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Abstract

[s Sweetgrass on the Decline?
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to Environmental Variables, Cultural Use, and Anthropogenic Change

in Grays Harbor, Washington
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Kern Ewing

School of Environmental and Forest Sciences

The bulrush Schoenoplectus pungens is native to the brackish marshes of the Pacific
Northwest and is used by Native Americans in basketry. Called sweetgrass by local
weavers, the clonal species dominates portions of Grays Harbor National Wildlife Refuge in
Washington and displays enormous variation across the landscape and sometimes within
the space of a few centimeters. The refuge has become the region’s primary gathering
ground for sweetgrass, but in the last two decades, weavers have become concerned about

the quality of the material they collect.



In the first chapter I explore the environmental variables that contribute to the
variation in S. pungens characteristics. Data was collected along ten transects and analyzed
using principal components analysis and multiple regression with a Specified Analysis Plan
to minimize Type I error. Maximum stem height was more responsive to the measured
variables than other plant attributes and was positively associated with percent sand,
percent moisture, and sulfide, when confounding factors were accounted for. It was
negatively associated with elevation (inundation class), salinity, percent macro-organic
matter (MOM), and redox potential. Stem density was positively associated with elevation
(inundation class), percent sand, and moisture, when confounding factors were accounted
for. Stem density was negatively associated with percent MOM. Stem caliber was
negatively associated with elevation (inundation class). Aboveground (AG) biomass was
positively associated with elevation (inundation class), percent sand, and moisture when
confounding factors were accounted for. The elevation optimum appeared to shift from a
higher to a lower elevation zone between 1999 and 2006, possibly as a result of
sedimentation that “raised the floor” of the marsh.

In the second chapter, I report the results of an in situ multi-year randomized block
experiment conducted at four sites to determine what harvest regime(s) may be
sustainable for sweetgrass. Two intensities (100% and 25% stem harvest) and two
frequencies (one and two consecutive years of harvest) were tested, including a year of rest
following one year of harvest. Our results lead us to conclude that a) at least one year of
rest after harvest is important for the plant’s recovery; b) selective harvest of 25 percent of

stems in a patch, with at least one year of rest following harvest, does not appear to have a



negative impact on plant attributes; and c) stems over 130 cm may not be affected by
harvest.

Finally, I examine the environmental history and cultural geography of sweetgrass
in Grays Harbor from the 1800’s to the present. [ propose that the plant migrated along the
shoreline in response to anthropogenic change and the weavers followed, adapting to
changing conditions as they have for millennia. I also address factors in surrounding
watersheds that contributed to a convergence of harvesting on the shores of the wildlife
refuge. To account for these adaptive shifts and ensure access of Native American weavers
to this important cultural resource, [ suggest that, as time passes, gathering grounds be

understood functionally rather than strictly geographically.
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CHAPTER 1. Response of Schoenoplectus pungens (M. Vahl) Palla var. badius (K. Presl) S. G.
Smith to Environmental Variables in the Estuarine Marsh of Grays Harbor National Wildlife

Refuge, Washington

ABSTRACT

The bulrush Schoenoplectus pungens (M. Vahl) Palla var. badius (K. Presl) S. G. Smith
is a culturally important plant that exhibits enormous variation within the estuarine marsh
of Grays Harbor National Wildlife Refuge (GHNWR), Washington. Tidal marshes are
characterized by complex environmental gradients, and the purpose of this study was to
determine what physical and chemical factors can explain the observed variation in S.
pungens attributes. Forty-three sampling stations were established along ten transects
oriented parallel to the elevation gradient in S. pungens stands on the north and south
shores of the wildlife refuge. Maximum stem height, stem density, stem caliber, and
aboveground (AG) biomass were measured annually over ten years in a monitoring study.
Environmental variables were measured at permanent sampling points for two years of
that study (1999 and 2006). Plant and environmental data was analyzed using principal
components analysis and multiple regression with a Specified Analysis Plan to minimize
Type I error. Maximum stem height was more responsive to the measured variables than
other plant attributes and was positively associated with percent sand, percent moisture,
and sulfide, when confounding factors were accounted for. It was negatively associated
with elevation (inundation class), salinity, percent macro-organic matter (MOM), and redox
potential. Stem density was positively associated with elevation (inundation class),

percent sand, and moisture, when confounding factors were accounted for. Stem density
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was negatively associated with percent MOM. Stem caliber was negatively associated with
elevation (inundation class). Aboveground (AG) biomass was positively associated with
elevation (inundation class), percent sand, and moisture when confounding factors were
accounted for. In general, taller and thicker stems grew at lowest elevation and shorter
and thinner stems grew at highest elevation. The elevation optimum for AG biomass
production appeared to shift from a higher to a lower elevation zone between 1999 and
2006, possibly as a result of sediment accretion that raised the “floor” of the marsh.
Changes in environmental conditions may bring more changes to sweetgrass that
affect the weavers. Although S. pungens can likely withstand an increase in tidal inundation
better than many marsh species, it is vulnerable to sea-level rise over the long term
because of the topographic and infrastrucural constraints on marsh migration at GHNWR.
Successful re-establishment of S. pungens has been limited in Washington State, possibly
due to lack of information about the multi-dimensional conditions under which the species
is typically dominant and able to outcompete other species. This work contributes to our
understanding of the complex gradients to which existing S. pungens stands are responding
and that must be considered in restoration efforts that provide both cultural and ecological

services.
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INTRODUCTION

Coastal marshes are valued for the cultural and ecological services they provide but
are increasingly vulnerable to sea-level rise, urbanization, and watershed alteration. The
Grays Harbor National Wildlife Refuge on the coast of Washington was established to
preserve habitat for migrating shorebirds. For decades, it has also been a gathering ground
for Native American weavers that use Schoenoplectus pungens, which they call sweetgrass,
in basketry. When these weavers expressed concern to the U. S. Fish and Wildlife staff that
the sweetgrass was on the decline (e.g., getting shorter, diminishing in area), the USFWS
began an effort to determine the status of the species. [ mapped the species in the refuge in
1999 and began a monitoring program that lasted ten years. I collected data on a variety of
plant attributes, mindful that weavers and ecologists might key on different features as
“indicators of wellness” (Lake 2015:xi). While mapping the species in the refuge and
exploring the shores of Grays Harbor, I saw the wide range of stem heights, stem density,
etc., across the landscape. Trying to understand the environmental drivers behind that
variation - and possibly what was affecting the qualities that weavers cared about - was a
natural next step. During the first year of the monitoring study (1999), I collected data on
physical environmental variables along with plant characteristics, and then in 2006 I
focused primarily on chemical environmental variables during the growing season. An
added benefit of the work was that what we learned could be put to use in restoration
efforts undertaken by Native American tribes in the region.

This chapter provides an ecological foundation for the subsequent chapters on
sustainable harvest of sweetgrass and the story of how Bowerman Basin became the

region’s primary sweetgrass harvesting ground. In the following sections, I provide
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background on S. pungens and some close relatives, the work of others on the species and
environmental factors in Pacific Northwest marshes, S. pungens growth forms, and the
weavers’ use of sweetgrass and concern about its decline. I paid special attention to sulfide
because of its potential dual role as both nutrient and toxin and because little work had

been done on this environmental variable in Pacific Northwest systems.

Phenotypic Variation of Schoenoplectus pungens

The intertidal bulrush Schoenoplectus pungens (M. Vahl) Palla var. badius (K. Presl)
S. G. Smith dominates the lowest elevations of the brackish estuarine marshes of the Pacific
Northwest (Figure 1-1). These coastal environments are complex, and multiple physical
and chemical variables influence species distribution and plant growth (Disraeli and Fonda
1979, Hutchinson 1982, Ewing 1986). S. pungens creates large clonal stands that extend in
bands along the shoreline or deltaic foreshore. At Grays Harbor National Wildlife Refuge in
Grays Harbor, Washington, the species exhibits a wide range of stem heights and densities
across the landscape and on the north and south shores of Bowerman Basin (Figure 1-2).
Stems are tall and robust (thick) at lower elevation and shorter, skinnier and denser at
higher elevation, with variations along the elevation gradient and in anoxic pannes
(personal observation; see also Ewing 1986). For example, in pure stands at the peak of a
single growing season (21 August 2007), stem heights ranged from 22 to 173 cm; stem
densities ranged from 13 to 249 stems in a 25-by-25 cm quadrat; stem calibers ranged
from 2.46 to 8.92 mm; and aboveground (AG) biomass ranged from 24.8 to 93.7 g per
quadrat. The two extremes constitute two forms of the species, sometimes within

centimeters of each other. These differences have been shown, through reciprocal
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transplants, to be phenotypic variation expressed by a few genotypes in response to
environmental conditions, rather than by genetically distinct ecotypes that are adapted to
conditions in particular locations (Seliskar 1990, Karagatzides and Hutchinson 1991). This
morphological variation provides evidence of a heterogeneous environment. The plasticity
of the species may be an adaptation that enables it to handle a variety of stresses and
“colonize a wide range of habitats” (Ikegami et al. 2007:248) or to acquire resources in an
environment "with a more stable patch structure” than would be found in a system
receiving nutrients in “unpredictable pulses” (de Kroons and Hutchings 1995:150). In
other words, species that are clonal and plastic may be best able to colonize and survive in

the dynamic marsh mosaic.

S. pungens and Environmental Variables in Previous Studies in Pacific Northwest
Marshes

Studies in the Pacific Northwest have identified environmental variables that affect
the distribution and attributes of S. pungens. In the Nooksack River delta, Disreali and
Fonda (1979) found the S. pungens (formerly Scirpus americanus) zone to be located at
lower elevations characterized by daily tidal inundation, coarse soil texture (i.e., sand), and
lower soil moisture (due to the coarser texture). Elevation in and of itself has an effect
only through its association with these other factors. In the Fraser River delta, Hutchinson
(1982) determined that primarily elevation and secondarily salinity, soil texture and soil
moisture were influencing factors. At the low end of its elevation range, S. pungens
dominated in well-draining sandy areas with relatively low soil moisture and that, at the

middle and high end of its range, it was limited to sandy, well-drained areas of moderate
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salinity (approximately 8-15 ppt). In the Skagit River delta, elevation, salinity, soil texture,
macro-organic matter and redox potential were associated with variation in S. pungens
growth (Ewing 1986). S. pungens dominated sites of relatively low elevation and higher
salinity (8-12 ppt). Salinity was negatively associated with biomass per shoot of S. pungens
and positively associated with stem density. Percent macro-organic matter in substrate
was negatively associated with AG biomass. Although not a linear association between
environmental and plant variables, redox potential was lowest in pannes, or small

depressions, with high AG production and robust stem morphology.

S. pungens and Congeneric Species in Other Regions

In other regions of North America, the species variant is S. pungens (Vahl) Palla var.
pungens or S. pungens var. longispicatus (Britton) S. G. Smith, but research on the influence of
environmental variables is relevant to the current study. In James Bay in eastern Canada, Ewing
and others found that S. pungens var. pungens dominated low elevations in areas along the
banks and channels of the Harricanaw River, where freshwater inputs reduced salinity to
0-2 ppt (Ewing and Kershaw 1986, Ewing et al. 1989). Most of the environmental factors
presented in previous studies were noted as affecting distribution of plant communities in
this marsh, but variation within S. pungens populations was not presented. To the south in
the St. Lawrence River estuary, Deschenes & Serodes (1985) looked at the interaction of
salinity and elevation in terms of duration of submersion. Salinity affected the amount of
submersion that S. pungens var. pungens would withstand. The more saline the
environment, the less submersion (35% of the time during summer sampling period) it

could tolerate, and higher the species grew in the tidal range; the lower the salinity, the
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more submersion (75%) the species could tolerate, and the farther it extended toward the
low water mark. Although this study did not look at variation in plant attributes across the
elevation gradient, it did consider elevation in a functional way, i.e., in terms of a physical

factor that varies with elevation.

Role of Sulfides in Growth of Marsh Plants

Sulfur must be considered in estuarine marshes because high levels of sulfate
compounds in sea water can be chemically reduced to sulfide, which can be toxic to plants
(Reddy and DeLaune 2008:449-450, Mitsch and Gosselink 2015:194). In coastal and
marine ecosystems, abundant sulfate, an inorganic oxidized form of sulfur, is accessible to
plants in the substrate and water. Plants take up sulfates and chemically reduce them in
the process of incorporating them into amino acids used to build proteins (Larcher
1995:183, 417; Reddy and DeLaune 2008:447, 453-4). In areas of low redox potential
within in the intertidal marsh environment, sulfates can be chemically reduced to sulfides.
Sulfate requires active transport, whereas sulfide is absorbed passively by plants, and
sulfate is actively taken up when sulfide is not available in sufficient quantities (Davidian
and Kopriva 2010; Cronk and Fennessey 2001:78; Mitsch and Gosselink 2015:224;). In
anaerobic environments, high concentrations of sulfides can inhibit plant growth by
interfering with alcohol dehydrogenase (ADH), which catalyzes the final step in
fermentation (Mitsch and Gosselink 2015:224-5). If this anaerobic respiration process is
interrupted, less energy is released and nitrogen uptake, which requires energy, decreases
(Cronk and Fennessey 2001:141). Growth is thus inhibited. In addition, sulfide interferes

with energy release of aerobic respiration by inhibiting cytochrome c oxidase, which is the
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enzyme in the final step of electron transport to oxygen (Maricle et al. 2006). Again, less
energy leads to less nitrogen uptake and growth. Wetland plant adaptations such as
aerenchyma help maintain levels of oxygen in roots, which mitigates sulfide exposure.
Detoxifying mechanisms possessed by some species include release of hydrogen sulfide
and other volatile compounds, enzyme-catalyzed oxidation, and associations with sulfur-
oxidizing bacteria, though more work on these mechanisms is needed (Cronk and
Fennessey 2000:114; Mitsch and Gosselink 2015:224, 280).

Sulfides have been shown to be negatively associated with growth of marsh species
in Alabama, Louisiana and Georgia (Lee et al. 1999, Koch and Mendelssohn 1989, Bradley
and Dunn 1989, respectively). Although sulfur is a plant nutrient, its chemically reduced
form, sulfide, can be toxic to some species above certain concentrations. It interferes with
anaerobic energy production and nitrogen uptake (Koch et al. 1990). Sulfide levels have
been found to be higher on poorly draining marsh plains than on tidal creek banks that are
frequently flooded but drain quickly (Bradley and Dunn 1989).

