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Abstract: Forested wetlands are common ecosystems within the Great Lakes region (Michigan, Min-
nesota, and Wisconsin), USA. Projected increases in extreme flooding events and shifting disturbance
regimes create challenges for tree regeneration. Forest managers are considering the use of enrich-
ment planting to increase tree species diversity, but limited information is available that quantifies
the interactions between the flooding and shade tolerances of candidate tree species. We used a
microcosm experiment to manipulate shade and flooding conditions to determine the effects on early
survival, growth, and leaf gas exchange of 23 different tree species that vary in shade and flood
tolerance. Seedlings were planted in pots and placed in 227 L tanks that were randomly assigned
to light reduction (full sun, 40% and 70% reduced sunlight) and flood treatments (water levels of
0, 14, or 27 cm below the soil surface). In general, flooding treatments had a greater influence on
seedling growth and leaf gas exchange rates than light reduction treatments. Of the species studied,
bald cypress (Taxodium distichum (L.) Rich.) was the most flood-tolerant, but American sycamore (Pla-
tanus occidentalis L.) and river birch (Betula nigra L.) were also highly tolerant of flooding conditions
throughout the entire growing season. The flood tolerances of the remaining species varied, but none
were tolerant of water table depths within 14 cm of the soil surface for the entire growing season.
Most species did not respond to the shade treatments in terms of early growth, survival, and leaf gas
exchange. When considering species for planting in forested wetlands, matching the flood tolerance
of candidate species to local site hydrology is an important step.

Keywords: climate change; stress; regeneration

1. Introduction

Climate change is increasing the frequency of extreme weather and related events such
as flooding [1,2]. Between 1960 and 2000, the number of days globally with precipitation
greater than 10 cm, as well as the maximum 5-day precipitation total, increased [3]. Such
dramatic changes in precipitation are likely to alter the hydrologic regime of wetland
ecosystems, potentially resulting in biogeographic shifts of wetland vegetation as habitat
ranges change [4-7]. Climate-induced hydrologic regime shifts exacerbate impacts that
forested wetlands and their associated biota are already experiencing on a global scale [8,9].

Natural resource management decisions addressing both climate change and forested
wetland restoration will benefit from a greater understanding of how individual tree
species are likely to respond to shifts in flooding intensity [10,11]. Flooding, by creating
an anoxic soil environment, can impact trees in a variety of ways. First, it results in the
build-up of toxic compounds and impedes the absorption of beneficial nutrients, triggering
stomatal closure [12,13]. Decreased stomatal conductance restricts carbon assimilation
and subsequently results in stunted root and shoot growth [14]. Flood-tolerant species
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have evolved a myriad of adaptations to the challenges posed by flooding and anoxic
conditions. For example, red maple (Acer rubrum L.), river birch (Betula nigra L.), American
sycamore (Platanus occidentalis L.), and bald cypress (Taxodium distichum (L.) Rich.) grow
adventitious roots to offset the root dieback that many flood-sensitive species experience
under anoxic soil conditions [15]. Additionally, swamp white oak (Quercus bicolor Willd.),
bur oak (Quercus macrocarpa Michx.), and white oak (Quercus alba L.) develop hypertrophied
lenticels to allow oxygen uptake through the stem while the roots experience anoxia [16].
Finally, many species can maintain high rates of carbohydrate translocation during flooded
conditions, while flood-sensitive plants often experience the pooling of sugars at the base of
their stem [17]. This wide array of adaptations has created a gradient of flooding tolerances
that need to be quantified to inform wetland restoration practices in a changing climate.

In addition to flooding tolerance, the successful establishment and survival of tree
seedlings in flooded environments also depends on light availability [18]. There are several
key traits that confer an enhanced ability to survive low light levels in tree seedlings. First,
shade-tolerant species have lower dark respiration rates than shade-intolerant species,
lowering their light compensation point and allowing them to conserve carbon in low-
light environments [19]. Shade-tolerant species also tend to have higher leaf chlorophyll
concentrations, once again increasing their light harvesting efficiency [20]. Finally, shade-
tolerant plants have a greater ability to conserve carbon in storage organs, allowing them
to survive for longer periods below their light compensation point [21].

While low-light availability can reduce plant growth, excess light can also stress
seedlings, especially in flooded soil [22]. Excess light can result in chronic photoinhibition;
this is the result of damage to the D1 polypeptide in the reaction center of photosystem
I1[23]. Additionally, sun leaves tend to have a lower chlorophyll content than shade leaves,
which is exacerbated by flooding, further decreasing the photosynthetic capacity of the
leaf and increasing the likelihood of photoinhibition [24,25]. In contrast, moderate shade
can reduce the photoinhibition a flood-stressed plant experiences in full-light conditions
and facilitate photosynthesis [26]. The flood and shade conditions that planted seedlings
experience in forested wetlands under climate change and extreme flooding events are
complex and need to be quantified [27,28].

The Great Lakes region of the United States provides a localized example of the in-
tersection of global climate change and wetland degradation. Peak daily streamflow in
this region is projected to increase (10%-30%) by 2080 due to increasing precipitation [29].
Greater precipitation in combination with altered disturbance regimes, such as the deci-
mation of black ash (Fraxinus nigra Marshall) in forested wetlands by emerald ash borer
(Agrilus planipennis Fairmaire), may require the enrichment planting of flood-tolerant tree
species to maintain forest ecosystem functions [30]. These enrichment plantings require the
intentional matching of tree species’ flood and shade tolerance to a site’s current and future
conditions [31,32].

Given the complex tree seedling physiological response to light, water levels, and their
interactions, we conducted a microcosm experiment to investigate the tolerances of 23 tree
species from across eastern North America under consideration for wetland restoration
efforts in the Great Lakes Region. Specifically, we tested the effect of flood intensity and
light reduction gradients on the survival, growth, and leaf gas exchange rates of each of
the study species. The purpose of conducting this study was to inform wetland forest
managers in eastern North America with detailed information about the suitability and
performance of each of these species for climate-adapted wetland restoration activities.

