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1 | INTRODUCTION

Invasive insect pests are increasingly common throughout North
America, causing widespread alterations to forest ecosystems (Kenis

et al., 2009). One invasive beetle in particular, the emerald ash borer

Jacob S. Diamond?? |
| Anthony W. D'Amato® |

Daniel L. McLaughlin*
Brian J. Palik’

Abstract

Black ash (Fraxinus nigra) wetlands are widespread, forested landscape features in the
western Great Lakes region. However, the future of these ecosystems is threatened
due to impending spread of the invasive emerald ash borer (EAB), which results in
tree mortality, decreased transpiration, and potential shifts to wetter, non-forested
conditions. The vulnerability to such ecohydrologic shifts likely varies according to
local hydrologic regimes controlled by landscape settings, but this site-dependent
vulnerability and our ability to predict it is unknown. Here, we assessed vulnerability
potential as a function of site hydrology in 15 undisturbed black ash wetlands from
their three most common hydrogeomorphic settings in northern Minnesota: lowland,
depression, and transition. Further, we used high-resolution (1-cm) surface elevation
models to assess spatial variability of water levels at a subset of 10 sites. Although
we observed similar ET and groundwater exchange rates among settings, lowland
sites were generally drier because of elevated landscape position and greater water
level drawdowns (via lower specific yield). We predict that such drier sites will exhibit
greater water level increases following EAB-induced ash mortality, compared to wet-
ter sites where open water evaporation and shallow-rooted understory transpiration
will offset losses in tree transpiration. Moreover, compared to wetter sites, drier sites
exhibited minimal microtopographic variation, limiting the number of elevated micro-
sites for tree establishment and eventual canopy recovery after ash loss. These
results suggest that site wetness is a simple and effective predictor of black ash wet-
land vulnerability to hydrologic regime change. To that end, we assessed the ability
of common terrain metrics to predict site wetness, providing a potential tool to target

vulnerable areas for active management efforts.

KEYWORDS
evapotranspiration, groundwater exchange, invasive pest, microtopography, specific yield,
terrain analysis

(EAB, Agrilus planipennis), has killed tens of millions of ash (Fraxinus
sp.) trees in the U.S. (USDA, 2019). Of pressing concern is the
impending spread of EAB into the western Great Lakes region, where
black ash (Fraxinus nigra)-dominated wetlands cover over 400,000 ha
(MN DNR, 2003). These forested wetlands are often monospecific
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stands, with black ash contributing 70-100% of the canopy cover
(D'Amato et al., 2018; Palik, Ostry, Venette, & Abdela, 2011). Black
ash is considered a foundational species (sensu Ellison et al., 2005) for
its role in modulating the structure and function of these ecosystems
through influences on hydrology, carbon cycling, and resource avail-
ability (Youngquist, Eggert, D'Amato, Palik, & Slesak, 2017).

One of the primary concerns for EAB-induced black ash mortality
is a reduction of evapotranspiration (ET), leading to increased water
levels during the growing season (Diamond, MclLaughlin, Slesak,
D'Amato, & Palik, 2018; Slesak, Lenhart, Brooks, D'Amato, &
Palik, 2014; Van Grinsven et al., 2017). These wetter conditions may
persist for years following tree mortality (Diamond et al., 2018),
resulting in an ecohydrologic regime shift to an open-canopy marsh
system with associated shifts in ecosystem functions (Kolka
et al, 2018; Youngquist et al., 2017). Yet, these observations are
largely based on one type of hydrogeomorphic setting and using
experimental simulation (via tree girdling) to assess potential impacts
of EAB, which has yet to infest black ash wetlands in the region. Vul-
nerability to hydrologic regime shifts in other hydrogeomorphic set-
tings is largely unknown (Kolka et al., 2018), but is needed to help
prioritize active management of black ash wetlands in the western
Great Lakes region (D'Amato et al., 2018). In this work, we take an
important step in filling this knowledge gap by assessing differences in
pre-EAB different  black ash
hydrogeomorphic settings with predictions on how such regimes may

hydrologic regimes among
influence vulnerability to EAB-induced mortality.

Hydrogeomorphic setting controls wetland hydrologic regimes
(i.e., water flows and levels) via connectivity to surface waters and
intersection with regional and local groundwater systems
(Carter, 1996; Winter, 1988; Winter, Harvey, Lehn Franke, &
Alley, 1998). Three common hydrogeomorphic settings for black ash
wetlands in the western Great Lakes region include extensive lowland
flats, small isolated depressions surrounded by uplands, and flat linear
transition features between uplands and peatlands (MN DNR, 2018).
These wetland types are thought to differ in wetness, where lowland
sites are generally drier with less inundation compared to depression
and transition sites (Diamond, McLaughlin, Slesak, & Stovall, 2019).
However, there has been limited quantitative comparisons among
hydrogeomorphic settings regarding hydrologic flows and resultant
water level regimes, which may lead to site differences in ET response
following tree mortality.

