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Abstract We investigated whether within wetland environ-
mental conditions or surrounding land cover measured at
multiple scales were more influential in structuring regional
vegetation patterns in estuarine tidal wetlands in the Pacific
Northwest, USA. Surrounding land cover was characterized
at the 100, 250, and 1,000 m, and watershed buffer scales.
Vegetation communities were characterized by high species
richness, lack of monotypic zonation, and paucity of inva-
sive species. The number of species per site ranged between
4 and 20 (mean±standard deviation010.2±3.1). Sites sup-
ported a high richness (mean richness of native species 8.7±
2.8) and abundance of native macrophytes (mean relative
abundance 85 %±19 %). Vegetation assemblages were
dominated by a mix of grasses, sedges, and herbs with
Sarcocornia pacifica and Distichlis spicata being common
at sites in the oceanic zone of the estuary and Carex lyngbyei
and Agrostis stolonifera being common at the fresher sites
throughout the study area. The vegetation community was
most strongly correlated with salinity and land cover within
close proximity to the study site and less so with land cover
variables at the watershed scale. Total species richness and
richness of native species were negatively correlated with
the amount of wetland in the buffer at all scales, while

abundance of invasive species was significantly correlated
to within wetland factors, including salinity and dissolved
phosphorus concentrations. Landscape factors related to
anthropogenic disturbances were only important at the
100-m buffer scale, with anthropogenic disturbances further
from the wetland not being influential in shaping the vege-
tation assemblage. Our research suggests that the traditional
paradigms of tidal wetland vegetation structure and environ-
mental determinants developed in east coast US tidal wet-
lands might not hold true for Pacific Northwest wetlands
due to their unique chemical and physical factors, necessi-
tating further detailed study of these systems.
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Introduction

Ecologists have long been interested in the environmental
controls of vegetation patterns in natural communities
(Harper 1977; Tilman 1988). Historically, tidal wetlands
have been ideal systems to study these questions due to
their conspicuous zonation of both abiotic and biotic factors.
Early studies led to the belief that species distributional
patterns were governed by abiotic factors (e.g., Valiela and
Teal 1974; Howes et al. 1981; Mendelssohn et al. 1981;
Armstrong et al. 1985). However, continued study has
resulted in the understanding that both abiotic and biotic
factors play a role in structuring tidal marsh wetland com-
munities. The current paradigm recognizes that harsh phys-
ical factors in areas of tidal marshes subject to frequent
inundation result in occupation by stress-tolerant species
while the more benign upper borders are occupied by com-
petitively superior species. For example, the transplant stud-
ies of Bertness and Ellison (1987) in New England salt
marshes demonstrated that the perennials Spartina patens
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and Juncus gerardii are confined to the high marsh due to
low levels of oxygen and high salinities in the low marsh,
while the low marsh dominant Spartina alterniflora is pre-
vented from invading the high marsh due to interspecific
competition. Through removal and transplant studies, Bertness
(1991) determined that interspecific facilitation is an important
mechanism structuring the high marsh community in distur-
bance driven bare patches. This pattern of physical factors and
competition driving vegetation zonation patterns appears to
hold true along the east coast of the USA (see also Pennings
et al. 2005) and England (Castellanos et al. 1994; Castillo et al.
2000). However, the recent studies of Silliman and Zieman
(2001) and Silliman and Bertness (2002) have pointed to the
importance of grazers in structuring the vegetation community
in these systems.

As useful as these paradigms are for understanding the
processes governing the patterns of vegetation in tidal wet-
lands, it is unclear if they are generalizable across unstudied
systems. In fact, Fariña et al. (2009) demonstrated that the
mechanisms controlling plant zonation in Chilean salt
marshes were different than those in New England and
California salt marshes, with interspecific competition being
responsible for vertical zonation of the plant community
throughout the wetland. Bertness and Ewanchuk (2002)
found that latitudinal variations in salinity and climate
regimes will lead to different factors being important in
structuring the vegetation community. In addition, Pennings
et al. (2003) found that competitive interactions are more
important than facilitation in southern marshes where floras
are more salt tolerant.

The vegetation communities of Pacific Northwest tidal
wetlands have been largely unstudied (but see Frenkel et al.
1981; Adamus et al. 2005). Pacific Northwest tidal wetlands
exhibit several profound differences from the more studied
Atlantic coast and California tidal wetlands. Pacific coast
wetlands have mixed semidiurnal tides (Hickey and Banas
2003), resulting in diurnal fluctuations in the extent of
vegetation exposed to tidal influence. They have strongly
seasonal precipitation patterns, receiving most of their pre-
cipitation in winter months. This, in combination, with
strong winter tidal forcing can lead to vast expanses of the
marsh plain being inundated by lower saline water during
the winter months. These wetlands tend to be small in size
(Mitsch and Gosselink 2007) and often occur on accumu-
lated sediment near river mouths (USGS 2000) or as small
pockets fringing the bases of hillsides that reach the estuary
edge. Often, the watersheds of these wetlands are largely
undeveloped. However, these wetlands tend to be high in
nutrients due to coastal upwelling off the Pacific Northwest
coast (Hickey and Banas 2003). Finally, the vegetation
community tends to be diverse, exhibiting less striking
patterns of zonation with several species growing inter-
mixed (Seliskar and Gallagher 1983; Adamus et al. 2005).

