE wetland restoration initiative began in 1990,
representing some of the oldest large-scale restored BHW
wetland tracts in the region, with periodic additional land ac-
quisition occurring over time (Lin 2009). Approximately
6500 ha underwent restoration by the year 2000, with an ad-
ditional 3800 ha completed restoration by 2010. Recent efforts
continue to expand the extent of BHW restoration projects
with the addition of 1550 ha since 2011. The periodicity of
afforestation provides a mechanism for examining restoration
success across a chronosequence exhibiting wetland functions
under various conditions as forest succession occurs.
Establishing the restoration chronosequence also allows for
an evaluation of project benefits, development of predictive
restoration trajectories, as well as the establishment and mon-
itoring of restoration project milestones (Wigginton et al.
2000; Walker et al. 2010). Berkowitz (2013) previously uti-
lized the restoration chronosequence, identifying restoration
assessment metrics providing rapid response indicators of res-
toration success. That work demonstrated that readily avail-
able indicators of restoration trajectory such as shrub-sapling
density and ground vegetation cover responded to restoration
during short (<5) and mid-term (<10 year) timeframes, while
other indicators (e.g., tree diameter maturation) required lon-
ger time periods (>15–20 years) to provide useful insight into
wetland functional outcomes. The current study returned to
the chronosequence to further evaluate restoration conditions,
with an increased focus on quantifying large scale wetland
functional increases as restored BHWwetlands approach can-
opy closure thresholds.

Wetland Functional Assessment

To support USACEwetland restoration initiatives in the region,
Smith and Klimas (2002) developed a Hydrogeomorphic
(HGM) wetland functional assessment method specifically de-
signed for the Mississippi Alluvial Valley. The HGM method
addressed seven wetland functions provided by BHW wet-
lands, and included approaches to determine conditions in both
mature and restored areas (Smith et al. 2013). The HGM ap-
proach utilizes geomorphic, vegetative, and structural measure-
ments to approximate wetland functions (Brinson 1993, 1995;
Rowe et al. 2009). Specifically, in the HGM approach readily
attainable structural metrics (e.g., tree diameter, ground cover)
are combined using simple empirical arithmetic relationships to
produce functional capacity index scores ranging from zero (a
lack of wetland function) to 1.0 (fully functional) (Smith et al.
1995). The use of HGM techniques maintains several advan-
tages over other ecological assessment approaches by incorpo-
rating 1) ecosystem classification, 2) collection of quantitative
data, and 3) scaling based on reference data (Clairain 2002). As
a result, the HGM approach was approved for use by several
US federal resource management agencies and has been upheld
in several recent US court decisions as a legally defensible and
acceptable methodology to assess ecological resources (Federal
Register 1997; Ohio Valley Environmental Coalition, Inc, et al.
vs. USArmyCorps of Engineers et al. 2012; Noble et al. 2014).
Bauder et al. (2009) described the HGM approach as more
accurate than other wetland assessment methods, and Cole
(2006) while generally critical of wetland functional assess-
ments identified HGM as the best available method for rapidly
determining wetland function. Recent research demonstrated
the applicability of the HGM methodology to restoration prog-
ress over time, with Berkowitz andWhite (2013) validating the
wetland assessment approach by linking wetland assessment
metrics with direct measurements of wetland function. The
HGM assessment provided a reliable proxy for direct measure-
ments of nutrient and biogeochemical cycling functions (e.g.,
microbial biomass flux), and documented that wetland func-
tions increased with restoration stand age across the
chronosequence described above. Similar validation results
were reported following evaluation of a HGM functional as-
sessment method applied to the Appalachian mountain region
in locations exhibiting a range of alterations (Berkowitz et al.
2014; Noble et al. 2014).

Despite numerous publications addressing afforestation
and restoration within the Mississippi Alluvial Valley, ques-
tions persist regarding the mid- to long-term success of large
scale restoration efforts designed to improve BHW wetland
function (Stanturf et al. 2001) and the applicability of existing
assessment approaches designed to quantify those functions
(Cole 2016). In response, the current study 1) evaluated
changes in wetland assessment metrics and function across
the restoration chronosequence, 2) examined restoration
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trajectories incorporating the oldest available restored BHW
wetlands in the region, and 3) compared the levels of restored
wetland function with mature BHW forested wetlands.