Schile etal.’s (2017) work in San Francisco Bay is one of few West Coast studies that
have included sulfides among environmental factors with potential effects on vegetation.
However, the study contrasted a delta island with higher salinity and an inland marsh with
lower salinity, rather than the creeks and plains of a marsh complex. Further, sulfides were
not different enough at the two sites and did not appear to affect plant growth, or at least
were not discussed in any detail. Concentrations were so low that they were reported in
hundredths of parts per million (e.g., 0.01 to 0.07 ppm), equivalent to very low micromolar
units (0.1-2.188 uM). In a greenhouse study, Maricle et al. (2006) looked at anoxia

tolerance in seven marsh grass species, including Distichlis spicata from northern Puget
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Sound and two invasive species of Spartina from Puget Sound and Willapa Bay. High marsh
species, such as Distichlis, exhibited high rates of aerobic respiration and therefore
sensitivity to sulfide, which interferes with aerobic respiration. The two invasive species
typical of the low marsh exhibited low rates of aerobic respiration, enhanced ability to
respire anaerobically, and greater tolerance of sulfides. This study looked at the effect of
sulfide on physiological processes, e.g., production of enzymes, but not the growth of any
species. Karagatzides and Hutchinson (1991) contrasted high and low portions of
monotypic stands of S. pungens (formerly Scirpus americanus) and Bolboschoenus
maritimus (formerly Scirpus maritimus) in the Fraser River delta and found that sulfides
were lower at low elevations of S. pungens than at high elevations, whereas the opposite
was true of B. maritimus. Sulfide concentrations were determined in substrate pellets
using an elemental analyzer and then integrated with bulk density measurements, so the
mean values of 1.88 mg/cm3 in the low S. pungens marsh and 2.77 mg/cm3 in the high S.
pungens marsh are difficult to compare to results of other studies. AG biomass was lower
where sulfides were lower, but the effect of sulfide was not statistically analyzed. The
researchers in the Fraser River study suggested that sulfide potentially had a greater effect
on B. maritimus, which occupied fine-textured organic-rich substrate (Karagatzides and
Hutchinson 1991). So we still know little about the role of sulfide in vegetation growth in
West Coast marshes.

The sulfide level that has an effect appears to differ with the species, though results
are not consistent. In a hydroponic culture experiment, Bradley and Dunn (1989) showed
that sulfide concentrations of 0.5 mM affected biomass production in Borrichia frutescensl

(bushy seaside tansy), and 1 mM affected height and biomass of Spartina alternifilora
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(smooth cordgrass). In a greenhouse experiment, Koch and Mendelssohn (1989)
demonstrated that a concentration of 1 mM decreased stem, root and rhizome biomass in
Panicum hemitomon (maidencane, a freshwater wetland species) but decreased only root
biomass in Spartina alterniflora. However, in another greenhouse experiment, Otte and
Morris (1994) exposed S. alterniflora to a range of sulfide concentrations up to 2 mM, and
none affected the plant’s fresh weight of shoots or roots. In a third controlled study,
Pezeshki et al. (1991) found that much lower levels of hydrogen sulfide concentrations
affected net carbon assimilation, as measured by CO; assimilation: P. hemitomon was
sensitive to hydrogen sulfide concentrations exceeding 0.22 mg H>S/L (6.47 uM), and S.
patens (saltmeadow cordgrass) was sensitive to hydrogen sulfide concentrations exceeding
0.34 mg H.S/L (100 uM). Ewing et al. (1997) found that sulfides were negatively
correlated with shoot elongation in brackish S. patens marshes of coastal Louisiana, where
mean sulfide concentrations ranged from 0.09 to 2.038 ppm (2.9-67.93 uM) during the
months of most rapid growth.

This environmental factor received special emphasis in the current study because of
the paucity of sulfide work conducted in Pacific Northwest marshes and because of
sulfide’s dual effect on plant growth. As explained earlier, it functions as both a nutrient, or
growth stimulant, at lower concentrations and as a toxin, or growth inhibitor, at higher
concentrations (Cronk and Fennessey 2001:113, 141; Davidian and Kopriva 2010; Mitsch
and Gosselink 2015:224). Sulfide may play a role in the difference between tall and short

growth forms, as proposed in the next section.

Growth Forms of S. pungens and Effect of Sulfide
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At Grays Harbor National Wildlife Refuge, a pattern in sweetgrass growth forms is
readily visible in most monotypic stands in the landscape: tall stems grow at low
elevations and stems at higher elevations are shorter (personal observation). Albert et al.
(2013) described S. pungens stems in lower zones that were twice as tall as those in higher
zones in estuarine marshes of the Tillamook Bay, Oregon. Ewing (1986) reported two
growth forms of S. pungens (then called Scirpus americanus), though the tall, robust form
was found in anoxic pannes in less saline portions of the Skagit River delta marsh as
opposed to at the low end of the elevation gradient. (Pannes, which are small depressions,
remain inundated or saturated at low tide, so conditions are more similar in some ways to
those at low elevations than the higher marsh surrounding the pannes.) The differences in
growth forms - that are really two ends of a spectrum - are of additional interest because
of the cultural use of the sweetgrass: weavers notice height more than most other
attributes and prefer taller stems, which they harvest primarily at lower, muddier
elevations (Jones 1977:3; Shebitz and Crandell 2012; L. Ryan and T. Ryan, personal
communication).

Previous studies have focused on the effects of geomorphology, specifically tidal
creek banks versus inner marsh, on sulfide concentrations (Bradley and Dunn 1989). Tidal
creek banks are regularly flooded but drained quickly, leading to aerated substrates, high
redox potential, and low sulfides; whereas inner marshes or marsh plains are inundated
less frequently by tides but remain saturated in a way that results in low oxygen levels, low
redox potential, and higher sulfide concentrations. Tidal creeks are not a prominent
feature in the monotypic stands of sweetgrass in GHNWR or those elsewhere in Grays

Harbor. However, we can try to apply what is known about environmental conditions in



29

tidal creek-inner marsh mosaics to differences in sulfide concentrations over the elevation
gradient and potentially create differences in growth forms of sweetgrass. Atlow
elevations, the substrates are regularly inundated by the tide, which could lead to low
redox potential; however, tides also both bring in oxygenated water, raising redox
potentials, and carry away “excess” sulfides (Howes et al. 1986, Reddy and DeLaune
2008:473- 4). Atlow or moderate sulfide levels, sulfides are an easily obtained source of a
nutrient. By contrast, sulfides might accumulate at higher elevations that are less
frequently inundated by tides but that might remain saturated where topography is flat
enough, the soil texture is fine enough (i.e., less sandy), or overland flow or groundwater is
another source of moisture. Higher levels of sulfide might inhibit stem growth, resulting in
the shorter form of the plant at higher elevations. Taken together, these conditions may

contribute to the observed pattern of taller stems at lower elevations.

Cultural Use and Possible Decline of Sweetgrass

In addition to the ecological context, the variation in plant characteristics are of
cultural interest because Native Americans in the Pacific Northwest use the plant in their
basketry (Shebitz and Crandell 2012; Figure 1-3). In the last century, Bowerman Basin has
become the primary gathering ground for sweetgrass in Western Washington (see
Chapters 2 and 3). In 1996, the U. S. Fish and Wildlife Service (USFWS) established GHNWR
in Bowerman Basin. The agency then learned about the concern of some Native American
weavers about the decline of sweetgrass, possibly due to overharvesting or pollution (Seto,
personal communication; Ryan 2000). “Decline” was not formally defined, but in

conversations over several years, [ determined that weavers were referring to decreases in
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some combination of height, suppleness, height to width ratio, and spatial extent, as well as
“spotting” (L. Ryan, personal communication; T. Ryan, personal communication; Thadei,
personal communication; Harradine, personal communication; Lamberson 1996).
Although different stem sizes may be used for different projects, longer stems and those

with a high length-width ratio are generally preferred.

Role of S. pungens in Habitat

USFWS does not use sweetgrass, of course, but was interested in its condition or fate
in the context of the habitat that their mandate requires them to protect (Grays Harbor
Refuge Planning Team 1990:1). The weavers’ concern about decline prompted the Federal
land managers to wonder if the habitat for shorebirds, especially, was changing or
deteriorating (Seto, personal communication). Marsh vegetation provides habitat for some
species, such as marsh wrens that feed on insects and find cover in the vegetation (personal
observation), but the flocks of shorebirds that frequent the mudflats of Bowerman Basin
are affected indirectly by vascular plant production. Decomposing biomass provides the
largest portion of the organic carbon at the base of the food web in the estuary (Newell and
Porter 2000; Mitsch and Gossselink 2015:282; but see Kreeger and Newell (2000) re the
contributions of phytoplankton and benthic algae). The detrital process starts with fungal
decomposers of senescing stems, which are then shredded by snails and amphipods that
drop plant-fungal fragments to the substrate surface, where bacteria continue to break
down the material. This mix, along with seasonally available algae on the plant stems and
substrate surface, is consumed by meiofaunal deposit feeders, including those that form the

bulk of the shorebirds’ prey. Since S. pungens contributes to the ecosystem food web
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through a detrital pathway, aboveground biomass would be the focus of an ecologist
interested in the condition sweetgrass. In other words, the “indicators of wellness” (Lake

2015:xi) would be different from what weavers focus on.

Purpose of Study

This purpose of this study was to determine what physical and chemical variables
affect growth of S. pungens, as measured by attributes that matter to weavers as well as
ecologists. Given that environmental variables interact, | hypothesized that one or more
plant attributes would be associated with some combination of the following variables: soil
texture, soil moisture, macro-organic matter, inundation class (elevation), salinity, redox
potential, pH, and pore water temperature, with a special emphasis on sulfides. This study
was conducted during 1999 and 2006 in tandem with a ten-year monitoring study

established to track the “indicators of wellness” (Lake 2015:xi) of sweetgrass in GHNWR.
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STUDY AREA

The study region was Grays Harbor estuary in Washington, a classic drowned river-
mouth estuary where the Chehalis, Hoquiam, Humptulips and Elk Rivers, among others,
meet the Pacific Ocean (Figure 1-2). The Grays Harbor National Wildlife Refuge (GHNWR)
is located on the northern shore of the inner bay, which experiences greater exposure to
wind and wave energy than some other shorelines within the bay. These conditions are
consistent with Dethier’s (1990:33, 35) use of S. pungens as a diagnostic species of
estuarine intertidal sand or mixed-fine and mud sites (i.e., partly enclosed, eulittoral,
mesohaline marsh). GHNWR hosts some of the largest stands of sweetgrass in Grays
Harbor (personal observation).

Bowerman Basin is a manmade basin created by the construction of an airport strip
(initially a World War II military air base) where the mudflats meet a deeper channel on
the northern side of the inner bay (Figure 1-4). Additional fill between the shoreline and
the airport causeway occurred with the deposition of sediments dredged from the
commercial channels within the harbor (Grays Harbor Refuge Planning Team 1990; see

Chapter 3).
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METHODS
Field Methods and Laboratory Analysis

Ten transects were established within sweetgrass stands on the north and south
shores within GHNWR in 1999 (Figure 1-4). The transects were placed perpendicular to
the shoreline and parallel to the elevation gradient. They were located within the largest
monotypic stands of sweetgrass and positioned to capture the maximum amount of
variation within the boundaries of the wildlife refuge. Eight were located along the north
shore and two on the south shore. While the full spectrum of variation was captured on the
north shore, the GHNWR boundary on the airport strip limited the number of transects that
could be set up in the large sweetgrass stand that extends around the western end of the
airport strip (Figure 1-4).

Transects ranged from 18 meters (Transect N8) to 46 meters long (Transect N5 and
N7). Permanent sampling points along the transect were set up a) one meter down-slope
from the high edge of the stand, b) one meter up-slope from the low edge of the stands, and
c) at two or three evenly spaced points (not exceeding 11 meters) in between the lowest
and highest points. Data was collected and samples were taken within 25 cm-by-25 cm
quadrats at these points. The exact sampling location was rotated within an area one
meter east or down-slope each year of the longer ten-year monitoring study because
sampling of aboveground biomass involved removing material.

For this study, plant attributes and physical environmental variables were
measured in 1999. Data on plant attributes and chemical environmental variables were

collected in 2006. Plant attributes were measured on 2 October 1999 and 19 August 2006



34

and included maximum stem height (cm), stem density (stems/0.0625 m?), and
aboveground biomass. Average caliber (mm) of five tallest stems was added in 2002.

Physical environmental variables included soil texture, soil moisture, and macro-
organic matter (MOM). At each quadrat location, the top ten to fifteen cm of substrate was
sampled with a trowel on 2 October 1999. Soil texture was determined using 40 g of
substrate and the hydrometer method (Gee and Bauder 1986). Soil moisture was
determined by measuring the difference in mass of a 40-g sample before and after being
heated at 105°C to constant mass (usually within 24 hours). Macro-organic matter was
determined by measuring the mass before and after firing in a muffle furnace at 550°C for
4.5 hours. Elevation was not measured directly. Instead, sampling points were assigned to
one of four inundation classes, or zones of elevation, based on years of experience working
at the site as the incoming and outgoing tides revealed quadrats with similar relative
elevations. Boundaries between inundation classes were based on changes in topography
or substrate.

In 2006, sulfide concentration, redox, salinity, and pore water temperature were
measured in the substrates at the quadrat locations. Chemical conditions were determined
in the pore water of the substrate, where plants have the most sustained and
physiologically consequential contact. A modified version of Otte and Morris’s (1994)
“dialysis vials” were used. At each quadrat, three vials were buried at three corners (two
down-slope and the upslope corner farthest way from the transect line). Vials were 22 ml
in volume and 9 cm in length. The top of the vial was covered with 41- micron Nitex mesh
and secured with a ring screw-top with a hole that exposed the mesh. Vials were filled with

deionized water, buried upside down in the substrate and left in the substrate for four to
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six weeks to equilibrate with the pore water within 5 cm above and below the mouth of the
vial. Pink twine and trail flagging were attached to vials to aid in relocating and removing
them. Vials were installed starting 19 April and replaced on 20 May, 24 June, 5 August,
with final collection of the last set of vials on 3 September. (Each date represents the first
day of field work that lasted 3-5 days.) Sulfides were measured for each of these intervals,
and salinity and pore water temperature were measured for some of the later intervals.

To measure sulfides, the solution in the vials was subsampled using a syringe, and
the subsample was added to a vial of premeasured zinc acetate buffer, which stabilized the
samples until they could be processed in the lab. Because the range of sulfide
concentrations was not known, multiple subsamples were taken to create fixed samples of
multiple dilutions (1:2, 1:10 and 1:100) for processing in the lab. Sulfide samples were
analyzed using a colorimetric method described by Cline (1969), which is suitable for
natural waters, was developed in anoxic marine basins, and is not affected by salinity or
temperature. Standard curves were developed, and the samples were analyzed using a
spectrophotometer (Spectral Instruments Model 400 Series).

Salinity (ppt) of the solution in vials was measured with an portable refractometer
on 24 June, 5 August, and 3 September. Temperature (°C) of the solution in vials was
collected with a pocket thermometer (with metal casing) on the two final dates.

Redox potential (mV) was measured on 5 August using platinum tipped electrodes,
a calomel reference electrode, and a portable meter (Cole Palmer Model 5985-80). Five
platinum electrodes were arrayed around the quadrat: a center electrode was placed at the
lowest corner of the quadrat away from the transect line, and four others were positioned

0.5 m up-slope, down-slope and lateral to the center. Electrodes were inserted to a depth



36

of 10 cm and allowed to equilibrate for at least 30 minutes before readings were recorded.
The five readings were averaged for each quadrat, a minimum number recommended for
field measurements (Richardson and Vepraskas 2001:94). No correction factor was
applied for the purposes of the multivariate analysis because relative redox measurements
would remain appreciably the same. For temperatures ranging from 14 to 22 °C in this
study, approximately 252 mV (for cooler temperatures) to 247 mV (for warmer
temperatures) would be added to adjust field voltages to redox potentials (Eh’s) that would
have been measured if a hydrogen electrode had been used as the reference (Richardson
and Vepraskas 2001:94-95).