Consequently, the likelihood that different mechanisms gov-
ern the vegetation community in these wetlands is high.

While examining within wetland factors is instrumental
in understanding tidal wetland vegetation dynamics, exam-
ining larger-scale factors, e.g., surrounding land cover,
becomes germane when one is interested in wetland conser-
vation and management. Studies have demonstrated the
influence of landscape factors on taxonomic groups other
than vegetation (e.g., Lerberg et al. 2000; DeLuca et al.
2004; Bilkovic et al. 2006). Yet for the vegetation commu-
nity, few studies have bridged the gap between the influence
of localized, within wetland conditions and landscape level
factors. Within Narragansett Bay, Wigand et al. (2003)
demonstrated the importance of watershed nitrogen inputs.
Bertness et al. (2002) related species composition to percent
of the wetland border that was developed within this same
estuary. On the west coast of the USA, Fetscher et al. (2010)
examined vegetation communities in light of surrounding
land cover and human population density, finding that
tidal muting was more important in shaping vegetation
than anthropogenic stress in the surrounding landscape.
Thus, the question remains as to how environmental
factors at multiple scales above the wetland level influence
vegetation patterns.

While the importance of tidal wetlands has been well
documented (e.g., Sather and Stuber 1984; MEA 2005),
they occupy one of the most desirable locations for human
development. Forty-four percent of the world’s population
lives within 150 km of the coast (UN data), with the
population in US coastal counties increasing by 28 % be-
tween 1980 and 2003 (Crossett et al. 2004). Subsequently,
throughout history, tidal wetlands in the USA have been
subjected to anthropogenic stresses of hydrologic modifica-
tions (e.g., filling, diking, ditching, drainage), fragmenta-
tion, and nutrient loading from surrounding urban areas.
While many historic Pacific Northwest tidal wetlands have
been lost due to conversion to pastureland and hydrologic
modifications (Frenkel et al. 1981; Frenkel and Morlan
1991), present day anthropogenic stresses tend to be local-
ized to a few estuaries (e.g., Columbia River, Puget Sound,
WA, Coos Bay, OR, Tillamook Bay, OR). Many tidal wet-
lands in smaller estuaries are relatively unimpacted by hu-
man activities. However, development along the coast is
projected to rise. This gradient of anthropogenic disturbance
makes the Pacific Northwest an ideal location to study the
scale at which these environmental factors regulate tidal
marsh vegetation.

The purpose of this study was to examine vegetation
patterns in Pacific Northwest tidal wetlands and the scale
at which environmental factors influence vegetation. While
environmental controls have been thoroughly examined in
US Atlantic coast wetlands and wetlands along the southern
US Pacific coast, wetlands of the Pacific Northwest remain
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largely unstudied. While previous work in other regions has
focused on how within wetland conditions shape the vegeta-
tion community, this study examined the influence of envi-
ronmental factors at multiple scales, ranging from within
wetland to the upland contributing watershed, in shaping
regional vegetation patterns. It is our aim to determine if
Pacific Northwest tidal wetlands follow the paradigms of
vegetation patterns and determinants developed for other
geographic regions.

Methods

Study Area Fifty emergent tidal wetlands along the Oregon
coast were sampled for this study (Fig. 1). Forty wetlands were
sampled between July and September of 2007 and an addi-
tional ten wetlands were sampled during the same period of
2008. Sites were selected using a nonrandom design to cover
geographic, salinity, and anthropogenic influence gradients.
To ensure inclusion of sites along a gradient of condition, we
selected sites that had previously been studied and rated for
condition based on best professional judgment (Adamus et al.
2005). The sampling frame included all tidal wetlands along
the Oregon Coast in two hydrogeomorphic (HGM) classes:
marine-sourced low marsh and marine-sourced high marsh.
Approximately equal numbers of sites in each HGM class
were selected for study. Sampling locations within the wetland
were chosen randomly. Data were collected within a 25-m
radius circular area within each wetland at low tide.

Vegetation Emergent macrophytes were quantified along
three transects within the wetland. Transects were oriented
perpendicular to the water’s edge. One transect ran through
the center of the wetland, and the other two transects were
located 15 m on either side. Vegetation cover was quantified
in 1×1 m quadrats at 10 m intervals along each transect for a
total of 15 sampling points per site. The amount of bare
ground, standing water, and litter material in each quadrat
was also quantified. Percent cover of each species was
estimated using a modified Daubenmire cover class system
using a six-point scale. Cover of each species at the 15
sampling points per site was averaged to produce a single
estimate of the cover of each species at each site.

Environmental Variables Environmental variables were
measured at fives scales: within wetland, in 100, 250, and
1,000 m buffers surrounding the wetland, and in the con-
tributing watershed surrounding the wetland. Within wet-
land environmental variables included those characterizing
channel water chemistry and soil chemistry. Variables with-
in the buffers and the watershed characterized land cover,
impervious surface area, road density, population density,
and number of point source pollution discharges.