2. Materials and Methods
2.1. Study Design

This study was conducted at the USDA Forest Service Northern Research Station
Rhinelander Experimental Forest located in Harshaw, WI, USA. Twenty-three species were
selected for evaluation based on the input from silviculturists at the Wisconsin Department
of Natural Resources (DNR) and other research studies or management treatments (Table 1).
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These species are currently found in various forest wetland ecosystems within the region
or in more southern locations for some species considered for assisted migration [33].
Seedlings were obtained from the Wisconsin State Nursery in Boscobel, WI, USA, stored in
a walk-in refrigerator at 4 °C for 35 days, and then potted in early June 2021. Seedlings were
potted into plastic containers (10 cm x 10 cm x 30 cm) with a soil mixture of sphagnum peat
moss (60%—70%), bark, and perlite (Berger BM7 Bark Mix, Saint-Modeste, QC, Canada).

Table 1. List of tree species that were included in the study. Wetland indicator status and shade
tolerance taken from USDA PLANTS database. Fac. = Facultative.

Species Common Name Stock Type Wetland Indicator Status Shade Tolerance
Acer rubrum L. red maple 2-0 Fac. Intermediate
Acer saccharinum L. silver maple 2-0 Fac./Fac. Wetland Intermediate
Acer saccharum Marshall sugar maple 2-0 Fac. Upland/Obligate Upland Tolerant
Betula nigra L. river birch 2-0 Fac. Wetland Intolerant
Betula alleghaniensis Britton yellow birch 2-0 Fac./Fac. Upland Intermediate
Carya cordiformis (Wangenh.) K. Koch bitternut hickory 2-1 Fac./Fac. Upland Intolerant
Celtis occidentalis L. hackberry 2-0 Fac. Tolerant
Juglans nigra L. black walnut 2-0 Fac. Upland/Obligate Upland Intolerant
Larix laricina (Du Roi) K. Koch tamarack 2-0 Fac. Wetland Intolerant
Picea glauca (Moench) Voss white spruce 2-0 Fac./Fac. Upland Intermediate
Picea mariana (Mill.) Britton, Sterns & black spruce 2.0 Fac. Wetland Tolerant
Poggenb.
Pinus resinosa Aiton red pine 3-0 Fac. Upland Intolerant
Pinus strobus L. eastern white pine 2-0 Fac. Upland Intermediate
Platanus occidentalis L. American sycamore 1-0 Fac./Fac. Wetland Intermediate
Populus tremuloides Michx. trembling aspen 2-0 Fac. Intolerant
Quercus alba L. white oak 2-0 Fac. Upland Intermediate
Quercus bicolor Willd. swamp white oak 2-0 Fac. Wetland Intermediate
Quercus macrocarpa Michx. bur oak 2-0 Fac. Intermediate
Quercus rubra L. northern red oak 2-0 Fac. Intermediate
Taxodium distichum (L.) Rich. bald cypress 1-0 Obligate Wetland Intermediate
Thuja occidentalis L. nort}zr;a:vhﬁe 3-0 Fac. Wetland Intermediate
Tilia americana L. basswood 2-0 Fac. Tolerant
Ulmus americana L. American elm 2-0 Fac./Fac. Wetland Intermediate

The experiment was designed as a split-split plot randomized complete block design
that included a light reduction treatment as the whole plot factor (light reductions of 0, 40,
and 70%), a flood level treatment as the first split-plot factor (water levels at 0, 14, and 27 cm
below the soil surface), and tree species as the second split-plot factor. This design allowed
for both flooding and shade treatments to be applied to each set of seedlings simultaneously.
A single seedling from each species was randomly placed in each of the 72 stock tanks
(dimensions of 132 cm X 79 cm x 36 cm) (Figure S1), which were then randomly assigned
to a flood and light treatment combination within each block. Within each tank, seedlings
were spaced such that the distance between each seedling was maximized. Each treatment
combination was replicated eight times.

Flooding treatments were applied by filling the tanks with groundwater until water
levels equilibrated at the assigned water table depth. The tanks were checked weekly to
ensure that the water depth was maintained over the course of the growing season. Light
reduction treatments were applied using shade cloths purchased from a greenhouse supply
store. Each shade cloth measured 6 x 7.3 m and reduced ambient light by either 40% or
70%. A photosynthetic active radiation (PAR) sensor (5Q-521, Apogee Instruments, Logan,
UT, USA) connected to a datalogger (model Z6, METER Group, Pullman, WA, USA) was
used to verify whether the reduced light under the shade cloths matched the expected
value. Two cables were hung 2.5 m above the ground and 2 m apart. The shade cloths
were draped over the cables and staked out at the corners to form a trapezoidal tent, with
the three tanks (each with one of the three flood levels) aligned in the center. This design
ensured that flood treatments inside a shade tent were never exposed to direct full sunlight.
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Treatments were initiated on June 4th and maintained for 14 weeks. The measured
air temperature at the site (model ATMOS 14, METER Group, Pullman, WA, USA) ranged
from 4.3 to 30.6 °C outside of the shade tents during the study period. The maximum
photosynthetically active radiation in the full sun, 40%, and 70% light reduction treatments
was 1999, 923, and 595 pmol m 2 s~ 1, respectively. For the purposes of this study, the 0 cm
water table depth (fully flooded) was considered the most stressful flooding condition, and
27 cm was considered to be the least, with 14 cm causing intermediate stress.

In the two weeks following treatment initiation, 28% of seedlings were unexpectedly
browsed by white-tailed deer (Odocoileus virginianus Zimm.) to varying degrees (Table S1).
None of the conifer species were browsed. The initial height and basal diameter measure-
ments of all individuals, both browsed and unbrowsed, were taken after the browse event
(using a meter stick and calipers, respectively). To account for any effect of browsing on the
response, the leaf gas exchange measurements were balanced between three individuals
that were browsed and three that were unbrowsed. In cases where this was not possible,
the sample was composed such that the number of browsed and unbrowsed individuals
were as balanced as possible.

