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Wetland degradation has negative influences on wetland functions and services. The
understanding of wetland functions requires the intersection of two science disciplines,
ecohydrology and plant physiology for a correct approach on wetland restoration and
management. Although studies assessing ecohydrological relationships to protect wetlands are
relatively common, studies evaluating both ecohydrological and plant physiological aspects are
not common. This study characterizes the relationship between herbaceous vegetation species
and soil properties, including surface (0–20 cm) soil volumetric water content, soil texture, and
soil bulk density. Non-metric multi-dimensional scaling (NMDS) and generalized linear models
were used for this analysis. This study also evaluates the interaction between soil volumetric
water content and water potential of representative wetland plants of the area to understand
plant stress responses during the dry period of the year. This study was conducted in a
conservation wetland near the Oregon State University Sheep Farm in the Willamette Valley,
OR.
Our findings indicate fluctuations in surface soil water content during the period of
study (February 2019–2020) followed the variations of precipitation at the study area. In
general, the wettest period of the year was the spring while driest period was during late June
to mid-September. Soil water content ranged from 53.5 % to 83.3 % in April; 27.9 % to 72.7
% in August; 48.4 % to 77.2 % in October; and 51.6 % to 88.9 % in January. In total, 27 plant

species were characterized on the six transects by using the line-point intercept and grouped in
four distinct plant community types: rushes, forbs, grasses and sedges. The representative eight
plant species correlated with a different range of soil volumetric water content percentage.
Typha latifolia, Scirpus microcarpus, and Schoenoplectus acutus had a range of higher soil
water content (measured about 45.0–88.9 % during a year) whereas Alopecurus pratensis,
Phalaris arundinacea, Juncus patents, and Juncus effusus had a range of lower soil water
content (measured about 20.5–65.0% during a year). Distributed throughout the study area,
Dipsacus fullonum (an invasive exotic species) seemed to be the most adapted to the high
variation in soil water content. Plant community analysis indicated that dry season (August and
October) soil moisture as well as soil bulk density were the major abiotic drivers of plant
community structure. According to step-wise generalized linear modelling, rushes were
positively correlated with soil moisture in August, while sedges were negatively correlated with
soil moisture in October. Soil bulk density was positively correlated with grasses, and
negatively correlated with rushes, and litter cover.
The target plant species for the association between soil moisture and water potential
during the dry season were J. patens, J. effusus, T. latifolia, and S. microcarpus. Midday water
potential of the four species changed significantly in response to changes in soil moisture.
Midday water potential values correlated more strongly with volumetric water content in the
two Juncus species than in S. microcarpus and T. latifolia. In addition, the two Juncus species
experienced lower midday water potentials (up to about -2.5MPa) and were found on areas with
lower soil water content (as low as 27 %) than S. microcarpus and T. latifolia. The water
potential results of individual species corroborated the findings of the community analysis.
Juncus (rush) species are more tolerant to drought than other typical wetland species such as S.
microcarpus and T. latifolia. So, potential changes due to climate change or water diversion
from the wetland, which may cause dryer conditions, may favour rushes persistence over other
species. However, the observation that the invasive D. fullonum is dominating the area brings

more questions on the future survival of the native species. Results of this study contribute to
foundational knowledge concerning the influence of soil conditions and moisture availability
on the physiological response and distribution of wetland plant species that should be
considered for wetland management practices, conservation, and restoration.
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1. Introduction
Wetlands and their importance
Wetlands are located between terrestrial and aquatic ecosystems as a transitional zone
(Mitsch & Gosselink, 2015). Wetlands have three important structural parameters which are
saturated soil, plant community composition and pulsed hydrology,changes in precipitation and
water depth seasonally (Hunter et al., 2008; DeAngelis et al., 1997). The definition of wetlands
includes the presence of soil saturation and inundation which are characterized by ground and
shallow water at a frequency and duration sufficient that encourages a predominance of
hydrophytes in hydric soil throughout the growing season of each year (Lang et al.,2020). The
interactions between hydrology and ecology play a diverse and significant role in wetland
function, providing numerous ecological benefits (Zhou et al., 2016). The functions of wetlands
are ecological processes consisting of hydrologic retention (surface water storage, subsurface
water storage, groundwater recharge), the transformation of nutrients, survival and growth of
living matter, and diversity of wetland plants (Martínez et al., 2015). The understanding of
wetland functions has vital importance to protect ecosystems. Wetlands provide beneficial
services for humans and other biotic and abiotic components of the ecosystems. They have been
used as sources of clean water that is purified through natural filtration processes, aided by plant
roots and microbial activities (Huang et al., 2012). This purification has helped humans to save
on costs associated with the construction of engineered water sources (Chichilnisky & Heal,
1998). Wetland vegetation is also useful in controlling flooding that could destroy productive
ecosystems, hence resulting in food abundance for both humans and aquatic communities
(Hernandez & Mitsch, 2006). Furthermore, wetlands are valuable places for recreational
activities, such as hiking, fishing, hunting, wildlife photography and bird watching, besides
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being sources of raw materials for herbal and traditional medicines and cosmetics (Mitsch et
al., 2015).
Wetland alteration and destruction have negative influences on wetland functions and
services (Richardson, 1994). The understanding of wetland functions is vitally important for
their protection, which is why wetland management and wetland restoration practices involve
returning degraded wetlands to adequate wetland states (Mitsch & Gosselink 2015). Wetland
restoration consists of rehabilitating a degraded wetland so that hydric soil, water dynamic, and
vegetative characteristics are a close approximation of the previous natural conditions that
existed before exposure to degradation (Martínez et al., 2015).
Current Status of Wetlands
The extent of the world’s wetlands is approximately 8 to 10 million km², or 6.2-7.6
percent of the land surface of the globe (Döll, 2020) Currently, wetlands in the USA comprise
44.6 million ha, or about 5.5%, of the 48 contiguous states. North America’s wetlands extend
around 2.5 million km², which is an estimated 30% of the world’s wetlands; unfortunately, there
is a rapid rate of wetlands loss in the United States. Over the last hundred years, human activities
have decimated about 50 percent of the Earth’s wetland. (Mitsch &Gosselink, 2007).
Wetlands in Willamette Valley have been exposed to extensive and invasive land use
since the 19th century (Gilmour et al., 2015) because the Willamette Valley has fertile soil and
abundant rainfall, which are the most significant factors necessary for agricultural practices.
Before the introduction of developed agriculture, the Willamette Valley provided a broad
composition of wetland habitat, including a high diversity of native plants and native animal
species. The Willamette Valley is the fastest-growing ecoregion in USA (Wilson & Sorenson,
2012). For the development of favourable wetland conservation policies, it is important to
include the value of ecohydrology policies and practices for the Willamette Valley (Taft &
Haig, 2003).

