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coastal protection value of dunes. On the U.S. Pacific Northwest coast, the dominant dune
grasses are the introduced non-native American beachgrass (Ammophila breviligulata) and
the native American dune grass (Elymus mollis). These grasses grow and stabilize dunes,
receiving marine-derived nutrients from macrophyte wrack (i.e., macroalgae) that strands on
the beach. This macrophyte wrack enhances available nutrients, but the impact of these
nutrients on dune grass growth is unstudied. Thus, we asked, are dune grasses nutrient
limited, and if so, to what extent? Plots of dune grasses across the foredune profile were
fertilized with varying amounts of nitrogen and phosphorus. A year later, grass morphology
and tissue nutrient composition were measured. We found that dune grasses grew more with
increased nutrients, and plants at the heel of the dune were more nutrient limited than at the
toe and crest. Our results suggest that dune grasses are nutrient limited and grass growth may
increase with greater marine-derived nutrients, thus enhancing dune building. By better
understanding the extent of nutrient limitation of dune grasses, we can gain insights into the
role marine-derived nutrients play in dune building and coastal protection.
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INTRODUCTION
Coastal sand dunes are traditionally thought to be nutrient-poor habitats, but they actually
support large, productive ecosystems through the accumulation of marine-derived nutrients. Sand
dunes are typically low on various nutrients due to the porous nature of the sand, which allows
nutrients to leach out of the dunes quickly (Reckhardt et al. 2015). Despite low nutrients, dunes
are thought to be continuously replenished with nutrients from the ocean (e.g., Constant 2019).
The grasses found on coastal dunes receive much of their nutrients from macrophyte wrack (i.e.,
macroalgae, seagrass, and other estuary plants) that is washed onshore; as it decays on the beach,
nutrients are incorporated into the sand, coating the individual grains (Constant 2019). The sand
deposits these nutrients to the dunes as it is blown and washed further inland, fertilizing the
vegetation, especially plants closest to the wrack source (Cardona and Garcia 2008, Reimer et al.
2018, Constant 2019). The tall foredunes often trap the wrack and receive the bulk of the
nutrients, depriving back dunes (i.e., dunes farthest from the beach) of nutrients necessary for
plant growth (Cardona and Garcia 2008). Dune vegetation builds dunes by trapping sand and
nutrient deposits. This creates a positive feedback loop; sand deposition stimulates grass growth
which in turn serves to trap more sand (Zarnetske et al. 2012). Little is known about how
nutrients directly affect dune grass growth, and research is necessary to understand how dune
grass production will affect ecosystem services provided by the dunes.
Many functions and services are provided by sand dunes, including coastal protection,
biodiversity, and recreation. Some of these services are amplified by the presence of vegetation
(Barbier et al. 2011). Dune grasses build and stabilize the dunes, which provide necessary
protection for the coastline from waves, wind, and erosion (Barbier et al. 2011, Ruggiero et al.
2013, Seabloom et al. 2013, Nel et al. 2014, Biel et al. 2019). While open dunes are popular for
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recreational purposes, stabilized dunes such as those built by dune grasses are crucial for
providing protection not only for the coastline communities, but also for lakes, wetlands, forests,
and estuarine habitats that are in the same region (Reckendorf et al. 1985). This ecosystem
service is increasing in importance as climate change is resulting in increased sea levels and
altered storm intensities, potentially causing greater instances of flooding and increasing
magnitude and duration of extreme waves (Seabloom et al. 2013). Other services provided by
these dunes include use of raw materials, such as minerals like silica for glass making, water
purification, habitat for wildlife, carbon sequestration, education, recreation, and tourism
(Barbier et al. 2011). The nutrient dynamics of coastal sand dunes, and how they influence plant
productivity, are thus important to understand in order to maintain necessary ecosystem services
provided by this system.
Coastal dunes cover as much as 45% of Oregon and Washington coastlines (Ruggiero et
al. 2013a), and are historically home to a diverse array of plant species. Plant species found on
Pacific Northwest dunes include the native American dune grass, Elymus mollis (ELMO)
(Wiedemann and Pickart 1996, Hacker et al. 2012). Two non-native species of beachgrass were
introduced in the 1900s in order to improve coastline protection by stabilizing and building the
dunes (Seabloom and Wiedemann 1994; Hacker et al. 2012). The two beachgrass species,
Ammophila arenaria (AMAR), native to Europe, and Ammophila breviligulata (AMBR), native
to the Great lakes and northeast coast of North America, have increasingly dominated the Pacific
Northwest coastline after being introduced (Seabloom and Wiedemann 1994). However, not
much is known regarding the nutrient needs and potential nutrient limitations of AMAR and
AMBR in this setting and how marine derived nutrients could affect dune geomorphology and
coastal protection more generally.
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Nitrogen is a critical nutrient needed for healthy plant growth, as nitrogen helps form
amino acids, and is an important component of plant metabolism and growth (Fageri 2001,
Nasholm et al. 2009). If plants experience nitrogen limitation, then they may experience
decreased growth. Previous studies in other parts of the world have found that dune grasses do
respond to increased nitrogen inputs with increased growth rates (Day et al. 2018), although
increased nutrients result in lowered species diversity due to increased competition (Day et al.
2018, Day et al. 2004). Dune grasses may also experience co-limitation between nitrogen and
phosphorus if there is a sufficient amount of nitrogen available but phosphorus availability is
lacking (Fageria 2001). This is because as nitrogen increases growth rates, the need of other
nutrients to support this growth will also increase, although these additional nutrients may not be
available in a large enough supply to allow continued growth.
By gaining a better understanding of the extent to which Pacific Northwest dune grasses
are nitrogen and phosphorus limited, we can gain a better understanding about whether dunes are
also limited in their height and width because of limitation in dune grass production. If so, more
or less nutrient delivery to dunes could increase or decrease the overall protection of coastal
communities. This information is becoming increasingly important as climate change impacts
many aspects of the coastline habitat, such as ocean warming, freshening of the water due to
