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Wetlands self-organize through reciprocal controls between vegetation and hydrology, but external disturbance
may disrupt these feedbacks with consequent changes to ecosystem state. Imminent and widespread emerald ash
borer (EAB) infestation throughout North American forested wetlands has raised concern over possible ecosystem state shifts (i.e., wetter, more herbaceous systems) and loss of forest function, calling for informed
landscape-scale management strategies. In response, we employed a large-scale manipulative study to assess the
ecohydrologic response of black ash wetlands to three alternative EAB management strategies: 1) a do-nothing
approach (i.e., simulated EAB infestation via tree girdling), 2) a preemptive, complete harvesting approach (i.e.,
clearcut), and 3) an overstory replacement approach via group selection. We analyzed six years of daily water
table and evapotranspiration (ET) dynamics in six blocks comprising black ash wetlands (controls) and management strategy treatments to quantify potential for hydrologic change and subsequent recovery. In both the
do-nothing approach and complete harvesting approach, we found persistent changes in hydrologic regime
deﬁned by shallower water tables and lower ET rates coupled with increased herbaceous vegetation growth,
indicating ecosystem state shifts driven by vegetation-water table interactions. The do-nothing approach showed
the least hydrologic recovery after ﬁve years, which we attribute to reduction in overstory transpiration as well
as greater shade (via standing dead trees) that reduces open water evaporation and herbaceous layer transpiration compared to complete harvesting. We found no evidence of ecohydrologic disturbance in the overstory
replacement approach, highlighting its potential as a management strategy to preserve forested wetland habitat
if periodically executed over time before EAB infestation. Although the scale of potential disturbance is daunting,
our ﬁndings provide a baseline assessment for forest managers to develop preemptive mitigation strategies to
address the threat of EAB to ecological functions in black ash wetlands.

1. Introduction
Wetlands self-organize through reciprocal controls between vegetation and hydrology. In contrast to uplands, hydrologic controls on
wetland vegetation are generally the result of too much rather than too
little water (Jackson and Colmer, 2005). This abundance of water results in inadequate oxygen supply (Armstrong and Drew, 2002) and
accumulation of ethylene and anaerobic metabolism byproducts
(Ponnamperuma, 1984), limiting primary production and preferentially
selecting for ﬂora with special adaptations (Kozlowski, 2002;
Kreuzwieser and Rennenberg, 2014). At the same time, wetland vegetation controls local hydrology directly through evapotranspiration
(ET), which lowers water tables and reduces soil moisture (Marani
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et al., 2006). These ecohydrologic interactions often enable and promote ecosystem stability (Rodríguez-Iturbe et al., 2007). However,
shifts to diﬀerent ecosystem states can occur with disturbance to hydrologic setting (e.g., ﬂooding, climate; Wang et al., 2016) or vegetation dynamics (e.g., widespread mortality, Heﬀernan, 2008).
In black ash (Fraxinus nigra) wetlands of North America, looming
threats of emerald ash borer (EAB; Agrilus planipennis) infestation have
drawn attention to possible large-scale tree mortality and a resultant
whole-scale shift in ecosystem type and function. EAB causes nearly
100% mortality in all ash species within 3–6 years after infestation
(Knight et al., 2013), and there is no known host physiological resistance or stand characteristic that inhibits infestation (Smith et al.,
2015). Ash regeneration is also susceptible to EAB colonization once it
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in black ash ecosystems, with implications for both recovery times and
management options.
Here, we build upon earlier work (Slesak et al., 2014) by integrating
multi-year measures of both daily water table and ET dynamics across
black ash wetlands that represent diﬀerent management options and
thus vegetation structure: intact black ash stands (controls), simulated
EAB-induced mortality (girdled; do-nothing approach), and two management mitigation options (clearcut and group selection harvest)
(Fig. 1b–d). Our overarching objective was to assess outcomes of both
EAB infestation and management options on post-disturbance hydrologic regime. We hypothesized that: H1) water table regimes and their
possible post-disturbance recovery will vary depending on management
strategy and thus vegetation structure, and H2) that diﬀerences in
water table regimes among management options can be explained by
coincident diﬀerences in ET, where black ash trees exhibit unique ET
regimes relative to post-disturbance replacement vegetation. Our research advances fundamental understanding of ecohydrologic interactions in black ash wetlands and has direct implications for management
aimed at mitigating consequences of EAB infestation.

reaches 2.5 cm in diameter (Klooster et al., 2014), limiting the potential
for reestablishment in the presence of EAB. The extent of EAB infestation is widespread, occurring in 27 U.S. states and two Canadian Provinces as of 2017 (USDA, 2017). Impending infestation throughout the
upper Midwestern United States is particularly concerning, as black ash
wetlands cover approximately 8000 km2 and provide myriad functions
ranging from shelter and food for wildlife (Anderson and Nelson, 2003)
to timber and non-timber forest products (Wright and Rauscher, 1990).
Widespread black ash mortality may equate to loss of a wetland
foundational species (sensu Ellison et al., 2005), with important consequences for ecohydrologic interactions and successional trajectories
(Youngquist et al., 2017). Throughout the upper Midwestern United
States, black ash wetlands are highly monospeciﬁc, with black ash
comprising 75–100% of canopy cover. In these monospeciﬁc stands,
complete canopy loss following EAB may cause the water table to rise
(via reduced transpiration) and favor establishment and growth of
other more water tolerant vegetation, particularly marsh species
(Erdmann et al., 1987). Recent studies support this general prediction,
where canopy disturbance in black ash wetlands resulted in wetter
conditions (Slesak et al., 2014) and associated large shifts in species
composition towards a herbaceous community (Davis et al., 2016;
Looney et al., 2017). Given the extensive coverage and regional importance of black ash wetlands, it is now important to explore possible
consequences (and mitigation) of EAB disturbance on ecosystem interactions, state, and function.
Reduced ET is the putative mechanism for expected water table rise
and ecosystem state shifts following EAB-induced mortality, but actual
changes in ET and how such changes vary over time (seasons to years)
and with vegetation structure remain largely unexplored. Although
previous studies made a clear link between black ash mortality and
altered hydrology (Slesak et al., 2014), the lack of direct ET measurements leaves open questions regarding how black ash regulates water
tables compared to other vegetative communities. Post-disturbance
community composition, growth, and associated ET rates are likely
driven by both hydrologic regime and remnant vegetation structure and
recovery, highlighting potential implications of management options
that range from a do-nothing approach (i.e., leave standing dead trees)
to diﬀerent degrees of preemptive tree harvest (i.e., partial versus
clearcutting). Confronting this knowledge gap, we posit a conceptual
model of ET drivers that vary with vegetation structure and thus different management strategies (Fig. 1). This model includes availability
of energy (e.g., shade from standing dead versus open canopy in a
complete clear cut) and water (e.g., via diﬀerences in rooting depths),
with associated feedbacks to water table regime and its control on postdisturbance vegetative communities. Evaluating this model will address
more directly the interactions among energy, vegetation, and hydrology