Methods

Study Locations

The current effort focused on 12 restored bottomland hardwood
restoration study locations within the Mississippi Alluvial
Valley (Fig. 1). Restoration tracts were selected by identifying
poorly drained, frequently flooded agricultural lands within the
region that historically supported BHW forested wetlands.
Potential restoration tracts were selected based upon their refor-
estation potential, proximity to existing BHW habitat, and op-
portunities to connect or expand existing state or federally man-
aged conservation lands. The restored BHW forests examined
herein are subject to overbank, backwater flooding from rivers,
streams, and direct precipitation at typical wetland hydrology
return intervals of 5 yrs or less (Smith and Klimas 2002;
Berkowitz and White 2013). Backwater flooding describes in-
undation resulting from impeded drainage, usually due to high
water in downstream systems. Typically, backwater flooding
occurs when a large stream in flood stage inhibits drainage
within adjacent tributaries. Impeded drainage leads to increas-
ing water tables and surface inundation. In the Mississippi
Alluvial Valley additional backwater flooding results from
structures associated with flood control projects such as levees.
Many BHW forests in the study area occupy backswamp de-
posits and other low-lying areas near tributary networks. Prior
to restoration, study locations were managed for row crop pro-
duction including corn, soybeans, cotton, and rice varieties.
Hydric soils dominating the study area include Sharkey clay
(Very-fine, smectitic, thermic Chromic Epiaquerts), Alligator
clay (Very-fine, smectitic, thermic Chromic Dystraquerts),
Forestdale silty clay loam (Fine, smectitic, thermic Typic
Endoaqualfs), and related series (United States Department of
Agriculture, Natural Resources Conservation Service 2016;
Soil Survey Staff 2017). Restored BHW wetland ages ranged
from 5 to 25 years post restoration, providing a chronosequence
of post restoration conditions. Additionally, data from 26 ma-
ture BHW forest locations within the region was selected for
comparison with the restored wetland areas (Berkowitz and
White 2013). Tree core analysis indicated that the canopy trees
within each mature BHW forests were > 80 years old.

Wetland Functional Assessment Approach

The wetland functional assessment completed at each sample
transect location applied the HGM method developed by
Smith and Klimas (2002) who provide a thorough description
of field data collection and analysis. Briefly, sample transects

were established at each restoration location during the period
of May through September 2016. Along sample transects,
multiple sample sites were established. The distribution of
sample transects and sampling intensity varied depending up-
on the size and heterogeneity of restoration locations, with
additional data collected in larger, more diverse locations
(Table 1). At each sample site the HGM assessment approach
utilized 17 variables incorporating both remote sensing and
ground based measurements (Table 2). Remote sensing re-
sources determined the assessment scores for the core area;
habitat connection; wetland tract; and flood frequency vari-
ables. A combination of remote sensing and ground based
observations were used to determine cation exchange capacity
and soil integrity assessment variables, which documented the
degree and extent of soil disturbance.

Direct field measurements addressed each of the remaining
variables using data collected within a 0.04 ha sample plot and
associated sub-plots and transects. Micro-depressional
ponding quantified the percentage of each sample plot char-
acterized by concave features capable of retaining water. Tree
basal area examined the diameter of each tree with a diameter
at breast height (DBH) ≥10 cmwithin the 0.04 ha sample plot.
Notably, most trees (estimated at >95%) with DBH
≥10 cm observed at restoration sites were planted and
rows remained visible at many sample locations. Natural
recruitment of other woody species was observed, but few
of those individuals had reached a DBH of 10 cm. The
density of trees and snags exhibiting DBH ≥10 within the
sample plot was determined, along with the species com-
position of the highest strata within the 0.04 ha plot.
Shrub-sapling density measurements utilized replicate
nested 0.004 ha subplots. Woody debris and log biomass
measurements were conducted along replicate linear tran-
sects. Finally, four replicate one m2 subplots were used to
characterize ground vegetation cover as well as the thick-
ness of both soil O- and A-horizons.

Following the measurement of each assessment variable,
the variables are standardized and converted into variable sub-
index scores varying from zero to 1.0 as described in Smith
and Klimas (2002). Once generated, variable subindex scores
are combined using assessment equations to determine wet-
land functional capacity scores which range from zero
representing a lack of wetland function to 1.0 indicating the
highest achievable level of wetland function in the region
(Table 3; Smith et al. 2013).

Statistical analysis of changes in wetland functional assess-
ment variables and functional capacity scores were conducted
across the restoration chronosequence using analysis of vari-
ance (ANOVA) where assumptions of normality (Shapiro and
Wilk 1965) and homogeneity of variance (Levene 1960) were
met. For the ANOVA, sample plot age classes were utilized to
group restoration locations because many restoration plant-
ings span calendar years; age classes and the number of
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replicate sample plots [n] were as follows: 5 [97], 10 [61], 13
[209], 20 [115], 25 [124]. Wetland functional assessment var-
iables and functional capacity scores were considered depen-
dent factors, with restoration chronosequence age classes ap-
plied as grouping variables. Data were square root or log
transformed as needed to meet model assumptions. Post-hoc
testing utilized the Tukey test. The non-parametric Kruskal-
Wallis test evaluated differences between restoration age clas-
ses when data failed to meet model assumptions, followed by
Dunn-Bonferroni post hoc testing (Dunn 1964). All statistical
significance was evaluated at the α = 0.05 level using SPSS
version 20.0 (IBM, Inc). All statistical testing results (p-
values) evaluating each of the wetland assessment variables

and functions across the restoration chronosequence are pro-
vided in Supplemental Table 1.