melting of ice sheets and mountain glaciers, increasing acidity, and increasing sea level (Bindoff
et al. 2007). Taller dunes would help buffer coastal towns from sea level rise and the increasing
occurrence of extreme storms. In addition, as the climate changes, the macrophyte wrack and
hence the dune grasses nutrient source might change in location or abundance, impacting the
growth of dune grass and dune formation.
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To study whether dune grasses are nutrient limited, we conducted manipulative
experiments in which we varied the amounts of nitrogen and also had a phosphorus addition
across the dune profile. The experiments were conducted for a full year at Long Beach,
Washington. Specifically, we asked:
1) Does the production and elemental composition of Pacific Northwest dune grasses vary
with increasing nitrogen addition? If so, does this depend on dune profile location?
2) Do these dune grasses experience nitrogen and phosphorous co-limitation?
We hypothesize that dune plants will show greater plant production with nutrient
additions but the magnitude of the response will differ depending upon foredune profile location
given differences in background sand nitrate concentrations. Moreover, we expect grass
production and nitrogen elemental composition to increase with increasing nitrogen
concentration and with phosphorus addition.
METHODS
Experimental design and setup:
To understand the effect of sand nutrient content on dune grass (i.e., Ammophila
breviligulata and Elymus mollis) growth along the U.S. Pacific Northwest Coast, an experiment
was set up in Long Beach, Washington. The experiment ran for one year (March 19th, 2018 until
March 16th, 2019). Along the toe, crest, and heel of the foredune profile, there were six replicate
blocks set perpendicular to the shoreline, spaced 3 meters between each block. Within each block
we set up five 0.25 m2 quadrats, spaced one meter between each quadrat. This resulted in a total
of 90 quadrats. Each quadrat within a block received differing amounts of nitrogen fertilizer
every 4 months in the form of calcium nitrate (N:P:K 15.5–0–0) and phosphorus fertilizer in the
form of Treble Super Phosphate (N:P:K 0-45-0). The treatments were: (1) control, (2) N1 (4.87 g
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CaNO3), (3) N2 (9.67 g CaNO3), (4) N3 (19.35 g CaNO3), and (5) N3+P (19.35 g CaNO3 plus
6.6 g PO4). The addition of phosphorus fertilizer was to assess the potential for nitrogen and
phosphorus co-limitation.
Initial surveys and collections of the grasses were made prior to fertilizer addition on
March 19th, 2018, which included counting shoot densities of each species. Plants were also
collected from each quadrat and taken back to the lab to measure their morphology and biomass
at the start of the experiment (see below for methods).
Final surveys and collections of the grasses were made on March 16th, 2019 which
included counting shoot densities of each species. Between 2 and 12 plants of each species were
also collected (availability dependent) from each quadrat and taken back to the lab to measure
their morphology and biomass at the end of the experiment (see below for methods). For each
plant, we attempted to collect as much rhizome as possible. Unfortunately, seven quadrats had
been mowed by a landowner during the year. Grasses from these quadrats were still counted,
collected, and analyzed, but were excluded from all analysis except elemental composition of the
leaves.
Laboratory methods:
The collected grasses were dried for 2 weeks in a room temperature laboratory. The
grasses from each quadrat were identified to be either Ammophila breviligulata or Elymus mollis.
The measurements taken from each individual grass plant include: number of shoots per
rhizome, length of longest shoot (centimeters), rhizome length (centimeters), number of nodes on
the rhizome, internode distance on the rhizome (centimeters), and shoot and rhizome biomass
(grams). Biomass per shoot was calculated by dividing the shoot biomass by the number of
shoots per plant. Biomass per quadrat was calculated by multiplying the average biomass per
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shoot of each quadrat by the total number of shoots from each treatment. These measurements
were collected using a tape measure and two different balances; an analytical scale for the shoot
biomass and a microbalance for the rhizome biomass.
We also measured the elemental composition, including nitrogen, carbon, and sulfur,
present in the grasses collected at the end of the experiment. A three-inch clipping was taken
from each grass from the middle of the healthiest looking leaf (normally the greenest). If a
quadrat had fewer than five plants of one species, then more than one clipping was taken from
each plant in order to have enough sample to analyze. For example, for quadrats with only one
plant, five clippings were taken from different leaves at the same relative location on the plant. If
there were only two plants in a quadrat, three clippings were taken from each plant, following the
same procedure for choosing which leaves. If three or four plants in the quadrat, then two
clippings were taken from each plant. In total, there were 109 samples, with each quadrat and
species within the quadrat being analyzed separately.
The clippings from each sample were ground to a fine, homogenous powder using a
tissue homogenizer and placed in sterile scintillation tubes. Elemental composition including
nitrogen, carbon, and sulfur was measured using ~50 mg of each ground sample with an
Elementar Vario Macro Cube elemental autoanalyzer at the Oregon State University Crop and
Soil Science Laboratory (Corvallis, OR).
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Statistical analysis:
All statistical analyses were conducted in R (R Core Team, 2018). Two-way ANOVAs
were run for each response variable on the effects of treatment, profile location, and the
interaction between treatment and profile location. The response variables were: shoot density,
shoot length, number of shoots per plant, biomass per shoot, biomass per quadrat, percent
nitrogen, percent sulfur, and percent carbon. A Tukey post hoc test was run if the ANOVA
produced a significant p-value (< 0.05) in order to determine the differences between treatments
and profile locations. An ANOVA was also run for each response variable on the effect of
species. If the effect of species was significant, then the ANOVAs for treatment and profile
location were run separately for each species. If this was the case, data for ELMO was only used
from the toe foredune profile locations due to a very small sample size of ELMO plants at the
crest and heel foredune locations. Response ratios comparing the treatment data with the control
were calculated for each response variable in order to determine the magnitude of change for
each treatment compared to the control. The response ratio for each response variable was
calculated with the equation 𝑙𝑛

𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒
𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑎𝑙𝑢𝑒

. To visualize the data from each response ratio,

box plots were constructed with standard error bars.
RESULTS
Initial Measurements of Dune Grass Morphology and Biomass
The initial average shoot lengths of all grass species combined at the toe, crest, and heel
were 80.61 ± 2.85, 81.95 ± 2.08, and 105.17 ± 3.03 centimeters, respectively. Profile location
had a significant effect on the initial shoot lengths (p-value = 1.74 x 10-8; Appendix Figure A2,
Appendix Table A1), with shoots collected from the heel being taller than those collected from
the toe and crest (Appendix Figure A2). The number of shoots per plant did not differ among
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profile locations (p-value = 0.445; Appendix Figure A3, Appendix Table A1). The average initial
number of shoots per plant for AMBR at the toe, crest, and heel were 2.69 ± 0.24, 2.69 ± 0.34,
and 2.29 ± 0.26, respectively. The initial measurements for biomass per shoot of AMBR at the
toe, crest, and heel were 5.78 ± 0.54, 3.90 ± 0.25, and 4.99 ± 0.26 grams, respectively. Initial
biomass per shoot differed among profile locations, with a one-way ANOVA showing that the
toe was significantly heavier than the crest and heel (Appendix Figure A4, Appendix Table A1).
Initial grass biomass per quadrat values differed among profile locations, with the toe having the
least biomass (Appendix Figure A5, Appendix Table A1). The average initial biomass per
quadrat values were 58.48 ± 3.12, 158.69 ± 1.43, and 155.42 ± 3.81 grams at the toe, crest, and
heel, respectively.
Final Measurements of Dune Grass Morphology and Biomass
Shoot density. Shoot density (number of shoots per 0.25 m2), important for dune building
potential, differed among treatments and profile locations but there was not a significant
interaction between treatment and profile location (Figure 1, Table 1). Post hoc tests showed that
shoot densities were significantly greater at the crest and heel of the dune when compared to the
toe (Figure 1, Table 1). Stem density also increased with increasing fertilizer additions at all
profile locations; the control exhibited the lowest shoot density, N1 and N2 treatments had
slightly greater shoot density, and N3 and N3+P treatments had the greatest shoot density (Figure
1, Table 1). This trend was the same across all dune profile locations, supporting the results of
the two-way ANOVA, which showed no interaction between treatment and profile location.
Shoot density response ratios, measured as treatment compared to the control as detailed
above in the Methods, differed among treatments but there were not significant differences
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between profile locations, and there was not treatment by profile location interaction (Figure 2,
Table 1).
Shoot length. Shoot length (centimeters), important for sand deposition on the dune, differed
among treatments and profile locations but there was no interaction (Figure 3, Table 1). Across
profile locations, shoot length significantly increased (Figure 3, Table 1). The grasses from the
toe had the shortest shoots, while the heel has the longest and the crest was intermediate.
Between treatments, the shoots from the N3+P treatment were shorter than all other treatments.
The shoot length response ratios, measured as treatment compared to control, did not
differ between treatments nor profile locations (Figure 4, Table 1).
Shoots per plant. The number of shoots per plant of AMBR, important for overall grass density
and ultimate sand capture, differed among treatments, but did not differ across profile locations
and there was no interaction (Figure 5, Table 1). The control plots had the least number of shoots
per plant, while N3 and N3+P had the most, and N1 and N2 were intermediate. This trend was
the same across all profile locations. The number of shoots per plant for ELMO did not differ
among treatments (Figure 5, Table 1).
The number of shoots per plant response ratio, measured as treatment compared to
control, did not differ between treatments but did differ across profile locations, although a post
hoc test did not show any significant differences among profile locations (Figure 6, Table 1).
Biomass per shoot. Biomass per shoot (grams) for AMBR, important for plant robustness and
sand capture, differed among treatments but not across profile locations, although there was
significant interaction (Figure 7, Table 1). The effect of treatment on shoot biomass was only
significant at the foredune heel as revealed by a two-way ANOVA for the interaction between
treatment and profile location (Figure 7). The N2 treatment had the greatest average biomass per
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shoot at 4.26 ±0.31 grams, while N3+P had the lowest biomass at 2.75 ± 0.28 grams. Control,
N1, and N3 had intermediate biomasses, at 3.71 ± 0.30, 3.39 ± 0.18, and 3.79 ± 0.31 grams,
respectively. Biomass per shoot for ELMO did not differ among treatments (Figure 7).
Biomass per shoot response ratio, measured as treatment compared to control, did not
differ among treatments or profile locations, nor was there a treatment by profile location
interaction (Figure 8, Table 1).
Biomass per quadrat. Biomass per quadrat (grams per 0.25 m2), important for dune growth