Additional chemical variable data were collected on 17 August 2005. Soil cores
were collected at the low edge of the sampling quadrat using a 3-cm wide PVC pipe with a
filed (sharpened end) that was pounded to a depth of 15 cm. Samples were stored in a
freezer until sent for analysis to AmTest Laboratories in Kirkland, Washington. Salinity
was determined using electrical conductivity (SM [Standard Method] 2520B), and pH was
also determined using electrical conductivity with temperature compensation (SW-846
9045 [for Soil and Waste]). pH data from this year were used in some regression models
containing variables measured in other years. The salinity data were ultimately not used in
the models because of the importance of conditions during the early part of the growing

season that were captured using the technique implemented in 2006, as described above.

Statistical Analysis
Pearson correlation coefficients were calculated among all environmental variables,

among all plant attributes, and among pairs of environmental and plant variables.
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Principal components analysis (PCA) was conducted on quadrat samples to simplify
variables where possible and inform what was included in the models tested with multiple
regression. When both correlation and PCA revealed that percent sand, silt and clay were
highly correlated, percent sand alone was used to represent soil texture in subsequent
analyses.

For descriptive purposes but not hypothesis testing, simple linear regression was
conducted between all plant attributes and environmental variables. ANOVA was
conducted on plant attributes in inundation classes and on environmental variables in
inundation classes.

A Specified Analysis Plan (SAP) was used for confirmatory statistical analysis with
multiple regression. Hypothesized causal relationships among variables were identified
before analysis in directed acyclic graphs (DAG), and predictors of interest were then
analyzed in the model along with potentially confounding factors (Vittinghoff et al.
2012:410; Zhao, personal communication; Figures 1-5 and 1-6). This approach reduces
Type I error (i.e., rejecting the null hypothesis when it is actually true) and permits
confirmatory analysis (i.e., hypothesis testing). Exploratory analysis was then conducted
based on results of the specified analyses.

Sulfide concentration was collected across the growing season (20 April-3
September), with measurements taken on 21 May, 24 June, 5 August, and 3 September
2006 (Table 1-1). These measurements represented concentrations that had equilibrated
with substrate pore water during periods of 4 to 6 weeks. Correlations among sulfide
measurements and averages were examined in order to select values for inclusion in

multiple regression analyses. Although individual measurements were moderately to
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strongly correlated, all the averaged values were highly correlated (r=0.95). (When
averages were calculated, individual measurements were not weighted based on the
amount of time the vials had remained buried in the substrate.) The average of sulfide
concentrations to 5 August was used for the full model because it captured conditions
leading up to the date of plant sampling (19 August), including the period of most rapid
growth (21 May - 24 June). A model for that period of rapid growth was also tested using
fewer environmental variables, i.e., those that were available at that time in the study, and
only maximum stem height as the response variable available. The data collected on 3
September were not used because AG biomass had been collected two weeks earlier.

Maximum stem height was measured on 5 and 19 August. Since plant attributes
would be expected to respond to past or current rather than future environmental
conditions, the September individual measurement and average including September was
not considered for inclusion in the multiple regression analyses in the Specified Analysis
Plan.

Multiple regression models by design include confounding factors in addition to the
predictor of interest. Some factors may not just confound but mediate the effect of others.
In other words, a factor has an effect through another factor. To determine that a factor is a
mediator of another, several criteria must be met: 1) a “hypothetical causal framework”
must exist, i.e., the relationship must make physical, chemical, or biological sense; and 2)
“evidence for indirect effect via the mediator is given by a test of the effects of the primary
predictor on the mediator, in combination with a second test of the effect of the mediator
on the outcome” (Vittinghoff et al. 2012:95). These criteria were considered during

interpretation following model testing.
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Inundation classes originally designated five elevation zones, but the two highest
zones were combined into the Class 4 used in this analysis in order to aggregate enough
samples in each category for analysis. As a result, variation was greater in Class 4 than in
other classes.

Samples were removed from analyses for several reasons. One % MOM outlier
(TN4-E) was removed from the analysis of 1999 physical environmental variables because
the value may have resulted from flawed field sampling of substrate and in order to capture
the general relationship between % MOM and plant attributes. One quadrat (TN8-D) was
removed from some analyses of data from the period of fastest growth (21 May - 24 June)
in 2006 because S. pungens was not identified at that location until August of that field
season. Two quadrats (TS1-D and TS2-D) were removed from PCA and full model testing
involving sulfide concentrations, salinity, and pore water temperature because buried vials
were empty when retrieved on 5 August. These were at the highest elevation, reached only
by the higher high tides, at which S. pungens occurred in GHNWR and were >98% sand, a
substrate that drains quickly and does not retain moisture. Without surrounding pore
water, the solution in the inverted vials drained. Two other quadrats (TN1-D and TN2-A)
were removed from PCA analysis and full model testing because vials could not be found in
May, probably due to sedimentation during spring storms. Within a few years of the
establishment of the transects in 1999, the low end of the S. pungens stand eroded in a
segment of the north shore of the refuge. As a result, quadrats TN4-A, TN5-A, and TN6-A
no plant data was available for 2006 analyses.

In some models, response variables were transformed using natural log in order to

improve normal distribution of data and homogeneity of variance.
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The R statistical program Version 3.1.1 (2014-07-10) was used for all data analysis
(R Core Team 2014). For all tests, alpha levels were set at 0.05. Where appropriate, 95%

confident intervals (CI) are reported.
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RESULTS

S. pungens and Physical Environmental Variables (1999)
Relationships among Physical Environmental Variables

Soil texture is defined by percentages of particles of different sizes (i.e., sand, silt
and clay). Sand was strongly negatively correlated with both silt and clay (r=-0.99 and
-0.84, respectively). Smaller particles of the silt and clay fraction were positively but less
strongly correlated (r=0.73). The silt portion was considered autocorrelated with the other
two portions since it was a function of the two other measured fractions: silt was
calculated by subtracting the measured percentages of sand and clay from a total of 100.
PCA was used to attempt to reduce these three variables to one that could be used for soil
texture in multiple regression. Sand was strongly associated with the first PCA axis (PC1),
which explained 90.6% of the variation among samples, and was used for subsequent
analyses because it would be easier to interpret in models than PC1 (Figures 1-7 and 1-10,
Table 1-2).

A strong negative correlation existed between % moisture and % sand (r=-0.73).
Sandy substrates drain quickly and do not hold water (Figure 1-10). A moderately strong
positive correlation existed between % moisture and % MOM (r=0.645); this correlation is
also evident in the PCA biplot, which shows their association with each other and the first
axis (Figures 1-7 and 1-10). Organic matter retains moisture, so substrates with higher %

MOM would be expected to also have high % moisture.

Relationships among Plant Attributes



42

In general, the more stems produced, the greater the biomass. Among plant
attributes, stem density and aboveground biomass were strongly positively correlated
(r=0.647), while maximum stem height was weakly negatively correlated with stem density
(r=-0.224) and weakly positively correlated with AG biomass (r=0.253) (Figure 1-10).
Principal components analysis of plant attributes indicated that stem density and AG
biomass were strongly associated with each other and the first axis (PC1), which explained
54.9% of variation among quadrats (Figure 1-7). Maximum stem height was strongly

associated with PC2, which explained 38.1% of variation among quadrats.

Multiple Regression Models

Simple linear regression between plant attributes and all environmental variables
was conducted for descriptive purposes and to aid interpretation (Table 1-4). (See
methods section for need to avoid Type I error.) Multiple regression models were
designated for confirmatory testing in the Specified Analysis Plan, and followed by
examination of exploratory models (Table 1-5). For all plant attributes, the following
analysis of physical environmental variables focuses on the model that included % sand,
inundation class, % MOM and % moisture. Results for each plant attribute and individual

environmental factors are presented below.

Maximum Stem Height and Physical Environmental Variables

Soil Texture
Simple linear regression indicated a negative but not statistically significant

association between maximum stem height and % sand (CI: -0.444, 0.192; r?=0.016;
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p=0.428) (Table 1-4, Figure1-10). A stronger association was indicated when the quadratic
term was included (R?=0.091, p=0.059), which may suggest either that tallest stems
respond to an optimum level of sand in the substrate and/or the confounding influence of
other environmental factors in combination with % sand. Because the first order term of
sand was significant in the model used in multiple linear regression (see below), the
quadratic term was not added (Zhao, personal communication).

When the effects of other factors were accounted for in the specified model, the
effect of % sand was statistically significant. For S. pungens with the same inundation, %
MOM, and % moisture levels, average maximum stem height increases 0.454 cm (CI: 0.068
cm, 0.840 cm; p=0.023) for each 1% increase of sand in the substrate (Table 1-5). When
moisture was removed from the model, the relationship between maximum stem height
and sand weakens considerably: average maximum stem height increases 0.147 cm (CI: -
0.139 cm, 0.434 cm; p=0.304) for each 1% increase in sand. This change in the effect of %
sand (parameter estimate and p-value) indicates that the effect of sand is mediated through
moisture (Vittinghoff et al. 2012:95). Designating moisture as a mediator makes sense in
the “hypothetical causal framework” (Vittinghoff et al. 2012:95), insofar as sand drains
quickly (if the water table is not high) and does not retain much moisture, which negatively
affects plant growth. In addition, results of simple regression of the two links in the
mediation chain were significant: % sand was negatively associated with % moisture
(r2=0.537, p<0.001); and % moisture was positively associated with maximum height

(r2=0.129, p=0.019).

Inundation Class
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Because inundation class was treated as a categorical variable, maximum height in
each inundation class was compared to the reference, Class 1. The zone called Class 1 was
at the lowest intertidal elevation and experienced the most tidal inundation; Class 4 was at
the highest elevation and experienced the least inundation by tides. Class 4 was created
from the original two highest zones (4 and 5) so that a sufficient number of data points
would be available for analysis. Within the revised Class 4, the three tallest maximum stem
heights were found in the original Class 4 and the two shortest stem heights were found in
the original Class 5, so the variation in the combined class was greater than for either of the
two original classes (Figures 1-7, 1-9 and 1-10).

In general, there is a negative association between maximum stem height and
inundation class (Figure 1-9). All classes differed significantly from Class 1, which hosts
the tallest stems: maximum stem height decreased by 26.558 cm (CI: -41.534 cm, -11.583
cm; p=0.001) in Class 2, by 17.119 cm (CI: -31.741 cm, -2.497 cm; p=0.023) in Class 3, and
by 56.686 cm (CI: -76.050 cm, -37.321 cm; p<0.001) in Class 4 (Table 1-4).

When the effects of other factors were adjusted for in the model, inundation classes
remained significantly different and the tallest stems were found in Class 1. For S. pungens
with the same % sand, % MOM, and % moisture levels, average maximum stem height in
Class 2 was 23.518 cm (CI: -38.760 cm, -8.275 cm; p=0.004) shorter than in Class 1 (Table
1-5). For S. pungens with the same % sand, % MOM, and % moisture levels, average
maximum stem height in Class 3 was 17.311 cm (CI: -31.999 cm, -2.622 cm; p=0.022)
shorter than in Class 1. For S. pungens with the same % sand, % MOM, and % moisture
levels, average maximum stem height in Class 4 was 52.894 cm (CI: -75.579 cm, -30.209

cm; p<0.001) shorter than in Class 1. When moisture was removed from the model, the
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parameter estimates become slightly more negative but maintain their positions relative to
each other and p-values become slightly more significant. Since the effect of moisture was
positive, the fact that parameter estimates become more negative when moisture is left out
of the model may indicate that the effect of inundation class was mediated by moisture.
Moisture differs significantly among inundation classes, with Class 4 at the highest
elevation containing about half the moisture of all lower levels (p<0.001), and % moisture
is significantly positively associated with maximum stem height (r?=0.129, p=0.019).
Percent moisture therefore satisfies the criteria for a mediator of inundation class outlined

by Vittinghoff et al. (2012:95), as described earlier.

Macro-organic Matter

Results of simple regression indicate a positive but weak and not statistically
significant association between maximum stem height and % MOM (CI: -0.855 cm, 4.469
cm; r2=0.045; p=0.178) (Table 1-4, Figure 10). A stronger and statistically significant
association was suggested when the quadratic term is included (R? = 0.1931, p=0.006),
which may suggest that the tallest stems were associated with an optimum level of % MOM
in the substrate and/or that other environmental factors affect the association with %
MOM. One % MOM outlier was removed from this and subsequent analyses because the
value may have resulted from flawed field sampling of substrate and in order to capture the
general relationship between % MOM and maximum stem height.

When the effects of other factors are accounted for, the association between
maximum height and % MOM was negative. For S. pungens with the same sand and

moisture levels and inundation class, average maximum stem height decreased 2.322 cm
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(CI: -5.862 cm, 1.217 cm; p=0.191) for each 1% increase of MOM in the substrate (Table 1-
5). So in the full model, % MOM was not significant but the parameter estimate is
biologically meaningful and the small sample size in this study may be responsible for the
low but not statistically significant p-value (Zhao, personal communication). The quadratic
character of the association may also complicate the results of the MLR, which assumes
linear relationships though is robust to inclusion of non-linear relationships (Zhao,
personal communication). When the quadratic term of % MOM is added to the full model,
both the first and second order terms were statistically significant (p=0.057 and 0.027,
respectively), but the association between maximum stem height and moisture was weaker
(i.e., parameter estimate of moisture decreased by half and was no longer significant). This
change suggests that moisture may mediate the effect of % MOM. When moisture was
removed from the model and the quadratic of % MOM was kept in, all terms were
significant, except for inundation Class 3, which - given the sample size - still has a
relatively low p-value of 0.108. The adjusted R? was slightly higher (R?=0.562; p<0.001)
for this model (with MOM quadratic, without moisture) than the full model (with moisture
and without MOM quadratic) (R?=0.505; p<0.001). Moisture and % MOM were expected to
be closely associated because moisture slows decomposition and increases % MOM, and
MOM retains moisture in substrate. Simple regression confirmed this association
(r=0.416, p<0.001) and, as has already been established, the association between %
moisture and maximum stem height was also significant (r?=0.129, p=0.019) (Table 1-4).
The statistical and conceptual criteria for moisture as a mediator of the effect of MOM were
therefore met (Vittinghoff et al. 2012:95). This close association is supported by the fact

that the model was affected similarly by the inclusion of either % moisture or the quadratic
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term of % MOM. The quadratic character of the % MOM relationship may be due to
confounding effects of other factors, so the model with moisture is preferred for the model,

despite the lower R? value.

Moisture

Results of simple regression indicate that moisture and maximum stem height were
positively associated: maximum stem height increased 0.731 cm (CI: 0.124 cm, 1.337 cm;
p=0.019) for each increase of 1% moisture in the substrate (Table 1-4, Figure 1-10).

When other environmental factors were adjusted for, the association with moisture
remained positive and statistically significant. For S. pungens at the same sand and MOM
level and in the same inundation class, maximum stem height increased 1.305 cm (CI:
0.136 cm; 2.474 cm; p=0.030) for each increase of 1% moisture in the substrate (Table 1-
5). As described above, moisture was also a mediator for sand, inundation class, and %
MOM. The model that included these four factors was statistically significant and explained

half the variation in maximum stem height (R?=0.505, p<0.001).