3
The Scope of Ecohydrology
In the last decade, the disciplinary reformulation of hydrology is “ecohydrology”, which
investigate the relationships between hydrology and life sciences. Ecohydrology is interdisciplinary, bridging between traditional disciplines of hydrology and ecology (Catford, 2006).
The scope of ecohydrology covers many important aspects: improvement of ecosystem
restoration and conservation methods, impacts of water regimes on vegetation succession,
socio-economic aspects, and water resources sustainability (Zalewski, 2000). In addition,
wetland conservation research has focused on two aspects, the interpretation of soil structures
and vegetation patterns in terms of hydrological perspectives, and the interplay between soil,
water, and vegetation based on an understanding of plant physiology at a spatial and temporal
scale (Baird &Wilby, 1999; Rodrigues 2000; and Peters et al., 2005; Harper,et al., 2008).
These relationships further help to explain the complexities of wetland hydrology.
Wetland Hydrology
Hydrological processes are responsible for the formation, persistence, size, and function
of wetlands (Carter, 1996). Climate is primarily responsibile for distribution and differences in
wetland type, vegetation composition, and soil type (Kolka & Thompson, 2007). Water
movement through and within wetlands accounts for the differences in water quality, depending
on the degree of natural or human-induced disturbance (Fretwell et al.1996). Hydrology is
extremely significant for the preservation of wetland structures and their functions. In turn,
wetlands play a critical role in the maintenance of the hydrological cycle (Bullock & Acreman,
2003). Hydrologic conditions provide the unique physicochemical properties that differentiate
wetland ecosystems from other systems, such as well-drained terrestrial and deep-water aquatic
biotas (National Research Council, 1995). Seasonal hydroperiods in wetlands may affect
hydrophytic plant growth and survival and soil properties adversely (Correa-Araneda, et al.
2012). Inflows and outflows in wetlands, ground and surface water levels, flow patterns, and
duration and time of flooding result in changes in the biota of wetlands (Mitsch &Gosselink,
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2007). The amount of both ground and surface water is an essential point in determining
minimum wetness for a description of wetland hydrology (Tiner, 2016). Ground and surface
wetness can more easily be understood when we look at the relationships of soil within wetland.
Wetland Soils
Typical wetland soils are anaerobic, demonstrating characteristics that are uniquely
different from other soils. The anaerobic soil is populated with microorganisms that are
anaerobes (Jackson et al., 2014). Water dynamics have crucial roles in the improvement, form,
and chemical nature of soils, creating hydric soils that alter water movement and solutes through
wetlands, therefore, hydric soils influence biogeochemical processes essential for wetland
functions and services. A basic understanding of soil processes and the hydrologic processes is
required to understand wetland formation and function (Jackson et al.2019).

Some important soil physical properties such as soil moisture, soil texture, and bulk
density directly affect hydraulic conductivity, water storage, water availability, and vegetation
structure (Hao et al., 2019). Soil moisture is an effective parameter to understand the spatial
and temporal interactions between climate, soil structure, and vegetation dynamics (RodriguezIturbe, 2000). The amount of soil moisture is determined by soil permeability, climate,
vegetation, basin size, and seasonal variability (Bullock & Acreman, 2003).