capacity, differed among treatments and profile locations, but there was not treatment by profile
location interaction (Figure 9, Table 1). Biomass per quadrat was significantly greater at the
foredune crest and heel than at the foredune toe (Figure 9, Table 1). N3 treatments had greater
biomass in each quadrat than the N1, N2, and N3+P treatments, with the control having the least
biomass per quadrat. This pattern was consistent across all profile locations.
The biomass per quadrat response ratio, measured as treatment against control, did not
differ among treatments nor among profile locations (Figure 10, Table 1).
Final Measurements of Dune Grass Nutrients
Percent nitrogen. Percent nitrogen in plant tissues, a measure of nitrogen uptake that responds
quickly to changing environmental nitrogen levels, differed among treatments, but did not differ
among profile locations and there was no treatment by profile location interaction (Figure 11,
Table 1). The plants from the control plots had the least amount of nitrogen, while plants from
the N3 and N3+P treatments had the most.
The percent nitrogen response ratio, measured as treatment compared to control, differed
between treatments and profile locations, but there was no treatment by profile location
interaction (Figure 12, Table 1). The foredune heel had the greatest response ratios on average,
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while the toe had the least. Between treatments, N3+P showed the greatest response ratio at all
profile locations, while the other treatments (N1, N2, and N3) did not differ from one another
(Figure 12).
Percent sulfur. Percent sulfur in plant tissues, important for plant protein synthesis, differed
among treatments but did not differ among profile locations, nor was there treatment by profile
location interaction (Figure A6, Table 1). The plants from the N2, N3, and N3+P treatments had
the same amount of sulfur, which was greater than the amount of sulfur contained in plants from
the N1 treatment (Figure A6). The control plants contained the least amount of sulfur.
Percent carbon. Percent carbon in plant tissues, important for plant growth, differed among
profile locations, but did not differ among treatments and there was no treatment by profile
location interaction (Figure A7, Table 1). Plants from the heel contained the most carbon, and
plants from the toe contained the least (Figure A7). Percent carbon found in ELMO did not differ
among treatments (Figure A7, Table 1).
C:N ratio. The ratio between percent carbon and nitrogen differed among treatments but did not
differ among profile locations and there was no treatment by profile location interaction (Figure
A8, Table 1). N3+P had the lowest ratio, while the control and N1 had the greatest ratio between
carbon and nitrogen. N2 and N3 treatments were intermediate.
DISCUSSION
Nutrient limitation and the influence of marine derived nutrients on coastal dune systems
in the Pacific Northwest is poorly understood and understudied. We assessed the effects of
nutrient additions on dune grass production by performing a nutrient fertilization experiment and
found that these grasses are nutrient limited in the Pacific Northwest. Our hypothesis that dune
grasses will show greater production with nutrient additions depending upon foredune profile
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location is supported. We found that AMBR produced more shoots (Figures 1 and 5) and greater
biomass (Figure 9) with the addition of nitrogen and that the nitrogen content in plant tissues
increased (Figure 11). The increase in shoot density and biomass is important, as it suggests that
if nutrient supply on the dunes increases, shoot density and biomass will also increase, resulting
in greater sand capture by the grasses and subsequent dune growth. The result will be taller,
wider dunes that can better protect coastline communities from wind, waves, and storms that will
increase in intensity with climate change.
While phosphorus was added to the N3+P fertilizer treatment in order to test for potential
phosphorus limitations, it did not appear to have an effect on many of the measured variables.
Plants grown in the N3 and N3+P treatments were not statistically different for most of the
morphological and nutrient content measurements, suggesting that the growth of these grasses is
not limited by nitrogen and phosphorus co-limitation. Any growth inhibition due to a lack of
nutrients is due to nitrogen, and not phosphorus since the phosphorus addition did not cause a
significant increase in grass growth. Shoot length, biomass per shoot, and biomass per quadrat
(Figures 3, 7, and 9, respectively) actually decreased with the addition of phosphorus when
compared to the N3 treatment. These specific variables may have been impacted due to an iron
deficiency created as a result of intense phosphorus fertilization (Fageria 2001). Another
possibility is the excess phosphorus fertilization created too much of an imbalance between
phosphorus and nitrogen, which negatively affected the growth of the grass (Li et al. 2018). The
phosphorus addition also could have resulted in nutrients being allocated to belowground
biomass intead, which was not analyzed in this study.
Although nitrogen and phosphorus do not appear to have a co-limiting relationship in this
dune system, nitrogen additions do appear to have a relationship with sulfur. There was a