Water chemistry was characterized in the main tidal
channel within the site or closest tidal channel to the study
site. Measurements of dissolved oxygen, pH, temperature,
and salinity were quantified at the surface and near the
bottom within the channel using an YSI-6000 Multiparam-
eter water quality meter. Since these measurements did not
differ with depth, they were averaged. A 1-L water sample
was collected at mid-depth within the tidal channel for the
analysis of water column nutrients. The water sample was
shaken thoroughly to ensure that no particulate matter had
settled, and split into three subsamples for the analysis
of total nitrogen and phosphorus, the sum of dissolved
inorganic and organic nutrients, and dissolved inorganic
nutrients.

Sediment samples were collected at five locations within
the study site using modified 60 cm3 syringes: from the
center and at each of the cardinal directions along the
perimeter of the study site. Sediment samples were analyzed
for total organic carbon, total nitrogen, and total phosphorus
content. The sediment contents of the five samples from
each study area were averaged for data analysis.

The landscape conditions (e.g., % forest cover, % imper-
vious surface) surrounding the wetlands were evaluated at
four scales using GIS: 100 m buffer, 250 m buffer, and
1,000 m buffer surrounding each study site, and the upland
contributing watershed to the wetland (for those wetlands
not located on islands). The direct upland watershed was
calculated for the entire wetland within which the study site
was located using ArcGIS spatial analyst and ArcHydro.
Land cover was calculated using the following GIS data:
Coastal Landscape Analysis and Modeling Study 1996 gra-
dient nearest neighbor vegetation classes, Multi-Resolution
Landscape Characteristics 2001 land cover data, Scranton
(2004) tidal wetland classification for Oregon coastal wet-
lands, and USGS 10 m digital elevation models.

Data Analysis Sites were classified as to whether they were
on the mainland or on an isolated island. To examine if
vegetation patterns differed among these groups, all analyses
were run for all sites together, and for mainland (n037) and
island sites (n013) separately, to account for the fact that
watershed level data could not be generated for island sites.
To account for the strong effect of salinity on vegetation
composition, sites were classified into two groups of salinity
influence, oceanic (n025) and mesohaline (n025). Classifi-
cation was accomplished combining information from three
sources: Lee and Brown (2009), NOAA (1998), and measured
salinity. The Lee and Brown (2009) study divides estuaries
into two zones based on detailed measurements of dry season
dissolved inorganic nitrogen concentrations and salinity. The
NOAA (1998) study divides Pacific Coast estuaries into three
zones based on measured salinities (tidal fresh 0–0.5, mixing
0.5–25, and seawater >25).
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Statistical analyses were performed using R (2.10.1/
2009, R Foundation for Statistical Computing, Vienna, Aus-
tria). Student’s t tests were used to examine differences in
environmental variables between mainland and island sites
and oceanic and mixing sites. To examine vegetation pat-
terns among sites, sites were ordered based on % cover of
vegetation species composition using non-metric multidi-
mensional scaling techniques (NMDS; metaMDS in the
Vegan package of R). Only species present at more than
one site were included in the NMDS analysis. The NMDS
was performed using the Bray–Curtis distance measure.

Environmental data were fit to the ordination using the
ENVFIT function of the Vegan package. The ENVFIT
function provides information on the strength of the corre-
lation of the environmental vectors to the NMDS axes.

Regression tree change point analysis was used to ex-
plore the relationships between measures of vegetation com-
munity structure (NMDS axis 1, native species abundance),
measures of species richness (total richness and native spe-
cies richness), and environmental variables measured at five
scales for all sites. Regression tree analysis can identify a set
of important predictors, automatically handle interactions

Fig. 1 Map showing the
location of the study sites in
coastal Oregon, USA estuaries
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between predictor variables, and illustrate hierarchical rela-
tionships among predictor variables (Quinlan 1986; Venables
and Ripley 2002). In this study, the various environmental
parameters are the predictor variables. More details of regres-
sion tree analysis are presented in Weilhoefer and Pan (2008).
Impurity within each node was measured as deviance by the
Gini Index (Therneau and Atkinson 1997). A cross-validation
procedure was used to determine when to stop partitioning the
data. For this study, the 1-SE stopping rule was used
(Therneau and Atkinson 1997).

Results

Vegetation Species composition and relative abundance var-
ied among sites. Sixty-five emergent plant species and three
seagrass species were found throughout the study area
(Table 1). The number of species at a site ranged between
4 and 20, with 10.2 species per site on average. Sampling
plots within a site were often highly intermixed, with 4.5±
2.0 species on average (range 1–11) found within a 1×1 m
area. Sites supported a high richness (mean richness of
native species 8.7±2.8) and abundance of native macro-
phytes (mean relative abundance 85 %±19 %). Common
native species included grasses, sedges, and herbs, such as
Carex lyngbyei (20 %), Sarcocornia pacifica (14 %), and
Jaumea carnosa (11 %). Common invasive species included
Agrostis stolonifera (13 %) and Phalaris arundinacea
(1 %). Most sites had some amount of bare area (9 %) and
water (7 %) present within the sampling area. While there
were slight differences in % cover of individual species
between mainland and island sites, none of these differences
were significant.

