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Coastal foredunes are among the most geologically unstable and dynamic terrestrial habitats, shaped by
wind and waves and vegetation acting as ecosystem engineers in a biogeomorphic coupling that has only
recently begun to be appreciated. Storm disturbances can de-vegetate and erode microcosms, creating
barren blowout depressions. Between storms, plants will colonize or recolonize blowouts and the back
shore. However, the mechanism and biotic and abiotic controls on re-establishment, and thus recovery,
are unknown, as are the biogeomorphic implications of what species establishes itself, although all of
these factors will impact future storm response. We explore biotic, arbuscular mycorrhizal fungi (AMF),
and abiotic (substrate flux) controls on post-storm recolonization and the potential role of clonal
integration in this by native Ammophila breviligulata and invasive Carex kobomugi. To reveal underlying
biogeomorphic relationships driving topographic heterogeneity, we test how plant density, configuration,
and morphology, impact initial dune genesis in nebkha formation. AMF likely play a minimal role, in
recolonization as viable AMF are largely lacking and randomly distributed in barren soils. Conversely, both
A. breviligulata and C. kobomugi, support persistent viable AMF in the soil and had colonized roots,
despite documented differences in AMF dependencies. AMF presence may not be necessary for
colonization because clonal integration can facilitate blowout establishment, but if the distal plant is
severed from the rhizome, then AMF-associations can shift in response. Colonization occurs primarily
from lateral spread of existing vegetation between growing seasons where areas with more stable
substrate may have increased rates of recolonization. However, erosion can also stimulate recolonization.
With regards to the role of plants as ecosystem engineers, plant morphology, density, and configuration
impact topography, most notably, with larger plants supporting larger nebkha and nebkha shape and
height varying by species both in field and lab-setting. As such, although C. kobomugi does not appear to
alter belowground AMF communities, it may alter the morphological trajectory of an evolving foredune,
impacting future storm response. Coastal instability will only increase with the effects of climate change.
Understanding the biological processes underpinning recolonization and thereby recovery postdisturbance will only grow increasingly important in a changing world.
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ABSTRACT
FROM THE SAND THEY RISE: POST-STORM FOREDUNE PLANT
RECOLONIZATION AND ITS BIOGEOMORPHIC IMPLICATIONS
Bianca Charbonneau
Brenda Casper
Coastal foredunes are among the most geologically unstable and dynamic
terrestrial habitats, shaped by wind and waves and vegetation acting as ecosystem
engineers in a biogeomorphic coupling that has only recently begun to be appreciated.
Storm disturbances can de-vegetate and erode microcosms, creating barren blowout
depressions. Between storms, plants will colonize or recolonize blowouts and the back
shore. However, the mechanism and biotic and abiotic controls on re-establishment, and
thus recovery, are unknown, as are the biogeomorphic implications of what species
establishes itself, although all of these factors will impact future storm response. We
explore biotic, arbuscular mycorrhizal fungi (AMF), and abiotic (substrate flux) controls
on post-storm recolonization and the potential role of clonal integration in this by native
Ammophila breviligulata and invasive Carex kobomugi. To reveal underlying
biogeomorphic relationships driving topographic heterogeneity, we test how plant
density, configuration, and morphology, impact initial dune genesis in nebkha formation.
AMF likely play a minimal role, in recolonization as viable AMF are largely lacking and
randomly distributed in barren soils. Conversely, both A. breviligulata and C. kobomugi,
support persistent viable AMF in the soil and had colonized roots, despite documented
differences in AMF dependencies. AMF presence may not be necessary for colonization
because clonal integration can facilitate blowout establishment, but if the distal plant is
severed from the rhizome, then AMF-associations can shift in response. Colonization
occurs primarily from lateral spread of existing vegetation between growing seasons
where areas with more stable substrate may have increased rates of recolonization.
However, erosion can also stimulate recolonization. With regards to the role of plants as
ecosystem engineers, plant morphology, density, and configuration impact topography,
most notably, with larger plants supporting larger nebkha and nebkha shape and height
varying by species both in field and lab-setting. As such, although C. kobomugi does not
appear to alter belowground AMF communities, it may alter the morphological trajectory
of an evolving foredune, impacting future storm response. Coastal instability will only
increase with the effects of climate change. Understanding the biological processes
underpinning recolonization and thereby recovery post-disturbance will only grow
increasingly important in a changing world.
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CHAPTER 1: Which comes first, the plant or the fungi? Spatial and temporal
heterogeneity of AMF across storm-disturbed coastal foredunes

INTRODUCTION
Episodic disturbances alter the physical and biological structure of communities,
setting the stage for recovery (Sousa, 1984; Petraitis et al., 1989). Of the many forms and
magnitudes of physical and biological disturbances, some affect ecosystem level
processes (Sousa:1984ir; Johnson & Miyanishi, 2007). Coastal foredunes, the first mound
closest to the ocean buffering upland areas, are arguably the most dynamic terrestrial
habitats worldwide. Daily wind and wave disturbances can keep these habitats in a daily
state of flux, and potentially in dynamic equilibrium (Maun, 2009). Episodic storms, such
as hurricanes, nor’easters, and wind events can alter linked biological and geological
processes, thereby causing changes to both the physical structure and biotic communities
of the foredune habitat (Balke et al., 2014; Corenblit et al., 2015). Storm frequency and
severity thereby control plant species assemblages and the time it takes for plants to
recover to a pre-storm or new state (Stallins, 2005; Durán Vinent & Moore, 2014;
Zarnetske et al., 2015). Disturbance triggers primary succession and its absence
facilitates later successional development such that they are linked processes (Stallins,
2003; Johnson & Miyanishi, 2007).
Most terrestrial plants (70-90%) form mycorrhizal associations (Cairney, 2000),
and AMF root colonization levels of 7-90% have been documented in dominant foredune
plants, of which there are only a handful in the world (Woodhouse, 1978; Koske &
1

Polson, 1984; Corkidi & Rincón, 1997; Maun, 2009). In North American foredunes,
Acaulosporaceae, Gigasporaceae, and Glomaceae are considered the most prevalent
genera, making up 83% of 119 documented foredune AMF species (Sridhar & Beena,
2001; Stürmer et al., 2018). AMF species richness tends to be spatially autocorrelated
across regions (Stürmer et al., 2018). However, root colonization rates can vary widely
by species and sampling location (Corkidi & Rincón, 1997), potentially lower in higher
salinity areas (Afaf et al., 2015), such as would be expected in foredunes fronted by
narrower beaches (van Puijenbroek et al., 2017). AMF associations may also vary with
the level of clonal integration, or resource sharing among connected individuals (Sudová
& Vosátka, 2008; Du et al., 2009; Liu et al., 2016; Jaafry et al., 2016), which could be
relevant to foredune plants with clonal growth.
In general, AMF are likely dispersal limited, but we know very little about spore
transport (Nielsen et al., 2016). To this effect, AMF may be absent in barren natural and
replenished beach and dune sands (Sylvia & Will, 1988; Koske & Gemma, 1992;
Greipsson & Mayas, 2000) or omnipresent (Afaf et al., 2015). Spores can survive salt
water inundation (Koske et al., 1996) and can be passively dispersed 2-km by wind
(Warner et al., 1987). AMF can also disperse via ‘island’ plants carried to new locations
with longshore transport (Koske et al., 1996). Small mammals can also spread spores
(Maser et al., 1978; Johnson, 1996). Fungal community composition can change in
response to stress, such as for example through the breaking of hyphal networks in storms
(Jasper et al., 1991), with potentially cascading effects on plant communities (Millar &
Bennett, 2016).
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AMF are obligately dependent on plant hosts so establishment of a nonmycorrhizal invasive plant species or those with novel AMF can eliminate native AMF or
AMF altogether, thereby affecting the ability of native mycorrhizal plants to compete in
these areas (Titus & Del Moral, 1998; Stinson et al., 2006; Bunn et al., 2015). Despite
often ubiquitous AMF and a general lack of documented host-specificity (Viles, 2012;
Yang et al., 2014), native and invasive plants can differ in their associations with
bacterial, fungal, and invertebrate communities (Zhang:2010hn; Emery:2019cy; Reid et
al., 2019), growing better in soils to which they are accustomed (Ji et al., 2010; Tanner &
Gange, 2013; Lankau et al., 2014). Plant productivity and AMF species richness can be
linked, where some species form more associations than others and or have greater access
to more diverse AMF pools (Kernaghan, 2005). Invasion of a non-mycorrhizal plant can
locally extirpate or reduce AMF (Stinson et al., 2006; Tanner & Gange, 2013; Bongard &
Fulthorpe, 2013; Lankau et al., 2014), tipping the balance against establishment of a
mycorrhizal-dependent native. Similarly, disturbances that eliminate AMF can present
opportunities for less AMF-dependent species to out-compete AMF-dependent plants
(Titus & Del Moral, 1998; Bradley et al., 2009; Mariotte et al., 2013), altering
belowground community dynamics in primary succession (Werner & Kiers, 2015).
Storm-induced foredune blowouts presents an opportunity to examined AMF
infectivity within barren foredune microhabitats to begin to understand the role that AMF
might play in vegetation recovery in primary succession. Blowouts can be formed in
disturbance events from high winds and/or wave erosion breaching the foredune crest
(Hesp, 2002). Blowout are considered ephemeral, but the biotic and abiotic controls on
3

their revegetation and the spatial and temporal constraints on the controls are unknown
(Doody, 2012). Blowouts are largely barren of plants and could also be barren of AMF.
Viable spores can be transported in, but may not persist (Sylvia & Will, 1988; Koske &
Gemma, 1992; Greipsson & Mayas, 2000). Similarly, although hyphal length per cubic
unit of soil may be exceptionally high, 55m of hyphae per cubic cm of soil recorded in
irrigated fields (Tisdall & Oades, 1979), hyphae may only extend up to 8-cm from host
root surfaces (Soka & Ritchie, 2014). As such, soil infectivity in blowouts will likely
vary with distance from vegetated edges. Post-storm, blowout revegetation, by one
pioneer or another will likely depend on the identity and density of pioneer plants
surrounding the blowouts nestled within an already existing successional gradient (Sousa,
1984; Petraitis et al., 1989).
We collected soil cores across two growing seasons to examine how foredune
AMF soil infectivity and AMF species composition varies over time and space. We
conducted our study in natural foredunes dominated by native Ammophila breviligulata
and invasive Carex kobomugi. A. breviligulata is considered AMF-dependent whereas C.
kobomugi is non-mycorrhizal (de Ridder-Duine et al., 2005; Funatsu et al., 2005;
Matsuoka et al., 2012) although there was one recent documentation of root colonization
in C. kobomugi, but at a 3-5x lower level than A. breviligulata (Johnson, 2011). We
selected three blowouts and collected spatially referenced cores from A. breviligulata and
C. kobomugi stands abutting them and from the foredune toe (where the beach habitat
transitions into the slope of the foredune face) to test if: (1) Inoculation potential varies
among microhabitats with A. breviligulata having the highest soil infectivity; (2) Blowout
infectivity increases temporally; (3) The infectivity of blowout soil and soil occupied by
4

C. kobomugi will be greater closer to the edges of these expanses which theoretically
share a boundary with AMF pools; and (4) C. kobomugi soil will have lower AMF
infectivity and AMF species diversity than A. breviligulata. Lastly, in conjunction with
examining soil infectivity, we collected and stained roots of both pioneers to test for
mycorrhizal status of C. kobomugi. Increasing abiotic storm stress related to climate
change, (IPCC, 2014) and species range shifts (Goldstein et al., 2018), will only make the
plant-fungi symbiosis more important for maintaining plant performance (Compant et al.,
2010). Understanding spatial and temporal constraints on infectivity may enable better
prediction of disturbance recovery.

MATERIALS AND METHODS
Study Species and Site
Both the sedge C. kobomugi (hereafter CK) and the grass A. breviligulata
(hereafter AB) are C3 xerophytic clonal plants with guerilla growth forms (Maun, 1985;
Ishikawa & Kachi, 1998; Voronkova et al., 2011). Asexual reproduction via rhizomes
predominates over sexual seed production (Seabloom & Wiedemann, 1994; Ohsako,
2010). As a native in China, Russia, Japan, and Korea, CK is a stress-evading species, but
occupies foredunes as a stress-tolerating invasive in the US Mid-Atlantic (Ishikawa et al.,
1990). It competes with AB for foredune space by establishing new stands (Yang et al.,
2012) or nucleating from existing stands at a rapid pace, conservatively, »2-m in
diameter per year (Halsey et al., 2006). CK creates dense »140 ramets/m2 monoculture
mats while AB at »30 ramets/m2, supports greater native species diversity and density
5

(Wootton et al., 2005; Charbonneau et al., 2016). CK invests more in belowground
biomass compared to aboveground for AB (Charbonneau et al., 2016). In general, forbs
and grasses are colonized more than sedges by both AMF and dark septate endophytes
across a broad range of habitats (de Mesquita et al., 2018). Here, AB is AMF-dependent
(Koske & Gemma, 1989), while CK, along with other closely related members of the
Cyperaceae genus, is considered non-mycorrhizal (de Ridder-Duine et al., 2005; Funatsu
et al., 2005; Matsuoka et al., 2012).
We conducted all research at Island Beach State Park (IBSP), Ocean County, NJ,
USA. IBSP is a micro-tidal »17km high barrier island sandy shoreline transitioning from
littoral to dune, maritime forest, and tidal marsh. Foredunes are dominated by A.
breviligulata or C. kobomugi with few exceptions (Charbonneau et al., 2017). Stands of
C. kobomugi are the oldest in the US as the species arrived on the continent in 1939 at
IBSP (Small, 1954), where it has since spread from Massachusetts to North Carolina
(Wootton et al., 2005). Temporal variation in AMF spore abundance should be
comparable to nearby Rhode Island dunes with documented peaks in March, April, May,
November, and December (Gemma & Koske, 1988; Lee & Koske, 1994), with root
colonization peaking June to August (Gemma & Koske, 1988).
We conducted all research within a 3-km foredune span, where Hurricane Sandy
(October 2012) created blowouts of varied size and shape but the foredune was not
overwashed or inundated and destroyed (Charbonneau et al., 2017). We selected three
bowl-shaped blowout sites (Hesp, 2002) >550 m apart and of similar diameter, depth, and
area: 506 m2, 485 m2, and 402 m2) identified and mapped in Fall 2016 using ArcPad on a
6

Trimbleâ GeoXTä GeoExplorerâ. Each blowout had monospecific stands of CK and
AB abutting their edges. We mapped CK stand extents to define where they abut with AB
stands, considering ramets <1 m apart part of the same stand (Charbonneau et al., 2017).

AMF Field Inoculum Core Collections
To examine how AMF soil infectivity, measured as inoculation potential, varied
in time and space, we collected multiple soil samples from four microhabitats, two barren
and two vegetated, within each site. The two barren locations consist of (1) open in the
blowout proper (denoted OP) and (2) foredune toe (denoted F), and the two vegetated
locations were in (3) CK and (4) AB monoculture stands abutting the blowout. We
collected 114 samples total each time: 16 OP, eight CK, eight AB, and six F at each of
the three blowout sites. We selected sampling points using the ArcGIS Random Point
Generator Tool, with >1.5-m distance between sample points and sampled in May and
December in 2016, March and November in 2017, and in April 2018 (Gemma & Koske,
1988; Lee & Koske, 1994). We collected samples repeatedly from the exact same
spatially referenced points.
Each sample consisted of three homogenized cores, each 810cm3, taken15-cm
apart, as a single soil sample may be a poor predictor of AMF spore abundance (Friese &
Koske, 1991). We first removed the top 15cm of soil using a garden trowel then drove a
2.8 x 18cm PVC pipe into the sand to collect a core. Both the trowel and corer were
sterilized with ethanol between samples. For vegetated samples, we always took the cores
next to an individual such that these samples contained both sand and root inoculum. The
7

greatest AMF spore density is expected at 10-30 cm depth (Abbott & Robson, 1991;
Funatsu et al., 2005). See Chapter 1 Appendix Supplementary Material S1.1 for
information on soil nutrients. We stored samples at 2-5ºC until establishing assays.
AMF Soil Infectivity & Trap Culture Assays
We examined the infectivity of the soil by AMF as Mean Infection Percentage
(MIP) (Moorman & Reeves, 1979) by quantifying the percentage mycorrhizal
colonization of roots in an assay with sorghum-sudan grass hybrid as host, and we
surveyed the AMF species present in trap cultures, using the same host species. In both
assays, we used a 1:1 ratio of homogenized field sand as inoculum and sterilized sand (x̄
= 0.300-0.350mm grain size), also collected from IBSP, autoclave sterilized at 122°C for
45 minutes. We maintained all assays in the Biology greenhouse at the University of
Pennsylvania at 27°C on a 12hr day-night cycle with twice daily watering.
MIP assays were grown in 150 ml Conetaintersã with two sterilized cotton balls
in the bottom to prevent sand loss. Each Conetainer represented one collection point,
three cores, at one time. We sowed three seeds but later thinned to one seedling per
conetainer. Knowing that AMF infectivity may be low at IBSP, our assays grew for 45
days, the maximum time usually assumed for primary fungal growth (INVAM 2017).
Then, we removed 0.2g of fresh roots and quantified the percent colonization of host
roots by AMF after clearing the subsample in 10% KOH (3.5-minutes), acidifying in 5%
HCL (4.5-minutes), and staining with 0.1% trypan blue (4-minutes) before scoring with
the gridline-intersect method (Giovannetti & Mosse, 1980).
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To explore AMF species composition, we established trap cultures from all four
microhabitats of the December 2016 and November 2017 collections that had MIP
infectivity levels >0.5%. We established our trap cultures using 10cm tall and 15 cm
diameter pots, lined with sterilized filters to prevent sand loss. We sowed 0.5 g of seeds
(»100 seeds) and grew the cultures for 4-months to allow for maximum sporulation, then
moved them into darkness for two weeks without watering. We extracted spores from
»250 cm3 of each trap culture, but only for samples that we previously determined had
MIP infectivity levels >0.5%. We used a sucrose method for trap culture spore extraction
following the protocol by INVAM (2017). We stored washed samples in water at 40°C in
petri dishes for up to 30 days while sorting spores. We evaluated spores for size, color,
shape, and features such as the presence of a sporogenous cell and ornamentation, and
crushed, stained, and mounted representative samples using a 1:1 Melzer’s Reagent and
Polyvinyl-Lacto-Glycerol (PVLG) mixture. We identified species based on descriptions
provided by INVAM and through personal communication with Joseph Morton.