2. Methods
2.1. Landscape setting
Our study sites were located within the Chippewa National Forest in
northern Minnesota, USA, a 2700 km2 area with 1600 km2 of wetlands
and over 1300 lakes (Fig. 2). The area encompasses a complex glacial
landscape that is ﬂat to gently rolling, with black ash wetlands found in
the lowest landscape positions that commonly grade into aspen (Populus) or pine (Pinus)-dominated upland forests. Most of the black ash
wetlands are underlain by lacustrine clay at a depth of 10–150 cm that
acts as a conﬁning layer and creates wetland hydrologic conditions
(seasonal soil saturation and inundation). Speciﬁc soil types vary and
include Typic Glossaqualfs with no O horizon, Histic Humaquepts with
a 30 cm deep O horizon, and Terric Haplosaprists with a 60 cm deep O
horizon and no B horizon (Soil Survey Staﬀ, 2014). However, collected
soil samples in our study sites did not signiﬁcantly diﬀer in overall soil
chemistries (total carbon and nitrogen) or bulk densities (Table S1).
Forest structure and composition in black ash stands in the region
are characterized by black ash canopy dominance (75–100%) co-occurring with American elm (Ulmus americana), balsam ﬁr (Abies balsamea), basswood (Tilia Americana), red maple (Acer rubrum), yellow
birch (Betula alleghaniensis), quaking aspen (Populus tremuloides), or
white cedar (Thuja occidentalis). Stands are typically strongly unevenaged and largely inﬂuenced by gap-scale disturbance processes with
canopy tree ages ranging from 130 to 232 years (Looney et al., 2016).
Fig. 1. a) Conceptual model of feedbacks driving ecohydrology of black ash wetlands. Energy from solar radiation
and wind (potential evapotranspiration, PET) is ﬁltered
through a cascading vegetation structure to drive evapotranspiration (ET) under the combined inﬂuence of vegetation and water availability. ET limits water availability
through depletion and controls seasonal water table patterns, which in turn determine vegetation species composition and structure. Photos b-d are from treatment plots in
August 2015 that are in similar in environmental conditions
(e.g., climate, soils, and elevation) but diﬀer in vegetation
structure and its inﬂuence on energy partitioning: b) example of black ash wetland with energy ﬁltered by the canopy strata; c) example of girdled black ash wetland to simulate EAB mortality with less energy ﬁltered by the
canopy strata; d) example of clearcut black ash wetland with
increased growth of marsh vegetation due to large reduction
in energy ﬁltered from the canopy strata.
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Fig. 2. Experimental design of EAB study in Chippewa National Forest. Blocks 1–6 are shown. Line types surrounding experimental plots designate blocks. White
lines are contour lines and dark blue lines are intermittent streams. Wells are located in the center of each plot, with two co-located rain gages in blocks 1 and 3
control plots. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

(Lindgren, 1996).

In our study sites, basal areas prior to treatment (see below) ranged
from 23.0 to 39.2 m2 ha−1, and densities ranged from 563 to 917 stems
ha−1.
Mean annual precipitation at the study area is 70 cm, 60% of which
is via rainfall. Mean growing season (May–September) temperature is
14.3 °C, and annual potential ET (PET) is 60–65 cm (Sebestyen et al.,
2011). Hydrologic monitoring and water geochemistry investigations
indicate that black ash wetlands are mostly disconnected from the regional groundwater system (via the shallow conﬁning layer), and are
largely precipitation driven with snowmelt in the spring and periodic
inputs via rainfall throughout the growing season (Slesak et al., 2014).
The regional conﬁned groundwater system ranges in depth from 1.5 to
17 m, with a general horizontal ﬂow direction south towards Lake
Winnibigoshish; vertical groundwater ﬂow in the study area is minimal