Semi-arid regions are highly dependent on soil moisture to sustain ecosystem function.
Small differences in soil moisture affect seed germination and plant diversity in wetlands
(Keddy & Ellis, 1985; Vivian-Smith, 1997). Particular functional vegetation types are primarily
controlled by available soil moisture. One of the significant soil physical properties is soil
texture, which has many critical impacts on wetland formation, function, water storage, and
water availability, as well as other soil proprieties (Kolka & Thompson, 2007). The majority of
wetlands have clay dominated soils whose soil surface texture may increase the germination
rates of some plant species (Keddy & Constabel, 1986).
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The other physical property of soils that has an effect on wetland formation and function
is bulk density, the dry weight of a soil sample per unit volume (Jackson, 2019). Bulk density
has another critical effect on wetland plants because it influences water holding capacity, plant
nutrients, porosity, root expansion, and infiltration developing (Meyer et al., 2008). Vegetation
restoration practices may decrease bulk density rates, by increasing organic matter while
degradation in soil may result in increasing bulk density due to loss of organic matter. Higher
bulk density values indicate greater soil compaction that may restrict plant root growth (Twum
& Nii- Annang, 2015) While higher values of bulk density may be found in sandy and sandy
loam soils because of poor aggregation, clay and clay loam soils may have lower bulk density
values (Chaudhari, et al. 2013).
Vegetation in wetlands
Hydrophytes adapt to soil waterlogging and submergence in wetland. Vascular plants
have an essential structural adaptation related to the pore space in their tissue (Mitsch &
Gosselink, 2007). Since saturated soils are problematic to plants because of the lack of oxygen
the ability of a plant to enhance oxygen transport through its tissues is paramount in wetlands.
Thus, it is common that wetland plants show the presence of aerenchyma, porous spaces that
act as an internal gas-transport system facilitating the diffusion of oxygen from the aerial parts
of the plant to the root system (Naumburg et al. 2005).
The water regime primarily determines the wetland plant community composition.
There is a strong correlation between vegetation and various water regimes within a single
wetland, which determines spatial and temporal heterogeneity in wetland vegetation (Niemuth
et al., 2010). Topographical variation contributes to differences in water movement at a wide
range of spatial scales in wetland plants. This variability makes it difficult to predict the effects
of different water regimes on the composition, abundance, and distribution of wetland
vegetation (Vivian & Smith, 1997). Vegetation restoration should stress the need to re-establish
water regimes, such as flooding duration, that promote more natural vegetation heterogeneity
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(Raulings et al., 2010). Vegetation restoration and vegetation type influence temporal and
spatial soil moisture patterns through evapotranspiration and precipitation and alter plant
structure and water dynamic (Yang et al. 2012).
Although water regime is an important factor controlling the composition of vegetation
in wetlands and other types of land, the invasion by weeds and undesirable species may be more
controlled by the history of degradation of an area. For example, invasive exotic weeds are
more likely to be found in areas of low cover and low diversity of native vegetation regardless
of the soil moisture characteristics of an area (Mata-Gonzalez et al. 2012b).
Interaction of Soil moisture dynamics and vegetation
The quantification of how vegetation species, vegetation canopy, and base cover impact
soil moisture is critical to create wetland management practices (Zhang et al., 2020).
Developing vegetation restoration projects may result in decreasing water resources in
ecosystems (Feng et al., 2016). On the other hand, soil water conditions have a decisive effect
on wetland vegetation and that should be understood in establishing restoration projects
(Abdallah et al. 2018). Thus, understanding the interaction between soil moisture and
vegetation contributes to practical sustainability and restoration schemes in wetlands (Jian et
al., 2015 and Zhang et al., 2020).
Under normal climate condition, wetlands may not experience water deficit. However,
seasonal variations in weather events during prolonged dry periods such as those expected with
climate change may cause increased water stress, forcing cessation of plant growth and
threatening survival (Touchette et al.2007). Plant physiological responses to hydrological
regime are complicated, and the impacts of water stress may differ from plant species to others,
besides, the timing of drought through the growing seasons (Basu et al. 2016). Responses to
soil moisture may be one of the major impacts characterizing plant species composition,
diversity and biomass in wetlands (Xu et al.2015). Predicting plant water stress and vegetation
response may be useful to obtain insights into other processes, which are considered for
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vegetation restoration (Porporato et al.2001). Plants adapt to drought conditions controlled by
a wide range of mechanisms (Zhang et al. 2019). They have a variety of adaptive traits to
minimize water loss and optimize water uptake under drought stress such as developing larger
root systems and reducing transpiration by stomatal closure (Basu et al., 2016). Moreover,
limiting plant growth, seed production, and flower development during drought stress are some
mechanism for drought avoidance (Salisbury & Ross, 1992). Stomatal closure maintains higher
tissue water content when plants are exposed to the reduction in soil moisture (Levitt, 1980).
Responses of stoma to a number of environmental variables of plants, which are water, solar
radiation, vapor pressure deficit, and CO2 concentration in the atmosphere have been elucidated
since 1976. (Damour et al.2010). Water potential (Ψ) is used as one of the most accurate a
plant-based measurement, indicator of plant water stress (McCutchan & Shackel, 1992). For
example, according to Skaloš et al. (2014), Ψ is a major driving force as water moves through
plants as transpiration (Skaloš et al., 2014). Values of plant water potential are related to the
pathway characteristics (leaf mesophyll cells and the xylem) of water movement through the
plant (Jarvis , 1976). When water movement in the xylem is low, plant water potential is high
(Manzoni et al., 2013). Besides, cavitation, the formation of bubbles in water flow under vapor
pressure, reduces the hydraulic conductance of the xylem, thereby impacting on water flow
(Hölttä et al.2012).
Root morphology is another adaptive trait for plants in response to changes in soil
moisture in wetlands (Laan et al.1989). Water stress changes the patterns of root biomass
allocation increasing fraction of root mass with respect to shoot mass (Naumburg et al. 2005;
Mata-Gonzalez et al. 2017). Although the plant roots have the most active zone in
physicochemical and biological processes of wetlands by absorbing nutrients, transporting
water and oxygen from soils to plants, and providing favourable habitat for microorganisms,
there are few studies focused on the growth of roots in wetlands (Chen et al., 2007). According
to Zhao et al. (2003), different wetland plant species have distinct root growth and root biomass.
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Chen et al. (2007) distinguished principally two root types of plants in wetlands that consist of
rhizomatic root systems and fibril root systems. While rhizomatic-root plants have rhizomes or
root biomass mostly made of thicker roots (D ≥3 mm), fibrous-root plants have a root system
composed of thin roots. Morphology, structure, and eco-physiology, growth of these two
wetland plant roots are significantly different (Lai et al.2011).
Objective
Understanding the relationship between vegetation, soil, and water dynamics is
paramount to determine the impacts of abiotic stress on wetland conservation and restoration.
This, in turn, requires the intersection of two science disciplines, ecohydrology and plantphysiology, functioning towards wetland conservation purposes. Our overall objectives were to
(a) assess the relationship between herbaceous vegetation species, canopy and ground cover,
and soil volumetric water content and to (b) evaluate plant water stress responses to drought in
a complex wetland of the Willamette Valley, Oregon.