Background AMF Colonization Levels
We quantified AMF colonization levels of AB and CK from field collections of
roots taken from 26 individuals of each species in June 2017 and 20 individuals in
August 2018. We referenced the locations of harvest with GPS to relate the location of
each sample relative to location in the foredune. For each plant, we stained 0.2g of fresh
root mass and then scored for AMF colonization.
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GIS & Statistical Analyses
GIS Data Extraction
To examine spatial patterns in MIP, we referenced our sample points to features
in the dune system using ArcGIS 10.3.1. We determined the distance of each blowout
sample point to the closest edge of the blowout, and the distance of each CK point to the
closest stand edge. We assumed samples closer to an edge were closer to AMF pools
supported by AB. We measured the extent of the three blowouts in fall 2016 and used
this spatial data with the May 2016, December 2016, and March 2017 collections, and
then measured again in fall 2017 for the November 2017 and April 2018 collections. To
determine if MIP varies longitudinally in the foredune, we mapped the crest January 2016
(where the plateaued foredune habitat drops as the most landward part of the seaward
foredune slope) and secondary dune boundary (the foredune heel) November 2013, and
used the Near Tool to determine the distance of each sample from each of these two
features, which did not shift during the study. Lastly, we determined the distance of all
summer 2017 and 2018 CK and AB root collections to the crest and secondary dune
boundary, and determined the width of the beach in front of the plants (distance from
crest to elevation 0m above sea level). We determined the distance of each sampled AB
to the nearest CK stand edge and conversely, the distance of each CK to the edge of the
stand in which it was located.
Statistical Analyses
We used JMP Pro 14.0 to perform analyses. All tests are two-tailed using α=0.05
and all means are reported ± S.E.
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To examine background AB and CK AMF root colonization levels, we
transformed the data to a normal distribution with the square root (%colonization +1). We
performed a two-way ANOVA to examine an effect of species and time (2017 vs. 2018)
and their potential interaction on root colonization, excluding the few samples that lacked
colonized roots. We used regression to test if AB, CK, and OP MIP varies spatially with
distance to the crest or secondary dune, and beach width, lumping the data across time,
excluding samples lacking viable AMF inoculum. We examine CK root colonization as a
function of distance to its stand edge using regression.
Over 50% of our total MIP assays had 0 to <0.5% infectivity of host plant roots,
skewing the data. We used a Log(%colonization + 1) transformation, but report the
means as percentages. We considered any samples with infectivity <0.5% as lacking
viable AMF. Each collection, between 3 and 10 MIP assays failed in that the host plant
died, but this was never consistently across microhabitat or blowout site.
We examined differences in MIP across microhabitats both qualitatively and
quantitatively. Qualitatively, we categorically defined each sample as having AMF
infectivity above 0.5% or below. We performed a Fisher’s exact test on the number of
samples that had vs. did not have viable AMF inoculum in 2 x 2 matrices analyzing the
two barren and two vegetated microhabitats separately each collection. Quantitatively, we
compare the mean Log(%colonization + 1) for samples with infectivity >0.5%, between
microsites using ANOVA. Here, we lump the foredune toe and blowout data together due
to low samples with infectivity >0.5%
We tested if MIP varied spatially with regards to sample location in the
microhabitat and in the foredune habitat. We used regression to test if Log(%colonization
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+ 1), in blowout and CK, varied with distance to its respective microhabitat edge. We
also used regression to test if Log(%colonization + 1) varied with distance to the crest
and secondary dune habitat boundary separately for the foredune microhabitats, CK, AB,
and blowout. In these regressions, we include all collections, holding time constant, and
only include samples where MIP >0.05%. Lastly, we perform a t-test, one on AB, CK,
and blowout Log(%colonization + 1) to test if mean sample distance to the crest, differed
for samples that had viable AMF compared to those that did not.
The trap culture results are largely descriptive. We identified the AMF species
present in 37 of the 39 samples producing apparently viable spores from the December
2016 collection and 44 of the 49 from the November 2017 collection. For December
2016, these represent 21 AB, 11 CK, and 5 blowout. For November 2017, the distribution
is 19 AB, 15 CK, 3 F, and 7 blowout. We used regression analysis to examine if AMF
species richness varies with Log(%colonization+1) and distance to the crest or secondary
dune, in separate analyses, lumping all data together across microhabitats and time.

RESULTS
Background Plant Colonization Levels
CK roots were colonized both years. Root colonization varied by year (F1,84 =
103.57, P < 0.0001) and there is a year and species interaction (F1,84 = 4.43, P < 0.04)
reflecting equal root colonization of the two species in 2017 and AB > CK in 2018 (Fig.
1.1). All 2017 roots were colonized, whereas in 2018, 15% of CK and 5% of AB lacked
colonized roots. Colonization did not vary, for either species, with distance to the crest or
secondary dune and was unrelated to beach width. Colonization of CK did not vary with
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distance to its stand edge.
MIP Assays
More than 50% of the samples, on average each collection, lacked viable AMF
(Fig. 1.2). Across all collections, viable AMF inoculum was only present in 16% and
18% of the total blowout and foredune toe samples, respectively, and these barren
habitats did not differ statistically in the number of samples lacking viable inoculum in
any collection. A much greater proportion of samples collected within vegetation stands
had viable inoculum (Fisher’s exact test, P < 0.001), 77% of all AB samples and 50% of
CK samples, on average. In both 2016 collections, CK had significantly more samples
lacking viable AMF than AB (Fisher’s exact test, P = 0.01), with a trend of this
November 2017 as well (P = 0.06), but in March 2017 and April 2018 AB and CK had
equal samples with and without viable AMF inoculum.
Infectivity in the MIP assays showed similar patterns. The two vegetated
microhabitats had equal MIP levels and they had greater MIP than both of the barren
areas in May 2016 (F2,32 = 7.53, P < 0.005), March 2017 (F2,42 = 8.22, P = 0.001), and
November 2017 (F2,43 = 11.35, P < 0.0001). However, in December 2016 (F2,36 = 14.93,
P < 0.0001) and April 2018 (F2,37 = 3.53, P < 0.04) CK and the two barren areas did not
differ in MIP from each other and AB had greater MIP levels than the three other habitats
(Fig. 1.3).
There was spatial patterning in MIP for the vegetated microhabitats. For CK,
samples lacking viable AMF were closer to the crest than those containing viable AMF
inoculum (t112 = -1.67, P < 0.05, one-tail). Similarly, the level of MIP, as measured by
the percentage of root colonized in samples with viable inoculum, increased with
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increasing distance from the crest (Fig. 1.4) for CK (F1, 59 = 5.38, P < 0.03) and with
proximity to the secondary dune for AB (F1, 93 = 11.25, P = 0.001; Fig. 1.4). Neither CK
nor the blowout samples varied in MIP with distance to the edge of their respective
microhabitat. Blowout MIP was unrelated to distance to the crest or secondary dune
habitat boundary.
Trap Cultures
There was generally low spore abundance in our trap cultures (<100 spores/ml).
We identified 13 total AMF species in six genera: Acaulospora, Cetraspora,
Diversispora, Funneliformis, Gigaspora, and Racocetra. All six genera were present
November 2017, and all except Acaulospora in December 2016. Species encountered
were A. morrowiae, A. scrobiculata, C. pellucida, D. epigaea, D. tortuosa, D. trimurales,
F. geosporus, F. mosseae, G. gigantea, R. persica, R. verrucose, R. coralloidea, and R.
fulgida. Racocetra was the most common genus both years, and the most prevalent
species were R. persica, followed by F. mosseae and R. fulgida. Please see Chapter 1
Appendix Supplementary Material S1.2 for information regarding the number of
occurrences of each species in each of the four microhabitats. In the December 2016
collection there was an unidentified non-glomeromycotan septate spore species present in
four samples (Chapter 1 Appendix Supplementary Material S1.3). Species richness, of
the plants and blowouts, as found in trap cultures did not predict MIP infectivity, nor did
it vary with distance to the crest or secondary dune.
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DISCUSSION
To begin to understand the role that AMF might play in vegetation recovery in
primary succession, we evaluated the soil presence, absence, infectivity, and species
composition of AMF in foredune microhabitats. Barren areas largely lacking viable AMF
and spatial randomness of infective samples, suggests that spores are transported in and
viable spore banks are non-existent. Conversely, in vegetated stands, viable inoculum
persists and can act as a source of recruitment for blowouts. AMF associations with C.
kobomugi, suggests that the species is not non-mycorrhizal, as it is when native, but
colonized as an invader. These results, in total, suggest that AMF likely do not play a
direct role in facilitating revegetation to initiate successional processes in storm-disturbed
foredunes.
AMF in blowouts likely do not contribute to plant revegetation post-disturbance
as blowouts largely lacked AMF consistent with past findings of AMF being absent in
barren beach sands (Koske & Gemma, 1997; Rillig et al., 2003; Gao et al., 2018).
Despite a lack of potential host plants, AMF were not entirely absent in blowouts as
might have been expected (Sylvia & Will, 1988; Koske & Gemma, 1992; Greipsson &
Mayas, 2000). Viable AMF were present, although not consistently, supporting
suggestions that AMF are dispersal limited (Warner et al., 1987; Nielsen et al., 2016).
The AMF species composition in the blowouts complimented those in abutting
vegetation. This suggests that vegetation stands act as AMF refugia or a source of
recruitment for blowouts, similar to surviving plant communities on Mt. St. Helen postdisturbance acting as refugia for seeds (Del Moral & Eckert, 2005). Planted nursery
foredune plants are also often already inoculated such and can act as sources to restore
15

AMF communities post-storm (Koske & Gemma, 1997). Though AMF likely do not
directly facilitate blowout recolonization, their presence could positively impact
belowground biomass as has been found for soil microbes (David et al., 2016), thus
indirectly facilitating recolonization.
Native A. breviligulata lacking MIP in »25% of all samples, despite being welldocumented as mycorrhizal dependent (Koske & Polson, 1984; Gemma & Koske, 1988;
Koske & Gemma, 1989; Friese & Koske, 1991; Koske & Gemma, 1992; Lee & Koske,
1994; Koske et al., 1996; Johnson, 2011) further support AMF not necessarily
contributing to plant recolonization. Spore clumping can be random surrounding
mycorrhizal plants (Friese & Koske, 1991), but our cores contained roots, were collected
within the range of hyphal expansion (Soka & Ritchie, 2014), and depth of greatest spore
density (Abbott & Robson, 1991; Funatsu et al., 2005) such that we believe this result to
be ecologically true. The ability of A. breviligulata to engage in clonal integration may
explain this lack of AMF ubiquity in a species whose roots can be up to 90% colonized
(Koske & Polson, 1984; Koske, 1987). Localized resource scarcity and abiotic stress and
heterogeneity can impact both integration intensity and AMF whereby conditions could
favour one adaptation over the other (Afaf:2015wz, Liu:2016ik}. Root colonization
levels were also exceptionally low for A. breviligulata (Koske & Polson, 1984; Koske,
1987), and C. kobomugi, in 2018 compared to 2017, likely due to differences in water
availability between the two years (Füzy et al., 2008). This is a finding that has been
confirmed in two separate root staining harvests, suggesting facultative mycorrhizal
associations.
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AMF soil infectivity increasing with distance from the crest, but field harvested
roots showing no spatial patterns, suggests that AMF propagule density is reduced by
abiotic stressors closer to the ocean, but AMF-plant interactions vary due to potentially
random factors. This result is contrary to a past observation of salinity reducing the
formation of AMF-plant interactions (Afaf et al., 2015), as colonization was unrelated, in
field roots, to distance to the crest or the width of the beach although narrower beaches
will have greater salt spray stress (van Puijenbroek et al., 2017). Salt stress will decrease
as a stressor with distance from the ocean (Oosting, 1945) and there is a likely feedback
between salinity, AMF, and plant density that is yet to be examined in consort. Variation
in plant root colonization levels may be due to plant density (Koske & Halvorson, 1981)
or heterogeneously distributed resources creating varied resource and stress gradients,
similar to levels of clonal integration varying across habitats as a function of resources
and stress (Liepiņa et al., 2015; Jaafry et al., 2016; Liu et al., 2016). These results
suggest that though viable AMF pools exist, plant associations are unrelated to spore
density, as observed, here, and in foredunes in Japan (Funatsu et al., 2005).
The AMF species present here support findings of Acaulosporaceae,
Gigasporaceae, and Glomaceae, being the most prevalent genera in North American
foredunes (Sridhar & Beena, 2001; Stürmer et al., 2018), but also suggest Racocetra may
also predominate and species assemblages may be more comparable to tropical foredunes
than previously thought. Genera identified, in other studies, but not found here include
Glomus and Scutellospora (Feagin et al., 2009; Johnson, 2011). Diversispora and
Funneliformis were prevalent for both plant species, although these genera are more
common on tropical, not temperate dunes (Rodríguez-Echeverría & Freitas, 2006; Emery
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et al., 2015; da Silva et al., 2015; Johansen et al., 2015; da Silva et al., 2019).
Diversispora could be prevalent at our site due to the invasion or level of invasion of C.
kobomugi at IBSP (Wootton et al., 2005). Diversispora is a dominant genus in Japan
(Yamato et al., 2012) and the theory of C. kobomugi’s arrival to the US is from ship
ballasts and/or viable plants used as packing material for imported china, released when
ships wrecked off the NJ coast (Small, 1954; Wootton et al., 2005). The most prevalent
species on foredunes may vary by state (Koske, 1987) as Diversispora has also been
reported in Cape Cod (Lastovetsky et al., 2018) where C. kobomugi arrived decades ago
(Standley, 1983) but was missing from RI dunes despite C. kobomugi presence (Johnson,
2011). Considering the AMF taxa present in foredunes may lend insights to storm
response as different taxa allocate more biomass to arbuscules whereas others allocate
more to hyphae development (Soka & Ritchie, 2014).
There are circumstances where the AMF symbiosis might be useful for plants
adapted to almost any environment (Cairney, 2000) and invasive C. kobomugi appears to
have retained genes for AMF compatibility, though it does not engage in mycorrhizal
symbioses as a native (Funatsu et al., 2005; Matsuoka et al., 2012). In Japan, C.
kobomugi lacks both AMF propagules in the soil of its stands and colonized roots
(Funatsu et al., 2005; Matsuoka et al., 2012). Root colonization levels can be greater
when there is a lack of phosphorus in early succession pioneer species (Titus & Del
Moral, 1998), but likely does not explain this result as: (1) phosphorus levels are not
likely to vary in nutrient limited foredunes regardless of location (Maun, 2009), (2) native
C. kobomugi is not mycorrhizal on earlier and later successional dune stages where
phosphorus varies (Ishikawa et al., 1990; Funatsu et al., 2005; Matsuoka et al., 2012;
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Liepiņa et al., 2015) , and (3) lack of diffusion capability makes phosphorus a limiting
nutrient, even at high concentrations, in arid or semi-arid environments (Füzy et al.,
2008). As a native, associations with endophytic bacteria could be fulfilling the role of
AMF to aid in phosphorus uptake (Matsuoka et al., 2012), but as an invasive the species
associations may have shifted due to varying symbiont availability.
Here, AMF are unlikely to impact invasion trajectories, which would indirectly
impact blowout revegetation (Werner & Kiers, 2015). AMF are most likely to affect
invasion trajectories when native and invasive plants belong to different functional
groups (Bunn et al., 2015), where they will be more likely to alter belowground
communities (Ji et al., 2010; Tanner & Gange, 2013; Lankau et al., 2014), such as if C.
kobomugi did not engage in AMF symbioses (Stinson et al., 2006). However, C.
kobomugi did not appear to alter and did not eliminate AMF communities, a finding
which has also been observed in weakly invasive Impatiens glandulifera and Fallopia
japonica (Tanner & Gange, 2013). These results suggest that attempts to eradicate this
invasive and re-establish natives in management efforts are likely to be more successful
given that plants tend to grow better in soils they are accustomed to (Ji et al., 2010;
Tanner & Gange, 2013; Lankau et al., 2014), and that the competitive ability of either
species is not likely to be heightened or reduced, at least not due to AMF (Titus & Del
Moral, 1998).
With regards to which comes first, the plant or the fungi, it appears not to matter
for the plant, which may be able to survive regardless, as suggested by a lack of AMF in
some vegetated samples. However, for AMF it appears plants must arrive first to build up
consistent levels of viable propagules in the soil. As such, the low levels of and random
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spatial distribution of AMF in blowouts support suggestions that AMF likely do not play
an direct role as a potential biological control on revegetation to initiate successional
processes (Titus & Del Moral, 1998).