Vegetation at sites classified as oceanic was dominated
by succulent and salt tolerant species. The most abundant
species at these sites included S. pacifica (23 %), J. carnosa
(19 %), and Distichlis spicata (14 %). Grasses and sedges
were dominant at sites in the mixing zone. Common species
included C. lyngbyei (29 %), A. stolonifera (20 %), Juncus
balticus (14 %), and Descampsia caespitosa (8 %). Species
richness and diversity (Shannon’s Index) were not different
between oceanic and mixing zone sites. However, invasive
species were more abundant at sites in the mixing zone.
Mean relative abundance of invasive species in the mixing
zone was 22 % compared with 7 % in oceanic sites. A.
stolonifera was an abundant invasive species at both oceanic
and mixing sites, while the invasive species P. arundinacea
was only present at sites in the mixing zone.

Physical and Chemical Data Wetland sites displayed great
variability in within wetland environmental conditions
(Table 2). Sites ranged in salinity from nearly fresh conditions
(1.4) to saline (32.8). On average, sites were mesohaline

(mean024.5±6.8). Oceanic zone sites had higher measured
salinities, on average, than mixing zone sites. Tidal channel
water was well-oxygenated (9.2±2.4 mg/L) and of neutral pH
(7.6±0.3). These environmental parameters did not vary be-
tween mainland and island sites or between salinity classes.
Concentrations of dissolved nutrients in tidal channels varied
among wetlands, with some sites exhibiting high levels of
both nitrogen and phosphorus. Tidal channel nutrient concen-
trations did not differ between mainland and island sites.
However, oceanic zone sites had slightly elevated levels of
total dissolved phosphorus, total phosphorus, and nitrate com-
pared with mixing zone sites. Soil nitrogen, phosphorus, and
carbon content were highly variable among sites. These envi-
ronmental parameters did not vary between mainland and
island sites or between oceanic and mixing zone sites.

Land Cover Data Land cover surrounding the site varied
depending on the scale at which it was quantified (Table 3).
Land cover in the 100-m buffer surrounding the sites was
dominated by wetlands (mean066 %±29 %) and secondar-
ily by mudflats (14 %±20 %). This trend applied to all sites,
regardless of whether they were islands or on the mainland
and regardless of salinity regime. While some sites had high
amounts of developed land and impervious surface area in
their 100 m buffer, overall the percent of land occupied by
these land covers was low (6 %±13 % and 2 %±4 %,
respectively). Similar to the 100-m buffer, wetlands were
the dominant land cover in the 250-m buffer surrounding the
sites (52 %±28 %). However, cover by woodland became
more prevalent at this scale. Developed land cover also was
more abundant at this scale. Mudflat was more abundant and
developed land was less abundant surrounding islands as
compared to mainland sites. Mudflat was also more abun-
dant surrounding oceanic zone sites.

At the 1,000-m scale, wetland was still the most abundant
land cover (29 %±17 %), but it was less dominant than at
smaller scales. Open water (14 %±13 %), mudflat (15 %±
13 %), and developed (11 %±14 %) land covers were more
abundant at this larger scale. Developed land is more com-
mon surrounding mainland sites than islands; however, its
abundance did not differ between mixing zone and oceanic
sites. Contributing watersheds to the sites were highly var-
iable in size, ranging from 0.011 to 5.8 km2. At the water-
shed scale, forested land cover became the most abundant
(45 %±33 %), followed by wetland (24 %±27 %) and
woodland (22 %±19 %) land covers.

Vegetation Community Response to Environmental Conditions
To explore patterns in vegetation community structure, NMDS
ordinations were developed for all sites, mainland sites, island
sites, oceanic sites, and mixing sites. For all sites, NMDS
analysis resulted in a two-dimensional solution (final stress0
0.18; Fig. 2). The first axis separated oceanic frommixing sites,
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with oceanic sites clustering on the negative end of axis 1 and
mixing sites clustering on the positive end of axis 1. Island and
mainland sites were not separated along the ordination axes.
Axis 1 was highly negatively correlated with the salt tolerant
succulents J. carnosa and S. pacifica and highly positively
correlated with more freshwater speciesC. lyngbyei and Argen-
tina egedii. In addition, the abundance of the majority of
invasive species, including P. arundinacea and A. stolonifera,
was positively correlated with axis 1. Axis 2 was positively
correlated with Grindelia stricta and Atriplex patula and neg-
atively correlated with the freshwater tolerant Schoenoplectus
americanus and C. lyngbyei. NMDS ordinations for mainland,
island, oceanic, and mixing stratifications showed similar rela-
tionships to species as the ordination for all sites.