Results and Discussion

Wetland Assessment Variable Changes
Across the Restoration Chronosequence

At each restoration site, the 17 assessment variables were
evaluated to complete the HGM wetland functional assess-
ment. Based upon the findings of Berkowitz (2013), assess-
ment variables were previously classified as 1) rapid response

Fig. 1 Location of BHW wetland
restoration sites within the
Mississippi Alluvial Valley region
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variables, 2) response variables requiring additional time to
display a measureable effect, and 3) stable variables that re-
main fixed over time. Those studies documented changes in
shrub-sapling density and ground vegetation cover within a
few years after restoration occurred, while variables such as
tree basal area often require longer time periods to display
significant increases (15 or more years; Smith and Klimas
2002; Berkowitz 2013). Conversely, stable assessment vari-
ables including flood frequency, wetland tract size, and habitat
connectivity often remain constant over time due to landscape
factors (i.e., property boundaries, presence of levees, etc). As a
result, the following analysis focused on the subset of assess-
ment variables expected to change within the restoration
chronosequence project timeframes examined including tree
basal area, tree density, woody debris biomass, ground vege-
tation cover, shrub-sapling density, and the development of
soil horizons.

During the 2016 sampling effort, the authors observed sub-
stantial increases in tree diameter, initiation of canopy closure,
and other factors related to forest succession across the oldest
restoration sites (>25 years) compared to site evaluations con-
ducted in previous monitoring events. Evaluating the restora-
tion chronosequence, statistically significant increases in tree
basal occurred (Fig. 2a; Supplemental Table 1). The HGM
assessment technique evaluates trees with a diameter at breast
height (DBH) ≥10 cm. This diameter was first encountered at
a subset of 10 year stands, with significant increases docu-
mented in 13–20 year old stands, and further improvements
at the 25 year post restoration increment following a linear
increase in diameter over the restoration chronosequence
(Fig. 1a). Tree density data displayed similar results, with
significant incremental increases in tree density occurring
within the restoration sites after 13 years, followed by further
significant increases at 20 and 25 year time intervals (Fig. 1b).
Because the HGM approach focuses on trees with DBH

≥10 cm and includes smaller tress in shrub-sapling density
measurements, observed increases in tree density likely repre-
sent a combination of 1) incorporation of planted trees enter-
ing the 10 cm size class and 2) recruitment of naturally
regenerated trees into restored areas over time. The ob-
served increases in tree basal area and density support the
predictions of Berkowitz (2013), who categorized them as
response variables, providing useful measures of restora-
tion success after a period of approximately 15 years post
restoration. The increases in both tree diameter and den-
sity followed linear trend lines throughout the 25 year
chronosequence, which are expected to begin conversion
to a more logarithmic pattern as succession continues after
approximately 40 years (Allen et al. 2000).

Woody debris biomass inputs were expected to increase in
response to higher basal area and tree density values, which
provide additional sources of woody debris (e.g., loss of
branches during storms and self-pruning). Monitoring results
indicate significant linear increases in woody debris across the
restoration chronosequence (Fig. 1c). Further additions of
woody debris biomass are anticipated as stand development
continues into the stem exclusion phase of forest succession
(Oliver and Larson 1996). Ground vegetation cover follows
anticipated patterns following restoration in which coverage
increases with the cessation of agricultural activities (e.g.,
plowing, crop removal), then decreases as transient species
are recruited to taller strata and canopy cover approaches clo-
sure, reducing the quantity and quality of available light
supporting herbaceous plant growth (Fig. 1d; Bigelow et al.
2011). These values also coincide with results reported in
Berkowitz (2013), in which ground cover displayed initial
increases to approximately 75% after 15 years of restoration,
with older (e.g., >20 year) forests exhibiting significantly low-
er ground cover values near 20%. Shrub-sapling density data
displayed similar patterns, with initial increases followed by
sharp declines as restoration site succession progressed.
Within 25 years, shrub-sapling densities approximated values
observed during initial post restoration conditions (Fig. 1e).
Both ground vegetation cover and shrub-sapling density were
identified as rapid response variables in Berkowitz (2013).
The current dataset supports those findings, providing a series
of short- to mid-term restoration monitoring milestones.

Soil horizon development increased over the restoration
chronosequence, with significant differences in O-horizon
thickness detected 25 years post restoration (Fig. 1f).
However, soil horizon thickness measurements remained
highly variable, with standard deviation ranges encompassing
approximately 25% of the average values. The development
of thicker O-horizons has been linked with soil development
(i.e., age), organic matter inputs, and hydroperiod (Buol et al.
2001). These factors potentially account for the observed de-
gree of variability as the restoration sites display differences in
time since soil disturbance (i.e., agricultural plowing

Table 1 Restoration site location, size, age class, and sample plots

Study location Size (ha) Restoration Age class Sample plots

Alligator 1013 13 84

Big Twist 2692 20 69

Bolivar 344 5 37

Darlove 229 20 29

Island Lake 217 10 21

Kennedy 1213 5 60

Lake George 3402 25 124

Polutken 125 20 17

Pushmataha 874 10 40

Sky Lake 1268 13 65

Stock 330 13 36

Washington 141 13 24

Total 11,847 606
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activities), vegetation cover and litterfall organic matter
sources, and soil inundation which increases organic matter
content via decreased soil microbial decomposition efficiency
(Reddy and DeLaune 2008).