Leaf gas exchange measurements were taken on a subset of the following 12 species:
red maple, silver maple (Acer saccharinum L.), river birch, hackberry (Celtis occidentalis
L.), tamarack (Larix laricina (Du Roi) K. Koch), American sycamore, trembling aspen
(Populus tremuloides Michx.), swamp white oak, bur oak, bald cypress, northern white
cedar (Thuja occidentalis L.), and American elm (Ulmus americana L.). These species were
chosen based on the results from previous experiments in a related study [34]. All gas
exchange measurements were taken using a portable photosynthesis system (models
6400 and 6800; Licor, Lincoln, NE, USA) on a randomly selected subsample (6 out of 8
total replicates) of each treatment combination. For all measurements, CO, concentrations
were maintained at 400 pmol CO, mol ! air, the flow rate of air through the leaf chambers
was maintained at 600 pmol s~!, and photosynthetic active radiation was maintained
at 1500 pmol m~2 s~!. These measurements were standardized to provide consistent
estimates of light-saturated photosynthesis for the valid comparison of effects across
treatments. A 2 x 3 cm leaf chamber was used for conifers and a 2 cm? circular chamber for
broadleafs. As photosynthesis was recorded on a per-unit-leaf-area basis, the leaf area of
conifer needle sprigs was corrected using methods from Bermudez et al. [35]. For broadleaf
species, measurements were taken on a leaf in the upper third of the seedling. For conifers,
measurements were taken on the previous year’s growth unless none were available, in
which case it was taken on the current year’s growth. Gas exchange measurements were
taken on a biweekly basis for 10 weeks, totaling 6 sampling periods.

Height and basal diameter were measured at the start and end of the growing season.
Height was measured from the soil surface to the tip of the uppermost living tissue, and
basal diameter was measured 1 cm above the root collar. Negative height values resulted
from stem dieback, and negative basal diameter values resulted from stem shrinkage in
response to water stress [36]. Survival was also assessed at this time; dead seedlings were
identified as those exhibiting no visible green tissue.

2.2. Data Analysis

Each species was analyzed independently for all measured responses to facilitate the
interpretation of the results. The effect of water table depth and light on seedling survival
was assessed using generalized linear mixed models with a binomial distribution. Water
table depth, light, and their interaction were included as fixed effects. For broadleaf species,
browse was included as a binary random effect to account for the variation introduced
by the early season browse event. For conifers, none of which were browsed, block was
included as a random effect to account for the variation introduced by ambient conditions
in the field. Block was not included as a random effect in the broadleaf models due to issues
with model convergence arising from the inclusion of two random variables. Random
effects were removed entirely from some models due to convergence problems. Survival
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models would not converge for the following species due to low mortality: American
elm, northern red oak (Quercus rubra L.), trembling aspen, hackberry, bur oak, black
spruce (Picea mariana (Mill.) Britton, Stearns & Poggenb.), northern white cedar, and bald
cypress. Survival for the rest of the species was analyzed with mixed model regressions
using the glmmTMB function in the ‘glmmTMB’ package [37] in R 4.0.3 software (R Core
Development Team, Vienna, Austria, 2018) and fitted by the Type II Wald chi-square test.
When significant effects were observed, pairwise multiple comparisons were conducted
with the ‘emmeans’ package [38] using Tukey’s HSD adjustment.

The effect of water table depth and light on absolute height and basal diameter growth
was analyzed using linear mixed-effects models with a normal distribution. Water table
depth, light treatment, and their interaction were included as fixed effects. Block was
included as a random effect for both broadleafs and conifers. In addition, browse was
included as a binary random effect for broadleafs. Models were run for each species
individually. Pre-treatment height or basal diameter was included as a covariate. Mixed
models were applied using the Ime function in the ‘nlme” package [39] in R 4.0.3 software.
Pairwise multiple comparisons were conducted with the ‘emmeans’ package using Tukey’s
HSD adjustment. In all models, an alpha level of 0.1 was chosen to account for high
variability in the response variables and reduce the likelihood of a Type 2 error.

Treatment effects on photosynthesis, stomatal conductance, and transpiration were
analyzed using linear mixed-effects repeated measures analyses with normal distributions.
Water table depth, light, measurement week, and their interactions were included as fixed
effects. Browse was included as a binary random effect for broadleafs, and block was
included as a random effect for conifers. An AR(1) covariance matrix was used to account
for serial correlations among the measurements. The ‘predictmeans’ package [40] in R
4.0.3 software was used to conduct Cook’s distance tests to identify outliers that were then
removed from the dataset [41]. Mixed models were applied using the Ime function in the
‘nlme’ R package. Pairwise multiple comparisons were conducted with the ‘emmeans’
package using Tukey’s HSD adjustment. The “powerTransform” tool from the ‘car” R
package [42] was used to identify the most appropriate data transformations for data not
conforming to a normal distribution and/or with heteroscedastic residuals. Due to the
number of plants browsed in the first sampling period and the removal of outliers resulting
from measurement issues, the first and last sampling periods had to be removed from the
models of several species to solve rank deficiency. For all analyses, model assumptions of
normality and homogenous variances were visually assessed and confirmed. In all models,
an alpha level of 0.1 was used.

When significant effects were observed, relative responses to convey the trends of
responses among species and within treatment factors were used. The reported percentage
decrease in response variables was calculated by dividing the smaller value by the larger
value, multiplying by 100, and then subtracting from 100. All percentages were rounded to
the nearest 5% and listed as an average to account for the variability in the value. To ease
the interpretation of response to water table depth in Section 3, species were grouped into
four patterns for each response variable separately, excluding survival (Table 2).

Table 2. Placement summary for species’ growth and leaf gas exchange responses to water table
depth. Species that exhibited a significant interaction between water table depth, light reduction,
and/or sample date are excluded. See the text for pattern explanation.