2.2. Experimental design
We established a large-scale, manipulative study using a randomized complete block design with six blocks, each with four 1.6 ha
circular treatment plots that were similar in elevation and soils (Fig. 2).
Blocks were delineated based on three criteria: 1) plot proximity, 2)
general assessments of pretreatment hydrologic regime (e.g., wet vs.
relatively drier), and 3) native plant communities. Four treatments
were applied within each block, providing 6 replications of each
treatment: 1) control, 2) girdling of all black ash trees down to 10 cm
diameter at 1.3 m height (“girdle”), 3) group selection harvest (20% of
stand in 0.04 ha gaps; “group selection”), and 4) clear cut harvest
438
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(complete removal of all trees; “clearcut”). The girdling treatment mimicked EAB induced mortality, including progressive ash mortality
over several years and retention of standing dead trees on site. The two
forest harvesting treatments represented possible management strategies to modify stand composition and facilitate natural regeneration or
planting of alternative tree species to maintain forest ecosystem functioning following EAB infestation. All treatments were applied in winter
of 2011–2012 during frozen ground conditions, and trees in girdle
treatments were re-girdled in the winter of 2012–2013 to ensure 100%
mortality. Drawknives were used for manual application of the girdle
treatments, and cut-to-length mechanized harvest systems were used
for the clearcut and group selection treatments. Previous research
documented shifts from woody to herbaceous species after girdle and
clearcut treatments were implemented (Looney et al., 2016, Looney
et al., 2017, Fig. 1c and d). Clearcut treatments became dominated by
Canada reedgrass (Calamagrostis canadensis), whereas girdle treatments
promoted growth of rhizomatous ferns (Matteuccia struthiopteris) and
sedges (Carex radiata).

would be 0.5) and subtracted pre-treatment intercepts. To account for
possible piecewise behavior in post-treatment normalized relationships
(e.g., slope shifts at speciﬁc thresholds), we used the segmented package
in R (Muggeo, 2003; 2008) to test the null hypothesis of a constant
linear predictor. Where this null hypothesis was rejected (p < 0.05),
we conducted breakpoint analysis to estimate the ﬁt for a model constrained to two slopes. Our model did not specify breakpoint values a
priori, but instead optimized each breakpoint location by iteratively
ﬁtting standard iteratively-reweighted least squares models. For each
normalized post-treatment relationship, we extracted relationship
parameters (y-intercept, x-axis breakpoint, and slopes), pooled by
treatment (via parameter means across replicates), and tested for signiﬁcant diﬀerences both across treatments and compared to pretreatment predictions (null hypothesis: slope = 1, intercept = 0, and no
breakpoint).
Normalized post-treatment relationships revealed eﬀects of manipulative treatments in several ways. Deviations from pretreatment predictions (i.e., 1:1 relationship) indicated increased or decreased posttreatment water tables and under what conditions (e.g., shallow versus
deep water tables). A normalized post-treatment slope less than unity
indicated a reduced water table drawdown rate relative to pre-treatment predictions, whereas a slope greater than unity indicated a more
rapid drawdown rate. The presence of breakpoint indicated a shift in
drawdown rates at speciﬁc water table conditions. A normalized posttreatment intercept greater than zero indicated higher post-treatment
maximum water tables relative to pre-treatment predictions, and the
opposite for an intercept less than zero. As such, annual normalized
relationships allowed assessment of both treatment eﬀects and degree
of hydrologic recovery over time.

2.3. Data collection
Over a six-year period (2011–2016), we monitored water table levels throughout the snow-free season (typically May through October)
in all experimental plots using groundwater monitoring wells. Wells
were constructed of 5-cm diameter, screened PVC pipe and located in
the approximate center of each plot to a depth of 1.5 m or until a
conﬁning layer was reached. We measured water levels with high-resolution total pressure transducers (Levelogger Gold Model 3001,
Solinst Canada Ltd, Ontario, Canada; and HOBO U20L-04, Onset
Computer Corp., Bourne, MA) at 15-min intervals, and corrected for
atmospheric pressure with a barometric pressure logger (Barologger,
Solinst Canada Ltd, Ontario, Canada). We also recorded rainfall with
four HOBO tipping-bucket rain gauges (model RG3-M, Onset Computer
Corp., Bourne, MA) located on-site, and obtained local potential evapotranspiration (PET) values and total annual precipitation values (i.e.,
including snowfall) from the nearby RAWS Cutfoot station (http://
www.raws.dri.edu/cgi-bin/rawMAIN.pl?sdMCUT). To assess eﬀects of
diﬀerences in canopy on energy budgets, air temperature was measured
using Thermochron iButtons (model Ds1921G-F5, Maxim Integrated,
San Jose CA) at 0.5 m height from 2013 to 2016 in controls, girdle, and
clearcut treatments.

2.4.2. Evapotranspiration rates
We calculated daily ET using a modiﬁed White method (1932) ﬁrst
described by Loheide et al. (2005) and used recently by Watras et al.
(2017). The method is applied for non-rain days and assumes ET is
negligible at night, allowing daily ET to be estimated from 24-hr change
in water table and variable net groundwater inﬂow:

ET = Sy × [r − S ]

(1)

where: ET = daily evapotranspiration [L] Sy = speciﬁc yield as a
function of water table [−] r = net groundwater inﬂow as a function of
detrended water table [L] S = 24-hr change in storage (change in daily
water table) [L].
We estimated variable groundwater inﬂow (r) as a function of detrended water table data following methods described in Loheide et al.
(2005). We used a three-day sliding window to detrend the water table
data because our data did not have one consistent trend over a season
due to punctuated rain events and variable drawdown rates over the
season. Eq. (1) also requires speciﬁc yield (Sy) values, deﬁned as the
depth of water released or gained from storage per unit change in water
Table Sy varies with both below- (Duke, 1972) and above-ground water
levels (McLaughlin and Cohen, 2014), requiring constructed relationships between Sy and water table levels. Similar to Watras et al. (2017)
and following methods described in McLaughlin and Cohen (2014), we
empirically estimated Sy values as ratios of rain (corrected for interception) to induced water table rise across diﬀerent precipitation events
(and water table levels) to construct Sy relationships for each plot.
Across plots, our water table-dependent Sy functions followed an exponential curve from water tables levels at approximately −10 cm
(10 cm below ground surface) to 5 cm above ground surface. Generally,
below −10 cm, Sy was approximately constant at 0.05, and above 5 cm,
Sy was approximately constant at 0.8.
We calculated daily ET for every day without rainfall at each of our
plots. We conducted quality control by removing data with poor signalto-noise ratios in diurnal water table variation (typically due to recent
rainfall) that limited ET estimation. To evaluate diﬀerences in ET
among treatments, we diﬀerenced daily ET in manipulative treatments