Examining the entire dataset the wetland assessment vari-
ables evaluated generally displayed expected responses to res-
toration, with assessment metrics following anticipated

patterns across the restoration chronosequence. Rapid re-
sponse variables (e.g., ground vegetation cover, shrub-
sapling density) show initial increases followed by anticipated
decline, providing short- and mi-term opportunities for mon-
itoring restoration progress. Also, response variables such as
tree basal area and density continue to display significant in-
creases across the restoration chronosequence, especially after

Table 2 Summary of wetland assessment variables, description, and sampling technique

Wetland assessment variable Description Sampling technique

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

Habitat connections (VCONNECT) Proportion of the wetland perimeter connected to
suitable habitat

Measured using GIS

Wetland tract (VTRACT) Contiguous adjacent wetland area Measured using GIS

Flood frequency (VFREQ) Frequency of overbank or backwater flooding Measured using flood frequency map/stream gauge data

Cation exchange capacity (VCEC) Cation exchange capacity change due to soil disturbance Based on soil type

Soil integrity (VSOIL) Proportion of the wetland exhibiting altered soils Based on amount of visible soil disturbance

Micro-depressional ponding
(VPOND)

Percentage of small topographic depressions and vernal
pool features

Percent of depressions in 0.04 ha plot

Tree basal area (VTBA) Basal area per hectare; proportional to tree biomass Measured DBH of all trees >10 cm in diameter in
0.04 ha plot

Tree density (VTDEN) Number of trees per ha Count of all trees >10 cm in diameter in 0.04 ha plot

Snag density (VSNAG) Density of standing dead trees Count of all snags >10 cm in diameter in 0.04 ha plot

Tree composition (VTCOMP) Species composition of the tallest stratum Percent concurrence with floristic quality index

Woody debris biomass (VWD) Volume of woody debris biomass per ha Count of nonliving stems along 3.7 m transects

Log biomass (VLOG) Volume of log biomass per ha Count of logs along 15 m transects

Shrub-sapling density (VSSD) Density of shrubs and saplings per ha Count of woody stems within 0.004 ha subplots

Ground vegetation cover (VGVC) Percent cover of herbaceous and woody vegetation Percentage herbaceous and woody vegetation cover
in 1 m2 subplots

O-horizon biomass (VOHOR) Mass of organic matter in the O- horizon O-horizon thickness

A-horizon biomass (VAHOR) Mass of organic matter in the A-horizon A-horizon thickness

Table 3 Wetland functions assessed at each restoration site using the HGM approach (adapted from Smith and Klimas 2002)

Wetland function Description Assessment equation

Detain floodwater Ability to store, convey, and
reduce the velocity of floodwaters

¼ VFREQ � VLOGþVGVCþVSSDþVTDENð Þ
4

h i

Detain
precipitation

Capacity to prevent or slow runoff
of rainfall to streams

¼ VPONDþVOHORð Þ
2

Cycle Nutrients Ability to convert nutrients between
organic and inorganic pools via
biogeochemical processes

¼
VTBAþVSSDþVGVCð Þ

3 þ VOHORþVAHORþVWDþVSNAGð Þ
4

� �
2

Export organic
carbon

Capacity to export dissolved organic
carbon to downstream systems

¼ VFREQ �
VOHORþVWDþVSNAGð Þ

3

� �
þ VTBAþVSSDþVGVC

3½ �
2

Remove elements
and compounds

Ability to remove or immobilize
nutrients, metals, or other materials
related to plant growth and
improve water quality

¼ VFREQ � VCECþVOHORþVAHORð Þ
3

h i

Maintain plant
communities

Capacity to support environmental
conditions to develop and maintain
characteristic plant communities

¼
VTBAþVTDENSð Þ

2 þVCOMP

� �
2

� �
� VSOILþVPONDð Þ

2

h i� �1
=2

Provide fish and
wildlife habitat

Ability to support the fish and wildlife
species that utilize wetlands during
a portion of their life cycle.

¼ VFREQþVPONDð Þ
2

� 	
� VTCOMPþVSNAGþVTBA

3

� �� VLOGþVOHOR
2

� �� VTRACTþVCONNECTþVCORE
3

� �� �1
=4
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Fig. 2 Mean wetland assessment variable measurements observed across the restoration chronosequence. Error bars represent one standard deviation of
the mean; entries with different letter designations were significantly different at α = 0.05

Wetlands (2019) 39:559–573 565



tree diameter thresholds are exceeded. As a result restoration
assessment efforts must focus on the subset of variables with
the potential for change detection within project monitoring
timeframes, guiding the selection of restoration success met-
rics during project planning, implementation, and monitoring
design. As an example scenario, the sapling shrub density
variable data predicts stem densities between 400 and 700
stems/ha after 5 years, followed by subsequent increases
(>900) at 10–13 years and declines (<900) in later years
(Fig. 2e). This allows for development of specific restoration
success milestones that can be monitored over time. However,
the values presented herein may need to be adjusted due to
regional conditions and practical application of these results
may remain limited by mitigation and restoration monitoring
periods which commonly occur over 5 to 10 year timeframes
(Zedler and Callaway 1999).