P Height Growth Basal Diameter Photosynthesis Stomatal Transpiration
attern (cm) Growth (A, umol m 2 1) Conductance (E, mmol m~2 s-1)
(mm) ’ (g, mol m—2s-1) ’
bitternut hickory bitternut hickory
1 bur oak black walnut
Inconclusive eastern white pine  eastern white pine red maple northern red oak
results red pine northern red oak

white oak sugar maple




Greatest response

black walnut

northern white
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Table 2. Cont.
Height Growth Basal Diameter Photosynthesis Stomatal Transpiration
Pattern Growth 2.1 Conductance 2.1
(cm) (A, umol m—2s—1) o .1 (E, mmol m—2s—1)
(mm) (gs, molm—2s~1)
2 bald cypress

northern white

value at 27 cm northern red oak cedar river birch swamp white oak cedar
depth swamp white oak red pine swamp white oak
American elm . American elm
. American elm . .
American black spruce northern white American
3 sycamore hackbperr cedar bur oak sycamore
Greatest response hackberry silver ma }ie red maple hackberry hackberry
values at 27 and 14 river birch tamaracllz silver maple tamarack river birch
cm depths sugar maple trembling aspen tamarack trembling aspen silver maple
trembling aspen ellowgbirclii trembling aspen tamarack
yellow birch y trembling aspen
4 American elm
High-response bald cypress American bald
values across all river birch sycamore ald cypress
depths bald cypress
P river birch
3. Results

3.1. Survival

After 13 weeks of flooding and light treatment, the survival rate for all species com-
bined was 94% and ranged from 67 to 100% across all treatments, depending on the species
(Table S2). Of the 23 study species, black walnut (Juglans nigra L.) was the only species to
exhibit a significant main effect of water table depth on survival (Table S3). The observed
survival rate for black walnuts at the 0 cm water table depth (42%) was significantly less
(p = 0.03) than the survival rate at 14 cm (84%). The survival rate for the 27 cm water table
depth (71%) was not significantly different from the 0 cm (p = 0.18) or the 14 cm treatment
(p = 0.56). Light reduction and the interaction between light reduction and water table
depth had no effect on survival for any species (Table S3).

3.2. Patterns of Response

For ease of interpretation, four general patterns were used to group the species accord-
ing to their growth and leaf gas exchange response to water table depth (Table 2). Species
that exhibited interaction effects between water table depth and another independent vari-
able are discussed separately from these groupings. The species with inconclusive results
(pattern 1) for the given response variable possessed very low growth values and gas
exchange rates that were not significantly different from one another across all treatment
levels. Species that exhibited significantly greater growth values and gas exchange rates in
the 27 cm water table depth treatment versus the 0 cm treatment were grouped into pattern
2. Species in pattern 3 exhibited significantly higher growth values and gas exchange rates
in both the 27 and 14 cm water table depth treatments compared to the 0 cm treatment.
Species in pattern 4 exhibited high growth values and gas exchange rates that were not
significantly different from one another across all water table depth treatment levels.

3.3. Height Growth

For the response variable of absolute height growth, pattern 1 included eastern white
pine (Pinus strobus L.), white oak, bitternut hickory (Carya cordiformis (Wangenh.) K. Koch),
bur oak, and red pine (Pinus resinosa Aiton) (Table S4). For this group, the absolute height
growth ranged from —4 to 3 cm. Pattern 2 included bald cypress, swamp white oak,
northern red oak, and black walnut (Figure 1). For this group, height growth decreased
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(range: 30%—220%) between the 27 cm treatment and the 0 cm water table depth treatments.
Sugar maple (Acer saccharum Marshall), hackberry, American sycamore, trembling aspen,
American elm, yellow birch (Betula alleghaniensis Britton), and river birch fell into pattern 3.
In this group, height growth decreased between both the 14 and the 0 cm treatment (range:
55%-1895%) and the 27 and the 0 cm treatment (range: 55%-1375%). These extremely high
percentages are due to stem dieback in the fully flooded treatment. None of the species fell
into pattern 4 for absolute height growth.

Sugar Maple Yellow Birch River Birch Black Walnut
801
601
40+ f ]
201 a b b 1 2 b b 1 b
d
oo 22 [ E e || a2 el
e !
o . . . - .
:E Swamp White Oak American Elm Hackberry Trembling Aspen
S 80 ] ]
2 60/ : : z
Q) b
= 40+ C E E
()
T of] 8 8 i —ili—ﬁ | & = s [ T
(]
45‘ T T T T T
© Northern Red Oak American Sycamore Bald Cypress
8 80 '
< 60 1
401 0 c 1 a ab b
201 1
| a a b 2 mmmm | -
0 14 27 0 14 27 0 14 27

Water Table Depth (cm)

Figure 1. Absolute seedling height growth at the end of the growing season using water table
treatment for 11 of the 23 species (species with significant interactions between the treatment factors
or less than four cm growth in all treatments and no significant main effect [pattern 1] are not shown).
Lowercase letters indicate significant differences (p < 0.1) among water table depth treatments. Error
bars represent 90% confidence intervals. Pattern 2: bald cypress, swamp white oak, northern red
oak, and black walnut. Pattern 3: sugar maple, hackberry, American sycamore, trembling aspen,
American elm, yellow birch, and river birch.

There was a significant interaction between water table depth and light reduction for
the absolute height growth of silver maple, basswood (Tilia americana L.), white spruce
(Picea glauca (Moench) Voss), black spruce, northern white cedar, and tamarack (Table S6)
that manifested similar to pattern 3 described above. Regardless of light treatment, growth
decreased between both the 14 and 0 cm water table depth treatment (range 60%-100%)
and the 27 and 0 cm treatments (range: 60%—-100%) for all species with interactions except
red maple (Table S7). Using silver maple as an example, the 40% light reduction treatment
tended to show the strongest positive relationship between increasing water table depth and
increasing absolute height growth (Figure 2). Additionally, silver maple clearly exhibited
the trend of seedlings with a water table depth of 0 cm growing significantly less than their
counterparts at 14 cm and 27 cm water table depths (Figure 2). No trends were evident for
the interaction of water table depth and light reduction for red maple (Table 57).
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Water Table Depth (cm)
Figure 2. Absolute seedling height growth for silver maple under 0% (A), 40% (B), and 70% (C) light

reduction at each water table depth treatment level. Lowercase letters indicate significant differences
(p < 0.1) across all treatment combinations. Error bars represent 90% confidence intervals.