Natural-log Transformed Maximum Stem Height

Maximum height was natural-log transformed in an exploratory model with all
variables, and the proportion of variation explained in the plant attribute increased
(R?=0.591, p<0.001) (Table 1-5). In this model, MOM became biologically meaningful if not
statistically significant (p=0.074), and all other variables remained significant. The
direction (positive or negative) and relative magnitude of all coefficients remained similar

to that of the model with untransformed stem height. Inundation class remained the
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variable with the largest effect on height by an order of magnitude. Percent sand and %
moisture were associated with 0.5 and 1.5 percent increases, respectively, in height per
unit change of the environmental variable, and % MOM was associated with 3.2 percent
decrease in height per unit change in (Vittinghoff et al. 2012:129). Despite the higher R? in
this model, the focus in this paper has been on results from the models with untransformed
data because the parameter coefficients can be interpreted more clearly (Zhao, personal

communication).

Stem Density and Physical Environmental Variables

The best specified model for stem density and physical environmental variables
included % sand, inundation class, % MOM, and % moisture (R2=0.531, p<0.001) (Table
1-5). This combination had the highest R?, explaining more than half the variation in stem
density, and all variables - and inundation classes - were statistically significant.

Individual environmental variables are considered below.

Soil Texture

Simple regression indicated a statistically significant positive association between
stem density and % sand (r?=0.1743, p=0.006) (Table 1-4, Figure 1-10).

When the effects of other factors were accounted for, the effect of % sand remained
positive and statistically significant. For S. pungens with the same inundation class and
levels of MOM and moisture, stem density increased 1.167 stems/0.0625 m? (CI: 0.413
stems/0.0625 m?, 1.921 stems/0.0625 m?; p=0.003) for each 1% increase of sand in the

substrate (Table 1-5). When moisture was removed from the model, the parameter
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estimate for % sand drops by two-thirds and is no longer significant (0.35 stems/0.0625
m?; CI: -0.239 stems/0.0625 m?, 0.940 stems/0.0625 m?; p=0.237), which indicates that
the effect of sand on stem density is mediated by moisture. As mentioned earlier, the
association between sand and moisture was statistically significant (r?=0.537, p<0.001),
and the association between moisture and stem density nearly was (r?=0.089, p=0.55). The
conceptual and statistical criteria were met for moisture as a mediator of the effect of sand

on stem density, as was also true for maximum height.

Inundation Class

In general, the association between stem density and inundation class was positive.
Inundation class was treated as a categorical variable, and stem density in each class was
compared to the reference, Class 1, which was the lowest zone and experiences the most
inundation. Simple regression indicated that Classes 3 and 4 differ significantly from Class
1: stem density increased in Class 2 by 17.15 stems/0.0625 m? (CI: -14.156 stems/0.0625
m?, 48.454 stems/0.0625 m?; p=0.274), in Class 3 by 48.20 stems/0.0625 m? (CI: 17.637
stems/0.0625 m?, 78.768 stems/0.0625 m?; p=0.003), and in Class 4 by 105.79
stems/0.0625 m? (CI: 65.307 stems/0.0625 m?, 146.265 stems/0.0625 m?; p<0.001)
(Table 1-4, Figure 1-9).

When the effects of other factors were adjusted for in the model, stem densities in
all inundation classes were significantly greater than Class 1. For S. pungens with the same
sand, MOM and moisture levels, stem density in Class 2 was 30.260 stems/0.0625 m? (CI:
0.514 stems/0.0625 m?, 60.006 stems/0.0625 m?; p=0.046) greater than Class 1 (Table 1-

5). For S. pungens with the same sand, MOM and moisture levels, stem density in Class 3
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was 53.336 stems/0.0625 m? (CI: 24.671 stems/0.0625 m?, 82.001 stems/0.0625 m?;
p<0.001) greater than Class 1. For S. pungens with the same sand, MOM and moisture
levels, stem density in Class 4 was 105.665 stems/0.0625 m? (CI: 61.396 stems/0.0625 m?,
149.934 stems/0.0625 m?; p<0.001) greater than Class 1. When moisture was removed
from the model, the parameter estimates drop noticeably, especially in Classes 2 and 4
(23.998 and 87.352 stems/0.0625 m?, respectively), and only Classes 3 and 4 remained
significantly different from Class 1 (p=0.002 and p<0.001, respectively). This change may
indicate that the effect of inundation class was mediated by moisture, as might well be
expected across zones experiencing different amounts of tidal inundation. Moisture in at
least Class 4 (the highest elevation zone) was statistically significantly different from the
others (p<0.001), and moisture and stem density were positively associated but not quite
statistically significant (r?=0.089, p=0.055). The conceptual criterion was met, but the
statistical criteria were not fully met (Vittinghoff et al. 2012:95). Nevertheless, moisture

appeared to mediate the effect of inundation class, at least in portions of the tidal range.

Macro-organic Matter

Results of simple regression indicate a statistically significant negative association
between stem density and % MOM (CI: -10.330 %, 0.092 %; r?=0.090; p=0.054) (Table 1-4,
Figure 1-10). One outlier was removed from the analysis because the value may have
resulted from a flawed methodology (i.e., field sampling of substrate) and in order to
capture the general relationship between % MOM and stem density.

When the effects of other factors were accounted for, the association remained

negative and statistically significant. For S. pungens with the same % sand and % moisture
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levels and inundation class, stem density decreased by 9.392 stems/0.0625 m? (CI: -16.298
stems/0.0625 m?, -2.485 stems/0.0625 m?; p=0.009) for each 1% increase of MOM in the
substrate (Table 1-5). When moisture was removed from the model, the parameter
estimate for MOM moved much closer to 0 and is not significant (f=-1.734; CI: -7.006
stems/0.0625 m?, 3.536 stems/0.0625 m?; p=0.509). These changes suggest that the effect
of % MOM on stem density is mediated by moisture. As noted earlier, the association
between MOM and moisture was statistically significant (r?=0.416, p<0.001), and the
positive association between moisture and stem density was not quite statistically
significant (r?=0.089, p=0.055). The conceptual criterion was met, but the statistical
criteria were not quite met (Vittinghoff et al. 2012:95). Nevertheless, given the small

sample size, moisture appeared to mediate the effect of MOM.

Moisture

Results of simple regression analysis indicated that stem density and moisture were
negatively associated: a decrease in stem density of 1.216 stems/0.0625 m? (CI: -2.460
stems/0.0625 m?, 0.027 stems/0.0625 m?; r2=0.089; p=0.055) was associated with an
increase of 1% moisture in the substrate (Table 1-4, Figure 1-10). Especially since simple
linear regression was conducted for descriptive purposes, this association would be
considered biologically meaningful, if not statistically significant.

However, when other environmental factors were adjusted for, the association
between stem density and moisture was statistically significant but, notably, positive. For

S. pungens in the same sand and MOM level and in the same inundation class, stem density
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increased 3.478 stems/0.0625 m? (CI: 1.197 stems/0.0625 m?, 5.760 stems/0.0625 m?;
p=0.004) for an increase of 1% moisture in the substrate (Table 1-5).

The effect of sand, inundation class, and MOM on stem density were mediated or
confounded by moisture, but moisture appears to play a role in the plant’s growth through

vegetative reproduction beyond that of mediator.

Aboveground Biomass and Physical Environmental Variables

The specified model with % sand, inundation class, % MOM, and % moisture was
statistically significant but explained only about a quarter of the variation in AG biomass
(R?=0.262, p=0.009) (Table 1-5). Associations between AG biomass and individual
variables were not statistically significant (except for Inundation Class 3 having higher AG
biomass than Class 1), though several appeared to be biologically meaningful (Table Table
1-4, Figures 1-9 and 1-10). This peak in Class 3 appeared to shift in 2006 to Class 2 (see

discussion section).

Soil Texture

Simple regression indicated a positive association between sand and AG biomass:
an increase of 0.092 g AG biomass (CI: -0.078, 0.262; p=0.281) was associated with an
increase of 1% sand (Table 1-4, Figure 1-10). The magnitude of the association did not
appear to be biologically meaningful.

However, when other environmental variables were adjusted for in the model, AG
biomass was found to have a positive and biologically meaningful association with sand:

an increase of 0.242 g AG biomass (CI: -0.011, 0.495; p=0.060) was associated with an
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increase of 1% sand, after adjusting for inundation class, % MOM, and % moisture (Table 1-
5). When moisture was removed from this model, the association with sand became
smaller and the p-value higher (=0.108; CI: -0.073, 0.289; p=0.234), which introduced the
possibility that the effect of sand on biomass might be mediated by substrate moisture, as
was true for maximum stem height and stem density. There is a statistically significant
association between sand and moisture (r?=0.537, p<0.001) but not between moisture and
aboveground biomass (r?<0.001, p=0.951). Moisture did not meet the statistical criteria for
being a mediator but remained a confounding factor of the effect of % sand on AG biomass

(Vittinghoff et al. 2012:95).

Inundation Class

For descriptive purposes, a simple linear model was tested. Inundation class is a
categorical variable, and each class is compared to the reference, Class 1, which is the
lowest zone and experiences the most inundation. In general, the association between AG
biomass and inundation class was positive, and biomass increases with elevation (Figures
1-9 and 1-10). Class 3 was greater than Class 1 and the difference was statistically
significant, while Classes 2 and 4 were also greater than Class 1 but not statistically
significantly different: AG biomass in Class 2 is 5.438 g (CI: -4.109 g, 14.985 g; p=0.256)
greater than in Class 1, in Class 3 is 18.051 g (CI: 8.730 g, 27.373 g; p<0.001) greater than
in Class 1, and in Class 4 is 8.813 g (CI: -3.532 g, 21.158 g; p=0.157) greater than in Class 1
(Table 1-4, Figures 1-9 and 1-10). Although not statistically significant, the drop in biomass
in Class 4 relative to Class 3 suggested an overall parabolic relationship between AG

biomass and elevation, with the peak at an elevation optimum. This pattern is examined
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further in the section on analysis of 2006 AG biomass, and a possible shift is considered in
the discussion section.

When other environmental variables were adjusted for, the difference with Class 1
increased in Class 2, remains relatively constant in Class 3, and decreased slightly in Class
4. For S. pungens with the same sand, MOM and moisture levels, AG biomass in Class 2 was
8.092 g (CI: -1.898 g, 18.082 g; 0.109) greater than Class 1 (Table 1-5). This value was
biologically meaningful, and the p-value may have resulted from a small sample size. For S.
pungens with the same sand, MOM and moisture levels, AG biomass in Class 3 was 18.917 g
(CI: 9.290 g, 28.544 g; p<0.001) greater than Class 1 (Table 1-5). For S. pungens with the
same sand, MOM and moisture levels, AG biomass in Class 4 was 7.169 g (CI: -7.699 g,
22.036 g; p=0.334) greater than Class 1. When moisture was removed from the model, the
parameter estimates drop slightly in Class 2 (7.065 g; p=0.163) and more noticeably in
Class 4 (4.164 g; p=0.565), while the difference between Class 3 and Class 1 remained
nearly unchanged. These changes suggested the possibility that the effect of inundation
class on aboveground biomass was mediated by moisture, especially at the highest marsh
elevations in Class 4. Moisture was statistically significantly different among inundation
classes, with the average % moisture in Class 4 being half what it was at lower elevation
(23% compared to 44-49%, p<0.001). However, as noted earlier, the association between
moisture and AG biomass is not significantly different (r2<0.001, p=0.951). Moisture
therefore did not meet the statistical criteria for being a mediator but remained a
confounding factor of the effect of inundation class on AG biomass (Vittinghoff et al.

2012:95).
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Macro-organic Matter

Results of simple regression indicated a positive but extremely weak and not
statistically significant association between AG biomass and % MOM (=0.157; CI: -1.304 g,
1.618 g; r?=0.001; p=0.829) (Table 1-4, Figure 1-10). One outlier was removed from the
analysis because the value may have resulted from flawed field sampling of substrate and
in order to capture the general relationship between % MOM and AG biomass.

When the effects of other factors were accounted for, the association was negative.
For S. pungens with the same sand and moisture levels and inundation class, average
aboveground biomass decreased 1.507 g (CI: -3.826 g, 0.813; p=0.196) for each 1%
increase of MOM in the substrate (Table 1-5). So in the full model, % MOM was not
statistically significant, but the parameter estimate was biologically meaningful and the
small sample size in this study may be responsible for the low but not statistically
significant p-value. Vittinghoff et al. (2012:409) recommended keeping confounding
factors in models when p<0.20. As indicated in the full-model diagram, moist substrates
that are rich in organic matter were expected to be low in nutrients, since decomposition is
slow and the nutrients are therefore not available to plants (Figure 1-5). When moisture
was removed from the model, the estimate of the effect gets much closer to 0 and does not
appear to be biologically meaningful ($=-0.25; p=0.756). This change might suggest that
moisture mediates the effect of MOM. There was a statistically significant positive
association between moisture and MOM (r?=0.416, p<0.001), but not between moisture
and AG biomass (r?<0.001, p=0.951), as stated earlier. The criteria for moisture as a

mediator of the effect of % MOM were not met for AG biomass.
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Moisture

AG biomass and moisture were not associated in a biologically meaningful way: an
increase in aboveground biomass of 0.011 g (CI: -0.338 g, 0.360 g; R2<0.001; p=0.951) is
associated with an increase of 1% moisture in the substrate (Table 1-4, Figure 1-10).

However, when other environmental factors were adjusted for, the association
between aboveground biomass and moisture became positive and of greater magnitude.
For S. pungens in the same sand and MOM level and in the same inundation class, AG
biomass increased 0.571 g (CI: -0.195 g, 1.337 g; p=0.139) for each increase of 1% in
moisture in the substrate (Table 1-5). This increase was biologically meaningful, and the
small sample size may be responsible for the p-value that is low but not statistically
significant.

As mentioned in earlier sections, the effect of sand, inundation class, and MOM on

aboveground biomass is confounded, but not mediated, by moisture.

S. pungens and Chemical Environmental Variables (2006)
Relationships among Environmental Variables

Among the 2006 environmental variables, the strongest correlations involve
salinity, redox and temperature (Figure 1-11). Average pore water salinity (21 May - 5
Aug) was negatively and moderately correlated with redox potential (5 August) (r=-0.44)
and positively but weakly correlated with pore water temperature (5 August) (r=0.35)
(Figure 1-14). Salinity and temperature were expected to be correlated because higher
pore water temperatures promote evaporation of water and concentration of salts left

behind. In other words, the higher the water temperature, the higher the expected salinity.
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Salinity and redox might be expected to be negatively correlated because of the interplay of
several factors. Salinity is highest in substrates that a) are primarily influenced by
seawater and are farthest from freshwater inputs via groundwater or b) experience
inundation but are also exposed long enough for evaporation to concentrate salts. By
contrast, the highest redox potentials in the marsh would be expected in substrates that are
regularly inundated but drain readily and become aerated due to coarse soil texture (e.g.,
sandy or gravelly substrates).

These correlations were also evident in the PCA biplot: salinity and redox were
both associated with PC1, the axis that explained the greatest amount of variation (28%)
among the data points (quadrats). However, salinity had a positive loading on PC1
(0.5874) and redox had a negative loading on PC1 (-0.4710) (Figure 1-11, Table 1-6). A
factor loading is the contribution that an environmental variable makes to the component
axis, so salinity and redox appear to have opposing effects on PC1. Temperature had a
positive loading on PC1 (0.3825), which was a smaller influence than salinity or redox.