Restoration Trajectory Curves Across the Restoration
Chronosequence

Smith and Klimas (2002) developed anticipated restoration
(i.e., recovery) trajectory curves for a subset of the assessment
variables included in the HGMwetland functional assessment
(Fig. 3). The estimated trajectories represent generalized ap-
proximations based upon expected forest successional condi-
tions, not specific to wetland type or restoration technique.
Thus the analysis below compares estimated trajectory curves
with monitoring results, providing for evaluation of the theo-
retical trajectory curves and promoting a discussion of trajec-
tory curve applicability. Additionally, results are compared
with data from mature BHW locations in the region.
Average tree basal area measurements largely agreed with
or exceeded expected results across the 25 year restoration
chronosequence. Tree basal areas of 0.53±0.26 m2/ha (av-
erage ± standard deviation) were observed in 10 year old
stands, outpacing the predicted establishment of trees with
a DBH ≥10 cm (Fig. 3a). Only three years later, average
basal areas increased to 5.8±0.5 m2/ha, exceeding the
predicted value of 3.6 m2/ha. Basal areas continue to in-
crease with stand age, with average values of 12.1±3.1
m2/ha corresponding well with the anticipated basal areas
of 15 m2/ha within 25 years of restoration. The rapid
increase of tree diameter within three to five year intervals
provides additional potential restoration milestone during
mid-range post restoration time frames. Notably, the tree
basal area values observed at 80 year old reference loca-
tions remain below the theoretical values estimated in
Smith and Klimas (2002).

Examining tree density recovery trajectory curves, mea-
surements follow predicted results in the early years after res-
toration planting (Fig. 3b). For example, 13 year old stands
displayed average tree densities of 250±36 stems/ha, which
compares well with the predicted value of 240 stems/ha.

During natural forest successional patterns tree densities de-
crease in subsequent years as forests near canopy closure and
stem exclusion occurs (Summers 2010; Bigelow et al. 2011)
and canopy closure was observed at a subset of older restora-
tion sites during the 2016 data collection effort. However,
since the restoration planting scheme planted trees at lower
densities than typically observed under nature forest regener-
ation regimes the degree of stem exclusion and senescence in
restoration sites remains unknown and tree density results may
vary from the estimated trajectory patterns (Oliver and Larson
1996; Stanturf et al. 2001). For example, the average tree
density of 376 ± 36 stems/ha documented at 25 year old re-
stored sites only slightly exceeds the tree densities reported in
fully mature reference wetlands in the region (~300 stems/ha;
Lockhart et al. 2010) and the measurements of 336 stems/ha
collected at mature BHW locations as part of the current study.
This data suggests that restoration plantings were conducted at
the appropriate density to maximize wetland functions as
quickly as possible following restoration activities. However,
additional monitoring will be required to assess whether tree
densities remain constant as the restored BHW wetland ma-
ture, or increase toward the higher values predicted by Smith
and Klimas (2002) followed by a decrease back toward refer-
ence values.

Woody debris biomass data lag behind predicted values
across the restoration chronosequence, with average values
of 9±2 m3/ha after 25 years, well below the anticipated 20
m3/ha anticipated (Fig. 3c). Woody debris measurements are
in agreement with mature BHW forest values (8.9 m3/ha),
however the amount of woody debris is expected to continue
increasing as tree growth continues and self-pruning is initiat-
ed during further succession (Oliver and Larson 1996).
Conversely, the ground vegetation cover data (Fig. 3d) largely
agreed with predicted trends, with 13 and 20 year old restora-
tion sites (55±10% and 56±15%, respectively) in alignment
with the 58% and 53% groundcovers predicted by Smith and
Klimas (2002). Further, the 25 year restoration sites (30±8%)
appear to outpace the expected declines in ground vegetation
cover (50%) with older restoration sites trending towards the
predicted 20% ground vegetation cover and the measured
values <5% ground vegetation observed in mature BHW for-
ests as part of the current study.

Shrub-sapling densities also follow the pattern outlined in
Smith and Klimas (2002), in which densities increase follow-
ing restoration, with a subsequent decline (Fig. 3e). However,
the field sampling data remain well below the predicted values
at all restoration stand age classes. The fully mature BHW
forest shrub-sapling densities (1690 stems/ha) generally agree
with the estimated value (2000 stems/ha) provided in Smith
and Klimas (2002). The development of O-horizon biomass is
expected to occur over 40 years post restoration, resulting in
O-horizon ≥2 cm thick. Soil data collected 10 years post res-
toration agree with projected results, with average O-horizon
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Fig. 3 Estimated (●) and observed (+) wetland restoration trajectory curves and mature BHW forest conditions (estimated data adapted from Smith and
Klimas 2002)
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thickness of 0.41 ± 0.1 cm corresponding with the 0.33 cm
expected (Fig. 3f). Yet, older restoration sites lagged behind
anticipated findings, with O-horizons averaging 0.79±0.2 cm
after 25 years, compared to the expected value near 1.0 cm.
Despite the lag, a subset of monitoring locations exceed soil
horizon thickness projects, with values reaching as high as
2.8 cm which exceeds the 15 year/cm O-horizon development
rate reported by Buol et al. (2001). Both the predicted values
and the restoration chronosequence measurements remain be-
low the O-horizon thickness values collected at mature BHW
forested sites (average 4.8 cm). Additional monitoring will be
needed to track progression of soil horizons as restoration
progresses in the absence of soil disturbance (e.g., plowing).