2. Materials and methods
Study site
The study was conducted at a conservation wetland at the Oregon State University
Sheep Farm in the Willamette Valley, OR, approximately at the longitude 123.33145 °W,
latitude 44.591987 °N, and elevation 123 m (Fig. 1). 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. The study area, which is part of a conservation
reserve enhancement program (CREP) zone has been fenced off since 2010 to remove the
effects of grazing, enhance habitat and develop water quality.
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OSU Sheep Farm

Figure 1. Location of study area within the Oak Creek Basin showing lands managed by
Oregon State University

The United States Department of Agriculture (USDA) Soil Conservation Service
typified the soils of the research site as Bashaw clay with 3 to 12 % slope. Generally, Bashaw
soils are poorly drained with very fine pores on flood plains (USDA, Web Soil Survey, 2020).
Soil texture in the study area is characterized as clay loam, sandy clay loam, sandy loam, clay,
loam. Saturated soil in the vicinity of channels supports mostly hydrophytic vegetation.
The climate in the study area is mild, with cool, wet winters and hot, dry summers. The
daily average air temperatures during the study years of 2018–2019 ranged from about -0.7 ℃
in February to around 30.8 ℃ in August. Long- term mean annual air temperature at the study
area is approximately 11.6 ℃. The study site receives about 108.5 cm of precipitation annually,
most of which comes as rain during the winter (AgriMet Pacific Northwest Region, Bureau of
Reclamation). Most of the annual precipitation in Willamette Valley, about 75 %, occurs
between October and March. A distribution of the daily average precipitation (cm) from the
beginning of the research period (February 2019) through the end of the final data collection
(February 2020) is presented in Figure 2.
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Figure 2 Mean daily precipitation measurements during the study period (February 2019–
February 2020) in Oak Creek Watershed.
Experimental Site
The study was conducted from 30 July 2018 to 15 April 2020. The selected site is 2.1
hectares, 170 meters in length and 70 meters in width near the OSU Sheep Farm. Within the
area of study, six transects were established to monitor soil water content and to evaluate
vegetation composition (Fig 3). These transects were approximately 30 meters apart from each
other. Each transect was 60 meters in length and had 13 observation stations, which were spaced
5 meters apart.
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Figure 3 Experimental design for volumetric water content measurements and soil sampling.
Vegetation cover measurements
The line- point intercept method was used to determine vegetation cover (canopy and
base cover) along the six transects of the study area in May 2019 (Fig 4). A 60-meter tape
measure was placed on each transect to read vegetation cover and soil surface cover every 0.5
m by using a point stick. At each site, vegetation type groups were categorized as rushes,
grasses, forbs, or sedges. Data from each 60-m transect was used to calculate average total cover
by vegetation species, and relative cover of each plant type group. Relative cover, the
measurement of the cover of a species associated with that of other species in the study area,
was calculated for each transect by dividing sum of occurrences for each plant type group by
the sum of all occurrences. Plants species mean vegetation cover (canopy and base cover) and
plant type groups were indicated in Table 1.
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Figure 4 Design of the line-point intercept sampling method to characterize vegetation canopy
cover.
Plant water potential measurements
Four representative species of the wetland (Juncus patens, Scirpus microcarpus, Juncus
effuses, and Typha latifolia) were selected to analyze their response to stress caused by low soil
water content during the dry months of the year (July to September). These species are abundant
in the study area, even during the dry season. Three plants per species were randomly selected
to measure water potential and volumetric water content at the same points within the study
area (Fig. 5).
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Figure 5 Experimental design for plant water potential and soil volumetric water content
measurements.