Water level (i.e., the elevation of water table relative to ground
surface) exerts a primary control on wetland ET rates and partitioning
(Rodriguez-Iturbe, D'Odorico, Laio, Ridolfi, & Tamea, 2007). For times
when water levels are belowground, water level position influences
ET dynamics via its control on water availability for soil evaporation
and transpiration (Cooper, Sanderson, Stannard, & Groeneveld, 2006).
Under inundated conditions (defined throughout as water level > 0),
open water evaporation can become an additional and dominant ET
component, often exceeding transpiration rates (Allen, Reba,
Edwards, & Keim, 2017). Our previous work in lowland flats suggests
that this water level control may determine the extent of ET reduction

following tree mortality. That past work simulated EAB-induced

mortality via tree girdling and found decreases in growing season ET
and water level rises up to 80 cm compared to controls (Diamond
et al,, 2018; Slesak et al.,, 2014). However, the largest water level
increases occurred during drier conditions (i.e., water levels < —30 cm)
because open water/soil water evaporation and shallow-rooted tran-
spiration could compensate for reduced overstory ET in wetter condi-
tions. These ET offsets during higher water levels inform our
conceptual model of EAB impacts, where we expect that wetter sites
will be less vulnerable to ET reductions and water level increases
(Figure 1).

Local bathymetry and surface elevation variation further modu-
late the spatiotemporal distribution of wetland water levels (Malhotra,
Roulet, Wilson, Giroux-Bougard, & Harris, 2016). For example, small
depressional wetlands are typically characterized by shallow to deep
inundation going from wetland edge to center, whereas larger lowland
flats have more spatially uniform water levels across broader areas.
Finer scale differences in elevation (i.e., microtopography) further
increase spatial variation in water levels, and often manifest as higher
(and drier) hummock and lower (wetter) hollow microsites
(Nungesser, 2003; Strack, Waddington, Rochefort, & Tuittila, 2006).
We therefore distinguish between two perspectives of wetland water
level regimes: (1) a temporal regime which is typically assessed by
measurement of water levels at a point in space (e.g., an observation
well), and (2) a spatial regime, which is the ensemble of point-scale
temporal regimes across a wetland.

Across many wetland systems, microtopographic relief covaries
with site wetness due to hydrologic controls on organic matter and
soil accumulation (Diamond et al., 2020 and references therein). Our
past work further demonstrates this in black ash wetlands: wetlands
with higher mean temporal water levels exhibit greater micro-
topographic variation compared to drier sites (Diamond et al., 2019).
Consequently, “wetter” sites may exhibit wider spatial ranges of water
levels, with associated controls on vegetation composition. Indeed, in
such wetter sites, black ash trees preferentially occupy hummock
locations (Diamond, McLaughlin, Slesak, & Stovall, 2020). These previ-
ous observations further inform our conceptual model, where we pre-
dict that wetter sites with more hummock features will enable
establishment of replacement tree species (D'Amato et al., 2018),
potentially mitigating impacts of black ash loss due to EAB (Figure 1).
As such, evaluations of hydrologic regime vulnerability to EAB-
induced ash mortality would benefit from water level measurements
collected over time and space.

Assessments of wetland water level regimes can be infeasible
across landscape scales using in-situ measurements, calling for alter-
native approaches such as terrain-based predictions. With the grow-
ing availability of high-spatial resolution elevation data, analysis of
wetland landscape position and terrain attributes is increasingly feasi-
ble. Numerous studies have used terrain metrics to successfully distin-
guish wetlands from uplands in many different landscape settings
(e.g., Bwangoy, Hansen, Roy, De Grandi, & Justice, 2010; Rampi,
Knight, & Pelletier, 2014; Wright & Gallant, 2007). However, terrain
metrics can also document wetland differences in bathymetry, relation

to surrounding landscapes (e.g., relative elevation and contributing
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FIGURE 1 Conceptual model of vulnerability to hydrologic
regime change from EAB-induced black ash (Fraxinus nigra) mortality
in black ash wetlands of the western Great Lakes region. Top panel:
Pre-infestation conditions in (a) wetter sites and (b) drier sites. Wetter
sites likely have greater microtopography and thus variation in point-
scale water level. Middle panel: Ecosystem states immediately post-
disturbance in (c) wetter sites and (d) drier sites. Ash mortality and
loss of overstory transpiration (T,) occurs in both sites, but we expect
that ET will remain similar in wet sites as open water evaporation

(E) and understory transpiration (T,) increase. In contrast, we predict
that water levels will increase in panel D because open water
evaporation and T, cannot offset the loss of T, under drier conditions
and less water availability. Bottom panel: Predicted recovery of black
ash wetlands post-disturbance in (e) wetter sites and (f) drier sites.
We expect that more microtopographic variation in wetter sites
(panel e) will help regeneration of replacement overstory species
(green outlined trees with question marks), such as swamp white oak
(Quercus bicolor) and balsam poplar (Populus balsamifera). In drier sites,
we predict a slow return to pre-disturbance ET driven by higher water
levels (i.e., more water availability) and herbaceous vegetation
establishment. Fallen ash trees in both system types may provide a
form of drier hummock feature where replacement overstory

can grow

area), and their integrated controls on water level regimes. Conse-
quently, terrain analysis could prove useful in predicting water level

regimes in black ash wetlands across different hydrogeomorphic

settings and thus may help managers assess vulnerability to hydro-
logic regime shifts and the need for active management.