In summary, available data suggests that several of the
assessment variables meet (e.g., tree basal area) or exceed
(e.g., ground vegetation cover) the anticipated milestones
based on estimated recovery trajectory curves. While
additional research is recommended, this study suggests that
restoration assessment metrics are trending toward conditions
at mature forested wetlands in the region. For example each of
the variables display appropriate patterns (e.g., sapling shrub
density), although in some cases, observed values fail to reach
the predicted trajectory curve values. The assessment vari-
ables are expected to further develop as forest succession con-
tinues and trajectory curves appear to provide a useful tool for
evaluating restoration progress and predicting future condi-
tions. Additionally, tree density data demonstrate that ap-
propriate stocking rates were implemented during restora-
tion, resulting in tree densities corresponding to mature
forests as reported in Lockhart et al. (2010) and measured
at mature field sites. This highlights the fact that restora-
tion trajectories may deviate from natural patterns of for-
ested wetland succession and in some cases, restored
areas may mimic desired end-state conditions over trun-
cated time periods. However, estimated trajectory curves
may require revision as restoration sites continue to ma-
ture and more is learned about how assessment variables
progress under real world scenarios. Future research
should focus on instances in which patterns of forest suc-
cession under restored regimes deviate from natural pat-
terns with an emphasis on opportunities to accelerate re-
stored wetland maturation (and associated functional in-
creases) through restoration design, implementation, and
post restoration management. While the predicted values
provided by Smith and Klimas (2002), Berkowitz (2013)
and others remain valuable, a knowledge gap in anticipat-
ed restoration outcomes remains with few restoration sites
in the region spanning the 25-80 year post restoration
period. Further, additional trajectory data examining snag
density (few snags occur in the 0-25 year old restoration
sites) and other variables can be incorporated into future
monitoring efforts as restoration sites enter the stem ex-
clusion phase of forest succession.

Wetland Functional Increases Across the Restoration
Chronosequence

Seven wetland functions were evaluated at each restoration
site based upon the assessment variables and equations
outlined above (Tables 2 and 3). The following examines
changes in each funct ion across the res torat ion
chronosequence, provides a discussion of the drivers behind
functional increases, and compares results with measured ma-
ture BHWwetland functions. A discussion of wetland assess-
ment data interpretation and application is also included. The
detain floodwater function displayed statistically significant
increases across the restoration chronosequence, most notably
within the 20 and 25 year age classes (Fig. 4a; Supplemental
Table 1). The increases in functional scores result from im-
provements in ground vegetation, shrub-sapling density, and
tree density assessment variable scores. The functional out-
comes are anticipated to increase further as these variables,
which provide physical obstructions within the wetland that
decrease overland flow velocity, continue to develop over
time. Additional improvements in the detain floodwater func-
tion are expected to result from the incorporation of the log
biomass variable as forest succession progresses, as the ab-
sence of downed logs at restoration sites decreases floodwater
functional scores by 25% within the current 25 year dataset.
Also, a small decrease in functional scores was observed in 10
year old study sites due to a lower flood frequency return
intervals at those locations. As discussed above, the interplay
between rapid response, response, and static assessment vari-
ables dictates the current and future conditions of restoration
sites. As a result a 10 year old restoration site with an infre-
quent flood return interval may display equivalent or lower
detain floodwater functions than a 5 year old site that experi-
ences more frequent flood events despite the presence of more
aboveground biomass accumulation. The detain floodwater
functional outcomes remain below those observed in mature
BHW locations, with the oldest restoration sites exhibiting an
average 20% deficit compared with measurements obtained at
>80 year old wetlands.

The detain precipitation function showed significant in-
creases after 10 years across the restoration chronosequence
(Fig. 4b), followed by small improvements throughout the
remainder of the 25 year chronosequence although subsequent
increases were not statistically significant. Further improve-
ments in the detain precipitation functions remain limited by
the time required for additional organic matter accumulation
in surface soil horizons and increases in surface roughness
(i.e., microtopography) to occur via tree throw, bioturbation,

�Fig. 4 Mean wetland functional scores (FCI = Functional Capacity
Index) observed across the restoration chronosequence. Error bars
represent one standard deviation of the mean; entries with different
letter designations were significantly different at α = 0.05
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and other mechanisms (Stolt et al. 2000). The lack of substan-
tial increases in the function after 10 years highlights the need
to conduct restoration at locations with appropriate soil and
surface characteristics or conduct site enhancement during
restoration via organic matter amendments and/or mechani-
cally increasing surface roughness. The detention of precipi-
tation represents a largely physical process chiefly occurring
via micro-depressional storage, infiltration and retention by
organic material and soils (Smith and Klimas 2002). As a
result, the detain precipitation function has the potential to
yield functional benefits immediately after restoration occurs,
without the necessity for tree maturation to occur as required
for several other functions including fish and wildlife habitat
maintenance. Notably a subset (13%) of the 606 restoration
sample sites examined exhibited functional scores >0.80 func-
tional capacity index, yielding results comparable to condi-
tions observed at mature BHW forests (average of 0.81
±0.02 functional capacity index). These high-scoring de-
tain precipitation function sites encompassed the entire
range of the restoration chronosequence (i.e., 5-25 years)
further demonstrating the capacity of restoration projects
to display substantial benefits to physically dominated
wetland functions over short time periods.