Pore water sulfide concentrations were weakly correlated with a number of
environmental variables. Sulfide was negatively and weakly correlated with % sand
(1999) (r=-0.29), as would be expected since the higher the sand content, the more easily
substrate drains and aerates, resulting in a decrease in chemically reduced forms of sulfur
and an increase in oxidized forms, especially sulfate (Figure 1-14). Sulfide was positively
though weakly correlated with pH (r=0.29), which was surprising given that hydrogen
sulfide might be expected to lower pH. However, there were not many high values for
sulfide so the correlation direction is determined by a handful of data points, which

suggests interaction with other factors. Sulfide was negatively correlated with redox
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potential (r=-0.25), which would be expected given that sulfur is chemically reduced to
forms of sulfide (i.e., HzS, HS-, S?-) at low redox potential (Reddy and DeLaune 2008:451-
452).

In the PCA biplot, sulfide and pH vectors were nearly identical in direction and
magnitude, with loadings on PC2 of -0.4068 and -0.4601, respectively (Figure 1-11, Table
1-6). Unlike the correlation, this similarity suggested a positive relationship once other
sources of variation are accounted for. By contrast, % sand had a positive loading on PC2
of 0.4487, and high % sand would be expected to be associated with low sulfide levels and
low pH.

Similar results were found for PCA of the environmental variables and stem height

growth in June (21 May - 24 June).

Relationships among Plant Attributes

In general, taller stems were thicker and shorter stems were skinnier (see growth-
form descriptions in introduction section). Higher AG biomass appeared to result more
from an increase in stem density than in stem height, and the denser the stems, the skinnier
they were. Maximum plant heights measured on 5 and 19 August 2006 were highly
correlated and essentially interchangeable (r=0.99 for both) (Figure 1-13). Maximum stem
height (both 5 and 19 August) was moderately correlated with AG biomass (r=0.49 for
both). Stem height growth in June (21 May - 24 June) was highly correlated with both
measurements of height in August (r=0.87 and 0.86, respectively). Stem density was
moderately, though negatively, correlated with stem caliber (r=-0.44) and moderately but

positively correlated with AG biomass (r=0.54) (Figures 1-12 and 1-13, Table 1-7).



59

Average stem caliber (of 5 tallest stems in a quadrat) was moderately strongly and
positively correlated with maximum stem height (r=0.65 and 0.64, respectively) and June
stem growth (r=0.57). Stem caliber was moderately but negatively correlated with stem
density (r=-0.44). AG biomass was positively correlated with all other attributes: it was
most strongly correlated with stem density (r=0.54), moderately correlated with maximum
stem height (r=0.49 for both dates) and June stem growth (r=0.40), and barely correlated

with stem caliber (r=0.07).

Multiple Regression Models

For all plant attributes, the following analysis of chemical environmental variables
focuses on the model that included sulfides, salinity, pore water temperature, redox
potential and inundation class. Subsequent exploratory analysis was conducted on
different models. Results for each plant attribute and individual environmental factors are
presented below.

Growth in stem height was measured throughout the study, from April through
August 2006. Additional confirmatory and exploratory analysis was conducted for the
period of fastest growth from 21 May to 26 June. Fewer variables were measured during
that time, so the full model included pore water sulfide concentration, pore water salinity,
and inundation class for that period. Exploratory analysis was conducted by adding August
measurements of pore water temperature and substrate redox, as well as pH from 2005

and % sand from 1999.

Maximum Stem Height
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Sulfide Concentration

Sulfide may be positively associated with sulfide when confounders are factored in,
but the period of effect did not appear to be during the period of fastest growth, at least
with the variables available for that time. Sulfide concentrations ranged from 6 to 1040 puM
through 3 September (and up to 733 uM through 5 August). For the purposes of
interpreting results of linear model testing, regression coefficients for sulfides and the
corresponding values for the response variable were multiplied by 100. Simple regression
did not reveal a statistically significant association: an increase of 100 uM sulfide ions was
associated with an increase of 1.9 cm (CI: -6.1 cm, 9.9 cm; p=0.632) in height (Table 1-8,
Figure 1-4).

The full model for maximum stem height included sulfide, salinity, pore water
temperature, redox potential, and inundation class and was statistically significant, though
the model explained a relatively small portion of the variation in stem height (R?=0.383,
p=0.004) (Table 1-9). When the effects of other factors were accounted for in this model,
the parameter estimate for sulfide nearly tripled and the p-value dropped considerably: an
increase of 5.6 cm (CI: -1.9 cm, 13.2 cm; p=0.142) was associated with an increase of 100
uM in sulfide concentration, after adjusting for salinity, pore water temperature, substrate
redox potential, and inundation class (Table 1-9). The increase is biologically meaningful,
and the lack of statistical significance may be due to the small sample size. In addition,
Vittinghoff et al. (2012:409) recommended keeping variables in models when p<0.20,
especially for small data sets.

When substrate pH (from 2005, the previous year) was added to the model in

exploratory analysis, the parameter estimate for sulfide increased and the p-value dropped
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further: an increase of 6.1 cm (CI: -14.7 cm, 13.7 cm; p=0.109) was associated with an
increase of 100 uM in sulfide concentration, after adjusting for salinity, pore water
temperature, substrate redox potential, inundation class, and pH (Table 1-9). The change
in parameter estimate of over ten percent suggested that pH was a confounder for sulfide
concentration (Vittinghoff et al. 2012:409). That oxidation-reduction reactions would be
affected by pH was not surprising (Reddy and DeLaune 2008:452). The fact that the pH
measurement was from the previous year may indicate some stability of this
environmental variable at sampled locations within the marsh. Despite the notable effect
on sulfide, the overall model was not much improved with the addition of pH (R?=0.391,
p=0.005).

When models were tested for the period of fastest growth (21 May - 24 June),
sulfide and salinity from that period along with inundation class had a statistically
significant association with June maximum stem height (R?=0.330, p=0.003) (Table 1-9).
This model explained almost as much variation in stem height as the full model described
for the peak of the growing season, but sulfide itself was not statistically significant. The
overall model did not improve and sulfide remained not significant when other
environmental variables from August were added. Based on the data available for this
period, sulfide did not appear to affect June stem height growth, or its effect is confounded

by factors that were not measured until August.

Pore Water Salinity

Salinity is consistently negatively associated with maximum stem height. Salinity was

averaged over two periods: 21 May - 24 June and 24 June - 5 August. Results of simple
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regression indicated that average salinity had a negative and statistically significant
association with maximum stem height: a decrease of 2.396 cm (CI: -4.720 cm, -0.072 cm)
in maximum stem height was associated with an increase of 1 ppt in pore water salinity
(R?=0.129; p=0.044) (Table 1-8, Figure 1-14).

When the effects of other factors were accounted for, the effect of salinity became
greater and more statistically significant: a decrease of 3.177 cm (CI: -5.467 cm, -0.886 cm;
p=0.008) in maximum stem height was associated with an increase of 1 ppt in pore water
salinity, after adjusting for the effects of sulfide, pore water temperature, substrate redox
potential, and inundation class (Table 1-9). When pH (2005) was added to the model, the
effect of average salinity dropped to -2.617 cm (CI: -5.103 cm, -0.131 cm) and remained
statistically significant (p=0.040). Since the parameter coefficient changed more than ten
percent, this exploratory analysis suggested that substrate pH may confound the effect of
salinity on maximum stem height, especially considering the fact that pH was measured in
the preceding year (Vittinghoff et al. 2012:409).

When models were tested for the period of fastest growth (21 May - 24 June),
salinity and sulfide from that period along with inundation class had a statistically
significant association with June maximum stem height (R?=0.330, p=0.003) (Table 1-9).
As noted in the section on sulfide, this model explained almost as much variation in stem
height as the full model created for the peak of the growing season. Unlike sulfide, salinity
was statistically significant in this June model (p=0.044), but the magnitude of the effect
was markedly smaller than that seen in the full model: a decrease of 1.18 cm (CI: -2.334
cm, -0.032 cm) was associated with an increase of 1 ppt. The smaller negative effect might

be expected since growth during this period was a portion of total height measured at the
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peak of the growing season. When other environmental variables from August were added,
the overall model did not improve but salinity remained a significant factor during this

period of rapid growth.

Pore Water Temperature

Results for pore water temperature were not consistent, but the negative effect on
stem height appeared to have an impact during the period of rapid growth, and
interactions with salinity and inundation were important. Simple regression indicated
that pore water temperature measured on 5 August had a negative and statistically
significant association with maximum stem height: a decrease of 3.507 cm (CI: -6.632 cm, -
0.381 cm) in maximum stem height was associated with an increase of 1 °C in pore water
temperature (r?=0.129; p=0.029) (Table 1-8, Figure 1-14).

However, when the effects of other environmental factors were accounted for, the
association became smaller and was not statistically significant: a decrease of 1.472 cm
(CI: -4.824 cm, 1.880 cm) was associated with an increase of 1 °C in pore water
temperature (p=0.375), after adjusting for sulfide concentration, pore water salinity,
substrate redox potential, and inundation class (Table 1-9).

Pore water temperature interacts with a number of other environmental factors,
which may be mediators or otherwise confound temperature’s effect on maximum stem
height (Figure 1-6). A second specified model was created with pore water temperature
and inundation class in order to determine whether or not sulfide, salinity, redox and 2005
pH were potential mediators of temperature’s effect on maximum stem height. In the base

model with inundation class, water temperature still had a negative association with stem
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height: a decrease of 3.084 cm (CI: -6.542 cm, 0.375 cm) was associated with an increase
of 1 °C in pore water temperature (p=0.079) (Table 1-9). Given the small sample size, the
association can be considered biologically meaningful. Examination of potential mediators
established a link only between pore water temperature and salinity: temperature was
associated with salinity (r?=0.142, p=0.026), and salinity in turn was associated with
maximum stem height (r?=0.106, p=0.044). Higher water temperature would be expected
to affect salinity through evaporation, which would concentrate salinity. Conceptual and
statistical criteria were thus met for salinity as a mediator of pore water temperature.
When August pore water temperature was added to exploratory models of June
stem growth, along with redox and 2005 pH, it was found to improve the specified model
that included only sulfide, salinity and inundation class. In the exploratory model,
temperature was negatively associated with stem growth: a decrease of 0.928 cm (CI: -
2.422 cm, 0.565 cm) was associated with an increase of 1 °C but was not statistically
significant (p=0.213) (Table 1-9). However, Vittinghoff et al. (2012:409) recommended
retaining variables with p-values <0.20, especially when data sets are small. The doubling
or tripling of parameter coefficients comparing inundation classes 2 and 3 to Class 1
suggested that pore water temperature was a possible confounding factor for inundation
class (Figure 1-19). Pore water temperature had a negative and biologically meaningful
association with stem growth in June: a decrease of 1.329 cm in stem growth was
associated with an increase of 1 °C (r?=0.85, p=0.084). In Class 4, the magnitude of
difference from Class 1 decreased by about twenty percent, which suggested that
temperature may also be a confounding variable in this elevation zone. Higher pore water

temperatures would be expected to be associated with inundation classes or elevations
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that are tidally inundated but then warm up once exposed to air during daytime. Warmer
water holds less dissolved oxygen needed for respiration by roots. Pore water temperature
in Class 4 was found to be different from other classes to a degree that is biologically
meaningful if not statistically significant (p=0.08) (Figure 1-19). The evidence for pore
water temperature as a confounding factor of inundation class during the period of rapid

growth appears strong.

Substrate Redox Potential

Low redox potential typically indicates oxygen depletion in substrates as well as the
increased likelihood of forms of sulfide being present. It would generally be expected to be
negatively associated with height, and the results revealed this association once
confounding factors were addressed. This factor was measured only on 5 August near the
peak of the growing season, and simple regression analysis did not indicate that redox
potential was associated with maximum stem height (Table 1-8, Figure 1-14).

However, when the effects of other environmental factors were accounted for, the
association was negative and statistically significant: a decrease of 9.3 cm (CI: -17.9 cm, -
0.7 cm) in maximum stem height was associated with an increase of 100 mV in redox
potential, after adjusting for the effects of sulfide concentration, average pore water
salinity, pore water temperature, and inundation class (p=0.035) (Table 1-9). (Redox was
measured in mV, and estimates of parameter coefficients and the response variable were
multiplied by 100 here in order to improve the clarity of interpretation.)

Although not anticipated at the start of the study and therefore not illustrated in the

DAG (Figure 1-6), salinity mediated the effect of redox on maximum stem height. There
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was a statistically significant association between redox and salinity (r?=0.156, p=0.013),
as well as between salinity and stem height (r?=0.106, p=0.044). Since salt ions increase
the conductivity of water, salinity would be expected to affect the rate of oxidation-
reduction reactions. So the conceptual and statistical criteria were met for salinity to be a
mediator of the effect of redox on stem height (Vittinghoff et al. 2012:95).

When pH was added to the model, the effect was slightly more negative and
statistically significant: a decrease of 9.6 cm (CI: -18.1 cm, -1.0 cm) in maximum stem
height is associated with an increase of 100 mV in redox potential, after adjusting for the
effects of sulfide concentration, average pore water salinity, pore water temperature, and
inundation class (p=0.030) (Table 1-9). This slight change in the parameter coefficient did
not meet the ten percent threshold suggested by Vittinghoff et al. (2012:409), and pH was
not a statistically significant variable in the model (p=0.257). However, redox and pH are
known to interact, the first being a measure of electron activity and the second being a
measure of proton activity (Reddy and DeLaune 2008:81). Oxidation-reduction reactions
may result in molecular species that increase or decrease pH, and substrate pH may affect
the degree to which an oxidation-reduction reaction proceeds in one direction or the other.
The conceptual criterion was met for pH as a confounder of redox. The statistical criteria
might have been met with a larger sample size.

When August redox was added to exploratory models of June stem growth, along
with pore water temperature and pH from 2005, it was found to improve the specified
model that included only sulfide, salinity and inundation class. In the exploratory model,
redox was negatively and significantly associated with stem growth: a decrease of 5 cm

(CI: -9.2 cm, 0.8 cm) was associated with an increase of 100 mV (p=0.022) (Table 1-9). In
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Classes 2 and 3, the large increases in parameter coefficients comparing growth to Class 1
suggested that substrate redox may be a confounding factor for inundation class. In Class
4, the magnitude of difference from Class 1 decreased by about twenty percent,
strengthened the possibility that substrate redox was a confounding variable for this
elevation zone. Lower redox potentials would be expected to be associated with elevations
with substrates that remain saturated. Higher redox potential would be expected to be
associated with elevations that experience inundation but that drain quickly or experience
re-oxygenation from returning tides. Somewhat counterintuitively, redox in Class 1 was on
average 100 mV higher than other classes (p=0.06) (Figure 1-19). If oxygen levels were
higher at the lowest elevation (presumably due to replenishment by incoming tides),
especially in combination with low salinity (see section on Pore Water Salinity), these
conditions could contribute to early and faster growth that leads to the tallest stems later

in the growing season.