20

Fig. 1.1. Root colonization levels in field collected roots of C. kobomugi (CK) and A.
breviligulata (AB). Colonization levels were equivalent between species in 2017 and in
2018 AB was more colonized than CK.
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Fig. 1.2. The number of soil cores, displayed as percent, from five collection times (570
samples total) having viable AMF inoculum, based on >0.5% colonization of sorghumsudan grass hybrid roots, or lacking viable AMF to elicit infectivity in MIPs. Some A.
breviligulata and C. kobomugi samples lacked viable AMF propagules each collection.
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Fig. 1.3. Mean inoculation potential, a proxy for soil infectivity, derived from sorghumsudan grass hybrid root colonization levels, across time in the different microhabitats,
excluding samples with colonization <0.05%. Error bars represent ± SE.
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Fig. 1.4. Spatial patterns in mean inoculation potential, based on sorghum-sudan grass
hybrid root colonization levels, with distance into the foredune. For A. breviligulata
(AB), MIP increased with proximity to secondary dune, and for C. kobomugi (CK), MIP
increased closer to the foredune crest. In each case this means infectivity increased from
east to west, with increasing distance from the ocean.
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CHAPTER 2: Post-storm recolonization of foredune blowouts

INTRODUCTION
In biogeomorphic systems, plants create and modify topography while
topography and time impact vegetation structure (Murray et al. 2008; Stallins and
Corenblit 2018). Foredunes, the first mounded habitat closest to the ocean, the interface
between land and sea, are more biogeomorphic than most other fluvial and coastal
habitats (Maun 2009; Balke et al. 2014). Constant intermediate disturbance and linked
biological and geological responses create a heterogenous habitat shifting along varied
spatial and temporal scales (Balke et al. 2014; Fei et al. 2014; Corenblit et al. 2015).
Disturbances, such as hurricanes, nor’easters, and wind events can alter the balance of
these forcings, modifying the landscape in ways that can impact response to future storms
(Houser 2013) and setting the stage for recovery within the context of an existing
successional gradient (Sousa 1984; Petraitis et al. 1989; Stallins 2006; Miyanishi and
Johnson 2007). Linked interactions thus play into system resiliency, defined as the ability
to resist change and recover post-disturbance (Hodgson et al. 2015) and contribute to
landscape-patch dynamics (Stallins and Corenblit 2018).
Variable storm response can manifest in the creation of blowout microhabitats.
Blowouts are barren erosional depressions created by wind. Theoretically, blowouts are
initiated when wind flows over vegetation stands that are already sparse and/or made
sparse by uprooting or plant mortalities, so the area loses its surface cover (Hesp 2002).
Once initiated, blowouts will evolve in size, depth, and morphology, in a saucer/bowl or
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trough shape (Gares and Nordstrom 1995; Hesp and Hyde 1996; Hesp 2002; A Smith et
al. 2017). Harsh foredune conditions, like heat, low water and nutrients, and dynamic
substrate, are magnified without vegetation (García-Mora et al. 1999; Maun 2009; Sun et
al. 2016; Ashkenazy and Shilo 2018). Sand deposition up to 2m depth has been
documented in blowouts over five years, but wind flow and sediment movement will vary
with wind direction relative to blowout morphology (Jungerius and Van der Meulen
1989; Hesp and Hyde 1996; Hesp 2002; Sun et al. 2016; A Smith et al. 2017). Blowouts
are considered ephemeral, (Hesp 2002; Doody 2012), but we lack an understanding of
factors structuring their recolonization. Similarly, they grow larger or smaller from
interactions between wind speed and direction, topography, and vegetation (Gares and
Nordstrom 1995), the latter of which has received minimal attention.
Vegetation controls foredune stability contingent on sediment supply and the
ability of plants to respond to burial and erosion (Johnson and Miyanishi 2007). An
inverse relationship between plant species diversity and sediment deposition indicates
that sand mobility disfavours burial-intolerant species (Grime 1979; Silva et al. 2008). As
such, sand input can determine community assemblages in foredunes (Keijsers et al.
2016), which will likely vary between accreting foredunes and those that are more stable
or eroding (Gallego-Fernández and Martínez 2015). There exists a positive feedback
between burial-tolerant pioneers and deposition such that deposition increases plant
growth resulting in increased surface cover and thus greater future deposition (Hesp
1989). Burial of 40 to 100cm appears to be the threshold where plants can be completely
buried but emerge and survive (Martinez and Moreno-Casasola 1996; Maun 1998; Maun
and Perumal 1999; Konlechner et al. 2013; Harris et al. 2017; Brown and Zinnert 2018).
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Burial-tolerance studies focus on plant survival, but not burial’s potential role in shaping
community assemblages and the rate of recolonization in barren back shore and blowout
sands.
Models suggest that vegetation will only stabilize bare sand in areas where the
substrate is more stable (Nield and Baas 2008; Keijsers et al. 2016), typically with
distance from the crest (Moreno-Casasola 1986). Asexual reproduction predominates in
most foredune pioneers (Slaymaker et al. 2015). However, viable buried seed banks can
exist even within barren sand but with decreased viability over time and decreased
likelihood of germinating if buried (Noble and Weiss 1989; Franks 2003). Without
disturbance, native species will generally increase in cover over time, increasing up to
25% in percent cover across a landscape in five years (Nielsen et al. 2011). Studies have
examined blowout morphology with attention to aerodynamics and sand transport (e.g.
Gares and Nordstrom 1995; Hesp and Hyde 1996; Sun et al. 2016; A Smith et al. 2017),
but no studies have explored biotic or abiotic controls underlying revegetation.
We currently do not understand how vegetation colonizing foredune habitats
varies between and within growing seasons in response to different abiotic stressors such
as substrate movement. Here we use an established foredune system as a living-lab and
monitor recolonization of foredune blowouts, at two scales, micro- and macro, relative to
time and substrate movement. At the microscale over four growing seasons, we examine
blowout recolonization by mapping individual plants in plots established where current
vegetation meets the bare sand of the blowout. At the macroscale, we monitor changes in
the size and shape of entire blowouts. At both scales, we follow and analyze spatial
patterns of recolonization as a function of time, substrate movement, and other potential
27

abiotic controls. In both experiments, we test the hypotheses that: (1) Substrate flux will
affect recolonization, with more dynamic areas experiencing lower plant recolonization;
(2) Recolonization will vary directionally among plots based on aspect and within
blowouts as a function of prevailing wind direction and salt spray; and (3) Location
within the system, regarding distance to the crest, access paths, elevation, and beach
width will contribute to recolonization by affecting sand movement within the feature.

METHODS
Site
We conducted the study 2013 to 2019 on foredunes at Island Beach State Park
(IBSP), Barnegat Bay Peninsula, Ocean County, NJ, USA. It is a micro-tidal environment
containing »17 km of high barrier island (Durán Vinent and Moore 2014) sandy beach
transitioning from littoral to dune, maritime forest, and tidal marshes. Of 24 beach access
paths through the dunes, A1 is the northernmost. We conducted our study between beach
access A14 and A23 (»3 km). Dominating foredune vegetation are the native Ammophila
breviligulata and the invasive Carex kobomugi, both with a May to October growing
season. Annual precipitation is comparable to Seaside Heights NJ on the NJ barrier island
at 127cm. Precipitation and wind speeds are lowest April through August, and the
Atlantic Hurricane season runs June 1 to November 30, with most storms occurring in or
after October with predominantly northeasterly winds (Gares 1992).
Foredune blowouts of varied size and shape have been historically present at
IBSP (Gares and Nordstrom 1995), with 64 recorded in 1957 and 24 in 1977 (Gares and
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Nordstrom 1988). Current blowouts were created and or exacerbated by Hurricane Sandy
(October 2012), and many extend into the secondary dunes (Charbonneau et al. 2017).
Blowouts can be formed from wind or wave erosion breaching the foredune crest (Hesp
2002). Prior to Sandy, the dunes were largely continuous, but Sandy erosion increased
south to north latitudinally locally in IBSP(Charbonneau et al. 2017). Areas north of A16
had more breaching, overwash severity, and overwash-induced blowouts, and have
appeared more dynamic or disturbance-prone since Sandy. South of this, A17-23, the
foredunes experienced collision erosion with little foredune breaching (Sallenger 2000).
Experimental Design and Censuses
In the microscale experiment, we established 2-m radius circular census plots,
each straddling the edge of a blowout and marked at its center with a 2m fiberglass pole.
Half of each plot was entirely within a blowout and the other half within adjoining
vegetation. Ten plots were in an area known to be more disturbance prone, A14-16, and
12 in a less-disturbed area southward, A17-23. We refer to the half of plots in the
blowout as barren (6.3 m2), but they were sparsely vegetated at the experiment onset
(1.05 ± 0.19 plant per m2) on September 23, 2016. We mostly avoided blowout western
edges as they often extend into the secondary dune, where biotic and abiotic conditions
differ from the foredune (Maun 2009). Based on local aspect, five plots face north, five
south, four east, and eight west. By recording the height of poles, we quantified substrate
flux between censuses (Tx – TX+1) and determined whether plants had become buried or
substrate had eroded since the preceding census.
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The plot poles also enabled us to record plant locations via polar coordinates. We
determined the distance to and angle of each plant from the pole using a digital angle
finder (0.3° Accuracy, 0.1° Resolution) mounted to a rigid rod with a ruler attached. The
angle finder was affixed to the pole but rotated freely horizontally, allowing one person
to measure the distance to a plant and another to note the angle. We referenced recorded
angles to true magnetic 0°. We measured locations of all plants encountered, except lowlying ephemeral Seaside spurge (Euphorbia polygonifolia), for which it was difficult to
distinguish individuals.
We conducted six microscale plot censuses (Fall and Spring) between four
growing seasons, the first on September 23, 2016. Spring censuses took place after plants
fully expanded (June 14, 2017; May 29, 2018; and May 14, 2019), 2-3.5 months after
they broke dormancy in late February or March. Fall censuses occurred on October 13,
2017 and September 15, 2018 and there was no difference in precipitation between
censuses (see Chapter 2 Appendix Supplementary Material S2.1). We stopped including
a plot in censuses after the initially barren half was recorded as fully recolonized, based
on uniform plant cover with ≤30 cm spacing between individuals (Fig. 2.1). Uniformity
was a criteria for considering a plot fully colonized and thus recovered because spare
non-uniform cover can be an impetus for blowout creation (Hesp 2002). The number of
plants in these colonized plots varied from 119 to 396 plants, although, some plots that
never fully colonized fell into this range but lacked evenness.
In the macroscale experiment, we censused entire blowouts, post-Sandy, annually
mid-September or October, mapping the perimeter of every blowout encountered along
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3km of foredune, to discern area and shape changes, through revegetation or further
erosion. We could detect when a blowout merged with another, fragment into multiple as
it was partially revegetated, or disappeared because it was fully revegetated (Fig. 2.2) and
measured any new arising blowouts. We mapped blowout perimeters as a polygon using
manual ArcPAD vertex mapping with Trimbleâ GeoXTä GeoExplorerâ (submeter
accuracy: 0.8 m 95%), defining the edge as where plants were ≤1-m apart. Clonal growth
from surrounding stands is likely the most common revegetation method, but viable
buried seed bank germination (Noble and Weiss 1989; Franks 2003) can explain plants
far from edges. We mapped all plants within blowouts, as points for plants ³1-m from
neighbors and as polygon for plant groups ≤1-m apart. In 2013, the first census, there
were 55 blowouts, all created and/or exacerbated by Sandy (Chapter 2 Appendix
Supplementary Material S2.2). We could not census in Fall 2015, because Hurricane
Joaquin (September 22) buried plants, making reliable measurements impossible. To
relate revegetation and substrate mobility, we monitored sand flux in 16 blowouts via
elevation change on 1.2 m poles in the blowout center. We installed the poles in 2017 and
measured them periodically in the 2017 and 2018 growing season: monthly March to
May, in August, and when mapping blowouts in fall. We determined substrate flux Tx –
Tx+1 and summed changes in elevation in these censuses to relate it to blowout area
changes Tx – Tx+1.
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GIS Spatial Data Extraction
We used the ArcGIS 10.3.1 near tool to determine if distance to key habitat
features explained variation in the colonization of blowouts. Because salt spray decreases
with distance from the ocean and may control barrier island species distributions (Oosting
1945; Oosting 1954; Rajaniemi and Allison 2009), we determined the distance of each
microscale plot center’s to the foredune crest, defined as where the plateaued foredune
habitat drops as the most landward part of the seaward foredune slope (mapped January
2016) and the ocean, defined as elevation 0m above sea level (publicly available USGS
topobathymetric data) and determined plot starting elevation from a 2014 LIDAR
(Wright et al. 2014). For blowouts, we first defines the location of the centroid of each
blowout with the Feature to Point Tool to and then used the near tool to determine
distances to: (1) the southern extreme of our collection area, (2) crest post-Hurricane
Sandy (heads-up delineated from NOAA aerial flown November 1, 2012), (3) nearest
beach access path, and (4) ocean.
We examined the extent and rate at which plants colonize blowouts. For
microscale plots, we drew an imaginary line dividing the September 2016 barren and
vegetated plot halves and mapped plant locations, with the Bearing Distance to Line
Tool. Increasing distance to this line in barren halves reflects vegetation colonizing into
the blowouts from vegetated plot halves. We calculated blowout areas from mapped
polygons at the macroscale, and to examine colonization from the edge, we determined
the location of the centroid of each blowout present between successive mappings and
determined the distance of the centroid Tx from its location Tx+1. Because erosion vs.
colonization can occur simultaneously in different areas of the same blowout, we
32

explicitly determined the locations and sizes of areas that underwent erosion vs.
colonization Tx to TX+1 with the Symmetrical Difference Tool.
Explicit to macroscale, we partitioned blowouts that never fragmented between
consecutive censuses into cardinal direction quadrants from their 2013 centroid. We
expected less colonization in the NE and SW quadrants because they theoretically have
more erosion based on the predominant IBSP wind direction (Hesp 2002; Sun et al.
2016), and accordingly increased colonization in the SE and NW quadrants. We
calculated the smallest convex polygon enclosing each blowout (convex hull), with the
Minimum Bounding Geometry Tool and divided the maximum width by the maximum
length, as a shape metric, defining blowouts with values >0.60 as circular and <0.60 as
oblong.

Statistical Analyses
We used JMP Pro 13.0 to perform statistical analyses. Unless otherwise noted, all
tests are two-tailed using α=0.05 and with all means ± S.E. Most analyses are
complimentary as the same hypothesis is tested at both experimental scales.
We analyzed colonization across time. At the microscale, we used matched
analyses in Wilcoxon Signed Rank, between (Fall to Spring different years) and within
growing seasons (Spring to Fall same year), to determine if plots changed in density. We
first examine plant density as the number of plants in each whole plot (12.6 m2) to detect
significant changes in vegetation density occur and then examined that change more
explicitly in the vegetated vs. barren plot half (6.3 m2). Between successive mappings
(i.e. 2013 to 2014, 2014 to 2016, etc.), we compared blowout area using Wilcoxon
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Signed Rank: (1) of the original 55 blowouts, (2) excluding blowouts fully colonized, and
(3) combining fragments that arose from the same blowout. These tests indicated
blowouts are being colonized, except 2014 to 2016. To test if erosion and colonization
were equivalent 2014 to 2016, we determined the colonized vs. eroded area of each
blowout during this time period and the others and compared them with Wilcoxon Signed
Rank. Lastly, we tested if initial area predicted a blowout being fully colonized or not by
using a Wilcoxon test to compare original blowout areas categorized as colonized or not.
We tested if colonization occurs from vegetated blowout edges into barren
blowouts. At the microscale, we examined mean plant distance in the barren half to the
plot center line as a function of census Julian Date using regression. At the macroscale,
we determined which blowouts did not either split or merge 2013 to 2014, 2016 to 2017,
and 2017 to 2018 and then determined if the mean distance between centroids Tx and Tx+1
varied across time periods with a Van der Waerden test. We excluded 2014 to 2016,
knowing that erosion, as opposed to colonization, predominated in this period.
We tested if substrate flux explains variation in colonization. For microscale
plots, we examined change in density in the barren plot halves as a function of substrate
flux (pole height T X - Tx+1), testing both a linear and quadratic model fit to the
relationship. We examined this relationship in all intervals that substrate flux might
impact plot colonization, using flux and colonization between successive censuses and
also by using total flux and total density change from the first to the last census. For the
macroscale blowouts, we perform an ANCOVA, examining blowout area change 2016 to
2017 and 2017 to 2018, as a function of net sediment flux a blowout experienced, net
accretion (n=11) or erosion (n=9), with total substrate flux, measured from our 16 poles.
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Colonization likely depends on past conditions as shown at the microscale where
there was a strong relationship between plot plant density Tx+1 and past density Tx (R2 =
0.51, F1, 101 = 72.40, P < 0.0001). Accordingly, we used ANCOVA, to examine density
Tx+1, density as a function of plot side, with density TX as the covariate. We test if
vegetated half density Tx predicts barren plot density Tx+1, using all census dates, in a
linear regression. At the macroscale, we tested if past blowout size Tx predicts
colonization in blowout size Tx+1 using regression. To test if smaller blowouts experience
more colonization, we examined if percent blowout area colonized Tx+1 is related to
blowout area Tx with regression, excluding outliers (area >1000m2) and plots that were
eroded Tx to Tx+1.
We tested whether distance to particular habitat features explains variation in
colonization. At the last microscale census, 10 plots were fully colonized and nine were
still undergoing colonization (Fig. 2.1). To explore whether distance to habitat features
explained this difference, we used Wilcoxon Signed Rank test to compare between the
colonized and recovering plots: mean initial elevation; average and sum of substrate flux;
and distance to the ocean and crest. For macroscale blowouts, we perform a full factorial
Stepwise Regression with the dependent variable colonization (i.e. change in blowout
area Tx - Tx+1) and the independent variables: distance of blowout centroids (determined
each period) to the ocean; pre-Sandy crest; nearest access path; secondary dune; and
southern extreme. We removed three outliers (area ³1000m2) and include only the
original 55 blowouts that never fragmented in this regression.
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We tested if colonization varied spatially with respect to compass direction at
both experimental scales and by blowout shape at the macroscale. For microscale plots,
we tested an effect of aspect (N, S, E, or W facing), and plot location, relative to
homogeneous or heterogeneous change, between the growing seasons with MANOVA on
plant density across time. In macroscale blowouts, we analyzed erosion and colonization
in quadrants and halves based on compass directions, with Van der Waerden test and
Wilcoxon Signed Rank, respectively. To test if erosion varies by quadrants, we
determined which blowouts had areas within them that experienced erosion in some parts
of their bounds and colonization in others, Tx to Tx+1 equally distributed among the
quadrants (n=13) and compared the erosion area between these in quadrants with a Van
der Waerden test. To test if blowout shape impacts colonization, we used ANCOVA on
colonization Tx+1 with our shape metric (circle or oblong) as our independent variable for
the shape of the blowout Tx, with area Tx as the covariate.