2.4. Data analysis
We used collected data to quantify and compare pre- and posttreatment water table regimes and ET rates (also derived from water
table data) across treatment groups. We ﬁrst passed water table data
through a digital, second-order Butterworth low-pass ﬁlter to improve
the signal-to-noise ratio. For each well, we also removed all days when
water tables were below sensor depth. We conducted all data processing and subsequent analyses using R (R Core Team, 2016).
2.4.1. Water table regimes
To assess treatment-induced water table changes, we employed a
paired-plot approach (sensu Pothier et al., 2003). Within each block, we
calculated annual pretreatment (2011) and post-treatment
(2012–2016) relationships between control water tables and water tables for each manipulative treatment (i.e., girdle, group, and clearcut)
using simple linear regressions of average daily water tables. We then
normalized all annual post-treatment relationships relative to pretreatment relationships to account for pretreatment diﬀerences among
blocks. Doing so allowed treatments to be pooled across replicates (i.e.,
across blocks) and for a more general interpretation of treatment eﬀect
(vis-à-vis 1:1 pretreatment relationships). To do so, we divided posttreatment slopes by pretreatment slopes (e.g., if the pre-treatment slope
was 1.2 and the post-treatment slope was 0.6, then the normalized slope
439
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(girdle, group, and clearcut) with daily control ET within each block
(ETtreatment,i –ETcontrol,i), but only on days where both the treatment plot
and the control plot within a block had ET estimates. Then we averaged
daily diﬀerences by treatment (across blocks) and month for each year
of the study. We also conducted unequal variances t-tests for each
month to test the null hypothesis that controls versus manipulative
treatments had equal mean monthly ET rates. Overall, we used 14,354
days for the ET analysis, 8016 of which were days when we could
compare control ET to treatment ET within a block.
To test our conceptual model, we employed a linear mixed-eﬀects
model to predict daily ET averaged by month using our hypothesized
ET drivers as predictors (Fig. 1a): 1) monthly average of daily PET for
climatic demand; 2) average monthly water table position for water
availability, 3) treatment for diﬀerences in both vegetation transpiration (e.g., via diﬀerences in water use eﬃciency and rooting depth) and
structure (shading and canopy turbulence); and 4) vegetation phenology (i.e., leaf oﬀ or leaf on, assuming a leaf on period of June 1 to
September 30). We used the control plots as our reference group. We
also considered the interaction of average monthly water table position
with treatment to account for the expected treatment diﬀerences in
water table-dependent ET response. In addition to focusing on speciﬁc
drivers, this combination of variables provided the lowest Bayesian
Information Criterion scores and the highest likelihood scores relative
to both simpler and more complex alternative models (e.g., no phenology term, multiple interaction terms, and no interaction terms). We
modeled treatments nested within blocks as a random eﬀect. We also
used an autoregressive (AR1) correlation matrix structure to account
for the high degree of autocorrelation among consecutive months; we
conﬁrmed this to be a reasonable correlation structure based on improvement of the autocovariance plot after implementation. We also
found improvement in residual behavior, and note that residuals were
normally distributed about zero. Finally, to allow for model estimate
comparison between the two quantitative variables (PET and average
monthly water table), we also considered a model where PET and
average monthly water table were centered and scaled to the same
range.

Table 1
Mean ( ± standard error) evapotranspiration and rainfall across control plots
for study period (2011–2016).
Month

Average Daily
Evapotranspiration (cm)

Average Monthly
Evapotranspiration (cm)

Average Monthly
Rainfall (cm)

5
6
7
8
9
10
11
Total

0.21 ± 0.0056
0.31 ± 0.0078
0.42 ± 0.021
0.36 ± 0.041
0.17 ± 0.0053
0.12 ± 0.0053
0.040 ± 0.0043
–

6.4 ± 0.17
9.2 ± 0.23
13 ± 0.63
11 ± 1.2
5.0 ± 0.19
3.6 ± 0.16
1.2 ± 0.13
49

7.9 ± 0.37
11 ± 1.3
7.5 ± 1.3
5.2 ± 0.18
5.9 ± 2.0
2.7 ± 1.4
0.21 ± 0.15
40

treatments. There was little interannual variation among control
treatment ET rates, with much greater variation in the timing and
amount of total rainfall across years (Table 1); monthly rainfall and
control ET were not correlated (p = 0.33) across years. Overall annual
precipitation (obtained from the RAWS Cutfoot site) was greatest in
2016 (90.7 cm) and least in 2013 (59.2 cm). Rainfall was most frequent
in 2013, 2014 and 2016, which experienced an average 0.4 events
day−1, but 2016 had the largest events, with average event size 40%
greater than other years. Despite this wide interannual variability in
precipitation inputs, we observed coherent eﬀects of manipulative
treatments on both water table regimes and ET rates.