Motivated by our conceptual model (Figure 1), the main goal of
our study was to quantify hydrogeomorphic controls on black ash
wetland hydrology as a first step in assessing potential site vulnerabil-
ity. We further sought to evaluate simple, easily accessible terrain
metrics as predictors of site water level regime and therefore as
potential tools to identify vulnerable areas at regional scales. To do so,
we integrated water level and elevation data from 15 undisturbed
black ash wetlands in three different hydrogeomorphic settings of
northern Minnesota: lowland, depression, and transition sites. We
addressed three specific questions: (1) Do sites (and thus
hydrogeomorphic settings) vary in temporal water level regimes,
hydrologic flows (groundwater and ET), and thus potential vulnerabil-
ity to water level increases following EAB-induced mortality? (2) Do
sites vary in spatial water level regimes (i.e., microtopography), and
thus potential to support replacement tree species following EAB-
induced mortality? (3) Can common terrain-based metrics explain dif-
ferences in site wetness and thus predict vulnerability to hydrologic
regime shifts following EAB-induced mortality?

2 | METHODS

2.1 | Site description

We studied 15 non-EAB infested black ash wetlands in Cass, Itasca,
and St. Louis counties, MN USA (Figure 2). We categorized each wet-
land site based on hydrogeomorphic setting as: (1) depression sites
(“D”, n = 4), characterized by geographically isolated depressions sur-
rounded by uplands; (2) lowland sites (“L”, n = 8), characterized by
expansive low-relief flats; and (3) transition sites (“T”, n = 3), charac-
terized by flat linear features between peatland bogs and uplands.
Further, study sites were classified as either wet or very wet ash
swamps based on native plant community (NPC) classifications, the
habitat typing system used in the study region (MN DNR, 2018; Sup-
plementary Table S1). The lowland setting contained sites in both
NPC classifications, whereas depression and transition sites were only
classified as very wet.

Study sites were located within the Northern Minnesota Drift
and Lake Plains ecological region in northern Minnesota
(MN DNR, 1999). The region is described as complex glacial terrain
consisting of gentle to undulating topography with relatively nutrient-
poor soils developed from loamy and sandy glacial sediments. Black
ash wetlands are generally found in flat and low-lying areas that grade
into aspen (Populus sp.)- or pine (Pinus sp.)-dominated upland forests.
Study sites had overstory basal areas ranging from 19.8 to
40.0 m? ha~%, with black ash as the main overstory contributor
(Supplementary Table S1). Site soil profiles were similar and generally
characterized as organic histosols with mucky peats underlain by silty
clay lacustrine layers (ranging between 50 and 150 cm below surface),
with transition and depression sites having deeper organic layers than

lowland sites (Soil Survey Staff, 2020). Black ash wetland hydrology is
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FIGURE 2 Map of 15 black
ash (Fraxinus nigra) wetland study
sites in northern Minnesota.
Shape and colour of symbol
represent three distinct
hydrogeomorphic settings
(depression, lowland, and
transition). Inset map in the upper
right-hand corner shows scale
and spread of EAB into
Minnesota at the time of
publication. Quarantine areas are
designated to slow the spread of
EAB by restricting movement of
ash wood products (e.g., firewood
and mulch) to non-quarantine
areas. Data can be downloaded
from: https://gisdata.mn.gov/
dataset/env-emerald-ash-borer

largely driven by local groundwater flowpaths and precipitation,

experiencing higher water levels during spring snowmelt followed by
general drawdown excepting rainfall events during the growing sea-
son (Slesak et al., 2014). Mean annual precipitation is approximately
70 cm, two-thirds of which is snow (Sebestyen et al., 2011). Potential
ET (PET) is greatest during the growing season and averages 60 to
65 cm annually (Sebestyen et al., 2011).

2.2 | Data collection

All study sites were monitored for 15-minute water levels from 2016
to 2018 throughout the growing season (May to October, limited oth-
erwise due to frozen conditions) using total pressure transducers
(Levelogger Gold Model 3001, Solinst Canada Ltd, Ontario, Canada;
and HOBO U20L-04, Onset Computer Corp., Bourne, MA) and atmo-
spheric pressure correction (Barologger, Solinst Canada Ltd, Ontario,
Canada). Water level loggers were placed in a 5-cm diameter screened
PVC well approximately 1.5 m below the ground surface or when a
confining layer was reached. Local rain data were collected at each
site with HOBO tipping-bucket rain gauges (model RG3-M, Onset
Computer Corp., Bourne, MA). Potential ET data, calculated using the

Penman equation, were downloaded from the Cutfoot RAWS station
in close proximity to our study sites (https://wrcc.dri.edu/wraws/
mnF.html).