In comparison to the water table depth, light reduction had minimal impact on abso-
lute height growth. There was a main effect of light reduction on absolute height growth
for these three species (Table S6, Figure S2). The growth of northern red oak and American
sycamore decreased between the 40 and 0% light reduction treatments (range: 10%-250%)
and the 40 and 70% treatments (range: 45%-145%). Black walnut grew significantly less
in the 40% light reduction treatment compared to the 70% treatment (190% decrease,
Figure S2).

3.4. Basal Diameter Growth

For absolute basal diameter growth, sugar maple, bitternut hickory, black walnut,
eastern white pine, and northern red oak exhibited response pattern 1. These species grew
only 0.3 mm, on average, regardless of the treatment (Table S4). Pattern 2 included northern
white cedar and red pine (Figure 53). The basal diameter growth of these species decreased
between the 27 and 0 cm water table depths (range: 45%—-85%). Pattern 3 included yellow
birch, silver maple, black spruce, tamarack, trembling aspen, hackberry, and American
elm. The basal diameter growth for these species decreased between both the 27 and 0 cm
water table depth treatments (range: 60%-115%) and the 14 and 0 cm treatments (range:
60%—-135%, Figure S3). Finally, river birch and bald cypress exhibited pattern 4, where basal
diameter growth was relatively high regardless of the water table depth treatment (range:
1.9-3.8 mm, Figure S3).

Similar to height growth, light reduction had a limited effect on absolute basal diameter
growth in comparison to the water table depth; only four species had significant main
effects of light reduction on the basal diameter growth (Table S6). The growth of black
spruce, hackberry, and bald cypress decreased significantly (range: 30%—-85%) in the 70%
light reduction treatment compared to the 0% treatment, while the growth of tamarack
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decreased significantly (range: 35%—-40%) in the 70% treatment compared to both the 0 and
40% light reduction treatments (Figure S4). There was also a significant interaction between
the water table and light reduction for the absolute basal diameter growth of red maple,
swamp white oak, white oak, American sycamore, basswood, bur oak, and white spruce
(Table S6). However, multiple comparisons failed to detect any meaningful differences, and
the visual examination did not reveal any notable patterns (Table S7).

3.5. Photosynthesis

There was a significant main effect of water table depth on photosynthesis for six species
(Table S8). Of these species, river birch fell into pattern 2 (exhibiting a 25% decrease in the
photosynthetic rate between the 27 cm and 0 cm water table depth treatments). Pattern 3
included tamarack, silver maple, trembling aspen, northern white cedar, and red maple.
The photosynthetic rate for these species decreased between both the 14 and 0 cm water
table depth treatments (range: 20%-50%) and the 27 and 0 cm treatments (range: 30%-55%,
Figure 3). Trembling aspen and tamarack exhibited the highest photosynthetic rates overall,
followed by northern white cedar and river birch, and finally red maple and silver maple
(range: 2.5-20 pmol m2s71, Figure 3). There was a significant interaction between
the sample date and water table depth for the photosynthetic rate of swamp white oak,
American elm, and bur oak (Table S8). Regardless of the sample date, the 0 cm water table
depth treatment tended to result in the lowest photosynthetic rates for all three species.
American elm seedlings, for example, exposed to the water table at 0 cm photosynthesized
roughly 35% less, on average, than those in the 14 cm and 27 cm treatments (Figure 4).

Red Maple Northern White Cedar River Birch
ab b
c a
b b :
Silver Maple Tamarack Trembling Aspen
C b b
b 1 a
a - ﬁ

14 27 0 14 27 0 14 27
Water Table Depth (cm)

Figure 3. Estimated marginal mean photosynthetic rate (A) at each water table depth treatment level
for 6 of the 12 sampled species (species with significant interactions between the treatment factors are
not shown). Lowercase letters indicate significant differences (p < 0.1) among the water table depth
treatments. Error bars represent 90% confidence intervals.
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Figure 4. Estimated marginal mean photosynthetic rate (A) for American elm after 3 (A), 5 (B),
7(C), 9 (D), 11 (E), and 13 (F) weeks at each water table depth treatment level. Lowercase letters
indicate significant differences within time periods among water table depth treatments in panels
with significant treatment effects (p < 0.1). Error bars represent 90% confidence intervals.

Following a similar trend to height and basal diameter, light reduction had fewer
significant main effects on photosynthetic rate than the water table depth (Table S8). River
birch was the only species that responded significantly to light reduction, with photosyn-
thesis rates that were 25% lower under the 70% light reduction treatment compared to
the 0% treatment (Figure S5). There was a significant interaction between light reduction
and sample date for the photosynthetic rate of swamp white oak, American elm, northern
white cedar, and tamarack (Table S8). Multiple comparisons failed to detect any meaningful
differences, and visual examination did not reveal any notable patterns for either of these
interactions (Table 510). There was a significant interaction between the water table depth
and light reduction treatment for the photosynthetic rate of American sycamore, hackberry,
bur oak, and bald cypress, but again, multiple comparisons failed to detect any meaningful
differences, and the visual examination did not reveal any notable patterns for either of
these interactions (Table S10).