3.1. Treatment eﬀects on water table regimes
Across all plots, pre-treatment relationships between control and
manipulative treatment daily water tables were highly linear, had
slopes near 1 (slope = 1.1 ± 0.6), and exhibited small variation about
the best ﬁt lines (R2 = 0.87 ± 0.16), indicating a high degree of similarity in hydrologic behavior among plots within blocks (e.g., 2011
in Fig. 4a). Plots exhibited common water table drawdown behavior
across blocks and years with generally high early season water tables
followed by drawdown leading to deeper late season water tables
(Fig. 4a, colors), corresponding with general trends shown in time
series (Fig. 3). Following treatment, there were signiﬁcant diﬀerences
between mean (across blocks) normalized post-treatment relationships
and pre-treatment relationships (i.e., deviation from the 1:1 line) for
both clearcut and girdle treatments, with water tables being consistently higher in these treatments relative to predicted values (Fig. 4a
and b). Deviation in girdle treatments was more evident following regirdling in 2013, suggesting limited mortality in the ﬁrst year. When
water tables were deepest for control plots (ca. −100 cm), clearcut and
girdle treatment water tables were up to 50 cm higher on average than
predicted (some replicates deviated by as much as 80 cm), but diﬀerences were markedly less at shallower water tables (Fig. 4a and b).
Clearcut and girdle treatments exhibited similar initial response to
disturbance (compare clearcut in 2012 and girdle in 2013), but girdle
treatments maintained shallower relative water tables and lower
drawdown rates than clearcut treatments throughout the ﬁve-year
study period (e.g., in 2014 when clearcut normalized slopes were not
signiﬁcantly diﬀerent than unity; Fig. 4b). Group treatments exhibited
no signiﬁcant departures from pre-treatment relationships in any year
of the study period.
We observed ubiquitous piecewise post-treatment behavior across
all blocks in both clearcut and girdle treatments (Fig. 4b). In nearly all
years, both clearcut and girdle treatments exhibited a mean normalized
slope greater than unity above a mean breakpoint consistently centered
on the ground surface (shaded region in Fig. 4b). Below the breakpoint,
however, normalized slopes were consistently less than unity. We also
observed similarity between clearcut and girdle treatments in the relative location of departure from control water tables; the greatest
diﬀerences between these treatments and controls were found below

3. Results
There were common hydrologic patterns across all treatments, best
described as early season inundation followed by consistent summer
drawdown with occasional punctuated rainfall events raising water
tables (Fig. 3). We also observed consistent diel signals in water table
data (Fig. 3 inset) indicative of ET signals and their variability across

Fig. 3. Example of water table patterns for each of the treatments (Block 1,
2013), with inset of diurnal patterns. Dashed line denotes ground surface.
440
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Fig. 4. a) Example water table comparison in
block 1 between girdle and control in pretreatment year (2011) and post-treatment year
(2014; inset). Points are colored by the date they
were recorded. Note diﬀerence between nearidentical 1:1 behavior in pre-treatment year
(2011) compared to breakpoint behavior in
post-treatment year (2014). b) Average water
table response across 6 blocks. Black 1:1 line
represents rescaled 2011 pre-treatment relationship. Asterisks represent slopes signiﬁcantly diﬀerent from the 1:1 line (*,
p < 0.05; **, p < 0.01). Slopes above breakpoints were often signiﬁcantly greater than 1
within sites, but not when averaged among sites.
Breakpoints predominately occurred at ground
surface in the control (shading). Clearcut treatments appear to have a slightly faster recovery
to pre-disturbance hydrology on average than
girdle treatments, but both treatments maintain
elevated water tables even after 5 years. The
greatest diﬀerences in water table are observed
below the grey line at 30 cm below ground
surface. Group treatments do not signiﬁcantly
deviate from pre-treatment behavior.

−30 cm (dashed line in Fig. 4b).
When comparing normalized slopes below breakpoints among manipulative treatments, we found that girdle treatment slopes were signiﬁcantly less than group treatment slopes for all years (p < 0.05), and
were signiﬁcantly less than clearcut normalized slopes in 2014
(p = 0.04). Clearcut normalized slopes were signiﬁcantly less than
group treatments for 2012, 2013, and 2015 (p < 0.05). We did not
ﬁnd any signiﬁcant diﬀerences among treatments for normalized intercepts in any year.

consistently and often signiﬁcantly (p < 0.05) less than control ET for
post-treatment years. Average daily ET diﬀerences were greatest in
June and July, with diﬀerences becoming less pronounced throughout
the rest of the growing season. Frequently observed growing season
diﬀerences on the order of −0.05 to −0.1 cm d−1 amount to approximately 25% reductions in ET relative to control values (cf. column
2 in Table 1).
The trend of lower post-treatment ET in girdle and clearcut treatments relative to controls was often reversed in the dormant season,
when black ash trees have no leaves. This dormant season increase in
relative ET was most evident in 2013 and 2014, but also is present to a
lesser extent in other post-treatment years. We note, however, that
observations for fall dormant seasons are more limited due to low water
tables, when dry well conditions in control plots often precluded ET
comparison. Clearcut treatments typically exhibited the strongest adherence to this dormant season increase in ET relative to controls. These
increases in clearcut ET relative to controls were approximately
0.025 cm d−1, but could be as great as 0.1 cm d−1 (see 2013 in Fig. 5a).
Removing the large increases observed in 2013, these diﬀerences represent increases by approximately 10% in ET relative to controls (cf.
column 2 in Table 1).
Interannual diﬀerences in precipitation and associated water tables
partly explain interannual variability in post-treatment ET diﬀerences

3.2. Treatment eﬀects on evapotranspiration rates
Diﬀerences in post-treatment water table relationships were coincident with diﬀerences in post-treatment ET between controls and
clearcut and girdle treatments. We observed no signiﬁcant diﬀerences
in post-treatment ET for the group treatment, which aligns with water
table observations; as such, the following results focus on clearcut and
girdle treatments. In the pretreatment year (2011), there were generally
no signiﬁcant diﬀerences (i.e., standard error bars cross zero) in
monthly averages of daily ET among treatments, but clear diﬀerences
emerged for post-treatment years (2012–2016) for both girdle and
clearcut treatments (Fig. 5a). During the growing season for black ash
(shaded area in Fig. 5a), ET for clearcut and girdle treatments was
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Fig. 5. a) Sum of mean daily diﬀerences by
month between controls and manipulative
treatments, averaged across blocks. Bars are
standard errors. Asterisks indicate signiﬁcant
diﬀerences (p < 0.05) for monthly average ET
rates between controls and girdle and clearcut
treatments. Pre-treatment year (2011) generally
shows no signiﬁcant diﬀerences among treatments. For post-treatment years (2012–2016),
ET in controls is much greater than treatments
during mid-summer, but these diﬀerences are
muted or even reversed in late spring and late
fall, especially for clearcuts. Shading indicates
leaf on season. b) Average monthly water tables
for block 1 (a representative block). Monthly
values are missing when water tables were
below recording depth. When water tables are
similar among control and treatments, diﬀerences in daily ET are smallest. Note that not all
blocks had water tables below recording depth
during fall dormant season months.