To assess spatial water level regimes within sites, we used high-
resolution elevation data from previous work characterizing micro-
Slesak, Mclaughlin, &
Shugart, 2019 for methods). These data are only available for a subset

topography (see Stovall, Diamond,
of 10 of our study sites (three lowland sites and all depression and
transition sites), where we collected high-resolution LiDAR data using
a Faro Focus 120 3D phase-shift terrestrial laser scanner (905 nm A).
Scans were conducted in late October to minimize deciduous leaf
cover, grass height, and water inundation. At each site, three random
non-overlapping 10 m-diameter plots were scanned to create a
~900 m? point cloud. Ten 7.62 cm radius spheres were placed at each
site for maximum visibility to facilitate registration of the point cloud.
We then created a 1-cm surface elevation model for each site,
referencing each site's model to the ground surface of its monitoring
well (i.e., elevation = 0).

With these data, we distinguished between two types of water
levels: (1) site-scale to assess temporal variation at each site, represen-
ted by water level data relative to ground surface at the well location

(positive indicates inundation), and (2) point-scale to assess spatial
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variation in water levels within each site, where water level at any par-
ticular point is the difference between water level at the well and gro-

und surface elevation at that point (via the 1-cm surface elevation

model).
2.3 | Data analysis
2.3.1 | Temporal water level regimes and

hydrologic flows

Differences in site-scale daily water levels among hydrogeomorphic
settings were assessed using a repeated measures ANOVA analysis
on weekly mean values with site and year as random effects. Weekly
mean site-scale water levels were left-skewed, so a Tukey's Ladder of
Power (Tukey, 1977) was calculated using the rcompanion package in
R (Mangiafico, 2020) and then applied to the data to produce an
approximately normal distribution. The percent of days with flooded
conditions and percent of days with daily mean water level below
—-30 cm were also calculated and compared among settings. The
—30 cm metric was selected because previous studies in black ash
wetlands have shown that ET reductions and water level increases in
stands with EAB-simulated mortality occur largely when water levels
are below this threshold (Diamond et al., 2018; Slesak et al., 2014).
Using site-scale water level data, we also calculated daily ET,
groundwater fluxes, and water level change to compare differences
among hydrogeomorphic settings in hydrologic flows and associated
water level responses. Daily ET was calculated using a modified White
method (1932) first described by Loheide, Butler, and Gorelick (2005)
and used previously at some of our study sites by Diamond
et al. (2018). This method allows ET to be calculated from the 24-hr
change in water level (S) and rate of groundwater inflow as a function
of detrended water level (r) and is corrected for specific yield (S,). The
method is only applied to non-precipitation days and assumes ET is

negligible at night:

ET=S,x[r-S5] (1)

Specific yield is a dimensionless ratio that, on an area basis, is
defined as the water added (e.g., precipitation) or lost (e.g., ET) to stor-
age per unit change in water level [L L] (Healy & Cook, 2002).
Importantly, in shallow water level environments, S, varies as a func-
tion of both below (Duke, 1972) and aboveground (McLaughlin &
Cohen, 2014) water levels. For inundated conditions, S, approaches
unity as water levels increase, but for belowground water levels S, is
much lower (e.g., 0.1-0.3) dependent on both soil type and water
level position. This means that for the same ET or rainfall amount,
water levels will change much less (e.g., by an order of magnitude) in
inundated versus non-inundated conditions. In this study, we calcu-
lated site-specific Sy-water level relationships using ratios of rain
(corrected for interception) to induced water level rise across a range
of water levels (see Diamond et al, 2018; MclLaughlin &
Cohen, 2014). This calculation assumes negligible infiltration-excess

surface runoff, which is reasonable for our sites based on personal
observations during rain events.

Groundwater exchange at our study sites is dominated by local,
shallow flowpaths as opposed to regional groundwater flows (Slesak
et al.,, 2014) and was calculated using a daily water balance method
for wetland flows (McLaughlin, Diamond, Quintero, Heffernan, &
Cohen, 2019). While this method generally yields combined surface
and subsurface flows into (+) and out of () the wetland, here we con-
sider daily rates primarily as shallow subsurface flows because surface
flows in our study sites are rare during the growing season
(J. Diamond, personal observation). Thus, following McLaughlin
et al. (2019), net daily groundwater exchange was estimated based on
24-hr change in water level (S) adjusted for S,, while accounting for
PET and precipitation (P):

Groundwater exchange =SS, —P + PET (2)

Differences in ET and groundwater exchange among
hydrogeomorphic setting were assessed using a repeated measures
ANOVA analysis on weekly mean values with site and year as random
effects. Weekly mean ET was positive skewed and Tukey's Ladder of
Power (Tukey, 1977) was calculated and then applied to the data to
produce an approximately normal distribution. Weekly mean ground-
water exchange had negative skewness and high kurtosis, so a Lam-
bert W transformation was applied to the data using the
bestNormalize package in R (Peterson & Cavanaugh, 2019) to produce

an approximately normal distribution.