RESULTS
Microscale Colonization Across Time
We encountered 11 species in our censuses: A. breviligulata, Asiatic sand sedge
(C. kobomugi), Seaside goldenrod (Solidago sempervirens), Salt spray rose (Rosa
rugosa), Sea rocket (Cakile edentula), Virginia creeper (Parthenocissus quinquefolia),
Beach Pea (Lathyrus japonicus), Poison ivy (Toxicodendron radicans), Gray’s cyperus
(Cyperus grayi), and Coastal jointweed (Polygonella articulata). Only A. breviligulata,
C. kobomugi, and S. sempervirens were consistently present, and most plots contained ≤2
species in any census. Similarly, A. breviligulata was by far the most common, making
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up between 88.3 ± 3.67% (Fall 2016) and 95.18 ± 3.16% (Fall 2018) of all individuals
per plot in any one census.
It took three growing seasons, until Spring 2018, for the initial barren half of any
plot to become fully vegetated. By 2018, six plots were fully colonized, and two plots had
no plants due to wind erosion, two plots were too buried to census, and one plot had no
plants for unknown reasons. Four additional plots became fully colonized by Spring
2019, such that ten plots (45%), were fully colonized in the experiment. Of the
remaining, three plots were eroded and destroyed where no plants remained in any plot
half. Nine plots are still being vegetated. Of the plots remaining plots that were not
destroyed or buried by the final census, the vegetated half of these had increased in
density by 247.3 ± 59.4% compared to the initial Fall 2016 density and the barren half
had a near thousand-fold mean percent increase 897.3 ± 514.3%.
Density increased between successive growing seasons (Fall to Spring), except
Fall 2018 to Spring 2019: 2016 to 2017, S = 78.5; P < 0.005; 2017 to 2018, S = 80.0; P <
0.005. Density remained consistent within growing seasons (Spring to Fall), in both the
2017 and 2018 seasons. Between growing seasons, barren plot halves increased Fall 2016
to Spring 2017 (S = 101.5; P < 0.0001) and Fall 2017 to Spring 2018 (S = 77.0; P <
0.01), but not Spring 2018 to Fall 2019 (S = 7.0; P = 0.66). While density in vegetated
plot halves generally increased, it was only significant Fall 2017 to Spring 2018 (S =
79.5; P < 0.01; Fig. 2.3). The barren plot half deceased due to deaths (S = -51.5; P <
0.05; one-tail) within the 2017 growing season, but both halves increased during the 2018
season (Barren: S = 40.5; P < 0.01; vegetated: S = 30.5; P = 0.05; (Fig. 2.3).
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Macroscale Colonization Across Time
Since Hurricane Sandy, the size, number, and proportion of space blowouts
occupy in the foredune all became smaller as blowouts were colonized/vegetated.
Blowouts have declined in area from encompassing 37,099 m2, 29% of the foredune (x̄ =
674.5 ± 178 m2) in 2013 to encompassing 17,909 m2, 16% of the foredune (x̄ = 407.0 ±
140.5 m2) in 2018. Mean area colonized each period, excluding fully colonized blowouts,
was x̄ = 50.0 ± 7.0% to x̄ = 70.2 ± 4.2%. Similarly, after five years, 64% of the original
blowouts had been colonized by the final census in 2018, and those that were not fully
colonized had been colonized by 62.8 ± 5.8%. In the 55 original blowouts, there were 27
cases when a blowout experienced erosion (i.e. blowout growth) between consecutive
mappings vs. 120 instances of colonization (i.e. blowout reduction). Eroded blowouts
grew by x̄ = 14.6 ± 5.8% to x̄ = 40.3 ± 10.3%. See Chapter 2 Appendix Supplementary
Material S2.4 for more details on blowout demographics, including new blowouts.
Macroscale blowouts were partially or fully colonized between successive
mappings, except from 2014 to 2016, when erosion equaled colonization (Table 2.1).
Supporting this, colonization between all successive years was greater than 2014 to 2016
(P < 0.05; Fig. 2.4). Equal erosion and colonization between 2014 and 2016 are likely
from Hurricane Joaquin (September 2015) and Winter Storm Jonas (January 2016), both
of which eroded the foredune area (Chapter 2 Appendix Supplementary S2.4).
Through the five-year study duration, some blowouts were fully revegetated while
others were still barren and thus recovering at the last census in 2018 (Table 2.1). Smaller
blowouts were shorter lived. Fully colonized blowouts were initially smaller than those
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that remained not fully colonized, (S= 824, P < 0.0001), regardless of whether outliers
(area >1000m2) were removed. The size of blowouts Tx, for those becoming fully
colonized by Tx+1 (x̄ = 55.6 ± 10.97m2) did not vary across time. A blowout area of 401.5
m2 maximum was capable of being colonized from one growing season to the next.
Colonization from Vegetated Edges
Colonization occurs from vegetated blowout edges into barren blowouts. In the
microscale plots, this is shown by an increase in the mean distance to the plot dividing
line increases in the barren half (F1, 109 = 5,923, P < 0.02; Fig. 2.5). Macroscale
colonization or shifts in area are from shifts at the edges of blowouts where plants are
expanding inward. Blowouts that were present in successive collections, and not merging
or splitting, did not vary in the distance the centroid shifted across periods despite
changing area (x̄ = 2.41 ± 0.21). Plants within blowouts, separate from edge stands,
generally appeared stunted and only normally expanded in the largest (>4500 m2) and
deepest blowout, which sometimes had flooding at its basin after rain events.
Substrate Flux Impacting Colonization
Substrate flux did not impact microscale density or changes in density. This was
true whether we applied a linear or quadratic fit to the data and whether we examined the
data split into time periods or in totality across the experiment T6 – T1. Although
colonization did not change with substrate flux, we observed the greatest density
increases where there was less substrate change, i.e. greater stability, in the initially
barren plot halves that experienced less substrate change and were thus more stable (Fig.
2.6). Mean substrate flux between the collections was 5.69 ± 1.60 cm, with the greatest
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substrate flux between successive collections Fall 2016 to Spring 2017 (x̄ = 11.2 ± 2.0).
See Chapter 2 Appendix Supplementary Material S2.3 for more details on microscale
substrate flux. In plots where plant still remained (i.e. that were not destroyed), substrate
change was -29.2 cm to 35.6 cm. Conversely, in eroded plots where all plants in both
halves were uprooted (n = 5 across experiment), erosion varied between 1.23 m and 1.46
m based on the pole height in these plots at the last collection before they were destroyed.
At the macroscale, because there was a lack of homogeneity of slopes between
blowouts experiencing burial vs. erosion (F1,20 = 8.93, P < 0.01), a positive relationship
between sediment flux and colonization can be attributed to the level of erosion (F1,20 =
9.01, P < 0.005; Fig. 2.7). Colonization was unrelated to burial amount (Fig. 2.7), but
there is a positive relationship between level of erosion and colonization drives the
overall relationship between substrate flux and colonization.
Density Dependence of Colonization
Colonization is density dependent in the microscale plots. The slope of density
Tx+1 (Fig. 2.8) did not vary between barren and vegetated plot halves, after accounting for
density Tx as a covariate, but density Tx+1 was positively related to density Tx (F1, 190 =
20.94, P < 0.0001). Similarly, density in barren plot halves TX+1 is related to vegetated
plot half density Tx (R2 = 0.11, F1, 64 = 8.22, P < 0.01).
At the macroscale, the area of blowouts colonized Tx+1 depended on the size of
the blowout Tx. The area colonized Tx+1 was positively related to the blowout area Tx (R2
= 0.21, F1, 127 = 33.01, P < 0.0001). This is true with or without potential outliers (area
>1000m2) removed. Supporting colonization being both density dependent and occurring
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from vegetated edges, percent colonization is related to blowout area in that smaller
blowouts Tx have as greater percent of their area colonized Tx+1 (R2 = 0.17, F1, 99 = 19.84,
P < 0.0001).
Location of Recovering Area
Location within the foredune habitat, with respect to habitat features, did not
explain variation in microscale colonization. Average plant density and change in density
in the barren halves did not vary by plot distance to the ocean or to the crest. The plots
that were fully colonized compared to those still recovering at the final census, did not
vary in initial elevation, substrate flux, or distance to the ocean or crest.
The location within the foredune habitat impacts macroscale blowout
colonization. Blowouts closer to the crest experienced greater substrate flux as measure
by poles (R2 = 0.19, F1,16 = 3.78, P = 0.05). Distance to the secondary dune, crest, and
interaction effect of these with distance to a beach access path were all significant factors
that impacted the level of colonization blowouts experienced. See Table 2.2 for
significant effects in the best model from our full factorial stepwise regression, for
predicting blowout change based on model AIC scores (Model R2 = 0.40, adjusted R2 =
0.35).
Spatial Variation in Colonization
Colonization varied spatially within the blowouts, but not consistently. At the
microscale plot level, plot aspect (N, S, E, and W) did not predict plant density, but time
(F5,119 = 11.12, P < 0.0001) and space or the location of the plot did (F21,119 = 4.97, P <
0.0001). Among blowouts, colonization was greater in western halves of blowouts than
eastern halves from 2016 to 2017 (trend, S = 56.0, P < 0.06; one-tail) and 2017 to 2018
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(S = 43.0, P = 0.04; one-tail). Exploring this further, regarding wind direction, erosion
incurred did not vary among blowout quadrants, but colonization by quadrant varied
among years. Specifically, from 2013 to 2014 (c2 = 13.36, P < 0.005), colonization was
greater in the NE quadrant compared to the NW and SE with a trend of greater
colonization in the SW quadrant then SE. From 2017 to 2018, colonization in the NW
quadrant was greater than in the SE (Steel-Dwass; Z = 2.71, P = 0.03). Blowout shape
(width/length), was also positively related to colonization in that more oblong blowouts
experienced greater colonization than more circular ones, but there was a lack of
homogeneity of slopes such that variation attributable to shape depends on the size of the
blowout.

DISCUSSION
We tested abiotic controls, as the effect of time and substrate movement, on
coastal foredune blowout recolonization post-storm. In the absence of disturbance events,
storm-impacted areas will become revegetated, but over the course of multiple growing
seasons, temporally constrained by the ability of plants to expand laterally. Plots with the
greatest colonization tended to have less burial or erosion, but erosion, like burial, can
also positively impact vegetation if not extreme, >1m. Growth within growing seasons is
limited such that the vegetation emerging in spring will be the extent of that present to
respond to any disturbances that might occur June to July when the hurricane and
growing seasons converge.
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Density dependence and substrate movement in microscale plot colonization
suggests that A. breviligulata, the dominant species, is colonizing blowouts asexually.
Seed germination could show the same density dependence as plants (Inouye 1980), but
here germination is low, likely due to lack of water and substrate movement (Noble and
Weiss 1989; Franks 2003). Rhizomes of A. breviligulata are capable of expanding >1m
in length in a growing season with new plants emerging from buds the following year
(Maun 1985). These results suggest that the plants do not invest in shoot emergence
within the growing season but invest in belowground expansion in preparation for new
shoot emergence in the next growing season (Maun 1984). Consistent with our results,
Phragmites australis, which can be a dune invader, invests in shoots early spring until
June, and then switches to rhizome investment, with younger plants investing more
belowground and older individuals investing more in shoots (Gran li et al. 1992; Asaeda
et al. 2006). Planted A. breviligulata has been found to produce exponential growth of
rhizomes between growing seasons but not of new ramets (Maun 1985), consistent with
our findings. Regardless, the local population expansion levels we observed, at the full
2m radius plot level, »250%, are greater than observed for C. arenaria and A. arenaria,
»25%, across a dune landscape (Nielsen et al. 2011).
Blowout lifespan and colonization between growing seasons are size and
condition dependent. Models predict recovery in blowout depressions refilling in 10-20
years (Gares and Nordstrom 1995). However, the recovery timeline, at least for
vegetation can be much shorter given that a »400 m2 blowout can be vegetated in a year.
Revegetation will impact blowout depression filling, resulting in greater future deposition
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given plant’s ability to catch windblown sand (Hesp 1989) in a poorly understood
biogeomorphic feedback (Murray et al. 2008; Stallins and Corenblit 2018). Without
plants and where blowout recovery is defined geologically, as filling in with fresh sand
over time (Gares and Nordstrom 1988), we would expect the recovery time to be longer
because major depositional events usually occur on the order of decades, not annually
(DM Smith et al. 2010). There appears to be a threshold where once a blowout is
revegetated such that its area is ≤400 m2 the blowout is likely to be colonized in the
absence of a disturbance. Our erosive conditions, can be attributed to Hurricane Joaquin
(September 2015) and Winter Storm Jonas (January 2016) (Dohner et al. 2017),
consistent with wind speeds >8.75 m/s being erosive (Jungerius et al. 1981) while net
colonization occurred in other periods, all lacking a named storm event occurrence.
The change in blowout area along vegetated edges support asexual reproduction
as the mechanism of recolonization. We expect this to be consistent across foredune
pioneers (Maun 2009; Slaymaker et al. 2015), as for example 50% of A. arenaria can
develop within 1-m of existing patches and 85% within 2-m (Keijsers et al. 2015).
Colonizer identity will vary with order of arrival of the surrounding vegetation (Werner
and Kiers 2015). Given blowout sizes, any establishment in the basin could only occur
from uprooted plants being washed in (Yang et al. 2012), which did not occur, or from
seeds. Rhizomes cannot expand this far from edge plants without sending up
aboveground ramets at nodes (Maun 1985). Seedbanks germinate with sufficient water
(Noble and Weiss 1989; Franks 2003) but only did so in the one blowouts that was the
largest and deepest, closest to the water table. Soil moisture measurements showed
blowout water content to be near the wilting point for plants in sandy soils (Fredlund and
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Xing 1994; Fredlund and Houston 2013). Given low availability of water, seedlings
arising in bare sand will likely die less than two weeks after emergence (Maun 1985)
consistent with our finding that the few plants in blowout centers appear stunted.
Recolonization via seed should be slower than through rhizomes and may be a reason
why Uniola paniculata is a poor competitor with A. breviligulata (Woodhouse et al.
1977) spreading asexually.
The level of erosion we observed may encourage colonization although burial did
not, consistent with some species having increased competitive ability in wind exposed
conditions (He et al. 2013). We found it surprising that burial had no impact on
colonization because it is known to stimulate vertical growth of A. breviligulata (Maun
1998; Maun and Perumal 1999; Konlechner et al. 2013; Harris et al. 2017; Brown and
Zinnert 2018), but had no impact on colonization. The level of burial we recorded may
not have been great enough to impact the vegetation (maximum = 35.6 cm), confirming
that 40-100 cm appears to be the threshold to increase Ammophila vigor (Martinez and
Moreno-Casasola 1996; Maun 1998; Maun and Perumal 1999; Konlechner et al. 2013;
Harris et al. 2017; Brown and Zinnert 2018). Similarly, burial likely varied within
blowouts as wind speeds sufficient to increase deposition can also cause erosion
elsewhere in the same blowout (Jungerius et al. 1981). Therefore, topographic scale
changes in elevation would better inform the impact of deposition at blowout scale
compared to our point measurements. The low number of species that we found at the
plot level is consistent with models that assume substrate stability and vegetation density
are inversely related (Nield and Baas 2008). As such, we did not observe differences in
communities between accreting vs. eroding plots (Gallego-Fernández and Martínez
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2015). However, the magnitude of erosion in likely to control its impact, as plants were
uprooted in all plots eroded ³1m, which is deeper than A. breviligulata roots extend
(Maun 1985; Charbonneau et al. 2016).
That compass direction did not more consistently predict blowout colonization is
surprising given that models and field observations indicate that sediment erodes upwind
and deposits downwind in blowouts (Jungerius and Van der Meulen 1989; Hesp and
Hyde 1996; Hesp 2002; Nield and Baas 2008; Sun et al. 2016; A Smith et al. 2017).
Predominant wind direction at IBSP is northeast (Gares 1992) such that we expected
decreased colonization in NE and SW quadrants from greater instability. However, as
supported by our finding that erosion can stimulate colonization, colonization was
greatest in the NE quadrant between 2013 and 2014. Variable colonization among
quadrants can be explained by differences in wind speed relative to direction which can
impact erosion vs. deposition occurrence (Jungerius et al. 1981). Differences in
colonization between east and west blowout quadrants and halves were consistently
greater landward although blowouts at IBSP should tend to erode in that direction with
prevailing winds (Gares and Nordstrom 1995; A Smith et al. 2017). We do not think that
wind impacts this result. Rather, salt spray, which decreases with distance from the ocean
and likely acts as a control on species assemblages (Oosting 1945; Oosting 1954;
Rajaniemi and Allison 2009), negatively impacts plant colonization as it does growth
(Morais et al. 2012), consistent with blowout colonization being related to distance to the
foredune crest and secondary dune. At the foredune scale, this translates to storms having
greater impact in foredunes fronted by narrower beaches (Houser et al. 2008).
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Table 2.1. Changes among the 55 original blowouts over the four time periods. Blowouts
fragmented (revegetation separates them), were colonized (shrinking area), eroded
(increasing area), or merged.

Census
2013 to 2014
2014 to 2016
2016 to 2017
2017 to 2018

Blowouts
Remaining
Barren
36
29
25
20

Blowouts
Fully
Colonized
19
16
11
10

Fragmenting

Merging

9 fragmented to be 31
9 fragmented to be 34
1 fragmented to be 3
2 fragmented to be 6

5 merged into 2
13 merged into 3
7 merged into 3
3 merged into 1
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Table 2.2. In the best full factorial Stepwise Regression model, based on AIC score, to
predict colonization (area Tx – Tx+1). Distance to beach access paths, the secondary dune
and crest all impact colonization positively, so blowouts located centrally in the foredune
will have greater colonization with increasing distance from a beach access.
Intercept
Southern Extreme
Crest
Beach Access Path
Crest x Beach Access Path
Secondary Dune
Beach Access Path x Secondary Dune

Estimate
-173.6
0.01
7.57
0.60
0.23
5.79
0.16
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Std Error
78.4
0.02
3.07
0.35
0.05
2.39
0.04

F Ratio
t ratio = -2.22
0.08
6.06
2.99
21.72
5.86
14.88

Prob > F
P < 0.04*
P = 0.79
P < 0.02*
P = 0.08
P < 0.0001*
P < 0.02*
P < 0.005*

Fig. 2.1. The 22 microscale plots transitioned into various states as they were colonized,
buried, and eroded while recovering. The arrow points to the vegetated plot half.
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Fig. 2.2. The same foredune area over time 2013 to 2018 whereby white areas are barren
blowouts and the green represents the area colonized from successive years. Blowouts
fragmented (revegetation separates them), were colonized (shrinking area), eroded
(increasing area), or merged. Images are to the same scale. Of note, the level of
colonization depicted 2013 to 2014 in this particular blowout is an extreme example
compared to other blowouts.
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Fig. 2.3. Changing number of plants in the 2m radius plots, shown separately for the
vegetated and initially barren half, between and within growing seasons. January 1, 2016
would be day one in the running ordinal date. Points denote means and stars denote level
of significance with * = P < 0.05, ** = P < 0.01, and *** = P < 0.001. The line across
the interquartile range of the box plots denotes median and whiskers are minimum and
maximum values observed.