Inundation Class

In general, the association between maximum stem height and inundation class was
negative (Figures 1-4 and 1-18). In other words, on the whole, maximum stem height
decreased with an increase in elevation. Inundation class was treated as a categorical
variable, and each class was compared to the reference, Class 1, which was the lowest
elevation zone and experienced the most inundation. Results of simple linear regression,
which are presented for descriptive purposes, indicated that all classes were shorter than
Class 1 and the difference was statistically significant for Class 4 at the highest elevation

but not for Classes 2 and 3: maximum stem height in Class 2 was 12.90 cm (CI: -36.289 cm,
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10.481 cm) shorter than in Class 1 (p=0.270); in Class 3 was 11.62 cm (CI: -32.027 cm,
8.797 cm) shorter than in Class 1 (p=0.256); and in Class 4 was 54.95 cm (CI: -82.339 cm, -
27.568 cm) shorter than in Class 1 (p<0.001) (Table 1-8, Figure 1-18).

When other environmental variables are adjusted for, the trend between stem
height and inundation class remained negative, but the difference from Class 1 doubled in
Class 2, increased somewhat in Class 3, and decreased considerably in Class 4. For S.
pungens with the same sulfide concentrations, average pore water salinity, pore water
temperature, and substrate redox potential, maximum stem height in Class 2 was 25.811
cm (CI: -49.682 cm, -1.940 cm) shorter than in Class 1 (p=0.035); in Class 3 was 16.029 cm
(CI: -36.442 cm, 4.384 cm) shorter than in Class 1 (p=0.119); and in Class 4 was 36.510 cm
(CI: -67.186 cm, -5.834 cm) greater than in Class 1 (p=0.021) (Table 1-9). Although the
difference between Class 1 and Class 3 was not statistically significant, the decrease in
maximum stem height was biologically meaningful, and the non-significant p-value may be
a result of small sample size.

When substrate pH (from 2005, the previous year) was added to the model for
exploratory purposes, the difference from Class 1 increased in all classes, especially Class 3,
which became nearly statistically significant. For S. pungens experiencing the same sulfide
concentrations, average pore water salinity, pore water temperature, substrate redox
potential, and pH, maximum stem height in Class 2 was 29.031 cm (CI: -53.942 cm, -4.121
cm) shorter than in Class 1 (p=0.024); in Class 3 was 24.346 cm (CI: -49.278 cm, 0.587 cm)
shorter than in Class 1 (p=0.057); and in Class 4 was 42.211 cm (CI: -76.836 cm, -7.586
cm) greater than in Class 1 (p=0.015) (Table 1-9). These exploratory results suggested that

the effect of inundation class, especially Class 3, on maximum stem height was mediated by
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substrate pH. When pH was compared across inundation classes using ANOVA, pH in Class
3 was significantly lower than in all other classes (approximately 5.5 compared to 6.5;
p=0.033) (Figure 1-19), so accounting for this environmental variable improved the model.
In the specified model that included just pore water temperature and inundation
class and omitted putative mediators of both, the difference in maximum stem height
between Class 2 and Class 1 changed the most compared to the full model and was no
longer statistically significant (CI: -39.453 cm, 5.823 cm; p=0.14) (Table 1-9). This change
between Classes 2 and 1 indicated that the effect of inundation class at the lowest
elevations is mediated by another variable. As explained in the section on pore water
temperature, examination of potential mediators in the full model established a link only
between pore water temperature and salinity: temperature was associated with salinity
(r?=0.142, p=0.026), and salinity in turn was associated with maximum stem height
(r=0.106, p=0.044). ANOVA results for salinity across inundation classes indicated that
salinity in Class 1 is lower than that in all other classes, though the difference was not
statistically significant (5.7 compared to 8.6-9.8 ppt, p=0.19) (Figure 1-19). However,
confounding variables with p<0.20 may well be important, especially with small data sets
(Vittinghoff et al. 2012: 409). By contrast, differences between Classes 3 and 4 and Class 1
in the reduced model remained of magnitude similar to the full model and statistically
significant or nearly so. These differences among inundation classes indicated interaction
between environmental variables and these elevation zones. In other words, different
factors could have an effect or be more important than others at different elevations. In an
exploratory step, adding substrate pH to this reduced model resulted in an increase in the

difference in stem height between Class 3 and Class 1 and a p-value below 0.05 (p=0.021).
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The effect of pH was not statistically significant in this exploratory model but may be
biologically meaningful given the small sample size: a decrease of -6.549 cm (CI: -15.725
cm, 2.628 cm) in maximum stem height was associated with an increase of 1 unit on the
logarithmic pH scale, after adjusting for pore water temperature and inundation class
(p=0.155). Underscoring the potential role of pH was the fact that, when pH was compared
across inundation classes using ANOVA, Class 3 was statistically significantly lower than all
other classes (5.6 compared to 6.5-6.6, p=0.033) (Figure 1-19).

For the period of fastest growth of stems (21 May - 24 June), the association
between growth and inundation class was generally negative. In other words, stem growth
in June decreases on the whole as elevation increases. Results of linear regression
indicated that all classes grew less than Class 1. The difference was statistically significant
only for Class 4 at the highest elevation but biological meaningful for the others: stem
growth in Class 2 was 8.077 cm (CI: -18.524 cm, 2.370 cm; p=0.0.125) less than in Class 1;
in Class 3 was 6.494 cm (CI: -15.801 cm, 2.814 cm; p=0.165) less than in Class 1; and in
Class 4 was 25.077 cm (CI: -37.311 cm, -12.842 cm; p<0.001) less than in Class 1 (Table 1-
8). These differences were more distinct than maximum height differences measured at
the peak of the growing season in August, though the pattern is similar overall.

Specified models focusing on the period of fastest growth of stem height included
sulfide, salinity and inundation class, which were the data collected at that time (Table 1-1).
Inundation class had statistically significant or biologically meaningful effects on maximum
stem height only when variables measured later in the growing season, such as pore water
temperature, redox, and pH, were included in the model. The exception was Class 4, in

which a decrease of 23.559 cm (CI: -35.488 cm, -11.629 cm) in stem height was found
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compared to other classes (p<0.001) (Table 1-9). Specified and exploratory models for this
period were found to be statistically significant or biologically meaningful, but only
explained about half as much variation in stem growth as did models of peak height with a
full complement of variables.

Inundation class consistently had a significant effect on maximum stem height.
Physical and chemical environmental variables differed across elevation zones. Sand was
higher and moisture and MOM were lower in Class 4 compared to other classes (p=0.004,
p<0.001, p=0.002, respectively) (Figure 1-19). Pore water temperature was also higher in
Class 4 than others (p=0.08). pH was lower in Class 3 than others (p=0.033); sulfides were
higher in Class 2 than other classes (p=0.015); redox and salinity were higher in Class 1
than others (p=0.06 and 0.19, respectively). This interaction among variables underscores
the limited utility of single-factor analysis and need for multivariate techniques. It also

illustrates the complex environment that S. pungens must be able to handle.

Percent Sand (1999)

In exploratory analysis, % sand from 1999 was included in some models because it
was shown to have a number of mediating and confounding effects on physical variables
and had a significant effect in the multi-variate models specified for that first year of this
study. Further, based on years of field experience at the site, soil texture was expected to
have been relatively consistent over several years, so % sand measured in 1999 was
considered to be an adequate surrogate for % sand in 2006.

Results of simple regression with 2006 maximum stem height indicated that there

was a weak but statistically significant negative association: a decrease in stem height of
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0.398 cm (CI: -0.780 cm, -0.017 cm) was associated with an increase of 1% sand (r?=0.108,
p=0.041) (Table 1-8, Figure 1-14). However, when % sand was added to the 2006 full
model used in the MLR, its association with maximum stem height weakened and was not
statistically significant: an increase of 0.083 cm (CI: -0.290 cm, 0.456 cm) was associated
with an increase of 1% sand (p=0.651) (Table 1-9). The change in significance may reflect
the need for contemporaneous data, as well as further exploration of the relationship
between physical and chemical variables in this complex environment. Additionally, sand
was not a statistically significant factor and did not improve any of the models for stem

growth during the period 21 May to 24 June (Table 9-1).

Substrate pH (2005)

Results generally indicated that taller stems were found in more acidic substrate.
Lower pH can be attributed to high levels of inundation or saturation, including from
landward surface water and groundwater flow: saturation slows decomposition and
increases % MOM, and it decreases redox potentials and increases hydrogen sulfide
concentrations.

Substrate pH was measured in 2005 soil cores and was expected to be relatively
constant from year to year. It was therefore used as a surrogate for pH in 2006. It was
expected to have a number of mediating or otherwise confounding relationships with the
variables in the specified model. For example, acidity is associated with elevated hydrogen
sulfide concentrations, and substrate pH affects and is affected by redox potential (Reddy

and DeLaune 2008:81, 451).



73

Results of simple regression indicated that pH has a negative but very weak and not
significant relationship with maximum stem height: a decrease of -4.579 cm (-14.217 cm,
5.060 cm) is associated with an increase of 1 on the pH scale (r?=0.024, p=0.342) (Table
1-8, Figure 1-14). The coefficient appears relatively small, given that the change of 1 unit in
pH is on a logarithmic scale.

When pH (2005) was added in exploratory analysis to the full model based on 2006
data, the association with maximum stem height was negative but not statistically
significant: a decrease of 5.491 cm (CI: -14.932 cm, 3.951 cm) in maximum stem height
was associated with an increase of 1 on the pH scale (p=0.242) (Table 1-9). As explained in
the section about inundation class above, the addition of pH (2005) resulted in an increase
in the magnitude of difference between inundation Class 3 and Class 1, and this difference
became nearly statistically significant (p=0.057), especially considering the small sample
size. This change suggests that there was interaction between pH and inundation class and
that, in Class 3, pH had a confounding effect on inundation’s relationship with maximum
stem height.

During exploratory analysis, when pH (2005) was added to the no-mediators model
containing pore water temperature and inundation class, the association between
maximum stem height and pH was still negative but increased in magnitude compared to
models that contained mediators: a decrease of -6.549 cm (CI: -15.725 cm, 2.628 cm) was
associated with an increase of 1 on the pH scale (p=0.155) (Table 1-9).

When pH was added to exploratory models of June stem growth with sulfide,
salinity, inundation class, as well as water temperature and redox from the peak of the

growing season, the amount of variation in growth explained was similar to the reduced
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specified model (R?=0.322, p=0.013 and R?=0.330, p=0.003, respectively), but nearly all
variables were statistically significant or biologically meaningful, unlike in the reduced

model (Figure 1-9).

Stem Density and Chemical Environmental Variables Plus Inundation

Simple regression did not indicate any significant associations with chemical
variables measured in this study, and these results were reflected in the multiple
regression analysis (Tables 1-8).

The specified model for stem density and chemical variables (sulfide, salinity, pore
water temperature, and redox) also included inundation class because it was a variable
known for that year. This full model was not statistically significant (R?=0.111, p=0.177),
and inundation class was the only variable with a statistically significant or biologically
meaningful association with stem density. Inundation class was included because it was
known for the year that chemical variables were measured. It is a physical variable with
chemical consequences, but what affects stem density was not captured by the variables
measured in this study. Class 2 was 55.628 stems/0.0625 m? more dense than Class 1 (CI:
-4.638, 115.894; p=0.069) and Class 4 was 90.462 stems/0.0625 m? more dense than Class
4 (CI: 13.017,167.908; p=0.024) (Table 1-9, Figure 1-18).

An exploratory model that was statistically significant and explained more of the
variation in stem density included pore water temperature, inundation class, % sand, and
pH (R?=0.245, p=0.027). This combination of physical and chemical variables explained
only about a quarter of the variation in stem density, which is about half the variation

explained by the specified model that included all physical variables. Percent sand was the



75

only variable that was statistically significant, with an increase of 0.988 stems/0.0625 m?
being associated with 1% increase in sand (CI: 0.187,1.789; p=0.018) (Table 1-9). This
association is similar in magnitude and significance to that found for % sand and stem
density in the full model for 1999. In that year, the effect of sand was found to be mediated
by % moisture, and it is likely that the same link was at work in 2006. Sand increases
drainage and therefore aeration of the substrate. S. pungens in more aerated substrates
typically produced more belowground biomass in general, shorter rhizomes, and therefore

more active nodes that produce stems (personal observation, unpublished data).

Stem Caliber and Inundation and Chemical Environmental Variables Plus Inundation

Simple regression conducted for descriptive purposes indicated that there were no
statistically significant associations between stem caliber and chemical variables (Table 1-
9, Figure 1-16). However, linear regression revealed that there was a statistically
significant difference between two classes and Class 1: stem calibers in Class 3 were 1.466
mm smaller than those in Class 1 (p=0.020), and those in Class 4 were 2.747 mm smaller
than those in Class 1 (p=0.002) (Table 1-9, Figure 1-18).

The specified model with sulfide, salinity, pore water temperature, redox and
inundation class was not statistically significant (R?=0.093, p=0.210) (Table 1-9).
Inundation Class 3 was 1.563 mm smaller than Class 1 (CI: -1.563, 0.740; p=0.04). Pore
water temperature was of additional interest since p<0.20 (Vittinghoff et al. 2012:409):
stem calibers decreased 0.191 mm for an increase of 1 °C (CI: -0.441, 0.058; p=0.127). The
physical variables in this model appear to have had more potential effect on stem caliber

than chemical variables measured in this study. However, physical factors affect the
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chemical environment. For example, temperature would be expected to affect dissolved
oxygen in pore water, which would affect the root environment and the ability of the plant
to conduct aerobic respiration. Temperature could also affect evaporation, which could
lead to concentration of salts and an increase in salinity.

The exploratory model that included simply pore water temperature and inundation
class was nearly statistically significant but explained relatively little of the variation in
stem caliber (R?=0.162, p=0.053). The effect of pore water temperature was of similar
magnitude as in the simple regression but was nearly significant (CI: -0.427, 0.005;
p=0.055). Class 3 remained significantly different from Class 1: calibers in the higher
elevation zone were 1.550 mm smaller than in the lowest zone (CI: -2.806, -0.274;

p=0.019) (Table 1-9).

Aboveground Biomass and Inundation and Chemical Environmental Variables Plus
Inundation

Simple regression conducted for descriptive purposes did not reveal any statistically
significant associations between AG biomass and chemical variables (Table 1-8, Figure 1-
17). Similarly, neither the specified models nor the exploratory models were statistically
significant, R? values were below zero, and no individual variables were significant. In the
specified model, salinity was the only variable with R2<0.20, which is Vittinghoff et al.’s
(2012:409) threshold for variables in models of small data sets. A decrease of 1.761 gin AG
biomass was associated with an increase of 1 ppt (CI: -4.083, 0.560; p=0.131) (Table 1-9).