232 |
regimes

Microtopography and spatial water level

For the subset of sites (n = 10) previously assessed for micro-
topography, we calculated point-scale mean daily water levels at a
1-cm spatial resolution. To do so, we subtracted each point's elevation
(via the surface elevation model) from the daily mean site-level water
level (at the well location and relative to ground surface = 0 m), while
assuming the water level is flat across each study site. We then
assessed differences in these spatial water level distributions among

hydrogeomorphic categories using one-way ANOVA.

2.3.3 | Terrain-based predictors of site wetness

To explore terrain drivers of hydrology across sites, we used a
landscape-scale, high-resolution (1-m) bare earth DEM (https://www.
mngeo.state.mn.us/chouse/elevation/lidar.html) with a nominal verti-
cal accuracy root mean square error of approximately 5 cm. Before
analysis, the DEM underwent standard cleaning procedures, including
filling of sinks less than the vertical accuracy of the DEM and smooth-
ing via a moving-window Gaussian filter to remove random errors
(Jones et al., 2018). Ten terrain metrics (Table 1) were calculated using
tools freely available in the Whitebox GAT toolbox (Lindsay, 2018)


https://www.mngeo.state.mn.us/chouse/elevation/lidar.html
https://www.mngeo.state.mn.us/chouse/elevation/lidar.html

613 | WILEY.

CIANCIOLO ET AL.

Distance
Downslope

Contributing area

Topographic
Wetness index

downstream flow paths

Distance of each cell to
the nearest stream cell
following downstream
flow paths

Flow accumulation
(upslope area) calculated
using the D8 algorithm

Measure of wetness
incorporating upslope

TABLE 1 Summary table of terrain metrics used as explanatory
predictors of mean site-scale water level
Analysis Description Citation
Deviation from Difference in elevation Wilson and
mean elevation between a grid cell and Gallant, 2000
the mean elevation of a
user-defined
surrounding search
window, normalized by
standard deviation
Ruggedness Index  Local topographic relief Riley, DeGloria,
calculated as the root and
mean square deviation Elliot, 1999
of elevation for each cell
Height above Elevation of each grid cell Renno
nearest above the nearest et al., 2008
drainage stream cell, following
downstream flowpaths
Slope Slope gradient of each grid Horn, 1981;
cell Wilson and
Gallant, 2000
Downslope Index Measure of slope gradient Hjerdt,
between a grid cell and McDonnell,
a user-defined vertical Seibert, and
decline following Rodhe, 2004

Lindsay, 2018

O'Callaghan and
Mark, 1984

Gessler, Moore,
McKenzie, and

contributing area and Ryan, 1995;
slope Moore, Gessler,
Nielsen, and

Petersen, 1993

Plan curvature Second derivative of Wilson and
topographic surface; Gallant, 2000
curvature perpendicular
to slope

Profile curvature Second derivative of Wilson and
topographic surface; Gallant, 2000

curvature parallel to
slope

with relevant R code available in Supplemental Material. These met-
rics have been widely used in other studies to identify wetland areas
(e.g., Bwangoy et al., 2010; Maxwell, Warner, & Strager, 2016; O'Neil,
Goodall, & Watson, 2018; Wright & Gallant, 2007) and include mea-
sures of local surface topography (e.g., curvature), relation to down-
stream drainage networks (e.g., height above nearest drainage), and
relative topographic position (e.g., deviation from mean elevation).
Here, however, we uniquely used such metrics to characterize differ-
ent topographic properties of wetlands and their potential influence

on water level regimes.

Derived raster layers for each terrain metric were smoothed to
remove microtopographic noise not representative of landscape fea-
tures using a mean filter with a 5 x 5 m window (O'Neil et al., 2018).
To obtain a representative site value for each metric, we calculated
the mean of all grid cell values within a 30-m diameter buffer centered
on each site's well. At some sites, this buffer was adjusted to avoid
manmade features (e.g., roads) not representative of site hydrology.
We used multiple linear regression to assess the relationship between
mean daily site-scale water level and terrain metrics. We then identi-
fied the multiple linear regression model with the lowest Bayesian
Information Criteria (BIC) value and highest adjusted R? using the
Leaps package in R (Lumley & Miller, 2009). The relative importance
of each metric in the best subset model was determined by calculating
the R? contribution averaged over orderings among regressors for
each terrain metric using the “lmg” method (Lindeman, Merenda, &
Gold, 1980) from the relaimpo package in R (Grémping, 2006).

3 | RESULTS
3.1 | Temporal water level regimes and hydrologic
flows

Across all study sites, we observed consistent temporal trends in site-
scale water levels (i.e., water level relative to ground surface at well
location) described by seasonal drawdowns in late summer
(Figure 3a), which were more pronounced at lowland sites, punctuated
by rain-induced increases. Repeated measures ANOVA indicated dif-
ferences in transformed weekly mean site-scale water levels across
hydrogeomorphic settings with significant differences (via post-hoc
Tukey analysis; p = .002) between lowland and depression sites
(Tables 2 and 3). However, differences between transition and depres-
sion and lowland sites were negligible (p = .471 and p = .130, respec-
tively). Time had a clear effect on site-scale water levels (i.e., lower
water levels during summer months; Figure 3a) across all
hydrogeomorphic settings, with no significant interaction between
week and hydrogeomorphic setting (Table 3).

