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Abstract: This study characterized the relationship between plant species, soil, and moisture dynam-
ics in the Willamette Valley (Oregon, USA) to obtain a base framework for wetland conservation and
restoration. We identified 24 dominant plant species, including the exotic invasive Dipsacus fullonum,
distributed throughout the wetland. Plant community analysis indicated that (1) soil moisture during
the dry season (August to October) and (2) soil bulk density were the major abiotic drivers of plant
community structure. Water potential measurements confirmed the community analysis. Juncus
(rush) species appeared to be more tolerant to drought than other typical wetland species. Therefore,
dryer conditions due to climate change or water diversion may favor rushes’ persistence. We also
found that the dominance of D. fullonum may also negatively affect the native plant species’ survival,
which highlights the need for proper management practices. To prevent further vegetation deterio-
ration in sensitive wetland areas, we recommend avoiding hydric diversions to maintain the water
supply, exploring manners of controlling invasive species, and preventing livestock grazing. The
results of this study contribute to foundational and practical knowledge concerning the influence of
soil conditions and moisture availability on the physiological response and distribution of wetland
plant species that is required for conservation and management.
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1. Introduction

Despite their high environmental importance, 50% of the wetlands around the world
have disappeared in the last 100 years [1]. In the Willamette Valley (OR, USA), wetlands
have been exposed to extensive land conversion since the 19th century because this area has
fertile soil and abundant rainfall, which are significant factors for agricultural practices [2].
Before the introduction of developed agriculture, the Willamette Valley provided a broad
composition of wetland habitats supporting a high diversity of native plants and animal
species [3]. A recent survey demonstrates that despite the implementation of wetland
conservation laws since the 1960s, wetlands continue experiencing substantial annual
losses, alteration, and conversion [3]. In addition to the traditional threats posed by
agricultural conversion, climate change represents a global novel threat for wetlands
around the world [4].

Wetland alteration and conversion have negative influences on ecosystem goods and
services [5]. Wetland conservation practices should be focused on the recovery of functions
and processes and some basic practices include fencing and grazing exclusion [6]. However,
those practices only target current disturbances and do not consider the effects of historic
land use, which brings more challenges for conservation such as the possible presence of
invasive species, soil erosion, and sedimentation [6]. Identifying the composition of plant
communities at the local level and understanding their relationship to the ecosystem’s
abiotic factors (such as soil physical characteristics and moisture dynamics) is essential
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for wetland conservation and restoration [7]. Some important soil physical properties
such as moisture content, texture, and bulk density directly affect hydraulic conductivity,
water storage, water availability, and vegetation structure [8]. The water regime primarily
determines the wetland plant community composition, and there is a strong correlation
between vegetation and various water regimes within a single wetland, which determines
spatial and temporal heterogeneity in wetland vegetation [9].

It is generally accepted that wetland plants tend to be highly sensitive to hydrological
variations [7]. Yet, within a wetland plant community, a gradient in topography means
some plant species must tolerate constant flooding while other species must withstand
drought when the water table drops beyond their root system’s reach [10]. Topographical
and micro-topographical variations contribute to differences in water movement at a wide
range of spatial scales in wetland areas [11]. This variability makes it difficult to predict
the effects of different water regimes on the composition, abundance, and distribution of
wetland vegetation [12]. Although water regime is an important factor controlling the
composition of vegetation in wetlands and other types of land, invasion by weeds and
undesirable species may be influenced by the history of degradation of an area.

The protection and conservation of wetlands require assessment and monitoring at
the local level [4]. Global assessments of wetlands provide general portraits of their status,
but they are only as precise as the available data [13]. Here, we collected data in a local
wetland and applied geospatial and multivariate data analyses to achieve the following
objectives: (1) to assess the present plant communities; (2) to understand the relationship
between plant functional groups, soil characteristics, and moisture; and (3) to evaluate
important plant species’ water stress responses to drought. As a basis for the conservation
of wetlands, we are trying to answer the question: how do the changes in soil properties
and soil moisture influence the plant functional groups within a wetland?