The vegetation community was highly correlated with
wetland environmental conditions as well as with land cover
variables at several scales (Table 4). When all sites were
examined, axis 1 represented a salinity and phosphorus
gradient, with both of these variables exhibiting significant
negative correlations to this axis. Land cover variables at all
scales that were most strongly correlated to vegetation com-
munity were those variables characterizing the amount of
wetland, the amount of mudflat, and the amount of open
water surrounding the site. In addition, developed land and
impervious surface area with the buffer immediately sur-
rounding the wetland (100 m) were strongly correlated to
vegetation community, while no significant correlations
were found for land cover variables related to human devel-
opment in the 250- and 1,000-m buffers. When only main-
land sites were examined, similar environmental variables
were strongly related with vegetation structure. In contrast
to the vegetation community for all sites, when only main-
land sites were examined, no land cover variables related to
human development were significantly correlated to the
vegetation community. Land cover variables at the water-
shed scale were less strongly correlated to the vegetation
community than those at smaller scales. Vegetation commu-
nity was not related to site latitude.

When sites were classified by salinity, vegetation com-
munities were correlated with different environmental
variables. At the within wetland scale, the vegetation com-
munity structure in oceanic sites was significantly correlated
with nitrate and phosphate in the tidal channels. In contrast,
vegetation community structure at sites located within the
mixing zone of the estuaries was most significantly corre-
lated with channel water salinity. The vegetation community
in oceanic sites was significantly correlated with land cover
variables related to the amount of wetland surrounding the
wetlands at the 100-, 250-, and 1,000-m scales, as well as
the amount of woodland in the 250- and 1,000-m buffers. In
contrast, for mixing sites, only the amount of wetland im-
mediately surrounding the site (100 m buffer) was signifi-
cantly correlated to the vegetation assemblages.T
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Species richness parameters displayed similar relationships
with environmental variables as did the vegetation communi-
ty. For all sites, total species richness and richness of native
species were most significantly correlated with variables char-
acterizing the amount of wetland and mudflat surrounding the
site, with high total richness and high richness of native
species being correlated with lower amounts of wetlands
surrounding the site (total richness: r0−0.34 for % wetlands
in 100 m buffer, −0.40 for 250 m buffer, and −0.32 for
1,000 m buffer; native richness: r0−0.37 for % wetlands in
100 m buffer, −0.49 for 250 m buffer, and −0.49 for 1,000 m
buffer). Native species abundance was negatively correlated

with the amount of broadleaf vegetation in all buffers sur-
rounding the wetland. In contrast, abundance of invasive
species was significantly correlated with water quality varia-
bles, including salinity (r0−0.56) and dissolved phosphorus
concentrations (r0−0.32), indicating higher amounts of inva-
sive species at sites with lower salinities and nutrients. Pat-
terns in richness and invasive species metrics were similar
when sites were stratified into island and mainland sites and
ocean and mixing sites (data not presented).

Regression trees were developed for overall vegetation
community composition (NMDS1), native species richness,
and native species abundance using all sites and the subset

Table 3 Percent land cover
(mean ± standard deviation) in
the 100, 250, and 1,000 m, and
watershed scales for all sites, and
mainland, island, mixing, and
oceanic classifications

Watershed data generated only
for mainland sites

All sites Mainland Islands Mixing Oceanic

100 m buffer

Open water 3±7 4±8 1±2 2±6 4±9

Mudflat 14±20 12±18 20±23 10±11 18±25

Developed 6±13 7±14 4±9 5±12 7±14

Forest 5±11 6±12 0±0 5±12 5±10

Wetland 66±29 63±29 73±29 72±27 60±30

Broadleaf 6±13 7±15 1±4 9±17 2±6

Impervious surface 2±4 2±4 2±4 2±4 2±4

250 m buffer

Open water 7±10 6±11 8±8 7±9 6±11

Mudflat 16±18 13±15 23±23 11±10 21±22

Developed 10±16 12±18 2±4 8±16 11±17

Forest 11±18 15±20 0±0 12±20 11±17

Wetland 52±28 47±27 65±29 57±28 47±29

Woodland 29±23 31±22 23±26 30±24 27±23

Broadleaf 7±10 8±11 3±7 9±12 4±8

Impervious surface 3±7 4±7 1±2 3±7 4±6

1,000 m buffer

Open water 14±13 13±13 18±12 12±10 16±15

Mudflat 15±13 14±14 19±12 11±10 20±14

Developed 11±14 13±16 7±4 11±14 12±14

Forest 5±2 0±0 2±4 1±3 0±0

Wetland 29±17 26±18 40±11 33±20 26±14

Woodland 20±14 22±15 13±9 21±16 19±11

Broadleaf 11±10 12±11 8±5 16±11 6±7

Impervious surface 4±6 4±7 2±2 4±6 4±6

Watershed

Open water 1±4

Mudflat 2±6

Developed 15±18

Forest 45±33

Wetland 24±27

Woodland 22±19

Broadleaf 14±16

Impervious surface 3.8±7

Watershed area (km2) 0.90±1.40
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of sites on the mainland, with predictive powers (r2) ranging
between 0.25 and 0.68 (Fig. 3). Based on cross validation,
no regression tree could be developed for total species
richness. Vegetation community structure (NMDS1, native
species abundance) was determined primarily by salinity
and secondarily by amount of wetland surrounding the
study site. Salinity less than 22 predicted high positive axis
scores, corresponding to freshwater taxa and invasive taxa,
and abundance of native species greater than 90 %. In
contrast, native species richness for all sites was determined
by amount of wetland surrounding the site or the amount of
broadleaf vegetation in the 1,000-m buffer for mainland
sites. Models developed for native species richness had only
one split and had lower predictive power. For all sites,
amount of wetland in the 250-m buffer less than 60 %
predicted greater richness. For mainland sites, broadleaf
vegetation in the 1,000-m buffer less than 15 % predicted
higher native richness.