Temporal distributions of daily site-scale water levels further illus-
trate differences among hydrogeomorphic categories, where lowland
sites generally experienced drier and more temporally variable water
level conditions (Figure 3b). However, there was also variation within
hydrogeomorphic setting, particularly for the two wetter lowland sites
(L4 and L6) with mean water levels near ground surface, similar to
those at depression and transition sites. We also observed differences
among hydrogeomorphic settings in percent of daily site-scale water
levels below —30 cm and percent time inundated (Table 2). Lowland
sites generally spent longer periods of the growing season below
—30 cm compared to depression and transition sites. Similarly, low-
land sites experienced less time inundated compared to depression
and transition sites.

While there were clear differences in site water level regimes,
daily ET and groundwater rates were more similar among sites and

hydrogeomorphic categories (Table 2). Daily ET rates exhibited a
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FIGURE 3 (a) Time series of
weekly mean site-scale water
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TABLE 2 Summary table of mean water level metrics and hydrologic flows + standard error for each hydrogeomorphic setting
Percent
Weekly mean Percent time with time Weekly mean Weekly mean Variation in
Hydrogeomorphic site-scale water water level below inundated evapotranspiration groundwater flow point-scale
setting level (cm) —30 cm (%) (%) (emd™?) (emd™?) water level (m)
Depression 15+1.2 79+15 67.1+3.6 -0.47 £ 0.02 -0.24+0.01 0.86 +0.23
Transition -28+14 10.7 £ 5.0 64.2+4.0 -0.33+0.01 -0.16 £ 0.01 1.05 +£0.10
Lowland -32.0+23 38.5+85 32.1+104 -0.44 +0.02 —-0.20 £ 0.02 0.68 + 0.07
TABLE 3 F-statistics and associated p-values for hydrogeomorphic setting effects on hydrologic parameters
Weekly mean site-scale Groundwater Point-scale water
Parameter water level Evapotranspiration flow level
Effect F-stat p-Value F-stat p-Value F-stat  p-Value F-stat p-Value
Hydrogeomorphic setting 7.1 .002 20 .143 2.9 .076 13.4 .004
Week 35.3 <.001 15.0 <.001 9.7 <.001 NA
Hydrogeomorphic setting*Week 0.8 777 0.9 697 2.1 <.001 NA

seasonal pattern across all hydrogeomorphic settings described by
lower rates at the beginning and end of the growing season and
higher rates in mid-summer (Supplementary Figure S1A), concordant
(although mirrored) with seasonal water level patterns (Figure 3a).
Repeated measures ANOVA indicated that transformed weekly mean

ET did not differ across hydrogeomorphic setting, and there was no

interaction between week and hydrogeomorphic setting (Table 3).
However, strong effects were found for week. Local groundwater
exchange tended to be lower in the beginning and end of the growing
season and higher (as outflow) during the summer (Supplementary
Figure S1B). There was a significant interaction between week and

hydrogeomorphic setting (Table 3), where groundwater exchange
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rates differed across hydrogeomorphic setting for weeks 21, 26,
28, and 39, but there was no consistent pattern in the response.
Despite  similar ET and groundwater flows across
hydrogeomorphic settings, we observed distinct differences in mean
daily water level change (Figure 4), helping to explain site differences
in temporal water level regimes. Drier lowland sites had greater mean
rates of both water level increases and decreases compared to transi-
tion and depression sites via lower S,. Sites in Figure 4 are ordinated
by increasing median daily S,, where daily S, values vary with water
level position (see Section 2). Low S, values, which coincide with
belowground water levels, induce greater water level response for a
given inflow or outflow. Accordingly, we observed that median daily
S, was generally lower in the lowland sites (0.23 + 0.07 SE), which
exhibited greater water level changes, compared to the wetter
depression (0.50 + 0.03 SE) and transition sites (0.41 + 0.06 SE). We
note, however, that the two wetter lowland sites (L4 and Lé) experi-
enced similar median S, values and thus daily water level change as

depression and transition sites.

3.2 |
regimes

Microtopography and spatial water level

For the subset of sites analysed for microtopographic variation, point-
scale water levels (i.e., difference between mean water level at the
well and local ground surface elevations) documented spatial variation
to also consider when comparing water level regimes among sites (see
examples in Figure 5). At each site, we note the difference in mean
daily water level recorded at the well (i.e., site-scale water levels;

crossed circles) compared to the full spatial distribution (Figure 6).

One-way ANOVA indicated an effect of hydrogeomorphic setting on
point-scale water level distribution with lowland sites having less spa-
tial variation in point-scale water levels compared to transition
(p = .050) and depression (p = .003) sites, which themselves did not
differ (p = .170) (Tables 2 and 3). Notably, depression and transition
sites had many locations with point-scale water levels similar to those
at drier lowland sites due to higher and thus drier hummock features
(Figures 5b-d and 6).