2. Materials and Methods
2.1. Study Site

This study was conducted from 30 July 2018 to 15 April 2020 at a conservation wetland
at the Oregon State University Sheep Farm in the Willamette Valley, OR, USA (approximate
longitude 123.33145° W, latitude 44.591987° N, and elevation 123 m above sea level). We
selected the study period because we wanted to have a better understanding of the plant
communities during the whole year in the wetland. Our research site comprised an area
of about 2.1 ha and was located near the streamside at Oak Creek. There is a canal in
the wetland that drains into Oak Creek during the wet season. Inside the study area, six
transects were systematically established to represent the whole study area, to monitor
soil water content, and to evaluate the composition of the vegetation. These transects
were approximately 30 m apart from each other and were 60 m in length. For a relatively
small study area like ours, systematic sampling can be as or more adequate to represent a
community than random sampling [14,15].

The wetland, which is part of a Conservation Reserve Enhancement Program, has
been fenced since 2010 to enhance habitat and protect water resources. Before that, man-
agement of the area included grazing as the main type of disturbance and some areas were
periodically mowed. Furthermore, some areas of the wetland were planted with ash trees
(Fraxinus spp.) and willow (Salix spp.). These trees were planted in a nonhomogeneous
manner in some parts of the area and represent a minor component of the vegetation.
Thus, these trees were not considered as part of this study. We were interested in a better
understanding of the vegetation and their interactions with soil and water resources of this
wetland to devise a more specific management/conservation plan that restores wildlife
habitats and enhances water quality.

The soil of the area is a Bashaw clay with 3% to 12% slope, poorly drained with very
fine pores on flood plains [16]. Soil texture in the study area is characterized as clay loam,
sandy clay loam, sandy loam, clay, and loam. Saturated soil in the vicinity of channels
supports mostly hydrophytic vegetation. The climate in the study area is mild, with cool,
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wet winters and hot, dry summers. The daily average air temperatures during the study
years of 2018-2019 ranged from about —0.7 °C in February to around 30.8 °C in August.
Long-term mean annual air temperature in the study area is approximately 11.6 °C. The
study site receives about 1085 mm of precipitation annually, most of which comes as rain
during the winter. Approximately 75% of the precipitation in the area occurs between
October and March.

2.2. Plant Species Composition

The line-point intercept method was used to determine vegetation cover (basal cover)
along the six transects of the study area in May 2019. A 60 m tape measure was placed on
each transect to read vegetation cover and soil surface cover every 0.5 m [17]. At each site,
plant functional groups were classified based on growth form: rushes, sedges, grasses, or
forbs. We used this classification from a functional/management perspective; the area has
been historically managed for livestock grazing, so separating the palatable grasses from
other groups was important. Sedges can also be palatable for livestock, but rushes are not.
The forbs of our study area are also not palatable, including Typha latifolia. Data from each
60 m transect were used to calculate average total cover by plant species and relative cover
of each plant type group.

2.3. Soil Sampling

We collected soil samples for soil texture and soil cores for soil bulk density. Topsoil
cores were collected in September 2018 to determine soil texture and bulk density. One
soil core was collected every 5 m (starting from 0 m) on the six 60 m transects (13 samples
for each transect), for a total of 78 samples using a soil core sampler (5 cm diameter x 7.5
cm length). Soil texture (clay, silt, and sand content) was estimated using the hydrometer
method [18]. Prior to soil texture analysis, 50 g of dry soil was treated with 5 mL of 30%
H202 to oxidize any organic matter. We added 50 mL of 10% Sodium hexametaphosphate
(NaHMP) and placed the suspension on a shaker overnight to disperse soil aggregates.
Then, the soil suspension was transferred to a 1 L graduated cylinder and measured with a
hydrometer at multiple time points to determine the specific gravity of the suspension [19].
Soil cores were weighed, oven-dried at 105 °C for 24 h, then reweighed to determine soil
volume and dry soil weight. Dry soil bulk density was calculated by dividing the dry weight
of soil (g) by the soil volume (cm?). Soil bulk density was obtained once in May 2019.