P a g e | 15

significant effect of treatment on percent sulfur found in the grass tissues (Figure A6, Appendix
Table A1). This may be a result of the close relationship between nitrogen and sulfur in protein
synthesis, which makes the supply of each nutrient highly dependent upon the other (Jamal et al.
2010). When one nutrient is limited, the other is stored until limitation ceases and then the stored
nutrient is released for protein synthesis (Barney and Bush 1985). In the case of this experiment,
nitrogen was the limiting nutrient, potentially causing sulfur to be stored until nitrogen
concentrations increased, explaining the increasing percent sulfur as nitrogen additions increased
across treatments (Figure A6). Percent carbon, on the other hand, does not appear to share this
same relationship with nitrogen, as carbon did not change with nitrogen additions (Figure A7).
This result may be a consequence of carbon not being a limiting nutrient, and so the addition of
nitrogen did not affect the uptake of carbon from the air. The ratio of carbon to nitrogen
decreased with elevated nitrogen treatment because the carbon values remained relatively
constant while the nitrogen values increased (Figure A8).
Profile location was found to significantly affect multiple dune grass variables. There was
an increase in shoot density (Figure 1; Day et al. 2018), shoot length (Figure 3), and biomass per
quadrat (Figure 9) at the dune crest and heel when compared to the dune toe, suggesting that
these profile locations are more nutrient limited and thus had a greater response to fertilization
than the dune toe. The percent nitrogen contained in the grass tissues increased with increasing
nutrient additions, with the control grasses containing the lowest percentage of nitrogen. This
provides evidence that the changes the grasses underwent were caused by the change of nitrogen
concentrations within the fertilizer. This is potentially an effect of higher concentrations of
macrophyte wrack and ocean-derived nitrogen at the toe than at the crest and heel of the dune
(Cardona and Garcia 2008). This increase in ocean-derived nitrogen could result in more nutrient
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limitation at the dune crest and heel compared to the toe of the dune, and thus the plants at these
locations responded to fertilizer treatments to a greater degree.
In addition to differences among profile locations, the effect of nutrient addition on dune
grass growth is also dependent upon location along the U.S. Pacific Northwest coastline
(Constant 2019). It has been found that macrophyte wrack abundance differs greatly along the
coast, with the greatest amount being found at Long Beach, WA (where this experiment took
place) when compared to Fort Stevens and South Beach, OR (Constant 2019). Thus, the effect of
nitrogen additions on dune grass productivity will likely depend on differences in macrophyte
wrack deposition on the coast and may be dramatically higher on other beaches than the one
studied.
The dunes of the U.S. Pacific Northwest coastline are critical habitats for coastal
protection and various ecosystem services such as recreation. Understanding the nutrient needs
of the dune grasses, which are responsible for building up and stabilizing these dunes, is crucial
for a system that provides important protection services for coastline communities. Here we
show that dune grasses are nutrient limited and that nitrogen additions can increase plant growth,
which in turn may potentially increase sand capture and affect dune shape. This increase in
productivity could result in taller dunes that could provide greater protection and be more
resilient in the face of greater storms resulting from climate change. Understanding that dune
plants benefit from increased nitrogen inputs enables us to better predict the possible effects of
changes in ocean derived nutrients and the consequences to dune systems.
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Table 1. One- and two-way ANOVAs assessing the effect of experimental treatments on dune
grass growth and nutrient content. P-values <0.05 are considered significant. Ammophila
breviligulata is shortened to AMBR, and Elymus mollis is shortened to ELMO.
Response variable
Stem density - species combined
Treatment
Profile location
Treatment x Profile location interaction
Residuals
Stem density response ratio
Treatment
Profile location
Treatment x Profile location interaction
residuals