diﬀerences in dormant season is less clear in part from limited observations. However, examining 2013 suggests that the greatest dormant-season ET increases occur during periods with higher dormant
season water tables in girdle and clearcut treatments relative to controls. Greater growing season ET-induced water table decline in control
plots led to large dormant season water table diﬀerences among treatments, subsequently magnifying diﬀerences in dormant season water
availability and thus ET. Compare this to 2016, when water tables remained high and were similar among treatments throughout the whole
season yielding similar water availabilities; this year had the smallest
overall diﬀerences in ET among treatments.
Considering relative ET diﬀerences in both growing and dormant
seasons, average cumulative diﬀerences for all post-treatment years
were −0.16 cm yr−1 (−1.2 cm yr−1 without 2013) for clearcut and
−5.1 cm yr−1 for girdle. These amount to overall reductions in posttreatment ET of 0.3% (2.4% without 2013) for clearcuts and 10% for
girdle relative to controls. These numbers align with observed end-ofseason diﬀerences in water tables after considering Sy and uncertainties
involving unmeasured interception losses, adding conﬁdence to the
approach. That is, mean annual ET diﬀerences for clearcut (−1.2 cm)
and girdle (−5.1 cm) yield expected mean diﬀerences in predicted and
post-treatment water tables (24 cm and 102 cm, respectively).
Our linear mixed-eﬀect model indicates signiﬁcant eﬀects of most
candidate predictor variables (Table 2). The signs of the ﬁxed eﬀect
parameter estimates align with expectations, lending credence to the

Table 2
Summary of linear mixed-eﬀects model.
Parameter

Estimate

SE

Df

t-value

p-value

Intercept

0.178
(0.234)
0.273
(0.0133)
0.0433
−0.0256
−0.0271
0.0231
0.000435
(0.0134)
0.000695
(0.0259)
0.000448
(0.0155)
0.000144
(0.00396)

0.0183
(0.0127)
0.0557
(0.00272)
0.00505
0.0162
0.0162
0.0173
0.000139
(0.00427)
0.000275
(0.00786)
0.000239
(0.00702)
0.000240
(0.00685)

702
702

9.8
(18.4)
4.9

< 0.0001
(< 0.0001)
< 0.0001

702
14
14
14
702

8.6
−1.6
−1.7
1.3
3.1

< 0.0001
0.137
0.116
0.205
0.0018

702

3.3

0.0010

702

2.2

0.0273

702

0.58

0.564

Average daily PET
(cm)
Leaf oﬀ/on
Clearcut
Girdle
Group
Control x WT
Clearcut x WT
Girdle x WT
Group x WT

Values in parentheses refer to scaled and centered predictor variables. Note:
Control group is reference group.

between controls and girdle and clearcut treatments (Fig. 5b). The
highest growing season monthly ET diﬀerences tended to occur during
dry conditions with deep average water tables across all treatments
(2012–2013 vs. 2016; Fig. 5a and b). The eﬀect of water table on
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slower (Fig. 4b). Despite variable vegetation structure and composition
between clearcut and girdle treatments (Looney et al., 2017), both
treatments also exhibited similar breakpoint locations centered on
ground surface and similar piecewise structure, suggesting common
above- and below-ground hydrologic response to black ash mortality.
Moreover, both clearcut and girdle treatments exhibited similar departures from pretreatment relationships (i.e., departures for both
treatments begin around ∼ -30 cm, Fig. 4b), highlighting the likely effect of black ash loss and its unique water uptake strategy (e.g., via
relatively deeper roots) compared to herbaceous replacement vegetation (Looney et al., 2017). In combination, this interannual persistence
of altered drawdown patterns (i.e., with a consistent break-point
structure and 30 cm water table departure) indicates that black ash
uniquely inﬂuences water table position, and imposes a hydrologic
regime not observed under other vegetative conﬁgurations, underscoring its role as a foundation species in these ecosystems (Youngquist
et al., 2017).
H2: Our time series links observed hydrologic response (water table
regimes) to the associated ET driver that varies with vegetation structure, and support our prediction (H2) that black ash communities imprint a unique ET signal relative to post-disturbance vegetation communities. Speciﬁcally, controls exhibited up to 30% greater ET during
the growing season but up to 50% less ET during the dormant season
than clearcut and girdle treatments (Fig. 5a). The presence of black ash
clearly imparts diﬀerent seasonal ET patterns and resulting water table
patterns relative to herbaceous replacement vegetation, likely attributable to diﬀerences among phenology, ﬁltering of PET, and rooting
depth strategies. Despite these seasonal variations, controls maintained
higher cumulative ET relative to treatments even after 5 years. These
results support an analogous sap-ﬂux study conducted in harvested
black ash systems in Michigan, where ﬁndings suggested reductions in
stand level transpiration in clearcut and girdle treatments during the
growing season (van Grinsven et al., 2017). However, we note here that
in addition to evaluating transpirative loss from black ash mortality,
our study considers changes to ecosystem-scale ET that depend on increased understory contribution with decreasing canopy leaf area
(Phillips and Oren, 2001). Black ash trees clearly have a signiﬁcant
inﬂuence on the magnitude and temporal structure of evapotranspirative ﬂuxes.