We also collected soil volumetric water content (20 cm depth) every five meters
along each transect using a HS2P HydroSense II (Campbell Scientific, Logan, UT, USA)
portable soil water probe. Similar to the measurements of soil texture and bulk density,
13 measurements of soil volumetric water content were obtained on each transect. To
determine temporal changes in soil volumetric water content, we collected data weekly
from March 2019 to March 2020.

2.4. Water Potential Sampling

Plant water potential () was determined to estimate the physiological stress response
of four representative plant species to changes in soil volumetric water content. Stem water
potential of Juncus patens and Juncus effusus and leaf water potential of Typha latifolia and
Scirpus microcarpus were measured for 3 days at the end of July, August, and September
2019 (the driest period of the year). These measurements were collected during midday
(¥Ym; 12:00-14:00 pm) and predawn (¥Ypd; 03:00-5:00 am) using a Scholander-type pressure
chamber (PMS Instruments, Albany, OR, USA). Vegetative stems or leaves (n = 3) were sam-
pled using scissors, then clipped samples were measured in a short time at the same midday
and predawn periods. We evaluated water potential in only four representative species
from the 27 plant species that were found in the study area because of time constraints
and because those four species were the main ones available during the dry period of the
year. Some other plant species, such as Alopecurus pratensis, were not accessible during
late summer because they typically die back during the dry period and regrow during the
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spring, the wet period. In order to understand the responses of J. patens, |. effusus, T. latifolia,
and S. microcarpus to water stress, we also measured soil volumetric water content at the
base of the plants that were evaluated for ¥ on the same day.

2.5. Geospatial Analyses

The collected data (soil bulk density, soil texture, soil moisture) were geo-located using
a Juniper Systems Geode GNS2 Sub-meter GPS Receiver (Juniper Systems, Logan, UT,
USA) in the 6 linear transects. The accuracy of the Geode with SBAS (WAAS) correction is
<60 cm 2DRMS. Spatial analysis was conducted using the Spatial Analyst Extension in
ArcMap 10.8 (ESRI, Redlands, CA, USA). Clay content and bulk density were analyzed once,
as these properties are relatively static. Interpolation was used to display spatial variation in
each property across the sample site, and the spline function was the specific interpolation
tool used with default Environment Settings, cell size of 0.31 m, and smoothing factor
of 0. A hillshade created from LiDAR data with a spatial resolution of 1 m was used as a
backdrop and displayed using the cubic convolution display setting (for continuous data).
LiDAR data were acquired from State of Oregon Department of Geology and Mineral
Industries (DOGAMI).

The soil water content measurements that were taken through the year of study across
the study area were used to model water content surfaces across spatial and temporal scales
using GIS. Although soil moisture measurements were performed weekly throughout the
year, we chose to model soil moisture to exemplify variations at two times: during the
wettest month (April) and the driest month (August). Volumetric water content maps
were displayed using the same color scheme (10% increments) across all dates to allow
for comparison across time. Intuitive colors were used for their respective maps. For ease
of interpretation, defined class sizes were used for all legends and class breaks, such as
increments of 0.2 g/cm? for bulk density size class range. Contour lines were added for
added visual distinction between classes.