51

Fig. 2.4. Blowouts predominantly shrank in area each census from plants colonizing their
edges from the vegetated foredune. Net erosion only occurred in 2014 to 2016 coinciding
with two storms. The Y-axis is in log-scale.
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Fig. 2.5. Initially barren halves of the 2m radius plots, within blowouts, show an increase
in the average distance of a plant from the plot center line over time in the barren plot
halves. There is no such change over time for the vegetated half, indicating a continuous,
fairly uniform spatial distribution of plants. The line across the interquartile range of the
box plots denotes median and whiskers minimum and maximum values observed.
January 1, 2016 would be day one in the running ordinal date.
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Fig. 2.6. The highest levels of plot colonization occurred where substrate flux was
lowest. Regression analysis, linear and quadratic, was not significant examining the effect
of substrate flux on barren plant density.
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Fig. 2.7. For the subset of plots experiencing net substrate erosion, the area colonized was
positively related to the amount of erosion. For the subset of plots experiencing burial,
there was no relationship between the amount of burial and colonization as expressed in
area.
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Fig. 2.8. Plant density in the previous census is a strong predictor or plant density in the
following census. The slope of this relationships does not vary by plot side.
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CHAPTER 3: A decade of expansion of the invasive plant Carex kobomugi in a coastal
foredune system

INTRODUCTION
Habitat conditions, biotic and abiotic, dictate species dispersal and establishment,
with evolutionary, life-history, and demographic implications (Bazzaz 1991; Morris
2003). The modular structure of plants and plant communities makes them capable of
exploiting spatially and temporally heterogenous resources, despite their immobility
(Bazzaz 1991). Plants can effectively disperse into favorable habitats and away from
unfavorable ones (Janzen 1970), selectively place foraging organs in less-contested areas,
and are capable of sharing resources among individuals in clonal integration (Hartnett
and Bazzaz 1983; Hutchings and de Kroon 1994; Oborny 1994; Hodge 2004; Roiloa and
Retuerto 2006; Liu et al. 2016). Plants are thus capable of plasticity (De Kroon et al.
2005). Responses to cues can ultimately result in the preferential colonization of more
favorable patches in a heterogenous environment (Salzman 1985; Fransen et al. 1998),
differential resource allocation across a landscape (de Kroon and Schieving 1991), and
increased environmental heterogeneity with biological and geomorphological
implications in some habitats (Stallins 2006; Hacker et al. 2019).
In biogeomorphic habitats, plants can have a strong effect on habitat structure
where a change in vegetation can have cascading effects on topography (Fei et al. 2014;
Balke et al. 2014; Corenblit et al. 2015; Hacker et al. 2019). Biogeomorphic habitats, are
categorized by a strong reciprocal coupling of geomorphic processes, shaping the spatial
and temporal distribution of biota, and biological processes, which modify geomorphic
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processes and topography (Corenblit et al. 2011). The timing of disturbances and
recovery can dictate spatial variability in these habitats (Corenblit et al. 2015) where
vegetation shifts may alter system state and response to future events (Durán Vinent and
Moore 2014). Examples of biogeomorphic systems include rivers, mangroves, marshes,
and coastal foredunes (Jones et al. 1997; Xiao et al. 2011; Angelini et al. 2015; Corenblit
et al. 2015; Zarnetske et al. 2015). Dominant plants in these habitats may be ecosystem
engineers (Jones et al. 1997; Angelini et al. 2015, Corenblit et al. 2015; Hacker et al.
2019), such that replacement of native species by invasive species can change system
structure and function (Crooks 2002; Schirmel et al. 2010; Day et al. 2015; Fei et al.
2014; Day et al. 2015; Goldstein et al. 2017; Charbonneau et al. 2017) .
Coastal foredunes are biogeomorphic habitats that are particularly susceptible to the
effects of invasive species (Alpert et al. 2000; Maun 2009; Fei et al. 2014; Zarnetske et
al. 2015). Episodic disturbances can open up previously occupied niches frequently by
denuding patches within a vegetated landscape (Hesp 2002; Durán Vinent and Moore
2014; Fei et al. 2014; Zarnetske et al. 2015). Disturbances can act as immigration and
emigration opportunities, with longshore transport and storm surge transporting seeds and
ramets to new areas within and among systems (Yang et al. 2012; Zhou et al. 2017).
Human disturbance in these habitats can also set the stage for a native to become invasive
(Nielsen et al. 2011) as well as opening spaces for non-native plants to invade (Sobrino et
al. 2002). The effects of invasive establishment in a biogeomorphic systems may not
manifest itself immediately given that biological and geomorphological time scales are
not equal (Corenblit et al. 2011) and not all foredune invasive species have purely
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negative effects; they can create shaded fertility islands that increase native biomass
(Vallés et al. 2015) and offer stability (Charbonneau et al. 2017). However, negative
effects of invasive establishment can include nesting bird habitats being reduced
(Zarnetske et al. 2010), shifts in belowground microbial communities (Hughes et al.
2009), and of most concern, foredune morphology may be altered thus affecting storm
and sea-level rise response (Wootton et al. 2005; Hilton et al. 2006; Hacker et al. 2011).
Disturbances, natural or anthropogenic, can thus alter species composition, richness and
biomass (Brunbjerg et al. 2015) and favor invasive settlement with biogeomorphic
consequences (Kim 2005).
Foredunes are generally harsh habitats, where native responses to habitat stressors
have been well-studied, but controls on invasive species establishment are lacking.
Sandblasting, dynamic substrate, low organic matter, burial events, low nutrients and
water availability, high albedo, temperature extremes, lack of shade, and salt spray make
foredunes harsh (Oosting 1954). The stressful abiotic conditions related to substrate
movement and salt spray decrease with increasing distance from the ocean, while organic
matter, nutrients, water availability, and shade increase across the same gradient (Wells
1939; Cartica and Quinn 1980; Yura and Ogura 2006; Miller et al. 2009; Tackett and
Craft 2010; Miller 2015; Vallés et al. 2015; Di Palo and Fornara 2017), with density and
diversity among plants and edaphic microorganisms increasing as well (Çakan and
Karataş 2005; Ciccarelli 2015; Roy-Bolduc et al. 2015). Species may respond differently
to stresses such as burial and salt spray, and this can offer competitive advantages or
disadvantages in different scenarios (Maun 1998; Morais et al. 2012), selecting for stress
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tolerant species closer to the crest (Moreno-Casasola 1986). Despite these stresses, over
five years, native Carex arenaria went from 18 to 25% cover on grey and green dunes in
Denmark, while further inland in the heathlands, Ammophila arenaria doubled in percent
cover to 25% (Nielsen et al. 2011). Invasive species can spread disproportionately
compared to natives (Wootton et al. 2005) such that their distributions and controls on
colonization might not be explained by stress gradients alone (Wiedemann and Pickart
1996; Maun 1998; Alpert et al. 2000; Callaway and Aschehoug 2000; Morais et al. 2012;
D'Antonio and Jackson 2004), but we lack an understanding of the spatial and temporal
patterns underlying the spread of invasive species in biogeomorphic systems.
For 10 years, we tested how populations of the foredune invasive Carex kobomugi
shift in time and space relative to stand position in the foredune and in response to
Hurricane Sandy (2012) at the site of the invasive’s immigration in 1929 (Small 1954). C.
kobomugi is an aggressive invasive in the US mid-Atlantic coast. For example, C.
kobomugi can occupy >20% of a foredune (Charbonneau et al. 2017) and increase by
300% in 20 years (Wootton et al. 2005) compared to invasive Rosa rugosa, which may
expand 12-27% a year in European dunes, but occupies <1% of the foredune despite
decades of establishment (Jørgensen and Kollmann 2009). The species is found from
North Carolina to Massachusetts on the East Coast US, was recently reported in the
Pacific Northwest in Oregon and is listed on the US State Noxious Weed Lists for 46
states (USDA 2018). Carex kobomugi can thus serve as an extreme example of a
foredune invasive, similar to Phragmites australis in marshes (Silliman and Bertness
2004) and by censusing its distribution across we tested the hypotheses that: (1) Carex
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kobomugi stands expand radially from already existing stands with limited new stand
occurrence; (2) stands fragmented by Hurricane Sandy recover by coalescing together via
expansion to or beyond their pre-storm state; (3) stand growth varies spatially such that
northeast and southwest quadrants of stands, and eastern stand halves, may experience
less growth due to greater local abiotic stressors related to predominant wind direction
(Gares 1992); and (4) the location of stands will be randomly dispersed in the foredune,
but expansion will vary based on stand position in the system regarding distance to
habitat features. Understanding where invasive species are expanding and the underlying
controls on invasion is key to predicting current and future impacts and then
appropriately evaluating management priorities.

MATERIALS & METHODS
Study Site
Island Beach State Park (IBSP), Barnegat Bay Peninsula, Berkeley Township,
Ocean County, NJ, is a micro-tidal (tidal range < 0-2 m) ~17 km long undeveloped
barrier island. IBSP is a high barrier island system (Durán Vinent and Moore 2014)
transitioning from littoral to dune, into maritime forest, and bayside tidal marshes. The
foredunes are dominated by native Ammophila breviligulata or invasive Carex kobomugi
with minor exceptions where Toxicodendron radicans is prevalent. Invasive C. kobomugi
arrived in the US in 1929 at IBSP such that stands here are the oldest in the country
(Small 1954). There are 24 beach access paths through the dune system perpendicular to
the coast and there is a vehicle access path in a northeast direction at the southern tip of
61

our study area. Precipitation and wind speeds are lowest seasonally April to August with
prevailing southeast winds. Northwest winds prevail in winter, but episodic northeastern
storm winds in the fall and winter, have the greatest potential to cause coastal erosion and
sand flux (Gares 1992). The most recent major storm to impact the area was Hurricane
Sandy (October 2012), though smaller storms like Hurricane Joaquin (October 2015) and
Winter Storm Jonas (January 22-24, 2016) have also affected the park more recently
(Dohner et al. 2017). Prior to Sandy, the foredunes at IBSP were largely continuous.
Sandy had variable impact through the park, with increasing erosion south to north
(Charbonneau et al. 2017). In the areas where we collected data for this study, which was
along a 3-km stretch in the southern half of IBSP between beach accesses, A15-A24, the
foredunes were eroded at the face in collision erosion with minimal overwash by
Hurricane Sandy. These areas were devegetated, but not overwashed or inundated and
destroyed such that no vegetation remained, as was the case north of A15 (Sallenger
2000; Charbonneau et al. 2017).

Study Species
Carex kobomugi is a C3 clonal sedge, family Cyperaceae, with sympodially
branching rhizomes and a monocarpic shoot (Voronkova et al. 2011). The shoot is a lowgrowing semirosette 15-30 cm tall with small petiole angles and blades touching or very
close to the surface (Min 2006). A relatively thick cuticle (Charbonneau and Balsamo
2015) and short stature (Yura and Ogura 2006) adapt it to resist sand blasting. Any
rhizomes and shoots below >60 cm depth in the sand are likely dead (Ishikawa and Kachi
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1998). However, the roots of C. kobomugi may extend deeper than 60 cm, which is
deeper than its native Mid-Atlantic US counterpart A. breviligulata, extending to about
40 cm (Ishikawa and Kachi 1998; Charbonneau et al. 2016). It can reproduce sexually via
seed or asexually via rhizomes, but the latter predominates (Ishikawa et al. 1993; Ohsako
2010). As a result, it is effective at spreading rapidly via lateral rhizome expansion,
producing a guerilla growth form, where existing stands can spread outward two meters
in diameter per year as a conservative estimate of known stand expansion rates (Halsey et
al. 2006). Buoyant seeds facilitate longshore transport to new habitats (Yang et al. 2012).
It is native on coastal dune habitats of China, Russia, Japan, and Korea where it is
categorized as a stress-evading species with lower water use efficiency and stomatal
regulation than other native foredune plants Ischaemum anthephoroides and Calystegia
soldanella (Ishikawa et al. 1990).
As an invasive in the US Mid-Atlantic, C. kobomugi can be considered a stresstolerating species, found on the foredune slope, in the foredune, and in secondary and
tertiary dunes, reducing native foredune plant species density and diversity (Wootton et
al. 2005; Burkitt and Wootton 2011). The species creates low-lying monospecific mats of
approximately 140 individuals m2 (Wootton et al. 2005; Charbonneau et al. 2016). In
1960, C. kobomugi was endorsed and sold as a dune-stabilizer, and by the mid-1970s,
planted all along the Mid-Atlantic Coast (Woodward and Quinn 2011). Its invasive
qualities were only recognized in the 1980 and 90s, and quantified in 2005 (Wootton et
al. 2005). Subsequent to that, efforts were made to curb the spread of C. kobomugi, and
to remove stands from foredunes in a number of coastal regions. These removal efforts
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typically reduced the population of the species, but did not eliminate the species
(McGough et al. 2003). While removal is justified by the negative effects on native
species abundance and diversity (Wootton et al. 2005), C. kobomugi is an effective dune
stabilizer, likely resisting collision erosion (Sallenger 2000) as a function of its high root
investment over shoot (Charbonneau et al. 2016) as well as resisting wind erosion due to
high surface cover (Wootton et al. 2005; Charbonneau et al. 2016). Similarly, the sand
that it traps as an ecosystem engineer may be better retained compared to natives of taller
stature and lower density per unit area (Charbonneau et al. 2017).

Foredune Field Mapping Censuses & Data Extraction
To quantify the expansion of C. kobomugi in the context of a shifting foredune
habitat we mapped its population and pertinent foredune features over time. Specifically,
we mapped the (1) foredune crest, (2) C. kobomugi stands, (3) blowouts, and (4) the
foredune heel as the beginning of the secondary dune sere. We mapped dune features
with ArcPad vertex mapping on a Trimble® GeoXT™ GeoExplorer®. The unit has submeter accuracy (≤0.8m +/- 95%), post-processed to account for any error. We defined the
dune features in the field as follows: (1) foredune crest –polyline, a connected sequence
of line segments, where the plateaued foredune habitat drops as the most landward part of
the seaward foredune slope; (2) C. kobomugi stands - we considered ramets £1 m apart to
be part of the same polygon (i.e. stand) with invasive patch area indicative of age
(Jørgensen and Kollmann 2009); (3) blowouts –polygons marking depressions devoid of
vegetation formed by erosion (Hesp 2002) their boundary intersecting of the vegetated
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foredune; and (4) foredune heel –polyline of the topographic low landward of the
foredune crest where vegetation community assemblages begin to shift to that of
secondary dune communities (Maun 2009; Zarnetske et al. 2015). We did not quantify C.
kobomugi stands on the foredune slope, as to do so we would have damaged this sensitive
area. Invasive stands on the slope did not exist pre-Sandy, but began emerging postSandy in 2014. Some of the barren features (≤5%) that we classify as blowouts may have
been initiated by both wind and wave as opposed to just wind.
Censuses timing varied by the feature being mapped. We do not have field crest
mapping data from dates prior to Hurricane Sandy. For this period, we determined crest
location pre- and post-Sandy by manually analyzing aerial photos to delineate crest
position in ArcGIS based on shadows and shading. The most immediate pre-Sandy aerial
survey was flown March 2012 by NJ Office of Information and Technology and Office of
GIS and the first post-Sandy aerial was flown November 1, 2012, by National Oceanic
Atmospheric Administration. We assume that any system shifts observed between these
two aerials can be attributed to Sandy as determined by Charbonneau et al. (2017). We
physically mapped the crest position in the field in January 2016 and September 2018,
after Winter Storm Jonas and 2017/18 Nor'easters. We mapped the foredune heel in 2014,
which did not shift in position over time. The foredune habitat is the area bounded by the
crest and heel. We mapped barren areas and C. kobomugi at the end of growing seasons
(Sept/Oct) yearly for the former and in 2008, 2013, 2016, and 2018 for C. kobomugi. We
mapped the total extent of barren areas, even if the features extended into the secondary
dune. For C. kobomugi, we mapped full stands extending into the secondary dune if the
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edge was within 30 m of the foredune habitat. Otherwise, we mapped the stand to the
secondary dune as these stands often expanded into heterogenous assemblages where
biotic and abiotic conditions differ within the secondary dune, as opposed to being
monospecific within the foredune (Maun 2009). We thus mapped all stands to the same
extent each census to allow for accurate comparisons.

GIS Spatial Data Extraction
We applied a variety of tools in ArcGIS 10.3.1 to understand spatial relationships
in the context of where, how, and why C. kobomugi extents have changed over time.
Specifically, we tested if C. kobomugi stands expand radially, with limited new stand
occurrence and if Sandy recovery consists of coalescing stands from expansion. To do so,
we determined the reduction in blowout area (m2) across successive mappings by C.
kobomugi incursion into these barren areas by using the Intersect Tool to determine
overlap. We then measured the distance of blowouts that were either colonized (fully or
partially) or not colonized at all from the nearest C. kobomugi stand in the previous
census. We identified new (not present in previous censuses), pre-existing (present in the
previous census), fragmented, and coalesced stands across time, defining fragments as
separate stands located within the boundaries of a stand existing in the previous census.
Conversely, coalesced stands were distinct stands in the previous census, but then
converged into another/other stand(s) by the following census (Fig. 3.1). By comparing
the area of each stand between successive censuses, we determined if stand growth or
loss occurred and quantified the proportion of change for each. We determined mean
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lateral stand radius expansion, by measuring difference in radius 2013 to 2016 and 2016
to 2018 in ten random spots along the stand edges in ten stands that never fragmented or
merged across the 10 years.
We tested if C. kobomugi stands spread directionally by compass direction and
stand location. Specifically, we defined the centroid (i.e. center of mass) of stands that
never fragmented (n = 18) in the census in which each stand was first observed. We then
split these stands in that same location in successive years, into quadrants (northeast (NE)
0-90°, southeast (SE) 90-180°, southwest (SW) 180-270°, and northwest (NW) 270-0°).
To determine if distance to beach access point impact expansion, we used the Near Tool
to measure: (1) centroid distance to the southern extreme of our census area which is a
car access and (2) centroid distance to the nearest beach access path.
We measured salt spray to test if it decreased as a stressor with distance from the
crest (Cartica and Quinn 1980). On July 6, 2015 we established six linear transects
perpendicular to the ocean. Along each transect we installed suspended and taut traps
30.5 cm from the sand surface. The first trap was at the crest and from there, every 25 m,
westward, we installed another trap, every 25 m, for a total transect length of either 200
m or to the maritime forest boundary (see Supplementary S3.1), depending on dune
width. Traps were a single piece of 30.5 cm x 30.5 cm 100% cotton unbleached grade 50
28 x 24 weave cheese cloth left in field 24 hours, 08:00 to 08:00. Following Rajaniemi
and Allison (2009), upon harvest, we cut a 10 cm x 10 cm section from center from each
trap, immersed each in 100 ml deionized water, and then measured the salinity of the
water as conductivity using a Delta-T HH2 Moisture Meter.
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Lastly, we determined if burial induced by Sandy affected changes in C.
kobomugi stand sizes from 2008 to 2013. We used the Extract by Mask Tool on publicly
available Light Detection and Ranging (LIDAR) data (Wright et al. 2014), pre-Sandy
(flown April 2012 by NJOIT) and post-Sandy (flown November 1, 2016) using the 2008
C. kobomugi stand extents to define areas to extract. Using the Raster Calculator, we
subtracted the post-Sandy LIDAR masks from pre- and then multiplied by cell size (0.75
m x 0.75 m) to calculate volumetric change summed across each C. kobomugi stand using
the Zonal Statistics as Table Tool.