Df
Sum sq
Stem density
4
2
8
68

Mean Sq F value Pr(>F)

3627
12979
1396
10364

907
6489
175
152

5.949
42.575
1.145

0.000364
1.03E-12
0.345387

4
6.111
2
1.363
8
0.767
68
22.338
Shoot length

1.5278
0.6814
0.0959
0.3285

4.651
2.074
0.292

0.00223
1.34E-01
0.9664

Shoot length – species combined
Treatment
4
9754
2439
6.819
2.27E-05
Profile location
2
95817
47908 133.966 < 2e-16
Treatment x Profile location interaction
8
4917
615
1.719
0.091
Residuals
602
215285
358
Shoot length response ratio
Treatment
4
0.1289 0.03223
1.549
0.195
Profile location
2
0.0131 0.00657
0.316
0.73
Residuals
87
1.8104 0.02081
Number of shoots per plant
Number of shoots per plant - AMBR
Treatment
4
49.9
12.464
4.036
0.00311
Profile location
2
0.1
0.073
0.024
0.97676
Treatment x Profile location interaction
8
16.5
2.06
0.667
0.72075
Residuals
528
1630.5
3.088
Number of shoots per plant - ELMO
Treatment
4
10.7
2.676
0.995
0.416
Residuals
69
185.5
2.688
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Biomass per shoot
Biomass per shoot - AMBR
Treatment
4
61.2
Profile location
2
3.8
Treatment x Profile location interaction
8
88.1
Residuals
528
2428.9
Biomass per shoot - ELMO
Treatment
4
17.9
Residuals
69
1145.7
Biomass per shoot, profile location split
Toe
Treatment
4
59.8
Residuals
101
788.1
Crest
Treatment
4
33.8
Residuals
196
766.4
Heel
Treatment
4
56.7
Residuals
231
874.4
Biomass per shoot response ratio
Treatment
4
0.939
Profile location
2
0.582
Treatment x Profile location interaction
8
1.495
Residuals
76
16.482
Biomass per quadrat
Biomass per quadrat
Treatment
4
35276
Profile location
2
133848
Treatment x Profile location interaction
8
18930
Residuals
68
207361
Biomass per quadrat response ratio
Treatment
4
4.54
Profile location interaction
2
1.23
Residuals
76
40.47
Percent Nitrogen
Percent Nitrogen

15.293
1.918
11.009
4.6

3.324
0.417
2.393

0.0105
0.6593
0.0153

4.486
16.604

0.27

0.896

14.961
7.803

1.917

0.113

8.453
3.91

2.162

0.0748

14.183
3.785

3.747

0.00565

0.2348
0.291
0.1868
0.2169

1.083
1.342
0.861

0.371
0.268
0.553

8819
66924
2366
3049

2.892
21.946
0.776

0.0285
4.43E-08
0.6251

1.1359
0.6168
0.5325

2.133
1.158

0.0848
0.3195
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Treatment
4
4.519
Profile location
2
0.341
Treatment x Profile location interaction
8
1.207
Residuals
90
10.17
Percent Nitrogen response ratio
Treatment
4
2.769
Profile location
2
1.086
Treatment x Profile location interaction
8
0.975
residuals
83
14.938
Percent Sulfur
Percent Sulfur
Treatment
4
0.02725
Profile location
2
0.00108
Treatment x Profile location interaction
8
0.00337
Residuals
90
0.07526
Percent Sulfur response ratio
Treatment
4
1.618
Profile location
2
0.036
Treatment x Profile location interaction
8
0.192
Residuals
83
5.462
Percent Carbon
Percent Carbon – AMBR
Treatment
4
2.78
Profile location
2
3.81
Treatment x Profile location interaction
8
5.2
Residuals
69
38.58
Percent Carbon – ELMO
Treatment
4
5.342
Residuals
16
11.079
Percent Carbon response ratio
Treatment
4
0.407
Profile location
2
0.035
Treatment x Profile location interaction
8
0.478
Residuals
83
3.878
Carbon:Nitrogen ratio
Carbon:Nitrogen ratio