2.6. Statistical Analysis

Plant community analysis was conducted using plant occurrence data, with plant
species grouped by functional groups based on growth form (rushes, forbs, grasses, and
sedges), as well as one group for litter, and one for bare ground. An analysis by individual
plant species was intended first, but, because of the spotty nature of the species (transects
often had zero presence of many species), the analysis was inappropriate. Non-metric
multi-dimensional scaling (NMDS) was used to visualize grouping of functional groups
along transects as well as correlations between plant community structure (functional
group distribution) and selected soil variables. This analysis is often preferable over metric
ordination analyses for ecological community data due to the inherent complexity of
interactions between species and the environment, the abundance of zeros in plant cover
data, and the ability to use absolute cover without transformations, as we did. The soil
variables that were examined as possible influences on community distribution were bulk
density; percentages of clay, silt, and sand; soil texture ranking; and average soil volumetric
water content for the months January, April, August, and October. The function metaNMDS
from the “vegan” package in R Statistical Software was used with Bray—Curtis distance
and 100 tries to create the NMDS, while the function envfit from the “vegan” package was
used with 999 permutations to analyze correlations with soil variables and overlay onto an
ordination as significant (p < 0.05) vectors. NMDS results were examined for stress and
instability using Shephard’s plots and stress was nearly zero (4.788739 x 10~°). While the
stress score was nearly zero, data were considered to be sufficiently abundant to continue
with the analysis. The envfit function assumes that correlations between environmental
variables and plant cover are linear, so to test this we created plots using the ordisurf
function in the “vegan” package. Significance of differences between plant communities
was validated with the perMANOVA using the adonis function in the “vegan” package.
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While the NMDS ordination provides an understanding of the influence of soil vari-
ables on plant community structure as a whole, correlations between soil variables and
individual functional groups were determined using generalized linear models (GLMs) in
R Statistical Software [19,20]. In an attempt to avoid the issue of multicollinearity while
modeling with dependent soil variables, we used a double stepwise method of model
selection [21]. For each functional group, we first determined the most influential month
of soil moisture content with a backward stepwise reduction using the step function in R,
then added the remaining soil variables to the model and again used a backward stepwise
reduction to come up with the final model. Models were selected based on either negative
binomial or Poisson distributions due to the requirement of model comparison (i.e., Akaike
Information Criterion) for stepwise analysis, abundant zeros, and data presented as integers.
Model residuals were simulated to check for overdispersion using the simulateResiduals
function within the DHARMa package in R to create qq plots and visualize observed vs.
predicted residuals. Simple linear regressions using R were performed to determine the
associations between predawn and midday water potential and soil water content in four
representative species. Due to the low number of observations for water potential, we used
a Shapiro-Wilks test for normality of residuals after visualizing with qq plots and residual
histograms using the olsrr package in R. Due to some issues in normality of residuals in the
models, we also analyzed these data with quantile regression using the quantreg package
in R, and calculated R, a local measure of goodness of fit at tau = 0.5 [22]. Finally, we used
a Wilcoxon rank sum test to analyze the average soil moisture by month.

3. Results
3.1. Plant Species Composition

In total, 24 plant species were found on the six transects of the study area (Table 1).
Some vegetation patterns are evident. Five species were found in all the transects: Dipsacus
fullonum, Alopecurus pratensis, J. effusus, |. pattens, and Carex stipata. The most abundant species
distributed throughout the study area was the invasive exotic D. fullonum. Vicia tetrasperma is
an annual species that was found in five of the six transects. Other abundant species, such as
T. latifolia and Scirpus microcarpus, were restricted to specific areas (only found in transects
1 and 2). We did not intend a statistical comparison of species by transect; our goal in showing
this information was to support some findings of our subsequent ordination analysis.

Table 1. Plants species, life cycles, wetland indicator status, and mean basal vegetation cover for all
the six transects. Life cycle categories: P (Perennial), A (Annual), B (Biennial). Wetland indicator status
from Lichvar et al. [23]: OBL (Obligate wetland), FACW (Facultative wetland), FAC (Facultative),
FACU (Facultative upland), UPL (Obligate upland).

Basal Cover (%)