Statistical Analyses:
We used JMP Pro 14.0 to perform all statistical analyses. All tests are two-tailed
using α = 0.05 with means reported ± SE.
We used matched t-tests to: (1) examine stand area in 2008 that still existed in
2018, where we excluded one stand that fragmented (n = 18); (2) examine stand area
across successive periods, 2008 to 2013, 2013 to 2016 and 2016 to 2018 whereby we
compared the combined area of fragmented stands; and (3) examine stand area only in
stands that did not fragment 2008 to 2013 (n =11). We calculated the percent change of
each stand and compared percent change between the period 2013 to 2016 and 2016 to
2018, when Sandy did not impact stand sizes, with Wilcoxon Rank Sum test; the percent
change data were not normally distributed, and were skewed towards positive values, but
continuous beyond 100%. We determined which stands expanded into blowouts and then
used ANCOVA to analyze how colonization area varied in blowouts compared to
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surrounding vegetation areas, controlling for stand size the previous year as a covariate,
given that larger stands will necessarily have a smaller common boundary with blowouts
compared to vegetated areas. Lastly, we used Student’s t-tests to compare how the
distance to a C. kobomugi stand affected whether or not blowouts were colonized and to
compare stand area in stands that had and had never been fragmented across the 10 years,
2008 to 2018.
We quantified the spatial distribution of C. kobomugi stand area using inverse
distance with Moran’s Index. In these analyses, neighboring stands have a larger
influence than features further away and distances are calculated as Euclidean (i.e.
straight line) between features. To ensure any non-random spatial results are meaningful,
we examined them further with Hot Spot Analysis. Hot Spot Analysis identifies
statistically significant hot and cold spots using the Getis-Ord Gi* statistic, using the
False Discovery Rate Correction to account for multiple tests.
We compared percent change in stand growth spatially within stands only during
the latter two periods. For this portion of the study were interested in assessing patterns in
the recovery of the sedge after the storm, rather than elucidating the effects of the storm
itself. As such, in these analyses, we did not include 2008 to 2013, as we knew that
Sandy had reduced the projected growth of C. kobomugi stand area (Charbonneau et al.
2017). Specifically, we compare mean percent change in C. kobomugi area between east
and west stand halves 2013 to 2016 and 2016 to 2018 with two Wilcoxon Signed Rank
tests. We then explored this further by breaking the halves into compass quadrants and
comparing them with a Kruskal Wallis test. We examined if variation in salt spray is
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predicted, separately, by distance from the crest and location of the transect latitudinally
in the system with linear regression. To examine how the location of a stand may impact
its expansion relative to beach access, path and car, points, we performed a Standard
Least Square Regression with the dependent variable percent change in stand area and the
independent variables distance to the closest beach access point and to the car access. In
this regression, we included only data 2013 to 2018 for stands that existed all 10 years
and never fragmented (n = 25).
Lastly, we examined if burial from Sandy impacted C. kobomugi stand erosion
from 2008 to 2013 using regression analysis. We tested if variation in volumetric change
from Sandy predicted changes in C. kobomugi stand sizes from 2008 to 2013. We
examined this relationship at three levels at which we postulated that burial might impact
stands, specifically examining changes in stand area, absolute value of area change, and
examining stands that eroded. In these analyses, we excluded stands that fragmented or
coalesced from 2008 to 2013.

RESULTS
Invasive stand sizes, density, and the percentage of foredune habitat occupied by
C. kobomugi varied across time periods, predominantly expanding between successive
censuses, except 2008 to 2013 (Table 3.1). After Hurricane Sandy occurred in 2012, C.
kobomugi was reduced to 82% of its 2008 extent and stand area was significantly reduced
in 2013 relative to 2008 (t21 = -2.15; P = 0.04). This stand area reduction was associated
with fragmentation of previously existing stands and was the only time when
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fragmentation occurred. Specifically, 11 stands (37% of 2008 stands) split into 37
fragments, with each stand splitting into a maximum of six fragments (minimum 2; 3.7 ±
0.5). Stands present in 2008 that did not fragment and still existed in 2013 did not change
in area (t10 = -.81, P = 0.44), but overall population reduction occurred as initial 2008
stand sizes were larger than the sum of the area of the patches remaining in 2013 (x̅Pre-Frag
= 1342 ± 275 m2; x̅Post-Frag = 955 ± 218 m2; t10 = -3.08; P < 0.01). The period between
2008 and 2013 was also the only time when stands were lost, with five stands (x̅ = 67.4
± 29.6 m2) present in 2008 being totally absent from the 2013 census. Fragments
remaining in 2013 post-Sandy were a maximum of 90% of their original 2008 area (x̅ =
18.7 ± 4.1%). However, any stands that fragmented from Sandy in the period 2008 to
2013, recovered in that they did not experience less percent change in area by 2018 than
those that never fragmented.
After Sandy, stands recovered and grew. In the period between 2013 to 2016
stands recovered and grew (t23 = 3.62; P < 0.002), expanding 18% beyond the area that
they occupied in the foredune in 2008, and expanding 43% in area and 3.4 ± 0.18 m in
radius laterally over this three-year period from 2013 to 2016. From 2016 to 2018, the
stands continued to expand (t24 = 2.84; P < 0.01) and in two years grew 17% from the
2016 extent and expanded 2.8 ± 0.14 m in radius over this two-year period. Mean percent
change in stand area varied during the two periods with 137.9 ± 36.8% stand growth
2013 to 2016 and 39.2 ± 11.3% increase 2016 to 2018 (Z = 2.04, P = 0.04). By 2016,
many of the fragments created by Sandy coalesced, such that only six of the 37 fragments
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remained distinct, and by 2018 only two of these six remained. In the five years postSandy, the area C. kobomugi occupies in the foredune expanded by 68%.
Over the ten years, stand area grew by 170% (x̅08 =887 ± 176 m2; x̅18 = 1907 ±
319 m2, t18 = 4.38; P < 0.001) and the total area that C. kobomugi encompassed in the
foredune expanded 30%, from 14% of the foredune in 2008 to 34% in 2018 (Table I).
Growth was primarily from existing stands expanding as between 2008 to 2013 only 9
new stands were established (x̅ = 65.6 ± 58.9 m2). Between 2013 to 2016 five new stands
were established (x̅ = 26.5 ± 20.7 m2), and between 2016 to 2018 four more new stands
were established (x̅ = 34.2 ± 12.8 m2). Lastly, there was a strong negative linear
relationship between the change in area that stands underwent between 2008 to 2013,
during Sandy, and the subsequent growth in area those stands experienced post Sandy,
2013 to 2018 (F1,17 = 4.89; R2 = 0.23; P = 0.04; Fig. 3.2).
Both C. kobomugi and native A. breviligulata colonized previously unvegetated
areas during the study duration. From 2013 to 2016, 11,167m2 or 42% of 2013 barren
blowout area was colonized by vegetation. Carex kobomugi accounted for 2,537 m2 or
23% of this colonization and the remaining 77% was colonized by A. breviligulata. In
this same period (2013 to 2016), C. kobomugi fully colonized and thereby vegetated four
of 55 unvegetated habitats that existed in 2013 and partially vegetated 20, colonizing x̅ =
39.3 ± 8.1% of the unvegetated areas. ANCOVA revealed that C. kobomugi expanded
into vegetated areas more than blowouts (F2,39 = 3.80, P < 0.03) and invasive stand size
was not a significant covariate affecting this relationship. From 2016 to 2018, the total
area of unvegetated foredune remained more consistent (Table I). Carex kobomugi
72

colonized 822 m2, 5.2% of these areas. Carex kobomugi completely vegetated nine of 78
barren areas that existed in 2016 and partially vegetated 30, colonizing a mean of 48.1 ±
7.5% of each area. Across both growth periods, blowouts that were fully colonized were
smaller in area than those partially colonized (Student’s t-test: x̅full = 40.9 ± 13.0 m2;
x̅partial = 1058 ± 259 m2; t40 = -3.92; P < 0.001). For both periods, barren areas that were
colonized fully or partially, were spatially closer to C. kobomugi stands than those that
were not colonized (2013 to 2016: x̅not colonized = 15 ± 2 m; x̅colonized = 1 ± 4 m; t36 = -5.60;
P < 0.0001; 2016 to 2018: x̅not colonized = 9 ± 1 m; x̅colonized = 0 ± 0 m; t47 = -8.78; P <
0.0001). Given the area of barren areas colonized in each period and total growth of C.
kobomugi across censuses (Table 3.1), between 2013 and 2016 there was up to 5,228 m2
of habitat conversion from A. breviligulata to C. kobomugi and from 2016 to 2018 an
additional conversion of 3,570 m2 occurred.
Carex kobomugi stand sizes were randomly spatially distributed with no
significant hot or cold spatial clusters in the data, but growth varied within stands by
compass direction and as a function of stand location in the foredune habitat. Westward
(landward) halves of C. kobomugi expanded more (had greater percent increase) than
eastward (seaward) halves of stands from 2016 to 2018 (S = 59, P < 0.0001; Fig. 3.3).
Examining this further by compass direction between 2016 and 2018 expansion NW >
SE and NE, and expansion SW > SE (c2 = 9.61, DF= 3, n = 15 per quadrant, P = 0.02).
Salt spray may explain this result as it decreased with distance from the crest (R2 = 0.29,
F1,42 = 16.98, P = 0.0002). There were no spatial differences in expansion from 2013 to
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2016 by compass direction. Neither distance to a foot path to the beach or distance to the
vehicle access point predicted the variability in percent change in stand area.
The burial induced by Sandy occurring in 2012 did not impact changes in C.
kobomugi stand area from 2008 to 2013. Burial from Sandy did not predict the variation
in stand area 2008 to 2018, whether examining all stands, those that grew and shrunk,
examining only stands that eroded, or examining the absolute value of change in stand
area. Mean change in elevation among these C. kobomugi stands pre- and post-Sandy was
burial by 0.18 ± 0.03 m, with maximum burial 2.4 m and mean maximum burial 0.95 ±
0.13 m.

DISCUSSION
Despite the occurrence of multiple storms with the potential to reduce C.
kobomugi extent, the invasive sedge has spread considerably over 10 years. Only
Hurricane Sandy temporarily halted stand expansion and this is the only period where
stands were lost entirely. However, by 2016 the invasive sedge had recovered to beyond
its pre-Sandy state and continued to expand into 2018, despite the occurrence of other
storms (Dohner et al. 2017), ultimately expanding 68% in five years post-Sandy from
2013 to 2018. This expansion is not on the order of a flagship invasive like Kudzu
(Pueraria lobata) expanding 0.25 m a day (Mitich 2000), but relative to dune habitats, C.
kobomugi could be considered a contender as its foredune equivalent.
Carex kobomugi appears to be a more aggressive invader than many other
foredune invasive species. For example, multiple invaders have been found to occupy
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less habitat space (20%) than just C. kobomugi alone (14-41%) along a coastal strip
(Sobrino et al. 2002). Foredune invaders exist worldwide such as, but not limited to,
Acacia saligna, Carpobrotus edulis, Ammophila arenaria, A. breviligulata, Thinopyrum
junceiforme, Rosa rugosa, and Oenothera drumondii (native to Australia, S. Africa,
Europe, US Mid-Atlantic, US West Coast, eastern Asia, and US and Mexico,
respectively), but field demographic data, as opposed to quadrant data, over longer
periods are lacking to compare our to these expansion rates (Buell 1992; Wiedemann and
Pickart 1996; Kutiel et al. 2004; Maun 2009; Jørgensen and Kollmann 2009; Nielsen et
al. 2011). For comparison, A. saligna invaded <2% of dune habitat over 8-9 year periods
in Israel (Kutiel et al. 2004) and R. rugosa expanded 12-27% a year in European dunes,
but occupies less than 1% of the foredune despite decades of establishment (Jørgensen
and Kollmann 2009). To compare to expansion in native dune plants, in five years C.
arenaria in Denmark went from 18 to 25% cover on grey and green dunes, while inland,
A. arenaria doubled in percent cover to 25%, indicating a strong negative impact of the
invasive on the native plant community (Nielsen et al. 2011). When invasive A. arenaria
was removed from dunes in the American Northwest, native species growth drastically
increased from 2.7% to 38% over two years (Wiedemann and Pickart 1996). The greatest
documented dune invasion to date that we are aware of is A. arenaria invading Humboldt
Bay, CA, with extent doubling in 22 years and nearly quadrupling in about 50 years
across foredune and inland dunes (Buell 1992). If we consider the expansion between
2016 to 2018 as a conservative estimate of ‘business as usual’ expansion at »5,000 m2
every two years, then on its current trajectory, without management efforts or a major
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storm, C. kobomugi is poised for its extent within the foredune to double within »15
years from 2008 to 2023, strongly rivaling or exceeding the expansion seen in A.
arenaria on the West Coast. Given the significantly negative effect of the sedge on native
plant diversity (Wootton et al. 2005), and the uniqueness of coastal dune plant
communities , this finding suggests the need for discussion on the appropriate
management strategies for this species, and implementation of measures to limit
expansion to protect remaining native communities, which could struggle to recover
(French et al. 2011).
The lateral expansion rates observed for C. kobomugi are greater than reported for
some native foredune species, but not necessarily greater than A. breviligulata. Slower
recolonization, such as via seed vs. rhizomes can result in one species outcompetes
another, as is the case with Uniola paniculata and A. breviligulata (Woodhouse et al.
1977). Uniola paniculate spread 0.6-1 m per year via the rhizomes whereas A.
breviligulata can expand 1-3 m per year (Woodhouse et al. 1977; Maun 1985; Hacker et
al. 2019). We recorded C. kobomugi lateral expansion in the range of A. breviligulata,
mean 2.8 to 3.4 m, such that the native appears physically capable of ‘keeping pace’ with
the invasive. This could suggest that the invasive may negatively alter belowground
competition with secondary metabolites like Carex distachya (Fiorentino et al. 2006),
thereby allowing it to outcompete A. breviligulata. Conversely, native species, such as
Panicum amarum facilitate establishment of other species by providing more favorable
substrates (Franks 2003), though colonizing more slowly (Lonard and Judd 2011). In
comparison to another prolific foredune invasive, A. arenaria will expand 50% within 176

m of existing patches and 85% within 2-m (Keijsers et al. 2015), again suggesting C.
kobomugi is rivalling or exceeding this species as can be considered its East Coast US
equivalent. These lateral vegetation expansion rates control alongshore shape of dunes
(Stallins 2006; Goldstein et al. 2017; Hacker et al. 2019) with consequences for the
protective services provided by dunes (Charbonneau et al. 2017) thereby impacting storm
recovery and impact (Cheplick 2016).
It is not surprising that we see few new C. kobomugi stands arising each period, as
seed viability is typically low in this species (Ishikawa et al. 1993) and this is also not
unusual for native foredune plants (Noble and Weiss 1989; Franks 2003). Spread from
seedlings has been recorded at 4% vs. 85% from rhizome fragments in foredune
populations of A. breviligulata (Maun 1994). Both foredune native and invasive species
have been found to be seed bank and dispersal limited (French et al. 2011), and seed
viability decreases exponentially with time and burial (Noble and Weiss 1989). It is
important to note that, theoretically, these new stands could have been connected to older
nearby stands underground via the rhizome, as we did not dig up individuals to assess
this. While this seems unlikely, as C. kobomugi typically displays low internodal space
(Small 1954), it is possible that ramets could have been buried in between patches since
burial has been found to induce increased rhizome internodal distance (Maun 1994).
Regardless, the new stands that emerged were much smaller than previously existing
stands, suggesting smaller stands are younger as has been found with invasive R. rugosa
(Jørgensen and Kollmann 2009). Carex kobomugi has spread, and it has largely done so
radially, nucleating from existing established stands (Yarranton and Morrison 1974).
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In blowouts, there is a lack of competition, but C. kobomugi colonized less than
10% of the blowouts present between 2013 to 2018, and stands that expanded into
blowouts had 6x less colonization into blowouts between successive censuses as opposed
to into vegetated areas near the blowout. This is consistent with invasive Acacia saligna
having low colonization rates, <2%, into bare sand areas in Israel that were more than an
order of magnitude lower than the colonization rates of these open areas by native
vegetation (Kutiel et al. 2004). Clonal integration could allow ramets to expand into and
survive in blowouts despite low resources and high stress (Alpert and Mooney 1986).
However, the finding that invaded blowouts were closer to invasive stands than
uninvaded blowouts supports dispersal limitation as a key determinant of new habitat
colonization, as has also been found for other disturbance tolerant native and invasives
(French et al. 2011). Thus, these results highlight the importance of clonal growth.
Potentially uniform low resource conditions in blowouts could select for a lack of
resource sharing which is most beneficial in heterogenous environments (Alpert 1999)
such as those found in vegetated areas. If integrated ramets colonize blowouts with low
success, then isolated seedlings would be expected to have even lower survival. Thus,
nucleation provides the best explanation for blowout colonization with adult ramets
facilitating colonization by younger ramets.
Beach access points and burial do not appear to impact C. kobomugi invasion.
Vehicles can physically carry both vertebrates and invertebrates into new places (Auffret
and Cousins 2013; Mortensen et al. 2017), even remote ones (Hughes et al. 2009). These
results likely do not mean that C. kobomugi establishment is unaffected by anthropogenic
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affects, as higher-trafficked areas tend to create conditions that favor invasive settlement
(Kim et al. 2008), but that controls on expansion following establishment are dependent
more on biological or abiotic controls. However, burial does not appear to be one of those
controls. Wind and or wave forces can be accelerated in a funneling process of fluid
dynamics in narrow openings, such as paths cut in dunes (Gares 1990), thereby causing
more erosion and instability in these areas (Barone et al. 2014). A lack of expansion
being affected by distance to vehicle and foot access paths and a lack of burial from
Sandy impacting stand area changes suggests that unlike its native counterpart, A.
breviligulata, which is known to increase vertical growth vigor when buried (Maun 1998;
Maun 1998), C. kobomugi may be less affected by burial positively or negatively.
Greater spread of C. kobomugi towards the backdune habitats can be considered
colonization towards more favorable habitat and away from less favorable ones (Bazzaz
1991). Sand movement and blasting (Moreno-Casasola 1986; Yura and Ogura 2006) and
salt spray (Rajaniemi and Allison 2009) are stressful conditions that have been suggested
as key controls on the distribution of species on foredunes, with their stress decreasing
with distance from the ocean (Oosting 1945; Oosting 1954). Salt can stunt growth and
seed production (Xiao et al. 2011) such that roots can preferentially grow into non-saline
soils with the intensity of salinity discrimination varying among individuals (Salzman
1985). Our findings of greater colonization westward 2016 to 2018 and increasing
colonization in areas with wider beaches support this. The impact of salt spray may vary
across time, due to factors like wind strength and direction, foredune height relative to
sea level, and variations in rainfall which can dilute soil salt levels (Noe and Zedler
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2001). Such variations in conditions may account for the different patterns of expansion
seen in this study, with greater westward expansion being observed between 2016 and
2018, but not between 2013 and 2016. We did not map C. kobomugi beyond the crest
seaward on the dune slope, toe, or back shore, but it would be interesting to compare
colonization in these areas to the foredune as decreased colonization here compared to
the foredune could confirm salt stress or substrate flux limiting expansion.
Though C. kobomugi may spread inland more than seaward, inland back dune
habitats may later become the forefront of the dune when a major erosional event occurs,
a potential eventuality that should be considered by managers. Wide expanses of
foredunes can be eroded away in wave or wind erosion from storms as was the case at
IBSP during Hurricane Sandy when 3.6 m of foredune transect were lost (Charbonneau et
al. 2017). This is an issue because plants are believed to build dunes morphologically
similar to their own stature (Wootton et al. 2005; Hilton et al. 2006; Zarnetske et al.
2012). As such, foredunes fronted by dunes colonized by relatively low-growing C.
kobomugi could be less capable of keeping pace with sea level rise than those fronted by
dunes stabilized by the much higher growing A. breviligulata (IPCC 2014). The transition
between native and invasive plant communities within coastal foredunes thus has
implications for dune stability as a result of biogeomorphic feedbacks that may take years
or decades to become apparent (Corenblit et al. 2011). The finding that stands that lost
more area from Sandy expanded less in subsequent years, while those that lost less
expanded more over the 10 year study duration (Fig. 3.2) suggests that the most effective
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way to slow expansion of this species post-storm may be to target eradication efforts on
stands that experienced less area loss in the storm event.
Understanding the factors underpinning species distributions is especially
necessary in biogeomorphic habitats whereby distributions will affect storm response and
recovery for future shoreline stability. This research thus adds to the body of examples of
plant colonization and adds to the relatively small number of population-level, studies of
the factors affecting invasive species distributions, as opposed to smaller censuses among
quadrants or transects. The effects of climate change, specifically, greater storm severity,
unpredictability, and frequency, (IPCC 2014) and range shifts (Goldstein et al. 2018)
including species invasions, will add to global coastal instability. Understanding the
factors that influence where populations pf invasive species are expanding and
underlying controls on invasion are key to predicting current and future impacts and then
appropriately evaluating management priorities.