structure of the model. PET and water table height exhibited positive
inﬂuence on ET, and when rescaled in the model, it became clear that
they had a similar magnitude of eﬀect on ET (0.0133 versus 0.0134,
Table 2). Comporting with ET observations, girdle and clearcut treatments (but not group) had negative inﬂuences on ET, although not
signiﬁcantly. However, treatment interaction with water table was
positive for all treatments and was signiﬁcant except for the group selection treatment. This implies that water table eﬀects on ET diﬀer from
controls for clearcut and girdle, but not for group selection. Conditional
(full model) and marginal (ﬁxed eﬀects only) coeﬃcients of determination for the model were 0.32 and 0.23, respectively.
4. Discussion
In this work, we studied the ecohydrologic response of black ash
wetlands to three alternative management strategies. Our work is motivated by concern over the impending EAB infestation in North
American black ash wetlands, where evidence suggests potential for
catastrophic shifts to wetter, non-forested wetland states. Our ﬁndings
support this general prediction, provide insights into the ecohydrologic
feedbacks of these systems, and highlight important diﬀerences among
possible management strategies for mitigating consequences of EAB
infestation.
4.1. Shifts in hydrologic regime
H1: Our results support our hypothesis (H1) that hydrologic regimes
and their recovery vary depending on management strategy and its
inﬂuence on vegetation structure. Group-selection treatment (20%
harvest) exhibited no hydrologic response to treatment, aligning with
expectations from upland systems where harvests of less than 20%
produce no observable water yield eﬀects (Bosch and Hewlett, 1982).
However, the clear and persistent “wetting up” behavior following
clearcut and girdle treatments adds black ash wetlands to the numerous
systems that exhibit this behavior with similar levels of disturbance,
both in uplands (Bosch and Hewlett, 1982; Arthur et al., 1998; Bearup
et al., 2014) and wetlands (Dubé et al., 1995; Sun et al., 2001; Bliss and
Comerford, 2002; Pothier et al., 2003). Similar post-clearcut water
table rises observed in Michigan black ash wetland depressions (van
Grinsven et al., 2017) imply that this response to disturbance is not
unique to our study area, and may be common across any landscape or
geomorphic position that is dominated by black ash.
Although immediate responses to disturbance may be expected,
there is considerable variability among ecosystem hydrologic recovery
times in the literature (Brown et al., 2005; Bosch and Hewlett, 1982;
Troendle and King, 1985; Jones and Post, 2004; Moore and Wondzell,
2005; Aust et al., 1997; Bliss and Comerford, 2002; Sun et al., 2000).
Importantly, we did not observe strong hydrologic recovery in our
clearcut and girdled plots, even ﬁve years after treatment, although
results suggest a more rapid recovery trajectory for clearcut relative to
girdle treatments (Fig. 4). Such sustained water table rise has both local
(i.e., controls on vegetation composition and growth) and landscapescale consequences. For example, we estimate that end of growing
season diﬀerences in water table (up to 50 cm in girdle treatments) due
to black ash loss may increase annual water availability by up to 1 cm
per hectare of loss. In Minnesota alone, which contains over 400,000 ha
of black ash forest (MN DNR, 2003), this increase in water yield has the
potential to substantially alter downstream hydrology by increasing
headwater ﬂows to the Mississippi River.
Post-disturbance shifts in hydrologic regime highlight unique black
ash imprints on local ecohydrologic interactions. Hydrologic regime
shifts were particularly evident from the coherent breakpoint patterning in annual post-treatment water table relationships. For both
clearcut and girdle treatments, the consistent breakpoint patterning
distinguishes early season, above-ground water levels that decline
faster than pre-treatment from belowground water levels that decline

4.2. Ecohydrologic controls
Diﬀerences in ET and thus water table regimes among plots clearly
reveal the importance of vegetation-speciﬁc ecohydrologic interactions
that inﬂuence water availability (e.g., rooting depth) and energy partitioning (via canopy leaf area) (Fig. 1a). Surprisingly, water-limitation
due to shallow rooting may be an important control on ET in these
wetland systems; our statistical model indicates that water table is
equally as important as PET in predicting ET of black ash wetlands
(controls) and possibly twice as important in clearcut treatments
(Table 2, compare scaled and centered estimates). These results align
with a black ash sap ﬂux study that found signiﬁcant soil moisture
control on black ash transpiration, where highest sap ﬂuxes occurred
under saturated conditions and much lower sap ﬂux when relative soil
water saturation was still as high as 60% (Telander et al., 2015). Vegetation structure can further inﬂuence ET through eﬀects to energy
partitioning. For instance, canopy structure ﬁlters energy inputs for
understory transpiration and direct evaporation of standing and/or soil
water (Allen et al., 2017). Additionally, canopy structure likely inﬂuences snowfall interception and sublimation and wind redistribution
that can result in less snow pack under ash relative to clearcut treatments (Molotch et al., 2007; LaMalfa and Ryle, 2008; Veatch et al.,
2009). Changes in both rooting depths and canopy cover following
disturbance likely play a large role in observed treatment eﬀects.
Together, vegetation diﬀerences in both water access and energy
partitioning help explain ET and water table diﬀerences among plots
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to disturbed (wetter) hydrologic regime may be a common feature of
forested wetlands, where replacement marsh communities are sustained until speciﬁc conditions (e.g., drought) support tree seedling
regeneration (Aust et al., 1997; Casey and Ewel, 2006). Further, even if
EAB-infested black ash wetlands experience ideal recovery conditions
for ash seedling regeneration, it is uncertain whether new seedlings will
survive due to perpetual mortality from EAB. These negative feedbacks
suggest an alternative wetter, and more herbaceous stable state, where
return to forested conditions will require intensive management (i.e.,
planting of replacement tree species that can tolerate the hydrologic
conditions, Looney et al., 2015). However, our study was limited to 5
years, and we cannot discount the plausibility of longer-term community succession and regrowth eﬀects (particularly hardwood sprouting)
to increase ET and result in more suitable hydrology for forests.