Discussion

This study represents the first large-scale study of vegetation
patterns and relationships with environmental variables for
Pacific Northwest tidal wetlands. Our results point to four
key differences between vegetation in these wetlands and
those in California and the north east coast of the USA,
where much of the knowledge of tidal wetland functioning
has been developed. The first striking difference is the lack
of strong vegetation zonation, with on average 10.2 species
within a 25-m radius area. In addition, when the entire
marsh plain is considered, the species richness is compara-
ble with or slightly higher than marshes along the US

southeastern and Gulf coasts, which average 10–12 species
(Richards et al. 2005; Kunza and Pennings 2008). Secondly,
plots were highly intermixed, with 4.5 species on average
observed within the sampling quadrat. This contrasts with
US Atlantic and Gulf coast tidal wetlands where monotypic
zones are observed (e.g., Miller and Egler 1950; Chapman
1974; Niering and Warren 1980). In addition, in contrast
with the dense vegetation cover (>95 %) observed in New
England salt marshes (Bertness and Ellison 1987) most plots
had some amount of bare area. In these regards, Pacific
Northwest tidal wetlands appear to be more similar to wet-
lands of California and the southern USA. Zedler et al.
(1999) characterized southern California salt marshes as
species-rich, with an average of 4.38 species found within
0.25-m2 quadrats. While southern US marshes often contain
large unvegetated salt pans (e.g., Pennings and Richards
1998). A third difference is that the dominant species in
Pacific Northwest wetlands differed from east coast tidal
wetlands, with the sedge C. lyngbyei, and two succulent
forbs, S. pacifica and J. carnosa, being the most abundant
species found throughout the study area. While S. pacifica is
a common species found in tidal wetlands in southern and
central California (Zedler 1982; Zedler et al. 1999; Fetscher
et al. 2010), other dominant species in the Pacific Northwest
were not as abundant in California tidal wetlands. Earlier
work on vegetation communities in Oregon tidal wetlands

Fig. 2 Non-metric multidimensional scaling ordination plot of the 50
sites based on vegetation assemblages (sites in species space). Circles
represent ocean sites and squares represent mixing sites. Closed circles
and squares are mainland sites (n037) and open circles and squares are
island sites (n013)

Table 4 Results of ENVFIT analysis for all sites

NMDS1 NMDS2 r2

Within wetland—water quality and sediment characteristics

Salinity −0.88 0.47 0.29***

Phosphate −0.99 0.15 0.18**

Total dissolved P −1.00 0.08 0.20**

Sediment TC 0.29 0.96 0.38***

Sediment TN 0.19 0.98 0.34***

100 m buffer

Developed −0.27 −0.96 0.16*

Impervious surface −0.24 −0.97 0.16**

Mudflat −0.91 −0.42 0.15*

Wetland 0.68 0.73 0.22**

250 m buffer

Mudflat −0.99 −0.13 0.20**

Wetland 0.96 0.27 0.19*

1,000 m buffer

Mudflat −0.95 −0.32 0.18*

Open water −0.99 0.16 0.13*

Wetland 1.00 −0.04 0.22**

Broadleaf 0.97 0.24 0.22**

Woodland 0.85 −0.52 0.17*

Only variables with significant correlations were included

*p<0.05; **p<0.01; ***p<0.001
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noted that the disjunction between Oregon and California
flora occurs at the Rogue and Chetco Rivers, south of our
current study area (Jefferson 1975). We found no latitudinal
patterns in vegetation composition or richness metrics, indi-
cating that the tidal vegetation, while diverse, is relatively
uniform in this area.

A final difference between vegetation patterns in Pacific
Northwest tidal wetlands was the relative lack of invasive
species. In this regard, Pacific Northwest tidal wetlands are
similar to those in the US southeast where no invasive species
are found. While several invasive species, including A. stolo-
nifera and P. arundinacea, were encountered in this study,
overall invasive species richness and abundances were low at
most sites. Invasive species were more common at mixing
sites, with most invasive species being salt water intolerant.
Along the northeast coast, Phragmites australis is a common
invasive species in tidal wetlands with altered hydrology, often
forming vast monotypic expanses (King et al. 2007) and
Fetscher et al. (2010) found 8.5 times more invasive species
cover in tidally muted than fully tidal systems. The majority of
wetlands in our study had intact hydrologic regimes. We
hypothesize that this high diversity, low invasive species
abundance, different vegetation composition, and lack of zo-
nation in Pacific Northwest tidal wetlands results from natural
differences in their physical (e.g., size, tidal regime) and
chemical (e.g., coastal upwelling) nature. In addition, many
tidal wetlands in Oregon are located in pockets fringing hill-
sides and are relatively unimpacted by human development,
also contributing to the lack of invasive species in this area.