3.6. Stomatal Conductance

For stomatal conductance, red maple exhibited response pattern 1 with a rate of only
0.15 mol m~2 s~ ! regardless of the treatment (Figure S6). Swamp white oak was the only
species in pattern 2 (with a 35% decrease between 27 cm and 0 cm water table depths,
Figure S6). Pattern 3 included hackberry, bur oak, trembling aspen, and tamarack. Stomatal
conductance for these species decreased between both the 27 and 0 cm water table depth
treatments (range: 40%-80%) and the 14 and 0 cm treatments (range: 35%—70%, Figure S6).
Finally, American sycamore, bald cypress, American elm, and river birch exhibited pattern
4, where stomatal conductance was relatively high regardless of the water table depth
treatment (range: 0.137-0.258 mol m~2 s~ !, Figure S6). Northern white cedar was the only
species that showed a significant response in stomatal conductance to the interaction of
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the water table depth and sample date (Table S8), which was largely driven by declines in
stomatal conductance over time for all water table depth treatments.

There was no main effect of light reduction on stomatal conductance (Table S8,
Figure 57), but there was significant interaction between the light reduction treatment
and the sample date for river birch, American elm, swamp white oak, American sycamore,
and bur oak (Table S8). Generally, the difference in stomatal conductance at each of the light
levels was small except at around week 11, when it expanded greatly before decreasing
again at week 13 (a decrease in difference from 0.75 to 0.05 mol m~2 s~ ! in week 13.

The stomatal conductance rate of silver maple exhibited a significant response to the
interaction of the sample date, light reduction, and water table depth (Table S8). The only
noticeable trend in this interaction was that across weeks and light reduction treatments,
the 0 cm water table depth treatment had the lowest stomatal conductance rates (range:
0.01-0.10 mol m~2 s~ 1). Of the light reduction treatments within the 0 cm water table depth
treatment across weeks, the 40% reduction treatment had the highest stomatal conductance
rates (range: 0.02—-0.09 mol m~2s1 Table 510).

3.7. Transpiration

For transpiration, red maple exhibited response pattern 1, with a rate of only 1 mmol m =2 s!

regardless of the treatment (Figure 5). Swamp white oak and northern white cedar were
the only species in pattern 2. The transpiration rate for these species decreased (range:
45%—-60%) between the 27 and 0 cm water table depth treatments (Figure 5). Pattern 3
included hackberry, silver maple, trembling aspen, river birch, American elm, American
sycamore, and tamarack. The transpiration rate for these species dropped between both the
27 and 0 cm water table depth treatments (range: 30%-75%) and the 14 and 0 cm treatments
(range: 25%—65%, Figure 5). Finally, bald cypress exhibited pattern 4, where transpiration
was relatively high regardless of the water table depth treatment (4 mmol m—2 s, on
average, Figure 5). Bur oak was the only species that showed a significant response
in transpiration to the interaction of the water table depth and sample date; no trend
was apparent.

Red Maple Northern White Cedar River Birch Silver Maple

JE S R R S ﬁﬁﬁ 3 ol

. Tamarack Trembling Aspen Swamp White Oak American EIm
N
n
N8 b b
|E b C a a b b
—_ a ab b
o 4 a
£ | el k=
E.l/ 0 14 27
American Sycamore Hackberry Bald Cypress
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a b .
T
0 14 27 0 14 27 0 14 27
Water Table Depth (cm)

Figure 5. Estimated marginal mean transpiration rate (E) at each water table depth treatment
level for 11 of the 12 species that were measured (species with significant interactions between the
treatment factors are not shown). Lowercase letters indicate significant differences among water
table depth treatments in panels with significant treatment effects (p < 0.1). Error bars represent 90%
confidence intervals.
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The main effect of light reduction on transpiration was not significant for any species
(Table S8, Figure S8), but there was a significant interaction between the gas exchange
measurement date and light reduction treatment for the transpiration rates of silver maple,
American elm, river birch, American sycamore, and bur oak (Table S8). Generally, the
difference in transpiration at each of the light levels was small except for around week 11,
when it expanded greatly before decreasing again at week 13 (a decrease in difference from
5.5 to 0.5 mmol m 2 s~ ! in week 13).

4. Discussion

The predicted increase in extreme flooding events under future climate change scenar-
ios, in combination with widespread forested wetland degradation, has created a challeng-
ing situation for natural resource managers [43]. In situations where artificial regeneration
via tree enrichment planting has been chosen as a management strategy, practitioners
require detailed information about the suitability of each species to local conditions [44].
The purpose of this study was to provide information about shade and flood tolerances,
which are traits critical to establishment in wetlands, with tree species being considered for
forested wetland restoration in the Great Lakes region. Results from this study indicate that
flooding tolerance has a greater influence on the growth and physiology of tree seedlings
than shade tolerance. For this reason, the bulk of the discussion examines the flooding
tolerance of the species studied; these are split into the following four groups: high toler-
ance, intermediate tolerance, low tolerance, and inconclusive. Flooding tolerance groups
were created by qualitatively synthesizing patterns (Table 2) among flooding responses,
including those with interactions, for all dependent variables for each species.

4.1. Water Table Depth

Three species exhibited high flooding tolerance during this study as follows: bald
cypress, river birch, and American sycamore. Bald cypress, particularly in its physiological
response, was unique among the species in its ability to survive and thrive in flooded
conditions. The photosynthesis, transpiration, and stomatal conductance rates of bald
cypress remained high regardless of the water table depth treatment. This finding is
corroborated by Frye and Grosse [45], who reported that, of the 23 species studied, bald
cypress stood out in its ability to maintain robust growth rates despite being flooded in a
controlled experiment to 10 cm above the soil surface for 120 days. These results indicate
that, in terms of flood tolerance, bald cypress may be an excellent candidate for enrichment
planting in forested wetlands that are fully flooded for the entire growing season. However,
additional studies are necessary to determine its cold hardiness, as its current range extends
only to southern Illinois, USA [46]. Future changes in climate may extend its climatically
suitable range northward, possibly making this species a candidate for assisted migration
in forested wetlands [47]. Managers need to consider this strategy in concert with diverse
stakeholders and knowledge bases [48]. American sycamore and river birch also exhibited
a suite of responses indicating that they are well-suited to water table depths between
0 and 14 cm below the soil surface throughout the growing season. These results are
consistent with the silvics of these species, which describes them as being commonly found
in bottomlands and floodplains [49,50].