81

Table 3.1. Demographics of the foredune habitat relative to the area encompassed by
invasive C. kobomugi across time. All areas are reported as m2 and C. kobomugi mean
stand area is reported with ± S.E. We did not begin mapping blowout areas until 2013 so
we lack this data for 2008.

Year
2008

#
Stands
30

2013

58

2016

33

2018

31

Mean
Stand
Area
725 ±
147
309 ±
67
906 ±
175
1238
± 249

Maximum
Stand
Area
2,829

Area of
Invasive
in
Foredune
21,734

Foredune
Habitat
Area
152,125

Foredune
Blowout
Area
-

%Invasive
in
Foredune
14.3%

%Invasive
in
Vegetated
Foredune
-

2,539

17,925

97,432

27,857

18.4%

25.8%

3,102

25,690

92,856

16,204

27.7%

33.5%

6,112

30,142

88,158

14,062

34.2%

40.7%
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Fig. 3.1. Aerial photos showing fragmentation and coalescence of two C. kobomugi
stands between 2008 and 2016. Solid line denotes foredune crest.
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Fig. 3.2. C. kobomugi stands that lost more area from Hurricane Sandy (2012) gained
more area in recovery post-Sandy 2013 to 2018, and conversely those that lost less
gained less.
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Fig. 3.3. Percent change in C. kobomugi stand area was greater on the landward west half
of stands than eastward 2016 to 2018, but not 2013 to 2016. Error bars represent standard
error.
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CHAPTER 4: The role of clonal integration and the rhizome connection for coastal dune
recolonization by American beachgrass Ammophila breviligulata

INTRODUCTION
Modularity makes plants highly adapted to exploit resources in time and space
despite their immobility (Bazzaz, 1991) and enables plasticity within the bounds of plant
architecture and resource rich locations (Watson & Casper, 1984; de Kroon & Hutchings,
1995). Morphological, genetic, and physiological plasticity (de Kroon & Hutchings,
1995; Fransen:1998gq; Alpert et al., 2003; Herben, 2005; de Kroon, 2007) interact to
optimize resource acquisition and fitness (Hutchings & de Kroon, 1994), but specific
growth forms may perform optimally in a narrow range of conditions (Oborny, 1994;
Pennings & Callaway, 2000; Jaafry et al., 2016). The clonal growth form, as an
expression of modularity, offers several potential advantages that enable habitat
selection: facilitating dispersal into favorable, and away from unfavorable, habitats
(Janzen, 1970; Hartnett & Bazzaz, 1983), organ placement in less-contested areas
(Salzman, 1985; Fransen et al., 1998), group foraging (De Kroon et al., 2005), and
resource sharing (Bazzaz, 1991). Clonal modularity and plasticity in responses to biotic
and abiotic cues can be expressed at the ramet (i.e. individual) or population (i.e. genet)
level depending on plant-environment feedbacks (de Kroon & Schieving, 1991; De
Kroon et al., 1992).
Clonal integration permits limited resource sharing among physically connected
ramets, typically parent to daughter (Allessio & Tieszen, 1975; Alpert:1986cc;
Headley:1988ul; Alpert:1990we; de Kroon et al., 1996). As such, young ramet survival
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(Roiloa & Retuerto, 2005) and growth (Slade & Hutchings, 1987; Dong & Alaten, 1999;
Alpert et al., 2003) can be greater when connected to older generations. Severed ramets
can exhibit decreased water potential (Alpert, 1990), biomass, and photosynthetic rates
(Amsberry et al., 2000; Roiloa & Retuerto, 2005; Zhou et al., 2017). Younger ramets can
be water, carbon, and nutrient resource sinks, but can enhance parent photosynthetic
activity (Roiloa & Retuerto, 2005) and provide local resources to older, connected ramets
(Stuefer et al., 1996). While young ramets can become independent (D'Hertefeldt &
Falkengren-Grerup, 2002), stress can revert this (Ashmun et al., 1982a; Hartnett &
Bazzaz, 1983). Maintaining inter-ramet connections could prove particularly important in
stressful environments (Evans, 1991; Dong & Alaten, 1999; Alpert et al., 2003), and
localized resource scarcity and abiotic heterogeneity can impact integration intensity and
extent (Ashmun et al., 1982b; Evans, 1991; Liu et al., 2007).
The clonal growth form may enable pioneers like American beachgrass
(Ammophila breviligulata) to colonize coastal foredunes (Broome et al., 1982;
Woodhouse, 1982; Stallins & Parker, 2003), the first vegetated mound above the
intertidal zone. Sandblasting, burial, erosion, high albedo, temperature extremes, no
shade, salt spray, and low quantities of organic matter, nutrients, and water make
foredunes harsh environments and arguably one of the most dynamic terrestrial habitats
worldwide (Little & Maun, 1996; Maun, 2009). Only a handful of pioneer species can
tolerate foredunes and the back shore, where new foredunes initiate (Broome et al., 1982;
Woodhouse, 1982; Stallins & Parker, 2003). Moreover, stressors can be amplified in
barren microhabitat depressions (blowouts) created by wind and or waves during storms
(Hesp, 2002). As clonal integration can ameliorate stress (Jaafry et al., 2016; Liu et al.,
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2016), clonality may prove critical in foredunes where asexual reproduction dominates
over sexual (Seabloom & Wiedemann, 1994; Slaymaker et al., 2015). Integration has
been shown in other habitats to lessen several stressors that categorize foredunes, namely,
salt stress (Hester et al., 1994; Brewer & Bertness, 1996; Pennings & Callaway, 2000;
Amsberry et al., 2000), burial (Chen et al., 2010; Luo & Zhao, 2015), erosion (Yu et al.,
2008), drought, disturbance (Dong & Alaten, 1999; Wang et al., 2011), and low nutrients
(Qu et al., 2003; Herben, 2005). However, we have found no studies of clonal integration
in the context of recolonization or growth of distal plants into uninhabited open foredune
areas that blowouts represent.
Associations with arbuscular mycorrhizal fungi (AMF) can help foredune
pioneers ameliorate water and nutrient stress (Koske, 1987; Friese & Koske, 1991; Koske
& Gemma, 1997; Gemma & Koske, 1997; Wu, 2017), which are among the stressors
alleviated via integration. Therefore, we were also interested in the distribution of
arbuscular mycorrhizal colonization among ramets within A. breviligulata clones and any
response in AMF colonization when integration or the rhizome connection is eliminated.
While two previous studies have found that AMF can alter the benefits of clonal
integration, very little is known about how AMF might respond to integration and the
possible ecological implications (Sudová & Vosátka, 2008; Du et al., 2009).
We evaluated the importance of clonal integration for A. breviligulata to
revegetate foredune blowouts post-storm. Low genetic variability (Li et al., 2015;
Slaymaker et al., 2015) and prominent, persistent rhizomes (Maun, 1984) suggest it relies
on integration to recover and colonize open areas that might otherwise prove too
stressful. Central to our study was an experiment in which we severed the rhizome
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between the youngest, most distal ramet and its parent and then examined the response of
this and older ramets along the same rhizome. We measured response as survival,
changes in biomass and AMF colonization, and physiological stress as indicated by
chlorophyll fluorescence and leaf temperature. Our study was governed by the hypothesis
that integration increases the youngest ramet’s colonizing success into blowouts, and
thereby survival, because it imports resources from connected older ramets. Accordingly,
we expected severance to cause greater mortality and physiological stress in the youngest
ramet but a corresponding decrease in physiological stress and or increase in biomass in
older ramets. We expected either no difference in AMF colonization among ramets along
the same rhizome or an increase in colonization of older ramets if severing makes more
carbon available for investing in the symbiosis.

MATERIALS AND METHODS
Study species and site
Ammophila breviligulata (Fern.) is a C3 perennial grass native to the US MidAtlantic and Great Lakes, and a Pacific introduced invasive (Zarnetske et al., 2010;
Hacker et al., 2011). It is an erect, xeric grass, thriving in foredunes (Woodhouse, 1982)
and known to increase in vigor post-burial (Maun, 1985), but is outcompeted by later
successional species in secondary and gray dune habitats (Little & Maun, 1996; Maun,
2009). Leaves appear adapted for water conservation with a relatively thick cuticle, and
the ability to curl inward under water stress to shield stomata, which are only located on
the adaxial leaf surface (Charbonneau & A Balsamo, 2015). Reproduction is
predominantly asexual (Maun, 1984; Slaymaker et al., 2015), via tillering within a ramet
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and via the production of entirely new ramets along strong lateral rhizomes that may
expand 2-3 m per year, producing a guerilla growth form (Maun, 1985). Plants break
dormancy in early spring and are fully regrown by mid-May. The youngest, distal ramet,
did not necessarily emerge for the first time that spring.
We conducted the study at Island Beach State Park (IBSP), Barnegat Bay
Peninsula, Ocean County, NJ, USA over the 2017 and 2018 growing seasons. This is a
micro-tidal barrier island habitat supporting »17km of sandy beach transitioning from
littoral to dune, maritime forest, and tidal marshes. Foredunes are colonized and
stabilized by A. breviligulata or invasive Asiatic sand sedge (Carex kobomugi). Blowouts
of varied size and shape are historically (Gares & Nordstrom, 1995) and currently present
(Charbonneau et al., 2017) in foredunes and can extend into secondary dunes. Of the 24
beach paths through the dunes, with A1 the northernmost, we conducted our experiments
between A13 and A17 (1.4km). The system is natural and largely pristine and thus can
serve as a model barrier island system. Average annual precipitation is most comparable
to Seaside Heights NJ on the barrier island, or to Toms River which is inland (~127cm).
The lowest precipitation and wind speeds occur April through August.
Abiotic Conditions
To quantify weather in the growing seasons of our experiment, we obtained daily
temperature, precipitation, and humidity from the closest weather station and collected
microclimate data from blowouts in our experiment. In 2017, the closest weather station
was South Seaside Park, NJ (AcuRite Pro Weather Center, 13m elevation, »11km from
the northernmost part of our study). In 2018, weather data came from the IBSP weather
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station (Davis Vantage Pro2 Plus Weatherbridge link, elevation 10 m) located »5km from
the northernmost part of our study, which was not operating in 2017. To assess blowout
temperature and light intensity, in 2017 we installed a HOBO Pendant®
Temperature/Light 8K Data Loggers 1 m above the ground centered in each of three
blowouts (523, 2513, and 628 m2). From June 28 to July 21, 2017, these loggers recorded
every 30-minutes. Both years, at the youngest ramet of each rhizome in our experiment,
we measured soil moisture and temperature at 15cm depth beside the youngest ramet of
each rhizome in our experiment, using a Delta-T HH2 Moisture Meter and soil surface
temperature using a Fisher Scientific Traceable Expanded-Range Thermometer.
Integration Experiment
To study the importance of rhizome connections for blowout colonization, we
selected 20 pairs of rhizomes in 2017 and 20 in 2018, with pairing based on proximity,
their expanding into the same blowout (0.3 to 5m), and comparable size. In our
experimental treatment (E), we severed the youngest ramet (Ramet I) from its parent
(Ramet II) in one rhizome of each pair. We compared response in Ramet I and in older
ramets between the E treatment and unaltered controls (C). All ramets were rooted, and
their rhizome buried with no apparent rhizome branching. We judged each pair of
rhizomes to be equivalent in age based on ramet number (Martínková & Klimešová,
2017) and size. Ramet height and number of tillers per ramet did not differ between pairs
at the experiment onset (matched t-test).
We imposed the severing treatment on May 19, both in 2017 and 2018, and
harvested on September 18, 2017 and September 1, 2018. The earlier harvest in 2018
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avoided any Fall wind events like the one impacting our final 2017 measurements, which
we excluded from all analyses. We took physiological and growth measurements on three
ramets per rhizome, (1) Ramet I = distal youngest ramet, (2) II = parent to I; and (3) IV =
the fourth oldest ramet, which was the oldest we could be certain was on the same
rhizome without excavating the system. We severed Ramet I from Ramet II by cutting
the rhizome halfway between them with sterilized garden shears (Fig. 4.1). The paired
rhizomes were distributed across 12 blowouts in 2017 and five in 2018. We controlled for
temporal abiotic variability by always measuring the different pairs in the same order. We
made the first measurement 24h after severing E rhizomes.
Throughout the growing season, we monitored ramet condition, growth, and
stress as indicated by chlorophyll florescence. On each day of measurement, we recorded,
for each ramet mortality, the number of tillers and dead and yellow leaves, and height as
the tallest leaf pulled taut. Fluorescence is energy not used towards photosynthesis but reemitted by chlorophyll returning from excited to non-excited states. Our chlorophyll
fluorescence metric is Fv/Fm, the maximum potential quantum efficiency of Photosystem
II, whereby Fm is maximum measured fluorescence of Photosystem II and Fv is the
difference between minimum and maximum. Higher Fv/Fm values indicate lower stress
and more light absorption toward photosynthesis (Maxwell & Johnson, 2000). We chose
one leaf on each ramet and after dark adapting for 15-minutes with a light-eliminating
clip, we measured Fv/Fm from the adaxial surface, using an Opti-SciencesÓ OS-30p
Chlorophyll Fluorometer. We measured in the middle of the leaf because Fv/Fm
decreases from the base to the tip for this species (Charbonneau, 2014). On the same leaf,
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we measured temperature using a Fisher Scientific Traceable Expanded-Range
Thermometer. We took measurements from 6:00 to 11:30h. In 2017, we measured
weekly May 19 to June 25, biweekly July 8 to 22, and then on August 19 and September
18. In 2018, we measured weekly May 18 to June 6, biweekly June 21 and July 7, and on
August 3 and September 1. For the final three 2018 dates, we also made the same
measurements from 13:30 to 16:30h for comparison.
At the experiment conclusion, we harvested ramets I, II, and IV to assess
aboveground and belowground biomass and arbuscular mycorrhizal colonization. We
harvested by hand, sifting the sand to gently extract roots. We determined root length
with WinRhizo Proã 2016a after taking greyscale root scans (400dpi) with an Epson
Expression/STD 1600 scanner with a below and above light source. We weighed roots
and shoots separately after drying them for 72h at 70°C. We did not quantify rhizome
biomass but measured the distance between ramets because rhizomes can provide
resource storage (Suzuki & Steufer, 1999). Because A. breviligulata is AMF-dependent
(Koske & Gemma, 1997), we removed 0.2g of roots before drying and quantified the
percent AMF colonization after clearing the subsample in 10% KOH (3.5-minutes),
acidifying in 5% HCL (4.5-minutes), and staining with 0.1% trypan blue (4-minutes)
before scoring with the gridline-intersect method (Giovannetti & Mosse, 1980).
Water Tracing Experiment
During the 2018 harvest, we observed roots at some rhizome nodes, where there
were no shoots, and explored their role in providing water to nearby ramets by tracing
hydraulic pathways with dyes (Salguero-Gómez & Casper, 2010). On September 20,
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2018, we carefully excavated segments in randomly selected rhizomes to reveal roots
located between Ramets I and II, II and III, or III and IV. Using garden shears, we
severed root tips under water to prevent cavitation, and immediately placed them in a vial
of dye solution, which we then covered with parafilm and carefully reburied. Roots were
not always present between ramets (Fig. 4.1), and there were no roots in the middle of the
rhizome where we severed Ramet I from the rhizome in our integration experiments. We
applied dye to roots at only one node per rhizome. We used acid fuchsin at 0.25%
(585.54g/mol C.I. #692, 60% dye content) for 20 rhizomes and Toluidine Blue O at 0.5%
(305.83g/mol; CAS #92-31-9, 84% dye content) for another 20. The dyed root was
located between Ramets I and II in roughly half of them. After 24, 48 and 96h, we
determined the number and position of ramets that had taken up dye. On July 2, 2019, we
applied acid fuchsin dye to roots at a node that also supported shoots to discern possible
water transport between ramets. In this way, we labeled roots on Ramet, I, II, and IV
(n=11 for each).

Statistical Analyses
Each year, we obtained daily average and maximum daytime temperature and
humidity for weather station data and soil temperature and moisture and leaf temperature
from blowouts to assess environmental differences between years. We compared average
leaf temperature across years with a t-test. To assess if plants maintain cooler
temperatures than the high temperatures in blowouts, we used a t-test to compare loggerrecorded air temperature to coincident leaf temperatures for the plants in the same three
blowouts (6:00 to 11:30h) on two measurement dates. To evaluate how weather might
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affect ramet biomass, we used student’s t-test to compare between years growth
(difference between start and end height) and root biomass for C ramets only.
We determined if the probability of death differed between E and C Ramet I using
Fisher’s Exact Test. We used Students t-test to examine if ramets that died vs. survived
the experiment varied in initial number of tillers, height, and Fv/Fm (measured
immediately after severance at the experiment start), or distance to the parent as a proxy
for rhizome resource stores (Suzuki & Steufer, 1999).
Each year, we examined how the severing treatment affected Fv/Fm in Ramet I
and in Ramet II and Ramet IV together, using two approaches. We first used repeated
measures multivariate-ANOVA (MANOVA) across time to determine if Fv/Fm varied by
treatment, location (pair), and measurement date. For the older ramets, we also include
ramet number (II or IV) as a factor. When treatment proved significant, we further
explored this result using individual matched t-tests for Ramet I and again for older
ramets, controlling for multiple comparisons with the Benjamini–Hochberg procedure
(Benjamini & Hochberg, 1995). We conducted additional analyses via ANCOVA to
compare Fv/Fm between treatments while controlling for soil temperature and moisture
as covariates, conducting one analysis for Ramet I and another for the two older ramets.
We report least square means for ANCOVA after correcting for the effect of the abiotic
covariate. We repeated these analyses, both MANOVA and ANCOVA, for the afternoon
data collected in 2018.
We use matched t-tests to examine differences between treatments in above and
belowground biomass, root length, and AMF root percent colonization. For Ramet I, we
compared only those pairs where both E and C survived. When examining older ramets,
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we included pairs where all ramets survived or only severed Ramet I died. Analyses of
AMF root colonization are performed on normalized data, the tangent %colonized in
2017and log(%colonized+1) in 2018, but we report means as %colonization. We use nonparametric Wilcoxon Rank Sums test on log(%colonization +1) to compare colonization
between the two years.
We use JMP Pro 14.0 to perform all statistical analyses. All tests are two-tailed,
unless otherwise noted, using α=0.05 with means reported ±SE.