Forbs Cycle Status T1 T2 T3 T4 T5 T6
Cirsium arvense P FAC 0 0 0 0 0.8 0
Daucus carota B FACU 0 0 0 49 0 0
Dipsacus fullonum B FAC 20.6 49.6 52 27.2 21.5 41.3
Galium aparine A FACU 0.8 0 0 0 1.6 0.8
Leucanthemum vulgare P FACU 0 0 0 0.8 0 0
Malva neglecta A FACU 0 0 0 0 1.6 0
Myosotis laxa A OBL 1.6 0 0.8 1.6 0.8 0.82
Typha latifolia P OBL 25 4.9 0 0 0 0
Veronica americana p OBL 0 0.8 0 0.8 0 0
Vicia sativa A FACU 0 0 0 0 0 0.8
Vicia tetrasperma A FACU 0 49 7.4 11.5 2.4 7.4
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Table 1. Cont.
Basal Cover (%)
Forbs Cycle Status T1 T2 T3 T4 T5 T6
Grasses
Alopecurus pratensis p FAC 1.6 1.6 7.4 30.5 34.7 14
Holcus lanatus P FAC 1.6 0 1.6 0.8 2.4 0.8
Phalaris arundinacea P FACW 0 0 0 0 0 11.5
Poa pratensis p FAC 1.6 2.4 0.8 2.4 0 1.6
Rushes
Juncus effusus P FACW 17.3 12.4 6.6 74 8.2 4.9
Juncus patens p FACW 49 5.8 2.4 4.9 1.6 0.8
Sedges
Carex amplifolia P OBL 0 2.5 0 0 0 0
Carex densa P OBL 0 0 0 0 41 0.8
Carex feta P FACW 0 0 0.8 0 0 0
Carex pellita P OBL 0 0.8 0 0 0 9.1
Carex stipata P OBL 1.6 41 13.2 5.8 13.2 3.3
Schoenoplectus acutus P OBL 0 0 0 0 6.6 0
Scirpus microcarpus P OBL 27.2 49 0 0 0 0

3.2. Soil Characteristics and Moisture Fluctuations

The clay content was generally high along transect 3, but did not seem to clearly
correspond to areas of high water content (Figures 1 and 2). In contrast, bulk density
variation in the study area indicated corresponding areas of lower bulk density and higher
soil water content. The general trend for soil bulk density in the study area indicated an
increase with transects from upland (transects 1, 2, and 3) to lowland (transects 4, 5, and 6)
(Figure 1).

Soil Clay Content

r L =

. ] <15%
Soil [ 11sa-20%
Clay [ | 201 -25%
Content [ ] 251-30%

30.1 - 35%
(Percent) 5.1 0%

40.1 - 45%

Soil Bulk Density (g/cm?)

041-060 [_J121-140
0.61-080 [ |141-160
0.81-1.00 1.61-1.80
1.01-1.20 1.81-2.00

10 20 40 Meters.

NADE3
Projection: State Plane Oregon Morth 3601

Figure 1. Geospatial interpolation of the representative differences in soil clay content (%) and soil
bulk density in the study area. The six black straight lines in the figures indicate the location of the
transects where sampling occurred within the wetland.
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Soil Volumetric Water Content - April 2019

Volumetric Water Content (%) N

0 10 20 40 Meters
0-10 51-60 A
11-20 61-70
21-30 71-80 Datum: MADES
31-40 81-90 Projection: Oregon State Plane North 3801
41-50 91 - 100

Figure 2. Map of the research area displaying the geospatial interpolation of soil volumetric water content
in the top 20 cm of the soil profile at different times of the year (2019-2020). The six black straight lines in
the figures indicate the location of the transects where sampling occurred within the wetland.

Although there were clear changes in soil moisture through the year, a pattern of
consistently high soil moisture was maintained through the year at the east-central side
of the study area (Figure 2). In such areas, soil moisture was never lower than 70%, even
during August, the driest month. Variation in soil moisture at the west and central parts of
the study area was much more noticeable throughout the year. In those areas, soil moisture
was predominantly about 60% during the wettest month (April), and it was about half
(30%) during the driest month (August).

Fluctuations in average soil water content during the period of study (February 2019-2020)
followed the variations in precipitation in the study area (Figure 3). In general, the
wettest period of the year was spring, while the driest period was during late June to
mid-September. Soil water content was highest in April (66% to 69%), but not significantly
different from that in January (66% to 67%) (Figure 4). October (55% to 61%) and August
(36% to 39%) had lower soil moisture.
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Figure 3. Daily precipitation records from the meteorological stations and average weekly soil
volumetric water content measurements (0-20 cm depth) obtained during the study period
(February 2019-February 2020) at the study area.