The largest cohort of species exhibited intermediate tolerance for flooding, or in the
terms of this experiment, tolerance for a water table depth between 14 and 27 cm for the
duration of the growing season. The species that fell into this category were bur oak,
swamp white oak, hackberry, silver maple, basswood, white spruce, black spruce, northern
white cedar, tamarack, trembling aspen, American elm, and yellow birch. These species are
potential candidates for enrichment planting in forested wetlands that are only inundated to
the soil surface for part of the growing season or have at least 14 cm of well-drained soil for
the duration of the growing season. Previous work generally supports this classification for
these species. Barnes and Wagner [50] describe bur oak as competitive in “low, seasonally
wet bottomlands” and swamp white oak as being found in “deciduous swamps and borders
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of swamps and along streams” in Michigan. Silver maple, hackberry, and American elm
are dominant species in floodplains in the Midwest [51,52]. Boulfroy et al. [53] described
northern white cedar as “more frequent in depressions and imperfectly to very poorly
drained soils”. Black spruce and tamarack are commonly found in frequently inundated
peatlands [54]. While they can be found on a variety of other sites, basswood, yellow birch,
trembling aspen, and white spruce have been known to occupy lowlands, especially on
well-drained microsites [46,50,55].

One benefit to having such a large number of species that can survive water table
depths between 14 and 27 cm for the entire growing season is the wide geographic range
these species encompass. Swamp white oak currently reaches its northern limit in central
Minnesota, while white and black spruce reach all the way to northern Alaska [46,56]. The
remaining intermediate flood-tolerant species fall between these two extremes. Given that
the current habitat range of these species includes the Great Lakes region, managers may
have reliable access to seedlings of these species at local nurseries. Additionally, these
species will likely be able to survive the long, cold winters in this region. One drawback to
using species that already occur in this region, however, is that not all of them are predicted
to perform well under climate change as they increasingly become maladapted to local
conditions. Mid-tolerant species predicted to do poorly under the future climate are black
and white spruce, trembling aspen, tamarack, and yellow birch [57].

The responses of northern red oak, sugar maple, black walnut, and red pine indicate
that they have low flooding tolerance and are not viable options for enrichment planting in
forested wetlands, especially those experiencing climate-induced extreme flooding events.
Black walnut was also the only species to exhibit a negative survival response to the
decreasing water table depth. This response matches the results of Coggeshall et al. [58],
who found that, in a controlled experiment in Missouri, black walnut had a survival
rate of 12.5% after being exposed to 5 weeks of 15 cm of deep-flowing or stagnant water.
Finally, the determination of these species as generally unsuitable for enrichment planting
in wetlands aligns well with the USDA PLANTS database classification of these species,
which are classed as facultative/obligate to facultative upland status. When these species
occur in lowlands, they are likely to inhabit microsites with lower water tables [46].

The final group of species consists of those that exhibited very low growth rates re-
gardless of the treatment; therefore, an analysis of their flooding tolerance was inconclusive.
This group included eastern white pine, white oak, bitternut hickory, and red maple. White
oak may have been allocating most of its energy to root growth, as is common for oak
seedlings [59]. The inconclusive finding for red maple was not expected, as it performed
much better and similar to species in the mid-tolerant group during a preliminary study
we conducted in the preceding year. Similarly, Hosner & Leaf [60] determined that red
maple has intermediate flood tolerance following a 60-day flooding experiment. Given
this, it is possible that the low growth and physiological rates of red maple in this study
were due to poor stock or subpar handling conditions. In general, it is difficult to draw
conclusions about the suitability of this group for enrichment planting in forested wetlands
due to their overall poor response to the conditions of this study.

4.2. Transpiration

Overstory transpiration can play a critical role in wetland forest hydrology and, by
extension, vegetation community composition [61]. Therefore, it is important to explic-
itly comment on the transpiration rates of the species studied. Bald cypress, tamarack,
trembling aspen, river birch, and American sycamore stood out in their ability to maintain
robust transpiration rates regardless of the water table depth treatment. These results
are supported by Parker [62], who found that bald cypress maintained “outstandingly
high” rates of transpiration during and after flooding to 5 cm above the soil surface for a
month in a greenhouse. Similarly, Calvo-Polanco et al. [63] found that after six months of
flooding to 5 cm below the soil surface in a greenhouse, tamarack seedlings in the flooded
treatment group exhibited no significant difference in their transpiration rate from the
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control seedlings. In contrast, Landhdusser et al. [13] found that trembling aspen had
low transpiration rates after experiencing flooding for six weeks with a water table either
15 or 30 cm below the soil surface in a greenhouse. Further studies are needed to confirm
the transpiration capacity of these species under flooded conditions, especially at later
developmental stages in field settings. If high transpiration is maintained, these species can
be good candidates for enrichment planting to maintain the hydrologic regime of forested
wetland ecosystems subjected to widespread canopy loss [31].

4.3. Light Reduction

In comparison to water table depth, light reduction had very little effect on the re-
sponse variables studied for all the species. None of the species exhibited trends to light
reduction treatments across the response variables measured. One possible reason for this
lack of response is that most species are still light-saturated even in the 70% reduction
treatment. For example, in a controlled study conducted by Foote & Schaedle [64], trem-
bling aspen reached light saturation between 160 and 280 pumol m~2 s~!, which is still
considerably lower than the maximum light available in the 70% light reduction treatment
(595 pmol m~2 s 1). In addition, flooding could have lowered the light saturation point
of several of the species, allowing them to reach a maximum photosynthetic output even
under the 70% light reduction treatment [65].