Vegetation composition in tidal wetlands is controlled by
the interaction of environmental factors acting at multiple
scales. In this study, patterns of vegetation in these wetlands
were correlated with conditions within the wetland or im-
mediately surrounding the wetland. Vegetation community
composition was most strongly correlated to site salinity and
metrics of the amount of wetland in close proximity to the
site, and not anthropogenic land covers. Experimental and
survey work have demonstrated that plants in tidal wetlands
have varying tolerances to salinity (e.g., Barbour and Davis
1970; Crain et al. 2004). At the within wetland scale, several
studies have demonstrated that the physical stresses of sa-
linity and water-logging structure the vegetation community
within the physically stressful, low marsh area of tidal wet-
lands and competition structures the community in the more
hospitable upper marsh area (Bertness and Ellison 1987;
Bertness 1991). In contrast, in hypersaline southern Califor-
nia salt marshes, interspecific competition becomes less
important in the high marsh (Pennings and Callaway
1992). How salinity works to structure vegetation patterns
on a landscape scale has been less well studied. In a trans-
plant study of ten common species, Crain et al. (2004)
demonstrated that the distribution of vegetation along estu-
arine gradients is driven by differential tolerance to salt
stress and plant competition, with fresh-water wetland spe-
cies being restricted from salt marshes by physical factors
and salt tolerant species being restricted from freshwater
wetlands by interspecific competition. Our study covered a
wide salinity gradient, with site salinities ranging from

salinity

1000.wet

< 22> 22

> 39%< 39%

-0.48
(n = 23)

0.29
(n = 9)

0.57
(n = 18)

(a) NMDS1– all sites  r2 = 0.63 

salinity

1000.MSH

< 22> 22

> 4%< 4%

-0.57
(n = 16)

0.10
(n = 11)

0.80
(n = 10)

(b) NMDS1– mainland sites  r2 = 0.68 

salinity
> 22< 22

65%
(n = 15)

90%
(n = 35)

(c) Native abundance – all sites  r2= 0.55 

salinity
> 22< 22

67%
(n = 10)

94%
(n = 17)

(d) Native abundance – mainland sites  r2= 0.67 

250.wet
< 60%> 60%

6.7
(n = 23)

10.0
(n = 27)

(e) Native richness – all sites  r2= 0.25 

1000.BL
< 15%> 15%

7.1
(n = 13)

9.4
(n = 24)

(f) Native richness – mainland sites  r2= 0.35 

Fig. 3 Regression tree structure for NMDS1 axis scores, native spe-
cies abundance, and native species richness for all sites (n050) and
mainland sites (n037). Terminal nodes give the predicted NMDS score
(a, b), relative abundance of native species (c, d), and native richness
(e, f) and the number of sites in that group (in parenthesis). The values

beside each split represent the critical threshold of given variables
which provide the basis for that split (1,000.wet0% wetland in
1,000 m buffer, 1,000.MSH0% marine-sourced high marsh wetland
in 1,000 m buffer, 250.wet0% wetland in 250 m buffer, 1,000.BL0%
broadleaf vegetation in 1,000 m buffer)

386 Estuaries and Coasts (2013) 36:377–389



oligohaline to euhaline, and it appears that distinct vegeta-
tion assemblages occupy different salinity zones within
the estuary.

While salinity was instrumental in shaping the overall
vegetation community, species richness was only weakly,
negatively correlated to site salinity. Two of the three high-
est species richness were found at two sites with oligohaline
(<4.6) salinities, while the highest species richness was
found at a site with elevated salinity (30.9). This finding
contrasts with several studies that have demonstrated vege-
tation richness increasing along decreasing salinity gradients
(Anderson et al. 1988; Odum 1988; Greenberg et al. 2006).
While a negative relationship between salinity and richness
has been demonstrated for many estuaries, Sharpe and
Baldwin (2009) did observe an interaction between salinity
and urbanization for tidal wetlands covering a 0.5–18 salin-
ity gradient. They found that in undeveloped estuaries,
richness was higher at transitional sites than freshwater
and brackish sites, while in urbanized estuaries, richness
decreased linearly with salinity. The vegetation at sites in
this study tends to be much more diverse than the afore-
mentioned studies, possibly leading to a different relation-
ship between richness and salinity. In addition, this study
covers a large salinity gradient and the impacts of urbanization
are restricted to a few sites.

Of secondary importance in structuring tidal wetland
vegetation communities in the Pacific Northwest is the
amount of wetland and mudflat in close proximity to the
study site. Richness of native species was negatively corre-
lated with amount of wetland in the buffer at all scales and
positively correlated with amount of developed land in the
100-m buffer. Multiple land covers surrounding the wetland
may serve as a source of terrestrial and upland colonizers,
contributing to a more diverse wetland community. For
saline sites (>22), the amount of wetland in the 1,000-m
buffer was positively correlated with the amount of fresh-
water and upland species at the site. Freshwater wetlands
surrounding the saline sites may lead to higher rates of
colonization by freshwater wetland species due to the eco-
logical connectivity of these systems (MacArthur and Wilson
1967). In addition, invasive species abundance was negatively
correlated with the amount of mudflat surrounding the sites.
Mudflat bordering the wetland can be considered a wetland
edge in a natural state and would not result in the negative
consequences produced by a human impacted edge.