Soil Sampling
Topsoil cores were collected in September 2018 for soil texture, bulk density and soil
water content, which is expressed on volumetric water content and gravimetric water content.
One core sample was obtained in each station of each transect. One soil core was collected from
each of the 78 stations along the six transects using a soil core sampler (5 cm diameter x 7.5 cm
length). Collected soil samples were brought to the laboratory to be analyzed for soil texture,
gravimetric water content, volumetric water content and bulk density. Soil texture was
estimated using the hydrometer method (Gee & Bauder, 1979).
Soil cores were weighed, oven-dried at 105 °C for 24 hours, then reweighed to
determine gravimetric water content (GWC), volumetric water content (VWC), and bulk
density (BD). Dry soil bulk density was calculated by dividing the dry weight of soil (g) by the
soil volume (cm3). Gravimetric water content was calculated by dividing the mass of water in
the soil (Mwater) (weight of wet soil – weight of dry soil) by the mass of oven dry soil (Msoil).
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The volumetric water content was calculated as the product of the gravimetric water content
and the bulk density (Cresswell & Hamilton, 2002).

GWC (g/g) = Mwater / Msoil
BD (g/cm3) = Msoil / Vsoil
VWC (g/cm3) = (𝐺𝑊𝐶) x (𝐵𝐷)

We also collected soil volumetric water (SVWC) data in the field every five meters
along each transect using a HS2P HydroSense II portable soil water probe (Fig 6). SVWC data
for the top 20 cm of soil profile was collected in 13 stations on each transect for a total sample
number of 78 for each field visit. In order to determine changes in SVWC temporally and
spatially, we collected data weekly from March 2019 to March 2020.

Figure 6 HS2P HydroSense II portable soil water probe
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Drought Stress Sampling
Drought stress was estimated by measuring plant water potential (Ψ) in plant stems or
leaves, depending on plant species. Ψ was used to estimate the responses 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 and expressed in MPa, for 3 days at the end of each month July, August, and
September 2019 (the dry period the year). These measurements were collected during midday
(Ψm; 12:00–14:00 pm) and pre-dawn (Ψpd; 03:00–5:00 am) using a Scholander-type pressure
chamber (PMS Instruments, Albany, OR). Ψm measurement indicates drought stress when
transpiration is high, while plant water status measured during the pre-dawn period indicates
plant response when transpiration becomes null (Chone et al., 2001). Vegetative stems or leaves
(n=3) were sampled from each station using scissors, then clipped samples were measured in a
short time at the same midday and predawn periods. We decided to measure only four
representative species from the 27 plant species that were found in the study area because of
time constraints; the water potential measurement process should be completed immediately,
to reduce data variability across time. We also decided to measure only four abundant species
because those were available during the dry period of the year, some other plant species were
not accessible in the late summer such as Alopecurus pratensis. In order to understand the
responses of four represented plant species to water stress, soil volumetric water content was
measured in each sampling station on the same day during each sampling round using the same
equipment used for soil volumetric water content measurements (HydroSense II).
Geospatial Analysis
The collected data was geo-located using a Juniper Systems Geode GNS2 Sub-meter
GPS Receiver (Juniper Systems, Logan UT) in the 6 linear transects, each with 13 samples.
Samples along each transect were spaced 5 meters apart from each other and aligned as straight
as allowable owing to terrain or obstructions such as vegetation or rock outcroppings. Repeat
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measurements for volumetric water content was taken over a year (2019–2020) and collected
soil samples to characterize soil texture and bulk density in May 2019 at the same points by
navigating to the same points using the GPS device. 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). Data from selected dates were used to display volumetric water content
(VWC) representative of different seasons. The dates and respective seasons were: Spring:
April 12, 2019, Summer: August 4, 2019, Fall: October 15, 2019, and Winter: January 24, 2020.
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
and cell size of 0.31, and smoothing factor of 0. A hillshade created from LiDAR data with a
spatial resolution of 1 meter was used as a backdrop and displayed using the cubic convolution
display setting (for continuous data). LiDAR data was acquired from State of Oregon
Department of Geology and Mineral Industries (DOGAMI, 2020). Datum was NAD 1983
(meters), and projection used was Oregon State Plane North FIPS 3601.
Volumetric water content maps were displayed using the same color scheme (10%
increments in VWC) across all dates to allow for comparison across time. Intuitive colors were
used for their respective maps (dark blue for high water content, light blue for lower water
content; shades of brown for soil clay content and soil bulk density). For ease of interpretation,
defined class sizes were used for all legends and class breaks, such as increments of 0.2 g/cm3
for bulk density size class range. Contour lines were added for added visual distinction between
classes. Maps were exported as JPEG and PDF for inclusion in reports.
A map of dominant vegetation species was created using high-resolution aerial imagery
to delineate vegetation types by dominant plant species. Zones were digitized in Google Earth
(Google, Mountain View, CA USA); the resulting regions were exported as a KML file for
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import into ArcMap (ESRI, Redlands CA, USA). The map was displayed in ArcMap using
unique colors per dominant plant species; LiDAR terrain was used as a background for
visualization of the site in context. Datum used is NAD 1983, and Projection is State Plane
Oregon North 3601.
Statistical Analysis
Plant community analysis was conducted using plant occurrence (basal plus canopy)
data with plant species grouped by the functional guilds, which included rushes, forbs, grasses,
and sedges, as well as one group for litter, and one for bare ground. Non-metric multidimensional scaling (NMDS) was used to visualize grouping of functional guilds along
transects as well as correlations between plant community structure (functional guild
distribution) and selected soil variables. Soil variables included in the analysis were bulk
density, percentages of clay, silt and sand, and average soil volumetric water content for the
months January, April, August, and October. Plant occurrence data was limited to points along
transects where soils data was collected (every 5 meters). 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.
While the NMDS ordination provides an understanding of the influence of soil variables on
plant community structure as a whole, correlations between soil variables and individual
functional guilds was determined using generalized linear models (GLM) in R Statistical
Software (Lane, 2002; Stroup, 2015; R Core Team, 2020). In an attempt to avoid the issue of
multicollinearity while modeling with dependent soil variables we used a double stepwise
method of model selection (Guan et al., 2013). For each functional guild, 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
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backward stepwise reduction to come up with the final model. Models were selected based on
Gaussian distributions due to the requirement of model comparison (i.e., Akaike Information
Criterion) for stepwise analysis, however, final models were fit using quasi-poisson distribution
due to abundant zeros, and data presented as integers. Simple linear regressions using Microsoft
Excel were performed do determine the associations between predawn and midday water
potential and soil water content in four representative species.