Previous studies examined the nutrient cycling function
across the restoration chronosequence, comparing the HGM
assessment results with direct measures of wetland nutrient
cycling. Those studies linked measures of soil carbon and
nitrogen with nutrient processing mechanisms including soil
microbial biomass and potentially mineralizable nitrogen
(Berkowitz and White 2013). Results indicated that higher
rates of nutrient cycling function (i.e., higher nutrient content
and processing capacity) corresponded with increased HGM
assessment outcomes, validating the wetland functional as-
sessment approach. Examining the updated chronosequence
data, the cycle nutrients function displayed significant in-
creases during both the 20 and 25 year restoration intervals
(Fig. 4c). Seven assessment variables related to carbon accu-
mulation and processing (e.g., tree basal area, O-horizon
thickness) drive the nutrient cycling functional score. As a
result, continued tree growth, soil horizon development, and
the generation of additional woody debris will likely result in
higher nutrient cycling functional outcomes in the future. The
incorporation of snags (currently absent from restored forests;
decreasing functional scores by 12.5%) as forest succession
continues will further increase nutrient cycling functions to-
ward conditions observed in mature BHW wetlands. The cur-
rent dataset suggests that a subset (5%) of restored sites are
providing nutrient cycling functions at equivalent observed in
mature BHW forests clustered in the older restoration age
classes (20-25 years post restoration).

The export organic carbon function were similarly validat-
ed by linking soil organic carbon concentrations with direct
measurements of inundation frequency and duration, thus

providing a mechanism for organic carbon export to occur
(Berkowitz and White 2013). Incorporating the most current
data into the chronosequence yields export organic carbon
scores that remain significantly higher in 25 year old restora-
tion sites (Fig. 4d). The export organic carbon function com-
bines flood frequency data with assessment variables that
serve as proxy measures of carbon sources (e.g., woody debris
biomass) available for export to downstream environments.
Note that the flood frequency variable has significant implica-
tions for the export organic carbon function, representing a
switch effect (or switch index; Smith et al. 2013) with the
capacity to either turn the function on/off or weight the impact
of other assessment variables on the level of wetland function.
If a BHW forest is not subject to flooding then the export of
organic carbon to downstream environments cannot occur and
the resultant function capacity will remain zero. In contrast if
flooding (and potential organic carbon export) does occur, the
functional capacity is weighted based upon the frequency of
flood events with locations exhibiting flood frequencies ≤2
years having that capacity to achieve the highest possible level
of function (i.e., 1.0 functional capacity index). For example
some recently (e.g., 5 year) restored locations with flood fre-
quency return intervals ≤2.0 years yielded higher functional
scores than lower flood frequency 10 and 13 year old sites
with more carbon available for export. With increasing
site maturity, additional accumulation of above and below
ground carbon stocks is anticipated, resulting in higher
export organic carbon functional scores over time.
However, few study sites (<1%) currently display levels
of function observed in mature BHW locations and sub-
stantial improvements in site carbon content will be re-
quired for restored sites to approach reference values.

The remove elements and compounds function also utilizes
the flood frequency return interval as a multiplicative compo-
nent (or switch index) for determining functional assessment
capacities (Table 3; Fig. 4e). The remaining variables associ-
ated with the function (i.e., soil cation exchange capacity, O-
and A-horizon thickness) provide proxy measures of a re-
stored wetlands ability to improve water quality through the
sequestration of nutrients, heavy metals pesticides and other
imported materials from floodwaters. As a result, restored
locations with frequent flood return intervals and favorable
soil conditions display increased capacity for provide the re-
move elements and compounds function. This accounts for
the high scores observed within the 5 and 10 year restoration
intervals and the overall higher functional outcomes compared
to most of the other functions examined herein. Notably, a
subset of the older restoration site intervals display statistically
significant increases in remove elements and compounds
functional scores due to improvements in the soil horizon
variables despite the presence of estimated flood frequencies
>2 years. This demonstrates the impact of site maturation and
accumulation O- and A- soil horizon biomass over time
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despite initial limitations associated with flood frequency con-
ditions. These findings again highlight the need for targeted
restoration site selection in order to maximize wetland func-
tions, especially in the short-term following restoration.