3.3 | Terrain-based predictors of site wetness

Of the 10 explanatory terrain metrics analysed, deviation from mean
elevation (example shown in Supplementary Figure S2) was the only
significant individual predictor of mean daily site-scale water level
(p = .002; R? = 0.54): decreasing values (i.e., lower elevations relative
to surrounding areas) increase site-scale water levels (Supplementary
Figure S3A and Table S2). Notably, sites L4 and L6 exhibited lower
(more negative) values compared to the other lowland sites, coinci-
dent with their higher mean water levels. The best subset multiple
regression model identified a model with two metrics, deviation from
mean elevation and downslope distance (i.e., distance to the nearest
stream following downstream flow paths), with the highest adjusted
R? (0.61) and lowest BIC (Supplementary Figure $3B and Table S3).

4 | DISCUSSION

Ecohydrologic regime shifts from EAB-induced mortality appear immi-
nent for black ash wetlands in the western Great Lakes region;

0.05
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FIGURE 5 (a) Example time

series of site-scale water levels
relative to well ground surface
(dashed line at zero) throughout
the growing season from three
individual sites representing
different hydrogeomorphic
settings. For those same three
sites, panels (b)-(d) display heat
maps of point-scale mean daily
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FIGURE 6 Violin plots showing the spatial distribution and relative frequency of point-scale daily mean water levels at a subset of study sites.
The shoulders of the violin plots are created using a non-parametric kernel density estimation that displays data frequency (i.e., higher frequency
equals wider violin plot shoulder). Crossed circles represent site-scale mean daily water levels measured at the well location (i.e., same crossed

circles in Figure 3b)

assessing relative site vulnerability to these shifts is important to
inform active management efforts. Motivated by our conceptual
model of hydrologic vulnerability to EAB-induced mortality (Figure 1),
we evaluated temporal water level regimes and hydrologic flows
(Question 1), spatial variation in water level regimes (Question 2), and
terrain-based predictions of site wetness (Question 3). Below we dis-
cuss these findings and their potential implications for hydrologic vul-

nerability of black ash wetlands to impending EAB-infestation.

41 |
flows

Temporal water level regimes and hydrologic

Across all hydrogeomorphic settings, site-scale water levels exhibited
a consistent seasonal pattern of springtime inundation followed by
ET-induced drawdown, but lowland sites generally experienced the
greatest drawdown and lowest water levels, particularly in summer
months (Figure 3). These differences in water level regimes, however,
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were not explained by ET and groundwater exchange rates, which
were similar across all sites (Supplementary Figure S1). In contrast,
mean daily S, values varied substantially across sites, resulting in very
different responses to similar hydrologic flows (Figure 4). Indeed, daily
water levels at the driest lowland sites varied five times more than
wetter depression sites, concordant with lower S, for belowground
water levels compared to inundated conditions (McLaughlin &
Cohen, 2014). Critically then, as hydrologic inputs and outputs did not
vary across settings, initial water level conditions during growing sea-
son onset and their effect on S, appear to be the primary determi-
nants of site hydrology. We note, however, that the two wetter
lowland sites (L4 and L6) experienced S, values and concordant water
level responses similar to those of typically wetter depression and
(Figure  4),

hydrogeomorphic setting. We suggest that this site variation in S,

transition  sites indicating  variability  within
values, with reciprocal effects on water level regimes, is largely driven
by wetland elevation relative to shallow groundwater.

Together with our conceptual model (Figure 1), observed differ-
ences in site-scale water level regimes suggest variation in hydrologic
vulnerability to EAB-induced tree mortality among and within
hydrogeomorphic settings. As the dominant overstory tree species,
black ash transpiration contributes anywhere from 20% to 60% of
wetland ET, indicating that understory transpiration and soil/open
water evaporation can contribute up to 80% (Telander et al., 2015).
However, this contribution decreases under drier conditions (Lafleur,
Hember, Admiral, & Roulet, 2005), when black ash is likely the main
contributor to ET due to deeper roots for water access. We conclude
then that drier lowland wetlands that spend more time with water
levels below —30 cm (Diamond et al., 2018; Table 2) are likely more
vulnerable to ET reductions and thus water level increases from ash

mortality compared to wetter sites (Figure 1c and d).

42 |
regimes

Microtopography and spatial water level

Microtopography creates a spatial range of water levels within a given
wetland, highlighting the value of fine-scale bathymetric data coupled
to temporal water level analysis. For example, while depression and
transition sites had higher site-scale water levels compared to lowland
sites, they also had greater microtopographic variability and, conse-
quently, greater point-scale water level variability (Figures 5b-d and
6). Importantly, hummocks in these wetter sites exhibited point-scale
water levels similar to site-scale water levels of drier lowland sites. In
sites with such microtopographic relief, water level dynamics solely
inferred by well data are thus not representative of the spatial suite of
regimes experienced by vegetation (Rodriguez-lturbe et al., 2007).
Indeed, black ash trees, and most understory plant species, in wetter
sites preferentially occupy drier hummocks with limited vegetation in
wetter hollow locations (Diamond, McLaughlin, et al., 2020). Likely a
result of biota-hydrology feedbacks, it is at these wetter sites where
microtopographic relief is greatest, with high correspondence
between site mean water level and hummock height (R> = 0.8;

Diamond et al., 2019). Hence, mean site-scale water level may be a
useful predictor of point-scale water level variability, and conse-
quently, a useful predictor of hydrological niche space for vegetation
communities. We note, however, that microtopographic surveys were
not conducted at the two wetter lowland sites (L4 and L6é). These sites
experienced site-scale water levels similar to depression and transition
sites, but it remains unknown if they exhibit similar microtopographic
variation, which we predict covaries with overall site wetness.