Possibly of even greater interest than the importance of
buffer wetlands in shaping vegetation communities in Pa-
cific Northwest tidal wetlands is the fact that anthropogenic
activities surrounding the wetlands seem to be of much less
importance in determining vegetation patterns. The amount
of anthropogenic influence (developed and impervious land
covers) surrounding the sites was highly variable, with some
sites exhibiting high levels of influence. Other authors have

demonstrated that anthropogenic land covers may alter wet-
land vegetation composition and richness by serving as a
source of exotic species and physical disruption of soil and
hydrology (Callaway and Zedler 2004; Sharpe and Baldwin
2009). In this study, the amount of developed and impervi-
ous land cover in the 100-m buffer was the only anthropo-
genic land cover variables associated with vegetation
assemblages (NMDS axis scores). Upon closer inspection,
these land covers are highly correlated to sites with high
abundances of invasive species, particularly, Elymus repens,
Holcus lanatus, and Lotus corniculatus, indicating that an-
thropogenic land covers might provide a corridor enabling
exotic species to invade wetlands. Bertness et al. (2002) and
King et al. (2007) found a positive relationship between the
amount of the invasive species P. australis in the wetland
border and the amount of development in the wetland bor-
der. In contrast, in California tidal wetlands, Fetscher et al.
(2010) observed no significant relationships between water-
shed level population densities and developed land cover in
the surrounding habitat patch and invasive species cover.
The differences in relationships between vegetation and
developed land cover among studies may be due to the
different scales at which land cover was characterized in
the studies. For freshwater wetlands, Houlahan et al. (2006)
observed that land cover in the 250–300-m buffer was most
strongly correlated with vegetation richness, with higher
overall richness and lower richness of exotic species in sites
with more forested land cover. Brown and Vivas (2004)
recommend 100 m from wetland edge as the ideal scale at
which to characterize land cover impacts to wetlands. In our
study, anthropogenic impacts appear to only be important at
the scale immediately surrounding the wetland.

Urban land cover may also influence tidal wetland veg-
etation by serving as a source of nutrients. Most of the work
on landscape level patterns of tidal wetland vegetation has
focused on the importance of nitrogen availability from
urban land covers, with several authors demonstrating pos-
itive relationships between urban land cover and nitrogen
loading to surrounding wetlands and subsequent decreases
in species richness and shifts in species distributions with
increased nitrogen loading (e.g., Bertness et al. 2002;
Wigand et al. 2003). Other studies have noted an increase
in the cover of the invasive species P. australis with increas-
ing nitrogen inputs from urbanization (Silliman and Bertness
2002; King et al. 2007). In this study, water column nitrate
levels showed a weak positive correlation with developed land
in the 100- and 250-m buffers surrounding the wetland, indi-
cating that anthropogenic land covers may serve as a source of
nitrogen to these wetlands.

While anthropogenic land covers may serve as a source
of nitrogen to wetlands, it is important to consider that
Pacific Northwest estuaries may be high in nitrogen due to
several natural sources. A coastal upwelling zone occurs off
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the coast of Oregon, serving as a source of nutrients to
coastal waters. In addition, many coastal watersheds that
underwent logging historically are dominated by red alder,
Alnus rubra, a species with a symbiotic nitrogen fixing
association. Naymik et al. (2005) noted elevated levels of
nitrogen in Oregon streams with watersheds dominated by
red alder. In addition, nitrate levels in excess of 100 μM
have been recorded in Yaquina Bay, OR, tidal wetlands with
watersheds dominated by red alder (EPA unpublished data).
In this study, the highest sediment total nitrogen levels were
found at sites with a high abundance of J. balticus, another
species with a nitrogen fixing symbiosis. The findings of
this study raise questions as to whether the traditional par-
adigm of nitrogen poorness of salt marshes (e.g., Valiela and
Teal 1974) and nitrogen limitation of primary production
holds true for Pacific Northwest tidal wetlands.

Finally, the results of this study point to several implica-
tions for tidal wetland management and assessment. First, the
vegetation community varies widely across salinity gradients.
Therefore, it will be necessary to conduct protection and
restoration efforts across this salinity gradient in order to
conserve all vegetation and habitat types. Secondly, salinity
is such a driving factor behind the vegetation community that
it might be necessary to stratify assessments by site salinity to
accurately evaluate the vegetation community. Thirdly, both
within wetland and near-wetland land cover conditions are
important in structuring the vegetation community and there-
fore stressors at both of these scales should be measured to
accurately assess impacts to these systems. Finally, developed
land cover in close proximity to the wetland seems to be a
stressor to vegetation and therefore should be included in
assessments of these systems. Future studies on these systems
should focus on the role that increasing urbanization may play
in shaping the vegetation communities.
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