The maintain plant communities function (Fig. 4f) exhibit-
ed statistically significant increases across the restoration
chronosequence, with 30% (>200) of study sites exhibiting
functional capacity index values ≥0.80. Steady increases in
functional assessment scores resulted from improvements in
tree basal area and density and additional functional score
increases are expected as additional tree growth occurs. The
high initial level of wetland plant community function can be
attributed to the species composition variable, which are max-
imized at restoration sites through selective planting of highly
desirable species as outlined in Smith and Klimas (2002). As a
result, plant community functions exceeded the values ob-
served in mature BHW forests in the region (0.71 ± 0.02) at
>50% of the 606 study sites. These factors result in the highest
scores for the seven functions examined in the wetland assess-
ment and emphasize the benefits of utilizing appropriate plant
communities during restoration design and implementation. In
contrast, the provide fish and wildlife habitat (i.e., habitat)
functional scores display initial functional capacity index
values of zero for the first 5 years post restoration due to the
absence of trees, snags, and logs (Fig. 4g). Scores steadily
increase with the onset of tree development, with signifi-
cant functional increases occurring after 10, 13, and
25 years after restoration. The incorporation of snags
and log biomass along with additional tree growth will
drive further functional increases as forest succession pro-
ceeds, however the lack of wetland functional benefits
observed in early years underscores the need to maximize
other functions (e.g., remove elements and compounds)
during the initial post restoration period.

Interpretation of Wetland Functional Assessment
Results

A variety of wetland assessment approaches exist (>60),
including methodologies that 1) evaluate wetlands based
upon a single output (e.g., function/condition) or aver-
age of outputs (Fennessy et al. 2004), 2) analyze mul-
tiple outputs as described above (Smith et al. 2013), or
3) examine a suite of outputs broadly encompassing
habitat, hydrology, and biogeochemical cycling func-
tions (Noble et al. 2017; Berkowitz et al. 2017). In
some cases, resource managers prefer to evaluate resto-
ration success based upon one output or average of
multiple outputs. While this approach has advantages,
including simplicity and ease of comparison between
project alternatives, relying on a single result may limit
practitioners’ ability to target specific functions of inter-
est (e.g., habitat for a particular species) or implement

strategies to increase one or more desired functional
outcome (Wakeley and Smith 2001). For example, wet-
land functional scores that include tree basal area, and
log biomass require substantial time periods prior to
showing improvement, while other functions (e.g., re-
move elements and compounds) respond over much
shorter timeframes. Further, some functions may benefit
from ongoing restoration site management, such as for-
est thinning to improve tree growth rates. Conversely,
the deta in prec ip i ta t ion func t ion (based upon
microdepressional ponding and flood frequency) remains
difficult to improve through post restoration manage-
ment activities, emphasizing the importance of site se-
lection during restoration planning and implementation.

Examining the chronosequence data, the average wet-
land functional capacity across the chronosequence fol-
lows anticipated patterns with significantly higher func-
tions detected after 13 and 25 years of restoration (Fig.
4h). The rate of functional capacity improvements also
increases across the chronosequence as more mature res-
toration sites surpass tree diameter and canopy closure
thresholds and stores of carbon (e.g., woody debris and
O-horizon biomass) accumulate in older restoration
sites. As a result, the average functional outputs are
anticipated to show additional improvements over time.
However as noted in the individual functions discussed
above, restored study sites generally lag behind mature
BHW forests conditions with few 20 and 25 year old
sites achieving the levels of wetland functions observed
in reference areas despite a subset of functions ap-
proaching or exceeding reference conditions.

The approach of averaging HGM function score has previ-
ously generated debate in the scientific literature (Berkowitz
et al. 2018). However, during application some resource man-
agers prefer to evaluate restoration success based upon a sin-
gle value, as opposed to examining changes in each functional
score independently. This approach has advantages (simplici-
ty), but also limits a resource manager’s ability to target spe-
cific functions of interest (e.g., habitat) or implement strate-
gies to further improve one or more functional outcomes.
As previously noted, some functional scores (e.g., habitat)
may benefit from restoration site management, while
others remain more difficult to improve through forest
management activities.

In summary, these findings reiterate the positive effects of
1) sub-canopy and canopy tree development and 2) above and
below ground biomass production (e.g., woody debris accu-
mulation, soil horizon development) on functional outcomes.
However, restored ecosystems often fail to achieve the level of
function observed in their mature un-impacted counterparts,
especially in the early years following restoration and with
regard to carbon accumulation (Malakoff 1998; Moreno-
Mateos et al. 2012). While not unexpected, the delay in initial
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functional response in young restored wetlands results from a
time lag required for BHW forests to progress towards matu-
rity (Gardiner and Oliver 2005). In fact, Smith and Klimas
(2002) suggest that BHW forests in the region may require
as many as 100 years to reach a steady state. In response,
Berkowitz and White (2013) examined wetland functions
across the 20 years post restoration chronosequence reporting
that functional scores remained an average of 31% below the
levels observed at mature control sites. The current study sug-
gests that conditions are improving, with 25 year old restored
areas displaying a lower average functional lag of 20%. Future
research will be required to continue tracking changes in wet-
land functions over time and to address the knowledge-gap in
anticipated restoration outcomes as restored forested wetlands
progress through the 25–100 year post restoration period.
Additionally, a region-wide analysis of restored wetland func-
tions is needed to quantify and extrapolate the benefits of large
scale wetland restoration (~300,000 ha) projects implemented
throughout the Mississippi Alluvial Valley and compare those
benefits to the loss of wetland functions resulting from the
70% decline in historical BHW extent.
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