Figure 4. Soil moisture percentages in April, August, October 2019, and January 2020. Asterisks (***)
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3.3. Plant Water Stress Responses to Drought

Four representative species were selected to test their physiological response to soil
moisture variation during the dry season: J. effusus, J. patens, S. microcarpus, and T. latifolia.
The midday water potential of the four species changed significantly (p < 0.05) in response
to changes in soil moisture. The two Juncus species experienced lower midday water
potentials (up to about —2.5 MPa) and were found in areas with lower soil water content
(as low as 27%) (Figure 5) than S. microcarpus and T. latifolia (Figure 6). The latter two species
were found in areas with soil moisture no lower than 37%. As expected, the predawn water
potential of the four species was less variable than the midday water potential with respect
to changes in soil moisture. In the two Juncus species, little change occurred in the predawn
water potential with changes in water content, while in the other two species, the predawn
water potential varied substantially with soil moisture.

A YVolumetric Water Content (%) YVolumetric Water Content (%)
R'=0.173258 . -0.25 { Not significant
-1.01 L
L ] L ]
— L ]
a 0.50 -
= * * *
— 3 ‘3 e
= . - —w .
o e
=] -07sq" =
% L ] L ]
o -
(]
g L ]
-1.00 4
L ]
2.5 . -
L ]
B 1 1
R =0211456 » R =0.021612 -
-1.04 L L ]
. L
044 @ -
1 L ] = m
o - — o
o _ [ ] — s
=-15 - - -
= - .
o -
= -0.8
]
o 2.0
s
(1]
§ e 1.2
-2£.0
. *
L ]
L ] L ]
-3.0-

Figure 5. Soil water content and water potential relationships for (A) Juncus effusus and (B) Juncus patens.
Left panels show midday water potential and right panels show predawn water potential. Solid lines are
medians and dashed lines are mean values. All regressions p < 0.05 except as marked in the figure.
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A Wolumetric Water Content (%) Volumetric Water Content (%)
R'-0 136718 L -011 R'=0 306159 L

Water Potential (MPa)

1 1 -
R'-0.260628 3 04| R'=0396696 . s

Water Potential (MPa)

Figure 6. Soil water content and water potential correlation of (A) Scirpus microcarpus and (B) Typha latifolia.
Left panels show midday water potential and right panels show predawn water potential. Solid lines
are medians and dashed lines are mean values. All regressions p < 0.05.

3.4. Functional Group Responses to Soil and Moisture

Soil moisture in August and October as well as bulk density were significant environ-
mental variables correlated with plant community structure of functional groups (Figure 7).
The NMDS ordination revealed that the plant community structure of functional groups
differed between transects, with transects 1, 2, and 3 consisting more of rushes, litter,
and bare ground, while transects 4, 5, and 6 are more likely to be dominated by sedges,
grasses, and forbs. We analyzed three soil variables, soil moisture, soil texture, and soil
bulk density, to understand their impacts on the distribution of functional groups in the
study area. August’s and October’s soil moisture appears to be positively correlated with
plant communities associated with transects 1, 2, and 3 (rushes and sedges) (Figure 8),
while bulk density is positively correlated with communities in 4, 5, and 6 (grasses and
forbs), with the opposite being true for negative correlations.

Bare

1.0

05

NMDS2

05
I

-10

Transect

1 4
2 5
3 6 .

Figure 7. The distribution of functional groups, soil bulk density, and soil moisture in October and
August on six transects. Plotted axes are only the significant correlations (p < 0.05).