3. Results

Fluctuations in soil water content during the period of study (February 2019–February
2020) followed the variations of precipitation at the study area (Fig. 7). In general, the wettest
period of the year was the spring while driest period was during late June to mid-September.
Soil water content ranged from 53.5 % to 83.3 % in April; 27.9 % to 72.7 % in August; 48.4 %
to 77.2 % in October; and 51.6 % to 88.9 % in January.

4

60
50

3

40
2

30
20

Precipitation ( cm)

Soil volumetric water content ( %)

70

1

10
0

0

Precipitation (cm)

SVWC (%)

Figure 7 Mean daily precipitation measurements and weekly volumetric water content
dynamics during the study period (February 2019–2020).
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Geospatial Analysis
The soil water content measurements (0–20 cm) 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
through the year, we selected to model soil moisture four times (April, Fig. 8; August, Fig. 9;
October, Fig. 10; January, Fig. 11) to exemplify variations through the year. Our interpolated
results indicated a decrease in soil volumetric water content as time transitioned from the
wettest month of April 2019 to the driest month of August 2019.

Figure 8
Map of the research area displaying the geospatial interpolation of soil
volumetric water content (SVWC) in the top 20 cm of the soil profile throughout the
wettest monitoring period (April 2019)
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Figure 9
Map of the research area displaying the geospatial interpolation of volumetric
water content (SVWC) in the top 20 cm of the soil profile throughout the driest monitoring
period (August 2019)

Figure 10
Map of the research area displaying the geospatial interpolation of soil
volumetric water content (SVWC) in the top 20 cm of the soil profile during October 2019.
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Figure 11
Maps of the research area displaying the geospatial interpolation of volumetric
water content (SVWC) in the top 20 cm of the soil profile during January 2020.
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. In such area soil moisture was never lower that 70 %, even during August, the driest
month (Fig. 9). Variation of soil moisture at the west and central parts of the study area was
much more noticeable through the year. In those areas, soil moisture was predominantly about
60% during the wettest month (April) (Fig. 8) and it was about half (30%) during the driest
month (August) (Fig. 9).
The results from our geospatial representation of the distribution of percent clay content
(Fig. 12) in the study area demonstrated corresponding the transects of higher clay and higher
soil water content. Furthermore, the resulting geospatial representation of the distribution of
bulk density (Fig. l3 ) in the study area indicated corresponding areas of lower bulk density and
higher soil water content. Our results verify that the general trend for soil bulk density in the
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study area was an increase with transects from upland (transects 1, 2 and 3) to lowland (transects
4,5 and 6) areas at 12 cm depth.

Figure 12 Geospatial interpolation of the representative differences in soil clay content (%) in
the study

Figure 13 Geospatial interpolation of the representative differences in soil bulk density (g/cm3)
for study area
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In total, 27 plant species were characterized on the 6 transects by using the line-point
intercept and grouped in four distinct plant community types: rushes, forbs, grasses and sedges
(Table 1). For reference, a satellite image of the study area was also obtained (Fig. 14). Using
Google Earth and ArcMap, we created representative plant species surfaces across spatial scale
in the study area. The distribution of the eight most common species was represented with
different colors on the vegetation map (Fig. 15). The most abundant species distributed
throughout the study area is the invasive exotic D. fullonum (teasel). The other abundant species
were restricted to specific areas. T. latifolia, S. microcarpus and S. acutus had a range of higher
soil water content (measured about 45.0–88.9 % during a year) whereas A. pratensis, P.
arundinacea, J. patents and J. effusus had a range of lower soil water content (measured about
20.5–65.0 % during a year). Distributed throughout the study area, D. fullonum seemed to be
the species most adapted to the high variation in soil water content.