Generally, physical variables explained the variation in AG biomass more effectively

than the chemical variables measured in this study. Inundation was the only variable
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assessed in both years. In 2006, AG biomoss in Class 2 was greater than Class 1 and was
notable for being the only factor in the analyses conducted for descriptive purposes for
which the p-value was <0.20. AG biomass was 13.952 g greater in Class 2 than in Class 1
(CI:-5.537, 33.441; p=0.155) (Table 1-8). Class 3 was similar to Class 1 and Class 4 was the
least productive of all the classes. These differences suggest an overall parabolic
relationship between AG biomass and elevation, with the peak at an elevation optimum, as
was observed in 1999 (Figure 1-9). However, the peak appears to have shifted waterward
from Class 3 to Class 2. This pattern and a possible shift is considered in the discussion

section.
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DISCUSSION
Summary of Environmental Factors Associated with Plant Attributes

Maximum stem height appeared to be responsive to more environmental variables
than other attributes. When confounding factors, especially inundation class and moisture,
were accounted for, maximum stem height was positively associated with % sand, which
increases drainage and aeration of the substrate (except where the water table remains
high), which facilitates respiration in roots and overall plant growth. Inundation class, or
elevation, which affects depth and frequency of flooding, was negatively associated with
maximum stem height. Despite the potentially negative effects of flooding, which include
reduced light penetration and gas exchange, stem heights were tallest at lower elevation.
This maximum height may be attributable to rapid stem elongation triggered by anoxic
conditions and etiolation triggered by low light, as well as lower salinities in the lowest,
most regularly flushed zone (see section on tall stems). Some tall portions of S. pungens
stands in GHNWR were growing in sandy substrate that was also flooded regularly at low
elevation, so sand may not play the role of increasing drainage in these areas. Moisture
was positively associated with maximum stem height. Water is a requirement for
photosynthesis and growth but can also be a stress. S. pungens is adapted to saturated
conditions through aerenchyma, asexual reproduction, and likely anaerobic respiration. In
some places in the marsh, moisture was contributed by overland freshwater inputs, which
decreased salinity. When confounding factors were accounted for, MOM was negatively
associated with maximum stem height. MOM retains moisture, which can slow
decomposition and limit availability of nutrients. MOM also lowers pH, which can affect

nutrient availability. Salinity was negatively associated with maximum stem height. It
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inhibits growth by altering osmoregulation. Stems are tallest in the lowest elevations
where salinity was also lowest. However, S. pungens is adapted to somewhat saline
conditions by using osmoticants to prevent water loss. Redox was negatively associated
with maximum stem height. Although low redox levels indicate oxygen depletion, S.
pungens possesses abundant aerenchyma tissue that enables transport of oxygen from
above the ground or water down to the roots and rhizomes, where respiration occurs.
When other confounding factors, especially salinity, redox and inundation, were accounted
for, sulfide appeared to be positively associated with maximum stem height.

Several measured factors were associated with stem density, though fewer than
with stem height. Percent sand, which was used to represent soil texture, was positively
associated with stem density. More dense portions of S. pungens stands produced more BG
biomass. Root and rhizome development may be easier in sandier substrates, which have
lower bulk density (Howard 2010). Sandier substrates also drain more readily (except
where water tables remain high), and a close relative of S. pungens has been shown to
produce shorter rhizomes and more dense stems in areas that are less inundated (Ikegami
et al. 2007). Inundation class, or elevation, was positively associated with stem density. At
higher elevations that experience less inundation, S. pungens produced shorter rhizomes,
with more active nodes and denser AG stems, which have been shown to characterize the
response of congeners to favorable conditions (Ikegami et al. 2007). Moisture was
negatively associated with stem density when considered alone but positively associated
when confounding factors were accounted for, as was also true for stem height. This
change in direction illustrates the importance of including confounding factors in the model

and teasing apart some of the effects of moisture, including mediating the effects of other
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factors. MOM was negatively associated with stem density. It retains moisture that can
prevent desiccation, but it can also slow decomposition in saturated substrates, which can
cause nutrients to be bound up and not readily available to plants. Organic acids can also
contribute to low pH, which can affect nutrient availability. The chemical variables
measured in this study did not appear to be associated with stem density.

Stem caliber was only measured during the year that physiochemical variables were
measured. Inundation was negatively associated with stem width, most notably in Class 3,
which was characterized by low pH. Wider stems are associated with a greater proportion
of aerenchyma, which are produced in association with anoxia resulting from inundation
(Albert et al. 2013). Largest stem caliber was found at lowest elevation. When
confounding factors were accounted for, pore water temperature was possibly negatively
associated with stem caliber. Generally, the higher the temperature, the lower the
dissolved oxygen. However, there is not a consistent pattern of temperature across the
landscape. in some portions of GHNWR, cooler temperatures occur at lower elevations
where groundwater may be entering the marsh. In other locations, the cooler
temperatures occurred at higher elevation, where afternoon shade mitigated temperatures
and or surface water inflow provided a cooling influence.

The physical environmental variables measured in this study explained more
variation in AG biomass than the chemical variables. Some of these reflect the correlation
between AG biomass and stem density (r=0.65 in 1999 and r=0.54, Figure 1-17). AG
biomass was positively associated with % sand when confounding factors were accounted
for. Sand improves aeration of substrate, which increases the amount of oxygen reaching

the roots and available for respiration. Inundation class was positively associated with this
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attribute, with the largest amount produced in Class 3 in 1999 and Class 2 in 2006 (see
section on AG biomass and the elevation optimum). When confounding factors were
accounted for, moisture appeared to be positively associated with AG biomass, so enough
water for photosynthesis and osmoregulation has a positive effect. MOM appeared to be
negatively associated with biomass production. With respect to chemical variables
measured in this study, only salinity appeared to be weakly negatively associated with AG
biomass, when confounding factors were accounted for (see section on adaptations to

environmental conditions).

Elevation as a Primary but Problematic Variable

Elevation has been identified as a major environmental variable affecting S. pungens
distribution and attributes (form) in Pacific Northwest tidal marshes (Disraeli and Fonda
1979, Hutchinson 1982, Ewing 1986, Albert et al. 2013). Most directly, elevation affects the
frequency and duration of tidal inundation, which is why the current study used inundation
classes to designate different elevation zones. However, other factors such as salinity vary
as a result of differences in tidal action, though not necessarily in a linear fashion (Burke
Watson and Byrne 2009).

Elevation is a problematic variable because it is the most obvious physical gradient
in a marsh but does not in and of itself affect plant growth; it can be thought of as a
surrogate for other variables that change over the elevation gradient. Further, elevation is
associated with ecologically different conditions in the different wetland systems in which
S. pungens is found. In tidal environments, elevation most directly affects the frequency

and duration of inundation (Ewing 1983). In dune environments, another S. pungens
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habitat, elevation affects the distance from the substrate surface to the water table and,
after precipitation events, the depth of submergence in the lowest part of the dune slack
(i.e., interdunal depression) (Seliskar 1990). In lake fringe environments, yet another S.
pungens habitat, elevation affects the depth of submergence in standing water, which may
vary seasonally but is otherwise not fluctuating daily (Albert et al. 2013). Despite this
variety and the problematic nature of this variable, elevation provides an important
starting point for exploring factors that affect variation in S. pungens, especially because it

is unlikely that all important and interacting variables can be measured.

Plant Variation Explained by Different Conditions in Inundation Classes

In the Grays Harbor study, elevation was not measured directly, but inundation
classes, or zones, were identified based on years of field observations of incoming and
receding tides across the site. (The water’s edge hits points of similar elevation at the same
time.) The inundation classes indicate relative elevation, with an emphasis on the primary
physical condition that varies over elevation.

Inundation classes provide a useful structure for taking a closer look at plant
responses to multiple environmental dimensions across the landscape. A summary
description of differences in environmental variables in inundation classes along the
elevation gradient based on the results of ANOVA’s follows: At the lowest elevation, Class 1
was characterized by low salinity (5.68 ppt vs. 8.62-9.8 ppt, p=0.190) and high redox (-
165.8 mV vs. -248.0 - -275.9, p=0.063) relative to the other inundation classes. Class 2 was
characterized by higher sulfide concentrations (241 pM vs. 91-105 pM, p=0.015), and Class

3 was characterized by lower pH (5.56 vs 6.50-6.66, p=0.033) than other classes. In the
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highest zone, Class 4 was characterized by higher % sand (90.9% vs. 45.3-56.4%, p=0.004),
lower moisture (23.0% vs. 44.4-49.4%, p<0.001), lower MOM (2.0% vs. 6.1-7.9%, p=0.002),
and higher temperatures (21.5 °C vs. 17.2-18.6 °C, p=0.087) than the other classes. These
environmental conditions are depicted in a summary diagram along with S. pungens
attributes (Figure 1-20).

In this study, inundation class, or relative elevation, was found to affect stem height,
stem density, and stem caliber in single-factor ANOVA's (used for descriptive purposes)
and in models with multiple physical and chemical variables (used for confirmatory
analysis). Although inundation class was analyzed as a categorical variable, trends in plant
attribute changes can be described. In general, stem height decreased with decreasing
inundation (or with increasing elevation); and stem caliber decreased with decreasing
inundation (or increasing elevation) (Figures 1-9, 1-10, 1-14, 1-16, 1-18, 1-20; Table 1-4,
1-8). In 1999, stem density increased with decreasing inundation (or increasing elevation),
but the trend became less obvious in 2006 (Figure 1-15 in addition to those above). In
1999 and 2006, a peak in AG biomass was seen in the middle elevations levels, with a shift
waterward in the second year (Figure 1-17 in addition to those above). These shifts and

other patterns are discussed in the sections below.

Tall Stems at Low Elevation

Generally, taller sweetgrass stems were found at lower elevations, i.e., the zones that
were most frequently inundated (Figure 1-20). In 2006, the first height measurements
were taken on 20 April, and stems were tallest at that early data in the lowest elevation

zone (personal observation). Stems either started growing earlier in the season than those



84

at higher elevations or were growing at a faster rate once started. This observed pattern
may be explained in a variety of ways.

Rapid stem elongation has been found to occur in several species of Schoenoplectus
and Bolboschoenus (formerly members of Scirpus) under anoxic conditions(Cronk and
Fennessey 2001:96). This phenomenon has been observed in non-tidal wetlands that are
constantly flooded, but it is consistent with the earlier and faster stem growth observed at
lowest elevations experiencing the most inundation in S. pungens stands in GHNWR. The
response to anoxia is a physiological adaptation that enables the stems to attain a height
that extends above the water surface and reach oxygen that can be transported down to the
submerged roots (Cronk and Fennessey 2001:96). The speed of the elongation ensures
that sufficient growth occurs before winter energy reserves are depleted in the rhizomes.
The rapid growth may be a result of elevated glycolysis rates in the presence of abundant
carbohydrate reserves. Redox measured in August was higher in Inundation Class 1 than at
other levels, so the elongation response might be expected to apply to all zones rather than
distinguishing the lowest from higher zones. Daytime tidal patterns are different during
spring months, and redox may not vary across inundation classes in the same way during
the period of most rapid growth.

Another factor influencing stem height during the growing season may be reduced
light under flooded conditions. In a greenhouse study, Ikegami et al. (2008) found that
Schoenoplectus americanus stems grew taller and produced more photosynthetic surface
area in shaded conditions. In the field, reduced light conditions can be created by tidal

inundation or trees near the upland border of the marsh or by tidal inundation
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(Karagatzides et al. 2003, Ikegami et al. 2008). Both sources of shading occurred at
GHNWR and, in either case, etiolation could result in taller stems (Ikegami et al. 2008).
Alternatively, tidal flooding may have served as a buffer to cooler temperatures in
early spring by keeping substrates in low zones warmer than those experiencing more
exposure. A likely explanation for earlier or faster growth at low elevation may be that
salinity levels were lowest in this zone (Figures 1-19 and 1-20). Salinity interferes with
uptake of water, potassium, and COg, all of which are required for growth (Cronk and
Fennessey 2001:79). Water potential is altered, sodium is preferentially taken up, and CO>
uptake is limited due to stomatal closure that occurs as a means of preventing water loss in
saline conditions. Lower salinity would therefore favor faster growth. The combination of

higher redox and lower salinity may explain the taller stems in Inundation Class 1.

Thicker Stems at Low Elevation

Stems at lower elevations were not only taller but also thicker, or more robust, in S.
pungens stands in Grays Harbor (Figure 1-20). The species produces aerenchyma
wherever it growths, but aerenchyma occupy a greater proportion of stem cross-section
when roots and rhizomes are waterlogged. In Delaware dune slacks, more aerenchyma
was associated with shorter S. pungens stems in non-tidal waterlogged areas (Seliskar
1988, 1990). In Lake Michigan, S. pungens stems in permanently flooded areas were taller
and wider, with greater production of aerenchyma (Albert et al. 2013). In the Tillamook
estuarine marsh, taller and wider stems were found at lower elevations (Albert et al. 2013).
In the Skagit (Washington) tidal marsh, thicker stems with more enlarged aerenchyma cells

were found in anoxic pannes (depressions), which typically remain flooded at low tide
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(Ewing 1986). In Grays Harbor, the larger width (caliber) was associated with more
inundation at lower elevations, as well as the production of aerenchyma in response to low
oxygen conditions. In addition, salinity was lower at lower elevations because of the tidal
inundation, or flushing, that prevented concentrations from building up. (Salt can become
concentrated in areas inundated by the tide and then exposed to air, which allows
evaporation of water but not salt ions.) Salinity has been shown to be negatively associated
with stem height (Figure 1-14, Table 1-8). Average redox (-165.8 mV) was also relatively
higher at the lowest inundation class, which indicates relatively higher oxygen levels that
may result from regular re-oxygenation by tides or by groundwater infiltration (Figure 1-

19).

Stem Density Reflects Belowground Response to Elevation

Stem density increased with increasing elevation, or decreasing inundation, most
dramatically in 1999. Stems originate from nodes along underground rhizomes, so the
response of belowground (BG) structures is revealing (Figure 1-1). Although BG biomass
was not a focus of this study, it was collected for each quadrat in the first two years of the
study, which permitted close examination of belowground structures including active
nodes at which stems originate along rhizomes. Belowground tissue of the higher-
elevation plants was characterized by shorter internodes along rhizomes, and more roots
and rhizome tissue was found closer to the ground surface, whereas S. pungens growing at
lower elevation were characterized by longer internodes and less dense roots and
rhizomes (personal observation). These morphological differences over the elevation

gradient were similar to those described by Albert et al. (2013) in Lake Michigan and
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Tillamook Bay. Those researchers noted that the longer rhizomes were associated with
“early colonization of habitat” and shorter rhizomes were associated with “denser, older
beds,” but they did not describe a mechanism for the different plant response (Albert et al.
2013:454). In garden experiments conducted to determine the response of Schoenoplectus
americanus (formerly Scirpus olneyi) to resource availability, [kegami et al. (2007) found
that short rhizomes were produced in more favorable treatments (i.e., sufficient nutrients,
relatively low salinity, full sunlight) and long rhizomes were produced in less favorable
treatments (i.e., low nutrients, relatively high salinity, low light). Short rhizomes allow the
plant to occupy and consolidate ramets in favorable conditions, whereas long rhizomes
allow escape from unfavorable conditions or exploration of new areas.

In 1999, stem density increased with decreasing inundation (or increasing
elevation); but by 2006, median stem density in Classes 1 and 2 had doubled, while Classes
3 and 4 remained similar to 1999. Since S. pungens stem density generally increases with
elevation, the shift at the lowest elevations suggests sedimentation and a rising “floor” of
the marsh. The changes in stem densities affected AG biomass, as discussed further in the

following section on AG biomass.