The double stepwise GLM reduction resulted in models with different explanatory
variables for many of the response variables of interest. Sedges, bare ground, and litter
models reduced to single explanatory variables, while the grass model was explained by
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two variables (August moisture and soil bulk density), and the rush model was composed of
August soil moisture, bulk density, and clay percentage. Rushes were positively correlated
with clay percentage (Figure 8) and August soil moisture, but negatively correlated with
soil bulk density. Rushes were also positively correlated with October moisture, but the
model was more parsimonious without it; therefore, the variable was removed during
stepwise reduction. Grass occurrence was only significantly correlated (positively) with
bulk density (Figure 8). Sedges were negatively correlated with average soil moisture in
October (Figure 8).

g ] C 15 =
3 r 1.0 r
2 i 05 =
- 1 g
2 &
o b
wr @
| Y Y Y S S Y Iy i 1 | 1 1111 ' 1
T T T T T
20 25 30 35 40 50 55 60 65 70
Clay Percentage Avg. October Soil Moisture %

30 4 -
2.5 [
207 C
15
1.0 -
. 057 =
o
2
(&)
@
i
@
1J_'I_A_A_'A_l_I_IJ.‘_LI_I_II1J_IJIlllIlL}ILIJJJLI_I_L'_LL
04 06 08 10 12 14 186
Bulk Density

Figure 8. Correlation between rush cover and clay percentage, grass cover and bulk density, and
sedge cover and October soil water percentage. Clay and avg. October soil moisture is %, bulk
density is grams per milliliter (g/mL).

4. Discussion
4.1. Wetland Plant Species Composition

Our objective was to determine the most dominant or characteristic plant species in
our study area as the first step to envision suitable conservation or restoration practices.
Wetlands support a wide variety of species on a relatively small surface. We found that
T. latifolia and S. microcarpus were dominant within transects 1 and 2, which were the
transects with higher soil moisture and lower bulk density. Transects 5 and 6 were the
driest transects and were dominated by grasses such as A. pratensis and P. arundinacea.
However, |. effusus, . patens, and D. fullonum were found in both wetter and drier transects.
These data show the large variability that moisture and soil characteristics can cause in
vegetation in a small area. Although our use of functional groups based on growth form has
its limitations [24], we believe such grouping is adequate in understanding plant responses.

4.2. Abiotic Factors Affecting Functional Groups

Based on the NMDS ordination and our models, we consider soil moisture, soil texture
and soil bulk density as distinguishable contributing factors for spatial variation in plant
functional groups (grasses, forbs, sedges, and rushes) in our study area. Many factors
have the potential to influence soil volumetric water content such as precipitation events,
topographic features, and geographical conditions [25]. The study area has a slight slope,
which controls the field-scale spatio-temporal variability of soil moisture [26]. We observed
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at the downslope that the study site has abundant rock fragments, which are an important
factor for measuring lower soil moisture at the downslope transects because of faster water
movement [27]. Therefore, we suspect that because of the presence of rock fragments at
the downslope, the highest soil moisture was recorded within upslope transects (transects
1 and 2), while transects 5 and 6, located in the downslope site, have the lowest soil moisture.

Based on our data, D. fullonum was found to be the main invasive exotic species in the
wetland. This is a biennial forb that prefers moist soil; however, it tolerates dry conditions
because it produces a deep taproot [28]. Dipsacus fullonum grows in varying soil textures
from loamy sand to heavy clay soils [29], which was confirmed in our study. This is an
introduced species from Europe that is considered an invasive weed in North America,
as well as in parts of South America [28,30]. Given the adaptability of this species, its
management should be focused on maintaining a proper plant cover of native perennial
species such as the dominant Juncus species, especially as the seeds of D. fullonum germinate
under a broad range of environmental conditions and could compete with regeneration
of the native cover under disturbance and decrease diversity [30]. Our results, with
D. fullonum dominating the study area in a variety of soil conditions, highlight the need
to better understand its biology and potential control. This is especially important as its
current dominance may be a direct effect of the past management of the wetland, which
included grazing. Finally, understanding the factors that favor this species’ establishment
can benefit management practices from multiple areas in which this widely distributed
invasive species is invading.

Other species that our study determined to be dependent on high soil moisture
included the perennial native species T. latifolia and S. microcarpus, while some other species
such as A. pratensis and P. arundinacea were found to be associated with lower soil moisture.
Typha latifolia and S. microcarpus may increase soil organic matter more than other plant
species, in turn decreasing the bulk density of the soil [31-33]. Lower bulk density suggests
that there is more pore space available in the soil, which increases the water availability
in the soil to be used for plant growth [34]. This is important, as they represent feedback
in which both species favor the growth and establishment of the late seral community on
which both are present. Conservation efforts should consider maintaining a proper cover
of T. latifolia and S. microcarpus to favor the water storage in this and other wetlands in the
Willamette Valley.