24

Figure 14 Satellite imagery of the study area

Figure 15 Geographical distribution of dominant plant species on the study area
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Table 1 Plant type groups, plants species, and mean vegetation cover (canopy and base
cover)
Canopy cover
Basal cover
Vegetation type
Plant Species
Mean
Mean

Forb

Grass

Rush

Sedge

Daucus carota

0.42

0.86

Dipsacus fullonum

6.37

36.93

Typha latifolia

1.94

1.29

Galium aparine

0.28

0.57

Myosotis laxa

0.97

1.01

Vicia tetrasperma

3.87

5.89

Veronica Americana

0.28

0.29

Camassia quamash

0.14

0.00

Leucanthemum vulgare

0.97

0.57

Geranium mole

0.42

0.57

Vicia sativa

0.14

0.14

Malva neglecta

0.14

0.29

Cirsium arvense

0.14

0.14

Other forbs

0.14

0.29

Poa pratensis

5.26

1.58

Alopecurus pratensis

27.96

15.66

Holcus lanatus

1.25

1.29

Phalaris arundinacea

2.22

2.01

Juncus effuses

12.46

9.91

Juncus patens

4.57

3.59

Scirpus microcarpus

9.42

5.60

Carex stipata

11.22

7.18

Carex feta

0.42

0.14

Carex pellita

5.53

1.72

Carex amplifolia

1.11

0.43

Carex densa

0.97

0.86

Schoenoplectus acutus

1.39

1.15

Association between vegetation type and soil properties
The NMDS ordination reveals plant community structure of functional guilds differs
between transects, with transects 1, 2, and 3 consisting more of rushes, litter, and bare ground,
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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
what the impacts on the distribution of vegetation type in the study area.
August and October were the driest months measured in terms of soil moisture content
(Fig. 16) and, along with bulk density, were the significant environmental variables correlated
with plant community structure of functional guilds (Fig. 17). August and October soil moisture
appears to be positively correlated with plant communities associated with transects 1, 2, and
3, (Fig. 17). while bulk density is positively correlated with communities in 4, 5, and 6, with
the opposite being true for negative correlations (Fig. 17). The double stepwise GLM reduction
resulted in a variety of models, with sedges, forbs, bare ground, and litter models reduced to
single explanatory variables, while grass and rush models were both composed of August soil
moisture, bulk density, and clay percentage. Rushes are positively correlated with soil moisture
in August, and clay percentage, and negatively correlated with bulk density (Fig. 18). Rushes
were also positively correlated with October moisture, but the model was more parsimonious
without it, therefore the variable was removed during stepwise reduction.

Figure 16

Soil moisture percentages in April, August, October 2019 and January 2020
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Figure 17 The distribution of vegetation type, soil bulk density, and soil moisture in
October and August on six transects

Figure 18 The correlation between rush cover and clay percentage
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Grass occurrence was only significantly correlated (positively) with bulk density (Fig.
19). Sedges are negatively correlated with average soil moisture in October (Fig. 20). Only
rushes were significantly correlated with more than one variable (soil moisture in August, bulk
density and clayey soil).

Figure 19 The correlation between grass cover and bulk density

Figure 20 The correlation between sedge cover and October soil water percentage
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Soil water content and water potential interaction of four representative plants
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 .
Midday water potential of the four species changed significantly (p < 0.05) in response to
changes in soil moisture. Midday water potential values correlated better with volumetric water
content in J. effusus and J. patens than in S. microcarpus and T. latifolia. In addition, the two
Juncus species experienced lower midday water potentials (up to about -2.5 MPa) and were
found on areas with lower soil water content (as low as 27 %) (Fig. 21-22) than S. microcarpus
and T. latifolia (Fig. 23-24). The latter two species were found in areas with soil moisture no
lower than 37 %. As expected, predawn water potential of the four species was less variable
than midday water potential with respect to changes in soil moisture. In the two Juncus species,
the regression was not significant while in the other two species predawn water potential varied
significantly (p < 0.05) with soil moisture.
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Figure 21 Soil water content and water potential interaction of A) Juncus effusus. Left panels
show midday water potential and right panels show predawn water potential
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Figure 22 Soil water content and water potential interaction of B) Juncus patens. Left panels
show midday water potential and right panels show predawn water potential
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Figure 23 Soil water content and water potential interaction of A) Scirpus microcarpus. Left
panels show midday water potential and right panels show predawn water potential.
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Figure 24 Soil water content and water potential interaction of B) Typha latifolia. Left panels
show midday water potential and right panels show predawn water potential.