The light reduction treatments we chose were meant to mimic the relatively greater
canopy openness of forested wetlands in this region compared to other forest types (e.g.,
black ash wetlands) [66]. While the light treatments may have more closely emulated
forested wetlands, the growth results are still somewhat unexpected. Looney et al. [39], for
example, found that the relative growth rate tended to decrease with the increasing leaf
area index (LAI) in black ash wetlands.

The interaction between the light reduction and sample date for stomatal conductance
and transpiration produced a trend that represents the only instance in this study where
light reduction resulted in a common response. In this case, the species exhibited the
strongest response to light reduction treatments during the eleventh week of treatment,
when there was an unusually long span of sunny days during the study. Since theshade
clothes caused the greatest difference in PAR between treatments on sunny days, this might
explain the stronger response to light reduction treatment during this time. This may
indicate that light reduction has had a stronger effect on the growth and physiological
response of these species in a climate with fewer overcast days.

4.4. Study Limitations

The response variables measured in this study provide insights as to the conditions
under which each species performs best over short and longer time periods. Seedling
growth, and shoot growth in particular, has been shown to decrease in seedlings who are
sensitive to flooding [15]. By observing the height growth of these seedlings, an immediate
indicator of adaptation to flooded conditions was assessed. In contrast, the observation
of gas exchange rates, particularly photosynthesis, provided an indication of how well
these seedlings perform over longer periods of time. For example, the photosynthetic rate
is positively related to root growth, which is a good indicator of establishment success
in newly planted tree seedlings [67-70]. Taking all of these response variables and their
almost universal response to water table depth into account, it was possible to group
species according to the water table conditions in which they would be most successful
over short and longer-term periods.

While the results of this study indicate that the light environment is not as critical to the
physiological integrity and growth of tree seedlings as the water table depth, several limita-
tions constrain the inference of these findings. First, this study does not explicitly consider
seedling age at planting, which has been shown to have a positive relationship with sur-
vival in flooded environments [71]. Second, this study was only conducted over the course
of one growing season. In a black ash wetland forest restoration study, Looney et al. [39]
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reported that the growth rate increased with decreasing LAI three years after planting. In a
longer-term assessment of the same study, Palik et al. [66] reported that this relationship no
longer fit the data eight years after planting. Clearly, longer-term studies are critical to the
full understanding of the relationship between light availability and water table depth.

Additionally, this study was conducted in a microcosm setting that had both benefits
and limitations. One of the benefits of microcosm studies is that they allow for the isolation
of individual independent variables, making it easier to determine the response of explicit
dependent variables [72]. However, microcosm experiments can differ in important ways
from the natural systems they emulate. For example, the potting soil used in this study
differs from the native soil found in any forested wetland in the Great Lakes Region. This
difference, among others, creates uncertainty in determining whether these species are able
to be successfully established in situ. Finally, microcosm experiments are limited in their
ability to capture responses to the full range of variability in the field [73]. For example,
water tables in forested wetlands fluctuate throughout the season [74], in contrast to the
static depths used in this study.

5. Conclusions

Understanding flooding and shade tolerances in seedlings of specific tree species is
critical to the restoration of forested wetlands, especially in the context of extreme flooding
events caused by climate change [11]. Our study methods can be replicated to explore
these tolerances in other species and in other regions. The results from this study indicate
that flooding tolerance has a greater influence than shade tolerance on the growth and
gas exchange rates of tree seedlings exposed to both stressors simultaneously. While this
study’s duration was short, the measurement of both growth and physiological responses
allowed for inferences to be made for seedlings’ responses in the immediate and longer
term, respectively. Ultimately, bald cypress, American sycamore, and river birch exhibited
the highest flood tolerances, while northern red oak, sugar maple, black walnut, and red
pine exhibited the lowest. These results align with the silvics of these species. Most of
the species studied showed high survival and moderate growth rates with intermediate
flooding intensity (with the water table 14 cm below the soil surface). By examining
flooding intensity and shade tolerance together in a microcosm setting, this study can help
managers match tree species considered for enrichment planting to the site’s conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/15030530/s1, Figure S1. Image depicting the spacing and ori-
entation of seedling pots in the stock tank. Table S1. Number of individuals browsed per species.
Table S2. Species survival percentages across all treatments ranked highest (top) to lowest. Table S3.
Survival analysis ANOVA results. Table S4. Estimated marginal means for absolute height and basal
diameter growth for each water table treatment level based on linear mixed effects analysis with water
table depth and light reduction as fixed effects. Table S5. Estimated marginal means for absolute
height and basal diameter growth at each light reduction treatment level based on linear mixed effects
analysis with water table and light reduction as fixed effects. Table S6. Morphology analysis ANOVA
results. Table S7. Estimated marginal means for absolute height and basal diameter growth based on
linear mixed effects analysis with water table depth and light reduction as fixed effects. Figure S2.
Absolute seedling height growth at the end of the growing season for each light reduction treatment
for 8 of the 23 species. Figure S3. Absolute seedling basal diameter growth at the end of the growing
season for each water table depth treatment for 12 of the 23 species. Figure S4. Absolute seedling
basal diameter growth at the end of the growing season for each light reduction treatment for 16 of
the 23 species. Table S8. Gas exchange analysis ANOVA results. Table S9. Estimated marginal means
for photosynthesis, stomatal conductance, and transpiration for each water table treatment level
based on linear mixed effects repeated measures analysis with water table depth, light reduction,
and sample date as fixed effects. Table S10. Estimated marginal means for photosynthesis, stomatal
conductance, and transpiration based on linear mixed effects repeated measures analysis with water
table depth, light reduction, and sample date as fixed effects. Figure S5. Estimated marginal mean
photosynthetic rate at each light reduction treatment level for 4 of the 12 sample species. Figure S6.
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Estimated marginal mean stomatal conductance rate at each water table depth treatment level for
10 of the 12 sample species. Figure S7. Estimated marginal mean stomatal conductance rate at each
light reduction treatment level for 5 of the 12 sample species. Figure S8. Estimated marginal mean
transpiration rate at each light reduction treatment level for 6 of the 12 sample species.
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