On the other hand, A. pratensis and P. arundinacea, which were located on the drier
areas of the wetland, tolerate both wet and drier conditions [35] and are mainly located on
clay or loam soils and the areas of higher bulk density [36], as was indicated by our models,
showing that grasses were positively correlated with bulk density. Phalaris arundinacea
is a native species [37], but A. pratensis is not and was originally introduced for hay and
pasture [38]. Both species can be highly competitive due to their rhizomatous nature and
high seed production. Under improper management, both species can become invasive [37].

This study showed that J. effusus, J. patens, and D. fullonum are intermediate species
in terms of soil moisture requirements. Therefore, even though J. effusus, and J. patens are
wetland plant species, they tolerate changes in soil moisture and fairly dry conditions. Other
studies have reported Juncus species tolerating water stress (high in water use efficiency)
compared with other wetland species [39,40]. Our finding that rushes were also positively
correlated with clay percentage has been corroborated by other studies that found that the
Juncus species preferred to grow in clay and loam soils [41]. However, while we found a
negative correlation between rushes and bulk density, Ref. [42] found that areas dominated
by J. effusus and . patens had lower organic matter, resulting in higher bulk density.

4.3. Wetland Plant Species Responses to Drought

From the four species evaluated for water stress, we found two general responses:
species with higher levels of stress (J. effusus and J. patens), and species with lower levels
(T. latifolia and S. microcarpus). The lower stress levels of T. latifolia and S. microcarpus are
associated with their presence in areas of the wetland with more moisture, and therefore
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their dependence on higher soil moisture [43]. This could indicate that a reduction in the
wetland’s water storing capacity could have a higher effect on T. latifolia and S. microcarpus.
On the other hand, our water potential results indicate that both Juncus species can tolerate
higher levels of stress, allowing them to persist if the wetland water storing capacity
is reduced in response to disturbance. Furthermore, D. fullonum, P. arundinacea, and
A. pratensis were not evaluated for their responses to stress, but are found in the drier areas
of the wetland, possibly indicating that all species could spread and invade the wetland
under drier conditions since the three species can be invasive [30,37,38].

Conservation efforts that involve maintaining desirable native plant cover in wetlands
are important to prevent invasive species from spreading. It is possible that the pres-
ence of invasive species in the area was favored by historical excessive livestock grazing.
Although currently the area is protected from grazing, the recovery of vegetation may take
decades. Based on this, restoration efforts may include (1) maintaining the area excluded to
livestock grazing so native vegetation can recover and compete with the invasive species,
(2) procuring active elimination of invasive species via mechanical means, and (3) avoiding
hydric diversions that negatively affect the water supply to the wetland area.

5. Conclusions

We found high variation in plant species within functional groups (forbs, grasses,
rushes, and sedges), as well as how they interact with multiple factors associated with
soil and moisture. Most functional groups associated with community structure correlate
to soil moisture (particularly during August and October) and to soil texture and bulk
density. These correlations might forecast a shift in dominance from sedges to rushes if
soil moisture content decreases in future scenarios, resulting in a decrease in ecosystem
diversity. Changes in vegetation due to fluctuations in hydrology and livestock grazing
are common around the world and are prone to affect sensitive areas like wetlands. Fur-
thermore, the dominance of invasive species is an important indicator of the need for
appropriate restoration practices. The invasive D. fullonum was the most dominant invasive
species, replacing the native plant community and reducing ecosystem quality. Therefore,
we recommend maintaining the area excluded from livestock grazing, avoiding hydric
diversions, and establishing native plant species such as Willow spp. to influence succession
after grazing exclusion. These practices should contribute to restoring native vegetation
structures and ecological functions in deteriorated wetlands.
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