and over time. Clearcut treatments (and to a lesser extent, girdle
treatments) commonly exhibited higher spring dormant season water
tables than predicted pre-treatment relationships (Fig. 4), possibly as a
result of greater snowpack. However, clearcuts also often exhibited
greater spring dormant season ET than controls and subsequently more
rapid spring dormant season drawdown (Fig. 4b) likely due to more
open water evaporation from a combination of reduced shading and
greater boundary turbulence. We found clear support for the former
control on ET, where clearcut (and to a lesser extent girdle) treatments
experienced greater daily maximum temperatures compared to control
treatments by up to 5 °C (Fig. S1). However, even though clearcut and
girdle treatments received greater sub-canopy energy inputs throughout
both dormant and growing seasons, they evapotranspired less than
controls in the growing season and on an annual basis, likely due to
limited growing season water access via shallow rooting (Fig. 4b). The
greater reduction in growing season (and annual) ET and resulting
shallower water tables for girdle treatments compared to clearcuts may
be because girdle treatments experience the “worst of both worlds”.
That is, ash mortality results in both reduced overstory transpiration
but also maintained shade to limit herbaceous transpiration and open
water/soil evaporation (Slesak et al., 2014).

4.4. Management implications
Our work has direct implications for future management aimed at
mitigating EAB impacts. EAB infestation, in the absence of mitigation
strategies, is likely to result in large-scale loss of forested wetland area
and shifts to wetter regimes. The group-selection method applied with
small patches (ca. 0.05–0.1 ha covering 20% of stand area) maintained
pre-disturbance hydrologic regime and could be used to slowly transition black ash stands to communities with other facultative wetland
tree species. However, to be successful, this approach has to be implemented well before EAB infestation to allow for multiple harvests
(i.e., to reduce black ash extent) with time between each for development of replanted patches. The eﬀectiveness of this approach in operational settings is still unclear, but regional land management organizations are currently interested in utilizing these ﬁndings to address
the looming EAB threat.

4.3. Consequent shifts in ecosystem state
The observed persistent shifts in hydrologic regime coupled with
documented shifts in vegetation community from woody to herbaceous
(e.g., Looney et al., 2017) indicate a clear change in ecosystem state for
the highest levels of disturbance at these sites. Wetland plant communities can act as ecosystem engineers (sensu Jones et al., 1994) by
regulating water table dynamics (via controls on ET) and creating
conditions that enhance their own success (Ridolﬁ et al., 2006). However, the feedbacks that communities develop may be sensitive to
abrupt shifts in ecosystem conditions, at which point new positive
feedbacks arise, promoting an alternative stable state (Roy et al., 2000,
van de Koppel et al., 2004, Kéﬁ et al., 2016 and references therein).
Disturbances that alter vegetation dynamics can cascade to hydrologic
regime and, in turn, feedback to inﬂuence resultant vegetation composition (Fig. 1a). In wetlands, where water table depth is a dominant
control on oxygen and nutrient availability, even moderate rises in the
water table following vegetation mortality (e.g., Dubé et al., 1995;
Pothier et al., 2003) can alter recruiting vegetation communities
(Rodríguez-Iturbe et al., 2007). As such, alternative stable states may be
possible where less water tolerant species thrive on deep (er) water
tables versus more water tolerant species thriving on shallow (er) water
tables (Chambers and Linnerooth, 2001; Ridolﬁ et al., 2007). We suggest that we have observed such a change in feedbacks in this experiment where complete loss of black ash induced shifts in vegetation
communities and their inﬂuence on hydrologic regimes, which will in
turn likely continue to inﬂuence replacement vegetation composition
and growth.
Whether this more herbaceous and wetter system will maintain itself through new feedbacks (i.e., become a new stable ecosystem conﬁguration) or whether it will shift back to a forested wetland is uncertain. The stability of the post-disturbance system depends on the
strength of the feedbacks that develop between replacement vegetation
and hydrology. Explosive herbaceous layer growth following treatment
application (Looney et al., 2017) in both the clearcut and girdle treatments may impose a negative feedback (via shade and competition) on
establishment of tree seedlings (Terwilliger and Ewel, 1986). However,
we submit an additional negative feedback loop on black ash regeneration, where wetter conditions driven by reduced ET from replacement vegetation no longer favors forest plant communities. Evidence for this negative feedback is found throughout Minnesota, where
increased wetness in black ash wetlands due to ponding and impoundment from roads correlates strongly with black ash crown dieback (Palik et al. 2011, 2012). Such overstory and seedling sensitivity

5. Conclusions
Our ﬁndings demonstrate clear inﬂuence of vegetation structure on
ET and associated water table dynamics, highlighting potential consequences of EAB infestation and diﬀerent management options. With a
do-nothing approach, represented by our girdling treatment, EAB-induced tree mortality will likely generate the greatest hydrologic impact
due to both reduced canopy transpiration and maintained shading by
dead tree boles that limits subcanopy ET compensation. In this situation, elevated water tables and a herbaceous community may take over
and persist for many years. The preemptive clearcut option will also
likely result in a shift to wetter conditions, but water tables may recover
faster than the do-nothing option. The least hydrologically impactful
option that we studied was the group selection option (20% removal of
black ash overstory), highlighting a potential mitigation strategy.
Although the scale of potential disturbance is daunting, our ﬁndings
and other related work are helping to inform such pre-emptive management actions to reduce EAB impacts on black ash wetlands.
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