Our conceptual model of hydrologic vulnerability to ash mortality
also predicts that greater microtopography will better support coloni-
zation of replacement tree species (Figure 1). Many studies have
documented that wetland microtopography is important to vegetation
recovery following disturbance events (e.g., Moser, Ahn, & Noe, 2007;
Alsfield, Bowman, & Deller-Jacobs, 2009; Rossell, Moorhead,
Alvarado, & Warren, 2009). In drier sites with fewer and shorter hum-
mocks (Diamond et al., 2019), post-disturbance water level rises may
result in spatially uniform hydrologic regimes more similar to the hol-
low locations of wetter sites where tree occurrence is low (Figure 1c
and d). In contrast, we expect that wetter sites with greater micro-
topographic variation may allow for replacement overstory species on
hummock features (Figure 1e and f), with possible species including
American elm (Ulmus americana), swamp white oak (Quercus bicolor),
balsam poplar (Populus balsamifera), and silver maple (Acer sac-
charinum) (Kolka et al., 2018). In short, we predict that drier lowland
settings will be more susceptible to water level increases and also less
resilient to those increases (i.e., less microtopographic variation for
tree regeneration), together resulting in increased vulnerability to

ecohydrologic regime shifts.

4.3 | Terrain-based predictions to inform
management

With the impending spread of EAB, management strategies to
increase non-ash overstory species are being considered (D'Amato
et al., 2018), with the goal of maintaining hydrologic regimes and
associated ecosystem benefits for forest structure, wildlife habitat,
and carbon cycling and storage (Youngquist et al., 2017). For example,
preemptive group selection (i.e., partial harvests) with planting is a
promising method of active management where black ash wetlands
can be slowly transitioned to other facultative wetland tree species
(D'Amato et al., 2018), without a dramatic shift in hydrologic regime
(Diamond et al., 2018). Further, the creation of microtopography
(e.g., leaving cut ash trees on the ground surface) in active manage-
ment areas could facilitate the development of hummock features
where non-ash trees could begin to grow despite increasing water
levels (Figure 1f). However, black ash wetlands across all
hydrogeomorphic settings cover vast tracts of land in the western
Great Lakes region, accounting for 400 000 ha in Minnesota alone
(MN DNR, 2003). Consequently, active management may be limited
to small, targeted areas, highlighting the importance of predictive
tools that can identify areas most vulnerable to hydrologic regime
shifts.
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Our conceptual model posits that drier sites are more vulnerable
to a change in hydrologic regime than wetter sites, highlighting the
potential for predictions of site wetness to inform targeted manage-
ment efforts. Site differences in water level regimes are likely driven
by differences in wetland elevation relative to shallow groundwater,
which may be well-represented by the deviation from mean elevation
terrain metric. In support, this metric was the strongest predictor of
site wetness and, importantly, helped to distinguish the two wetter
lowland sites (L4 and L6; Supplementary Figure S3) from the other
lowland sites, consistent with their differences in water level regimes
(Figure 4). As such, simple, landscape-level topographic assessment of
black ash wetlands as opposed to hydrogeomorphic and NPC categor-
ical characterizations may more effectively indicate water level
regimes and potential vulnerability. As more detailed maps of black
ash presence become available (e.g., Host, Russell, Windmuller-
Campione, Slesak, & Knight, 2020), such terrain metrics could be used
to determine the most vulnerable areas to ecohydrologic regime shift
from EAB.

44 | Future work

This study is an important step in understanding how sites may vary
in their vulnerability to a change in hydrologic regime following EAB-
induced ash mortality. However, our focus was to characterize site
differences in pre-EAB hydrologic regimes (i.e., temporal and spatial
water levels) following the expectation that wetter sites with more
microtopography are less vulnerable. While this prediction is
supported by work in black ash wetlands and wetland systems more
broadly, future work would be needed to test our conceptual model.
To do so will require studies of either EAB-simulations (as already
done in lowland systems) or assessment of post-EAB conditions
across different hydrogeomorphic settings, with focus on ET rates and
partitioning, water level rise, and tree regeneration dynamics. Yet,
EAB invasion is imminent, and such research requires extensive
resources and timelines. Thus, we suggest that findings here and
terrain-based predictions of site wetness provide an opportunity to
develop predictive tools for targeting vulnerable areas. These could
be further coupled to forest community mapping and process models
to identify regions where intervention (cf. group-selection and plant-
ing) can be most efficient at sustaining processes and functions asso-
ciated with black ash wetlands.
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