1.1297
0.1707
0.1509
0.113

9.997
1.511
1.335

9.70E-07
0.226
0.236

0.6922
0.5432
0.1218
0.18

3.846
3.018
0.677

0.00645
0.05428
0.71042

0.006813
0.000538
0.000421
0.000836

8.147 1.18*10^-5
0.643
0.528
0.504
0.85

0.4046
0.018
0.0239
0.0658

6.148
0.273
0.364

0.00022
0.76164
0.9367

0.6959
1.9072
0.6499
0.5592

1.244
3.411
1.162

0.3004
0.0387
0.3344

1.3355
0.6924

1.929

0.155

0.10177
0.01737
0.05971
0.04672

2.178
0.372
1.278

0.0785
0.6907
0.2661
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Treatment
Profile location
Treatment x Profile location interaction
Residuals

4
2
8
90

5011
467
2202
25449

1252.7
233.3
275.3
282.8

4.43
0.825
0.983

0.00258
0.4415
0.46189
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Figure 1. Average shoot density for Ammophila breviligulata per quadrat, separated by dune
profile location and treatment type. Error bars are standard error. Lower case letters designate
treatment sites that significantly differed, and upper-case letters designate profile locations that
significantly differed (Tukey, p-value < 0.05). There is no interaction between treatment and
profile location.
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Figure 2. Shoot density per quadrat response ratio between treatment and control measurements,
for Ammophila breviligulata separated by profile location and treatment. Two-way ANOVA
shows the effect of the treatment is significant (p-value = 0.00223), but not the profile location.
There is not a significant interaction between treatment and profile location. Lower case letters
designate treatments that differ significantly (Tukey, p-value < 0.05).
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Figure 3. Average shoot length for Ammophila breviligulata (AMBR) and Elymus mollis
(ELMO), separated by dune profile location and treatment type. Error bars are standard error.
AMBR and ELMO were analyzed together for the ANOVA, as their measurements did not
significantly differ. Lower case letters designate treatment sites that significantly differed and
upper-case letters represent profile locations that significantly differed (Tukey, p-value < 0.05).
There is no interaction between treatment and profile location.
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Figure 4. Shoot length response ratio between treatment and control measurements for
Ammophila breviligulata, separated by profile location and treatment. Two-way ANOVA shows
no significant differences between profile locations and treatments (p-values > 0.05).
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Figure 5. Average number of shoots per plant for Ammophila breviligulata (AMBR) and Elymus
mollis (ELMO), separated by dune profile location and treatment type. Error bars are standard
error. Separate ANOVAs were run for AMBR and ELMO, as their measurements differed
significantly. Lower case letters designate treatment sites that significantly differed for AMBR
(Tukey, p-value < 0.05). Profile locations did not differ significantly. There is no interaction
between treatment and profile location.
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Figure 6. Average number of shoots per plant response ratio between treatment and control
measurements for Ammophila breviligulata, separated by profile location and treatment. Twoway ANOVA shows no significant differences between treatments. A significant difference
between profile locations from the two-way ANOVA (p-value = 0.0465) was not supported by a
Tukey test (p-value > 0.05).
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Figure 7. Average biomass per shoot for Ammophila breviligulata (AMBR) and Elymus mollis
(ELMO), separated by dune profile location and treatment type. Error bars are standard error.
AMBR and ELMO were analyzed separately for the ANOVA, as their measurements
significantly differed. Lower case letters designate treatment sites that significantly differed for
AMBR (Tukey, p-value < 0.05). Profile locations did not significantly differ, although there was
a significant interaction between treatment and profile location at the heel.
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Figure 8. Biomass per shoot response ratio between treatment and control measurements for
Ammophila breviligulata, separated by profile location and treatment. Two-way ANOVA shows
no significant differences between profile locations and treatments (p-values > 0.05). There is
not a significant interaction between treatment and profile location (p-value > 0.05).
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Figure 9. Average biomass per quadrat for Ammophila breviligulata, separated by dune profile
location and treatment type. Error bars are standard error. Lower case letters designate treatment
sites that significantly differed, and upper-case letters designate profile locations that
significantly differed (Tukey, p-value < 0.05). There is no interaction between treatment and
profile location.
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Figure 10. Biomass per quadrat response ratio between treatment and control measurements for
Ammophila breviligulata, separated by profile location and treatment. Two-way ANOVA shows
no significant differences between profile locations and treatments (p-values > 0.05).
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Figure 11. Average percent nitrogen for Ammophila breviligulata (AMBR) and Elymus mollis
(ELMO) separated by dune profile location and treatment type. Error bars are standard error.
Lower case letters designate treatment sites that significantly differed (Tukey, p-value < 0.05).
There is no interaction between treatment and profile location.
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Figure 12. Percent nitrogen response ratio between treatment and control measurements for
Ammophila breviligulata (AMBR) and Elymus mollis (ELMO), separated by profile location and
treatment. Two-way ANOVA shows the effect of treatment is significant (p-value = 0.00645), as
is profile location (p-value = 0.05428). There is not a significant interaction between treatment
and profile location. Lower case letters designate treatments that differ significantly, and uppercase letters designate profile locations that differ significantly (Tukey, p-value < 0.05).
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Appendix
Table A1. One- and two-way ANOVAs assessing the effect of profile location on grass growth
prior to fertilization to provide comparison values. P-values <0.05 are considered significant.
Response variable
Number of shoots per plant
Profile location
Residuals
Shoot length
Profile location
Residuals
Biomass per shoot
Profile location
Residuals
Stem density
Treatment
Profile location
Treatment x Profile location
interaction
Residuals
Biomass per quadrat
Treatment
Profile location
Treatment x Profile location
Residuals