Aboveground Biomass and Elevation Optimum

Aboveground biomass was not affected in a linear way by elevation. In 1999,
aboveground biomass at permanent quadrats increased with decreasing inundation (or
with increasing elevation), except that at the upper edge of the stands biomass dropped to

levels similar to Class 2. This pattern changed by 2006, with median biomass increasing
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overall in each class but especially in Classes 1 and 2 in association with the increase in
stem density.

The pattern in both year of peaks at middle elevation suggests an optimum
elevation or amount of inundation for S. pungens (Tables 1-4 and 1-8, Figure 1-20).
Although use of inundation classes rather than precisely measured elevation precludes the
use of regression analysis, the pattern of aboveground production - with a peak in Class 3
in 1999 - suggests a parabolic relationship between aboveground biomass and elevation
(or inundation) (Figures 1-9 and 1-18). A quadratic relationship between aboveground
biomass and flooding duration was found in Schoenoplectus americanus mesocosms set up
in Chesapeake Bay, despite the relatively small tidal range (25 cm) that was tested
compared to the natural stands in Grays Harbor that span at least 1 meter in elevation
(Kirwan and Guntenspergen 2015). By contrast, in 2006, AG biomass of S. pungens in Grays
Harbor was not significantly different among classes, which appeared to be a result of the
doubling of stem density and corresponding near-doubling of AG biomass at lower
elevations in Classes 1 and 2, an increase that brought AG biomass closer to the levels of
Classes 3 and 4. Despite the lack of statistically significant difference in AG biomass among
inundation classes, a parabolic pattern remained, with the “hump” shifting waterward.

At least two factors may explain this shift. Sediment may be accreting in the lower
marsh in the basin, which increases elevation and decreases inundation, possibly creating
more favorable conditions for growth within an existing stand. Putative basin-wide
accretion is evident in the recent appearance of small plant species such as Spergularia on
formerly unvegetated mud- and sandflats (personal observation). Another possibility is

that freshwater inputs, either through groundwater inputs or overland surface flow, have
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change salinity. Elevation and salinity interact in that S. pungens can grow at lower
elevations when salinity is lower; when salinity is higher, the species tolerates less
inundation and is found at higher elevation (Ewing 1986). In this study, salinity was only
measured in one year, so additional data is needed to determine if there has been a change
in salinity. The changes may be localized rather than class- or zone-wide. During a ten-
year monitoring study conducted until 2008, specific locations where at least stem heights
were found to increase included TN3-A and -B in Class 1, TN7-B in Class 2, and TN8-C and
-D in Class 3.

The elevation optimum that results in a AG biomass graph with a “hump” has been
observed with Schoenoplectus species under experimental conditions. Kirwan and
Guntenspergen (2012, 2015) found this optimum in mesocosms that were composed of
containers of S. americanus arrayed along an elevation gradient in a brackish estuary on the
Eastern Shore of the Chesapeake Bay. The adjacent native marsh occurred at the elevation
of the optimum identified in the mesocosms, so it does not appear that a “hump” in biomass
production was found over the elevation gradient in that naturally occurring marsh.
However, the idea of an optimum plant response along any environmental gradient is
consistent with both the community and continuum models of plant distribution (Keddy
2007:498). Schile et al. (2014) found a parabolic relationship between biomass and
elevation on a community-wide basis in a San Francisco Bay estuarine marsh that included
S. americanus and S. acutus.

Most marsh biomass production occurs just below the mean high tide line (Mitsch
and Gosselink 2015:280). This generalization was based on work conducted in a Spartina

marsh in South Carolina but appears to apply to GHNWR. Maximum S. pungens AG biomass
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occurred below mean high water (MHW), which in Aberdeen is 2.87 m (9.41 ft) above
mean lower low water (National Ocean Service). Based on field work coordinated with
known tide levels, MHW is slightly below the upper limit of S. pungens in GHNWR.

In the Skagit River delta system, AG productivity did not vary in a consistent way
along the elevation gradient, but biomass increased many fold at the lowest elevations at
which the species dominated (Ewing 1986). This trend reflected transitions from mixed
communities or patches to monotypic stands without competition. Transects in the Skagit
study were 500-750 m long and extended through the full marsh, with sampling stations
more than 100 m apart, whereas transects in GHNWR were placed within S. pungens stands
with quadrats close enough (<11 m intervals) to capture patterns at finer resolution. By
contrast, on the Fraser River delta AG biomass was greater at higher elevation, which
experienced less inundation (Karagatzides and Hutchinson 1991). Salinity, sulfide, and pH
were similar but soil texture was sandier in the high marsh (88 vs. 72%), which would be
expected to improve drainage. The negative effects of inundation are described in more

detail in the section on ecological limits.

Adaptations to Environmental Conditions

Although accretion of sediment may indicate the need to reexamine the inundation
classes created for analysis (or challenge the assumption of static classes), the consistency
of AG biomass production across all but the highest inundation class in 2006 may also
suggest that the species is adapted to handle a range of conditions across the elevation
range it occupies. These adaptations are expected since the elevation range represents

several dimensions of the plant’s ecological range and is accompanied by variation in
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salinity, soil texture, redox potential, etc., any one of which could prove a stressor. As
demonstrated in the Skagit River delta and in Tillamook Bay estuary, S. pungens produces
aerenchyma, which enable the species to transfer oxygen to roots in saturated substrate
and counteract waterlogged conditions and low redox (Ewing 1986, Albert et al. 2013).

In GHNWR, salinity was negatively though weakly associated with maximum stem
height but not associated with other plant attributes, even when confounding factors were
accounted for. The lack of effect on stem density and AG biomass suggests that the species
is adapted to handle salinity. S. pungens in James Bay, Canada, was shown to produce
osmoticants that aid osmoregulation and prevent water loss in saline conditions (Ewing et
al. 1989). In the Skagit marsh, Ewing (1986) also found that AG biomass productivity of S.
pungens remained consistent along a salinity gradient: as salinity increased, a decrease in
shoot size was counteracted by increase in density. Although not consistently linear
trends, a similar pattern was observed in GHNWR.

S. pungens is one of many clonal species that make up intertidal marsh communities. The
ability to share resources, including the products of photosynthesis, enables a clonal
species to expand and to handle environmental stresses (Pennings and Callaway 2000). In
GHNWR, S. pungens stems in quadrats positioned just upslope from the waterward edge of
the stand are often slightly shorter than stems in the middle of the stands. Expansion
requires energy and resources from other ramets in the clone, so stems may be shorter as
they rely on aid from established ramets. On the other hand, shorter stems may indicate
that the plant has reached its ecological limits. In a controlled experiment on the coast of
Georgia, Pennings and Callaway (2000) found that a number of salt marsh species depend

on clonal integration for expansion into unutilized habitats and saline pannes. The low
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edge of S. pungens stands in GHNWR are expanding into “unutilized” unvegetated mudflats,
though at some point it is reaching its ecological limit; and the species regularly spreads
into pannes from surrounding stands. So a clonal habit is an adaptation that enables S.
pungens to meet multiple needs in the tidal environment. A number of researchers have
asserted that clonal growth enables S. americanus (Maryland) and S. pungens (Fraser River)
to be successful in patchy environments and that plasticity in above- and belowground
structures is an adaptive trait that allows the species to exploit favorable conditions, escape
unfavorable conditions, and continually explore local conditions (Karagatzides et al. 2003;
Ikegami et al. 2007, 2008, 2009). However, Poor et al. (2005) found in a garden
experiment that S. americanus (misidentified as S. pungens) did not benefit from clonal
integration for more than one year in a heterogenous environment and that independent
ramets responded to their local environments when producing new ramets. De Kroon and
Hutchings (1995;150) suggested that clonal plants are able to acquire resources in an
environment "with a more stable patch structure” than would be found in a system
receiving nutrients in “unpredictable pulses.” In other words, species that are clonal and
plastic may be best able to colonize and survive in the multi-dimensional marsh mosaic.

The multiple environmental conditions considered in the current study leave little
doubt that S. pungens handles heterogeneity at several scales in GHNWR, but the
mechanisms require more research.

Tidal salt marsh species appear to have several ways of dealing with high sulfide
levels, as mentioned below in the section on sulfides. Sulfide levels in S. pungens stands at
GHNWR do not reach levels that have been found to inhibit growth in other studies. In fact,

when confounding factors were accounted for, sulfide was positively associated with stem
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height. However, there are locally higher sulfide concentrations, especially later in the
growing season that were not used in this analysis, that S. pungens may be able to handle
with a detoxifying mechanism such as leaking oxygen from roots, an internal sulfur-
oxidizing enzyme, or an association with sulfur-oxidizing bacteria (Cronk and Fennessey

2001:114). Sulfide is discussed further in a section below.

Ecological Limits of S. pungens Distribution

On the low edge of the stand, S. pungens grows to the ecological limit created by
physiochemical conditions. With greater inundation comes decreased light availability
(Cronk and Fennessey 2001:82). Waves in these dynamic environments increase
reflectance and further decrease light that reaches photosynthesizing stems, while
dissolved inorganic and organic compounds and particulate matter scatter and absorb
more light. Karagatzides and Hutchinson (1991:473) proposed additional effects of
inundation: “Inundation... by turbid estuarine water ... may also subject the plants to
thermal shock, modify the temperature regime and nutrient mobilization in the substrate,
inhibit oxygen diffusion to roots in an anoxic substrate, and leave a patina of fine sediment
on shoots and leaves, thereby further reducing growth potential.” In subsequent work,
Karagatzides et al. (2003:217) asserted that S. pungens ramets, which are less dense at low
elevations, have reduced resources compared to those at high elevations and therefore
“require larger neighborhoods for resource acquisition.” (A clear contrast between low
and high marsh “neighborhoods” could not be established, in part because environments
were so heterogeneous, or patchy on a small scale.) In marine environments, nitrogen has

been shown to be more limited as distance from shore increases (Cronk and Fennessey
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2001:80). As the species occupying the foreshore, S. pungens might also reach its ecological
limits due to this chemical factor.

At the upper edge of S. pungens stands in GHNWR, the ecological limit appeared to
be due to physiochemical or biological factors. At the high end of several transects, some
reduction in stem density, and therefore aboveground biomass, was due to the presence of
other species. Distichlis spicata, Juncus balticus, Carex lyngbyei, Potentilla anserina ssp.
pacifica, Deschampsia cespitosa, and Triglochin maritima became more abundant. At other
locations, Salix hookeriana extended out over the marsh at the rate of up to 1 meter per
year and shaded the emergent species, which eventually disappeared beneath the canopy.
Competition represents a biological factor that creates an ecological limit. Substrates at the
very highest quadrats on the south shore of GHNWR consisted of nearly pure sand and
were infrequently inundated, which led to very dry conditions. The upper ecological limit
here was caused by physiochemical factors, though this portion of the established stand
was effectively being buried by sand.

In the Nooksack River delta, Disraeli and Fonda (1979) documented an abrupt
transition from S. pungens-dominated (formerly Scirpus americanus) marsh to Carex
lyngbyei-dominated but more diverse marsh. The ecotone appeared to coincide with the
mean high tide line, indicating the importance of inundation as a driving factor. Ewing et al.
(1989:527) suggested that the “sharp ecotone” that characterizes the upper boundary of S.
pungens (formerly Scirpus americanus) stands growing along river channels was evidence
that competition with other species creates the upper ecological limit. Additionally, the
dominance of S. pungens in regularly inundated and anoxic substrates in the Skagit marsh

indicates the absence of the biological stress of competition in that zone.
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This model of ecological limits is consistent with the idea that zonation results from
a plant’s tolerance of factors at the “harsh” lower end of the physiochemical gradient and
exclusion by competitive species at the “benign” higher end of the gradient (Pennings and
Callaway 1992:689). In that study of two salt marsh species, Salicornia virginica and
Arthrocnemum subterminalis, “field patterns are determined by at least two physical factors
[i.e., salinity and waterlogging] operating in a complex combination with interspecific
competition” (Pennings and Callaway 1992:689-690). In addition to the respective low and
high zones of each species, the greatest biomass production for both occurred adjacent to
the pronounced border, where the two physical factors were present at moderate levels. In
manipulated experiments with congeners Schoenoplectus americanus (mid- and high-
marsh species) and S. acutus (low marsh species), Schile et al. (2017) also demonstrated
that ecological limits are created through the interactions between abiotic stress factors,
specifically inundation and salinity, as well as biotic interactions between species.
Competition reduced growth especially at higher elevations but did not display the “abrupt

border” found by Pennings and Callaway (1992:681) in the field.

Comparison to Role of Elevation in Other Marshes

In the Skagit River estuarine marsh, Ewing (1983) found that community
composition was affected by salinity, then soil texture, redox and elevation, so other factors
can be more important than elevation. (However, elevation can be associated with such
factors as soil texture, which can be affected by exposure to wave energy, and redox, which
can be affected by regular inundation or exposure to air and drainage during low tide.)

Ewing (1983, 1986) found that S. pungens dominated low elevations and in areas with
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moderate to high salinity and soil textures that were sandy or with a moderate amount of
clay, and that it was most abundant at the outer edge (seaward side) of the marsh. An
increase in stem density down the elevation gradient appears to have been a function of
increasing abundance of S. pungens as species diversity decreased and monotypic stands
occupied the lowest elevations in the marsh (Ewing 1986). Aboveground productivity did
not vary in a consistent way along the elevation gradient, except that the biomass increased
many fold at the lowest elevations where the species dominated (Ewing 1986).

Elevation affected growth of S. pungens in dune slacks (i.e., interdunal depressions)
in Delaware (Seliskar 1990) and the permanently flooded fringes of the Lake Michigan
(Albert et al. 2013). But elevation factors into the picture in slightly different ways in these
two environments. The lake environment was more similar to the tidal marsh
environment than was the dune slack environment. In the dune slacks, elevation affected
the distance above the water table, which fluctuated with precipitation events. In the Lake
Michigan, elevation affected the depth of inundation in permanently flooded shallows or
lake fringes. S. pungens exhibited different growth forms at different elevations in both
settings but not in a consistent way. The growth forms of dune slack populations are
affected by elevation in a way that is different from those in intertidal and lake fringe
environments. At lowest elevation in the interdunal slacks, sustained waterlogging (in
response to water tables raised by precipitation events) inhibited growth, so stems were
shorter than at higher, drier elevations in the dunes.

In contrast to the dune populations, the taller stems found at lower elevations in the
intertidal areas of Grays Harbor may result from different conditions characteristic of

dynamic intertidal areas. The soil surface is exposed for a portion of each day, which
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allows for re-oxygenation of substrates to some depth. Sandier substrates drain and
become aerated - and even in areas that remain saturated due to the high water table, daily
tides regularly bring in oxygenated water. An additional difference in the tidal
environment may be salinity, which was not mentioned as a factor in the dune slacks.
Regular flushing by tides keeps salinity at lower elevations relatively low compared to
some higher elevations. (Landscape setting can affect how much overland freshwater flow
is experienced at higher elevations in tidal marshes.) Ewing (1986) found larger stems (by
biomass) in less saline anoxic pannes along transects located closer to freshwater inputs
from the Skagit River.

In the deepest and mid-elevation permanently flooded portion of the Great Lakes, S.
pungens was up to three times as tall as at the short stems found at the upper, drier
elevations (Albert et al. 2013). These authors also found that stem height was inversely

related to elevation in the tidal marshes of Ti