4. Discussion
We consider soil moisture, soil texture and soil bulk density as distinguishable
contributing factors for spatial variation in vegetation type in a conservation wetland in the
Willamette Valley, Oregon. Many factors have the potential for influencing soil volumetric
water content levels such as precipitation events, topographic features and geographical
conditions (Penna et al. 2011). The study area has a slight slope, which controls the field-scale
spatio-temporal variability of soil moisture (Mohanty & Skaggs, 2001). Downslope of study
site has rock fragments, which are an important factor for measuring lower soil moisture at the
downslope transects because of faster water movement (Hlaváčiková et al., 2015). Therefore,
the highest soil moisture was recorded within upslope transects (transect 1and 2) while transect
5 and 6 located in downslope site have the lowest soil moisture. We found that different plant
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species and functional guilds are associated with different soil moisture levels, soil bulk density
and clay percentage.
The study determined that some species such as T. latifolia and S. microcarpus depend
on high soil moisture for plant growth while some other species such as A. pratensis and P.
arundinacea were found associated with lower soil moisture. Typha latifolia, a significant
wetland species, tolerates also many soil textures types (Li at el.2004). Scirpus microcarpus is
a dominant species in the wetter area which has higher bulk density and slightly higher clay
percentage (Turnbull & Bridgham, 2015). Typha latifolia and S. microcarpus increase soil
organic matter, in turn decreasing the bulk density of the soil. Lower bulk density suggests that
there is more pore space available in the soil, which increase the water availability in the soil
to be used for plant growth (Czayka, 2012). Alopecurus pratensis and P. arundinacea adapt to
wet, poorly drained sites. Their groups are mainly located on clay or loam soils and the areas
of higher bulk density (Federation at el.2005), as was indicated in our finding that grasses were
positively correlated with bulk density.
This study indicated J. effusus, J. patens and D. fullonum are intermediate species. Even
though J. effusus, and J. patens are wetland plant species, they tolerate changes in soil moisture
and fairly dry conditions including full sun and full shade. Other studies have reported Juncus
species tolerating water loss under water stress, which make them high in water use efficiency
compared to other wetland species (Mata-Gonzalez et al. 2012a; Evans et al. 2013). Our finding
that rushes were positively correlated with clay percentage has been corroborated by other
studies that found Juncus species preferred to grow in clay and loam soils (Les, 2017).
However, while we found a negative correlation between rushes and bulk density Burdick and
Roman (2012) found that areas dominated with J. effusus and J. patens had lower organic
matter, resulting in higher bulk density (Burdick & Roman, 2012).
Dipsacus fullonum is a biennial forb species that prefers moist soil however it tolerates
dry conditions because it produces a deep taproot (Rector et al., 2006). D. fullonum grows in
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varying soil textures from loamy sand to and heavy clay soils (Beaton & Dudley, 2013). This
is an introduced species from Europe that is considered invasive weed in North America as well
in parts of South America such as Argentina (Rector et al., 2006; Daddario et al., 2017). It is a
species adapted to germinate under a broad range of environmental conditions and known to
cause negative impacts in infested pastures by competing with native and desirable species
(Daddario et al. 2017). In Argentina, D. fullonum is also known to invade and decrease the
species diversity of natural conservation areas (Daddario et al., 2017). Our results, with D.
fullonum dominating the study area in a variety of soil conditions highlight the need for better
understanding of its biology and potential control. However, it was also noticeable that some
studies emphasize the potential of biological control for D. fullonum in the United States
because there no known economically important crops or native American members of this
genus (Rector et al., 2006).
While T. latifolia and S. microcarpus were dominated within transects 1 and 2, transects
5 and 6 were dominated by grasses such as A. pratensis and P. arundinacea. However, J.
effusus, J. patens and D. fullonum were found in both wetter and drier transects. These transects
demonstrate that each sampling site has a different characteristic trend based on associated
vegetation and soil properties.
Root biomass, even though not a measured variable in this research, is a significant
factor in plant growth and wetland management (Cheng et al., 2009). Root morphology and
anatomy of wetland plants correlate with eco-physiological traits such as photosynthesis (Lai
at el.2012). Some wetlands plants, such as T. latifolia, have spongy stem and root tissues, which
contribute to facilitate the transport of oxygen to underwater tissues (Corrêa et al., 2015).
Otherwise, due to standing water, their roots cannot sustain the oxygen demanding respiratory
which is an important factor for plant growth (Liao & Lin, 2001). The root of wetland plant
species play an important role to manage wetlands (Pezeshki, 2001). Wetland plants, including
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J. effusus, J. patens, T. latifolia, S. microcarpus and A. pratensis are excellent at capturing
pollutants and controlling water availability.
The study demonstrated the high variation in vegetation types that may exist even in a
relatively small wetland area and their association with soil variables. As this study did not
document trends in shifts in plant community structure due to soil moisture levels (i.e., not a
multi-year study) it is difficult to predict shifts in species cover within the study area based on
future climate scenarios. However, the correlations found between plant functional guilds and
soil moisture may indicate a shift in dominance from rushes to sedges, if dry period soil
moisture content decreases in future scenarios. Similarly, the restoration of rushes in the region
may benefit from our findings that rushes seemed to be more sensitive to abiotic conditions
than other guilds at the site. Restoration of rushes might then be improved if soil texture, and
bulk density are considered along with dry period soil moisture. However, it should also be
noted that we cannot claim rushes prefer to grow in soils with low bulk density, or if they are
contributing to low bulk density. Studying management that alters bulk density, such as
compaction driven by grazing animals, in a wetland system might provide more insight as to
the bulk density preferences of these species. Finally, it was important to discover that most of
the land in our study area is now occupied by the invasive exotic D. fulloanum, which calls for
investigating methods of control to bring back native and desirable vegetation.
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