Df Sum sq Mean sq F value Pr(>F)
2
158

3.11
301.89

1.554
1.911

0.813

2
158

18757
73900

9378
468

20.05 1.74E-08

2
158

352.1
2104.6

176.03
13.32

13.21 4.93E-06

4
2

31
10934

8
5467

0.075
0.989
53.913 9.39E-15

8
68

40
6896

5
101

4
1536
2 183948
8
1471
68 255455

384
91974
184
3757

0.049

0.445

1

0.102
0.981
24.483 9.80E-09
0.049
1
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Figure A1. Average shoot density per quadrat for Ammophila breviligulata (AMBR) and Elymus
mollis (ELMO), separated by dune profile location and treatment. Initial data collected prior to
fertilizer treatments in March 2018. Two-way ANOVA reveals a significant difference between
profile locations, but not treatments. There is not a significant interaction term. Upper case letters
designate which profile locations differ significantly (Tukey, p-value < 0.05).
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Figure A2. Average shoot length for Ammophila breviligulata (AMBR) and Elymus mollis
(ELMO), separated by dune profile location. Initial data collected prior to fertilizer treatments in
March 2018. One-way ANOVA on effect of profile location on number of shoots is significant
(p-value = 1.74 x 10-8). Upper case letters designate which profile locations differ significantly
(Tukey, p-value < 0.05).
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Figure A3. Average number of shoots per plant for Ammophila breviligulata (AMBR) and
Elymus mollis (ELMO), separated by dune profile location. Initial data collected prior to
fertilizer treatments in March 2018. One-way ANOVA on effect of profile location on number of
shoots is not significant (p-value = 0.445).
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Figure A4. Average biomass per shoot for Ammophila breviligulata (AMBR) and Elymus mollis
(ELMO), separated by dune profile location. Initial data collected prior to fertilizer treatments in
March 2018. One-way ANOVA on effect of profile location on biomass per shoot is significant
(p-value = 4.93 x 10-6). Upper case letters designate which profile locations differ significantly
(Tukey, p-value < 0.05).
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Figure A5. Average biomass per quadrat for Ammophila breviligulata, separated by dune profile
location and treatment. Initial data collected prior to fertilizer treatments in March 2018. Twoway ANOVA reveals a significant difference between profile locations, but not treatments. There
is not a significant interaction term. Upper case letters designate which profile locations differ
significantly (Tukey, p-value < 0.05).
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Figure A6. Average percent sulfur for Ammophila breviligulata (AMBR) and Elymus mollis
(ELMO) separated dune profile location and treatment type. Error bars are standard error.
Lower-case letters designate treatment sites that significantly differed (Tukey, p-value < 0.05).
There is no interaction between treatment and profile location.
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Figure A7. Average percent carbon for Ammophila breviligulata (AMBR) and Elymus mollis
(ELMO) separated dune profile location and treatment type. Error bars are standard error. Uppercase letters designate profile locations that significantly differed (Tukey, p-value = 0.0387).
There is no interaction between treatment and profile location.
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Figure A8. Average percent carbon to nitrogen ratio for Ammophila breviligulata (AMBR) and
Elymus mollis (ELMO) separated by dune profile location and treatment type. Error bars are
standard error. Lower-case letters designate treatments that significantly differed (Tukey, p-value
= 0.00258). Profile location and the interaction between treatment and profile location are not
significant (p-values > 0.05).
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