RESULTS
Abiotic Conditions
Weather in 2018 appeared more favourable than in 2017, as it was cooler and
wetter, based both on weather station data and soil temperature and moisture (Table 4.1).
Leaf temperature was also cooler in 2018 (x̄17 = 24.6 ± 0.1°C, x̄18 = 20.3 ± 0.1°C, t13 =
12.99, P = 0.05), maxing at 37°C in 2018 and 42°C in 2018, but only ever >35°C in <1%
of all measurements, either morning and afternoon. During the experiment, there were 32
and 42 days of rain, respectively in 2017 and 2018, producing 32.8cm and 38.4cm total
precipitation (Fig. 4.2). Ramets grew more in height in 2018 (x̄17 = 14.28 ± 1.57cm, x̄18 =
29.68 ± 1.69cm, t105 = 6.69, P < 0.0001), but had more root mass in 2017 (t74 = -1.68, P <
0.05; one-tail). Air temperatures in blowouts were higher than recorded by weather
stations, with the maximum temperature recorded on the hottest day at 52.7°C in
blowouts vs. 37.6°C at the weather station (Supplementary Material S4.1). Leaf
temperature, were, on average, about 7o C lower than blowout air temperature (x̄Logger =
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32.2 ± 0.7°C, x̄LeafTemp = 25.0 ± 0.2°C, t83 = 83.23, P < 0.0001), highlighting the ability of
this species to regulate its temperature in a hot microenvironment.
Integration Experiment
For Ramet I, it appears that clonal integration contributes to survival, as 33% of
all IE (experimental) ramets died in the two years. In 2018, a greater proportion of IE
ramets died than did IC (Control) ramets (χ2 = 7.79, DF= 1, P < 0.01); eight IE ramets
(40%) died in total, half of them within the first week after severing (Fig. 4.3). One IC,
one IIC, and one IVC also died. In 2017, there were fewer deaths overall and no
difference in mortality between Ramets IE and IC. Specifically, five IE Ramets (25%)
died before some ramets were buried by a storm in September, four of them within a
week of severance (Fig. 4.3); one Ramet IC and one IIE also died. Mortalities potentially
caused by the storm are not included. Across all pairs and all ramets, both years, the
severed treatment shows a trend of more mortality than intact controls (χ2 = 4.19, DF= 1,
P < 0.06). Ramet I individuals that died did not start with fewer tillers, were not shorter,
did not have lower initial Fv/Fm, and did not have shorter rhizomes connecting them to
Ramet II either year.
Both Ramet I and older ramets showed a response in Fv/Fm to severing, but not
strongly or consistently. Specifically, MANOVA revealed that in 2017 older ramets in
the severed treatment (IIE and IVE) were less stressed and in 2018, Ramet IC was less
stressed. Effects of location and time were consistently significant (Supplementary
Material S4.2). Matched t-tests to further examine the treatment effect were not
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significant after controlling for multiple comparisons with the Benjamin–Hochberg
procedure (Fig. 4.2).
Similar patterns in Fv/Fm were seen with ANCOVA. In 2017, mean Fv/Fm was
greater in older ramets (IIE and IVE) from which Ramet I had been severed (x̄C = 0.737 ±
0.002, x̄E =0.747 ± 0.002, F1,1 = 7.74, P < 0.01), and soil temperature was significant as a
covariate (F1,1 = 31.44, P < 0.0001; Fig. 4.4A). For the older ramets in 2017, soil
moisture covaried with an effect of treatment (F1,1 = 5.64, P < 0.02), but without
homogeneity of slopes (F1,1 = 5.27, P = 0.02) such that variation attributable to treatment
depended on the value or value range of the covariate. In 2018, mean Fv/Fm was greater
in IC than IE (x̄C = 0.773 ± 0.003, x̄E =0.765 ± 0.003, F1,1 = 5.81, P < 0.02), covarying
with soil temperature (F1,1 = 106.28, P < 0.0001; Fig. 4.4B). Treatment was not
significant (F1,1 = 1.79, P = 0.18) with soil moisture as a covariate, lacking homogeneity
of slopes (F1,1 = 3.78, P = 0.05). For the afternoon 2018 measurements, location and time
were the only significant MANOVA effects and mean Fv/Fm was not different between
treatments when controlling for soil moisture and temperature in ANCOVA. Precipitation
and temperature are likely the main abiotic factors driving overall variation in chlorophyll
florescence (Supplementary Material S4.3).
Growth during the experiment and shoot biomass at harvest suggest that severing
negatively affected Ramet I and positively affected older ramets, but not consistently in
the two years. In 2018, IC grew more than IE (x̄C = 26.1 ± 3.6cm, x̄E = 15.9 ± 3.4cm, t9 =
3.32, P < 0.005) and had more aboveground biomass (x̄C = 6.89 ± 1.63g, x̄E =4.61 ±
1.30g, t7 = 2.84, P < 0.03). Additionally, Ramet IVE had greater shoot biomass than IVC
(x̄C = 2.49 ± 0.31, x̄E = 3.90 ± 0.68, t14 = -2.19, P < 0.05). In 2017, there were no
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differences in growth or biomass between treatments for any Ramet.
AMF colonization responded to severing, but not root biomass or root length,
which varied among ramets of different ages. Both years, IIE was more colonized by
AMF than IIC (2017: x̄C = 38.1 ± 3.50%, x̄E = 44.7 ± 3.15%, t15 = -2.33, P < 0.04; 2018:
x̄C = 2.44 ± 1.01%, x̄E = 6.04 ± 2.36%, t13= -1.61, P < 0.07, one-tailed; Fig. 4.5).
Severing did not affect AMF colonization of Ramet I either year, and only impacted
Ramet IV in 2018 wherein C are more colonized than E (x̄C = 4.23 ± 1.36%, x̄E = 1.17 ±
0.60%, t12= -1.75, P = 0.05, one-tailed; Fig. 4.5). Regardless of treatment, roots were
more colonized in 2017 than 2018 (x̄2017 = 40.85 ± 1.57%, x̄2018 = 4.13 ± 0.74%, χ2 =
124.25, DF = 1, P < 0.0001). Both years, Ramet I had greater total root biomass than
Ramet II (2017: x̄I = 0.61 ± 0.10g, x̄II = 0.35 ± 0.09g, t25 = -1.92, P < 0.04 one-tail; 2018:
x̄I = 0.58 ± 0.12g, x̄II = 0.26 ± 0.07g, t12= = -2.32, P < 0.04), and longer roots in Ramet I
than Ramet IV in 2017 (x̄I =621.25 ± 97.20cm; x̄IV = 266.22 ± 48.28cm; t26 = -2.84, P <
0.01) and longer than Ramet II in 2018 (x̄I = 883.92 ± 242.75cm; x̄II = 440.01 ± 68.97cm;
t25 = -1.75, P < 0.05 one-tail).
Water Tracing
In 2018, after 24h, the acid fuchsin dye was clearly visible in shoots in 13 of the
20 cases where we labelled roots located at a node without a shoot. Dye distribution did
not change between 24h and 96h. Dye dispersed to one ramet minimum and seven
maximum, travelling a mean of 3 ± 1 ramets, but did not always flow to the nearest
ramet(s) (Table 4.2). Dye applied to roots located between the two youngest ramets
transferred dye distally to the youngest ramet in all but one instance. Dye applied to roots
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between two older ramets dispersed dye both proximally and distally, and not
consistently to Ramet I. We did not quantify toluidine blue transference since the dye was
not clearly visible in aboveground structures (Notes S4). It was faintly visible in stem and
leaf xylems only after 96h. Belowground, toluidine blue also dyed rhizomes, but acid
fuchsin did not.
In 2019, when we died roots of Ramets I, II, and IV, dye dispersed to one ramet
minimum and seven maximum, travelling a mean of 2 ± 0 ramets. Nine plants of the 33
did not take up the dye at all. Ramets that took up the dye largely did not disperse it to
other ramets as shown by 17/24 or 71% of the ramets taking up dye and not transferring it
to other ramets (Table 4.2). Ramets that did share the water, shared it proximally and
distally and not always to Ramet I.

DISCUSSION
We tested hypotheses related to the level and importance of integration in
facilitating clonal colonization into foredune blowouts. Our results were not consistent
across years, nor as strong as we would have expected, but still support the importance of
integration because severed ramets showed reduced survival. Both biomass investment
and AMF colonization responded to severing, highlighting underlying effects on resource
allocation and/or foraging strategies. Water transport patterns suggest young ramets could
partially support older ramets by foraging for water.
The timing of most Ramet I deaths, most soon after severing, suggests that
resource sharing is likely necessary until distal ramets become self-sufficient, as has been
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documented in other species (Ashmun et al., 1982b; Hartnett & Bazzaz, 1983). Older
ramets, severed from the youngest, showed improved Fv/Fm in 2017 and greater shoot
biomass in 2018, results that suggest distal ramets serve as a water or carbon sink for
older ramets, as found in foredune clones of Salidago sempervirens (Hartnett & Bazzaz,
1983). Ramet I deaths were not related to initial plant morphology or Fv/Fm, despite
smaller ramets of other clonal grass and sedges having previously found to have higher
mortality rates (De Kroon et al., 1992).
The extent that distal ramets rely on older ramets may vary over time for A.
breviligulata, as suggested by different mortality rates in 2017 and 2018 and the death of
some severed distal ramets later in the season. Previous studies have found that that
independent plants can revert back to temporary parental dependence in stressful
scenarios (Ashmun et al., 1982b; Hartnett & Bazzaz, 1983), but we eliminated this option
when we severed the rhizome, likely leading to death. Changes in dependence across
time would not be surprising in the spatially and temporally variable environmental of
foredunes (Little & Maun, 1996; Maun, 2009). Clonal integration is known to vary across
habitats as a function of resources and stress (Headley et al., 1988; Pennings & Callaway,
2000; Jaafry et al., 2016). Indeed, A. breviligulata clones may be like other rhizomatous
grasses (Derner & Briske, 1998), an assemblage of interdependent and independent
ramets, with ramet relationships varying across stress gradients.
Ramet independence could depend on a critical amount of root development,
which may explain why Ramet I had more root biomass regardless of treatment,
contradicting other examples of parent and daughter ramets having equal root investment
in rhizomatous and stoloniferous herbs (Alpert & Mooney, 1986; de Kroon et al., 1996).
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An extensive root system is likely key for maximizing water and nutrient uptake, as water
will filters through loose blowout sand faster than in more stable sand surrounding older
ramets (Zhenghu et al., 2004). The roots of the most distal ramets were longer, and
anecdotally shallower, than those on older ramets, and therefore, more similar to those
adapted to take advantage of short rain events in many desert plants (Danin, 1996).
Perhaps root growth and shoot emergence occur in different growing seasons with
minimal shoot growth occurring first, as some distal A. breviligulata ramets lack roots
entirely, which would make them reliant on integration. Then, root establishment may
take precedence once the ramet has enough leaf surface area to invest in roots and begin
to move toward the potential to become less dependent or independent from parents.
Similarly, roots that we labeled with dye may be examples of adventitious roots that
might eventually support shoots as they grow and develop over time (Cook, 2019).
Following rhizome severing, root growth might be reduced by heightened effects of
abiotic stressors such as soil salinity and salt spray, both of which are thought to control
the distribution of plants along barrier islands (Oosting, 1945). Clonal integration has
been found to increase survival of younger Spartina alterniflora ramets experiencing salt
stress (Xiao et al., 2011) and salinity can reduce root growth in both clonal and nonclonal grasses (Bernstein & Kafkafi, 2002; Ashraf & Harris, 2013).
Afforded by the younger ramet’s greater investment in roots, distal ramets may
serve a foraging role for the genet. In blowouts, distal ramets are exploring uncontested
habitat space that could be ‘resource islands’ for the uptake and sharing of locally
available limiting resources (Stuefer et al., 1996). Grasses can invest more root biomass
in rich patches (Fransen et al., 1998; 1999) and various plants invest more in roots under
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limiting nutrients (Qu et al., 2003; Hodge, 2004). Alternatively, younger ramets may
invest more in root length and biomass to meet their own nutrient needs as larches do (Qu
et al., 2003), respond to drought stronger than older plants (Prasad et al., 2008), or forage
for water to share with the genet (Alpert & Mooney, 1986). Regardless, younger ramets
likely indirectly increase ramet survival and foraging capabilities within the genet by
anchoring the rhizome end in an unstable environment. Greater root investment does not
necessarily equate to greater nutrient uptake per unit root length, but this finding is more
characteristic of wetter habitats with higher nutrient diffusion (Fransen et al., 1998).
Other foredune clones, specifically Solidago sempervirens, produce fewer, but longer
rhizomes when resource limited (Hartnett & Bazzaz, 1983), facilitating colonization into
new habitats to forage or seek out resources (Bazzaz, 1991).
Fv/Fm levels indicate that A. breviligulata was relatively unstressed despite high
heat and low water availability, as values sometimes fell within the global maximum
average range of global 0.79-0.83, or 79-83% light absorption toward photosynthesis
(Maxwell & Johnson, 2000; Ashraf & Harris, 2013). Photosynthesis is sensitive to heat
stress, particularly PSII (Ashraf & Harris, 2013), but normal functioning can be
maintained in most plants until leaf temperatures of 35-45°C (Gombos et al., 1994;
Sharkey, 2005). While blowouts reach these ambient air temperatures, the plants maintain
lower leaf temperatures, rarely rising >35°C, presumably contributed primarily by
transpirational cooling (Tibbitts, 1979). Soil moisture and temperature did explain some
of the variation in Fv/Fm, indicating that this metric is environmentally sensitive to these
stressors in A. breviligulata.
Despite harsher abiotic conditions in 2017, the severing treatment had greater
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ramifications in 2018. This could be due to greater root biomass in 2017, potentially a
response to heightened drought stress, which can favour root over shoot growth and
improve water access (Prasad et al., 2008; Lipiec et al., 2013). In 2017, soil moisture
measurements showed water content to be near the wilting point documented for plants
growing in sandy soils (Fredlund & Xing, 1994; Fredlund & Houston, 2013; Franzmeier
et al., 2016). Volumetric water content was »5% on most measurement days when the
last precipitation was about a week prior (Fig. 4.2). The greater root growth in the drier
year is presumably an example of abiotic conditions feeding back on plant morphology in
a way that could affect the level of clonal integration.
The transfer of water within the rhizome was not consistently from parent to
daughter(s), although many studies in other taxa have found this (Allessio & Tieszen,
1975; Alpert & Mooney, 1986; Headley et al., 1988; de Kroon et al., 1996). Indeed,
unidirectionality in water transport may be the norm (de Kroon et al., 1996). Resource
sharing among ramets, whether proximal or distal, may occur less often in more
homogeneous habitats (de Kroon et al., 1996) while localized resource scarcity and
environmental heterogeneity are likely to drive resource sharing or its intensity (Ashmun
et al., 1982b; Evans, 1991; Liu et al., 2007) to older ramets as we document with water.
Water transport to the 13th farthest ramet, is greater than we are aware of being
previously reported, up to generation seven in Carex (D'Hertefeldt & Falkengren-Grerup,
2002) and in Psammochloa villosa to generation four, and all ramets in between (Liu et
al., 2007). The dye may have skipped some ramets because they had a higher water
potential than those labelled and/or because the vascular architecture may not have
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allowed the dye to reach all ramets equally. Water moved less among ramets when we
applied dye to roots attached to shoots than when we dyed roots at nodes lacking shoots.
This result could reflect inherently less water sharing among fully developed ramets, or it
could reflect differences in soil and ramet water potentials at the time of the two
experiments. A lack of dye transference to any plant, either year, is likely due to
cavitation of the xylem when cutting the root or applying the dye (Salguero-Gómez &
Casper, 2010). Our dye experiment specifically targeted water as a limiting resource, but
carbon sharing also occurs and whereby translocation is driven by sink demand, and even
distal ramets can act as sources (Hartnett & Bazzaz, 1983).
The increase in AMF colonization seen in Ramet IIE could have a couple of
explanations. Such an increase may suggest a replacement of any foraging role played by
Ramet I when it was connected, with investment in AMF being less costly than
investment in roots (Orfanoudakis et al., 2009) and/or severing Ramet I may free more
resources for allocation to AMF. We are aware of only two studies explicitly examining
tradeoffs between clonal integration and AMF; both found that AMF mutualisms can
replace integration, resulting in changes in clonal architecture and reduced phenotypic
plasticity (Sudová & Vosátka, 2008; Du et al., 2009). Studies with rhizomatous
Podophyllum peltatum revealed that intermediate aged plants tend to be more colonized
than older and young clones (Watson et al., 2002), but the increased colonization of
Ramet II explicitly arose from severing Ramet I from it, not age. Differences in water
availability may explain why plants were an order of magnitude more colonized in 2017
than 2018, as plants may invest more in AMF colonization under drought or hotter
conditions (Füzy et al., 2008). Some ramets remained uncolonized both years, suggesting
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AMF are not necessarily essential. AMF colonization may vary with genets, just as
integration intensity among and within some rhizomatous and caespitose grasses can vary
(Derner & Briske, 1998). Perhaps clonal integration and AMF colonization can work in
consort, with integration facilitating the survival of dependent distal ramets through
resource sharing, and AMF aiding in resource acquisition.

CONCLUSIONS
This study, in total, supports clonal integration as a mechanism facilitating ramet
colonization into foredune blowouts. However, the level and importance of integration
likely vary contextually with shifting resource availability and stress gradients, as it
seemed to here between years. The heterogenous physical topography of foredunes is
likely in part a map of current and past temporary gradients, but this is yet to be explored.
As young ramets grow, developing a more extensive root system than older ramets is
likely critical not only for establishing ramet physiological independence, but also for
anchoring and increasing survivorship in shifting sand. Physical anchoring could be
especially important during episodic storm events that categorize this system. Under
some circumstances, the youngest ramet apparently represents a net cost because severing
it increases biomass and allocation to AMF in older ramets. Or conversely, with regards
to AMF, the most distal ramet must forage for the genet, and investment in AMF vs.
roots is less costly to increase foraging area. Regardless, the youngest ramet may provide
benefit to attached older ramets by foraging for water across a wider new and uncontested
area. The importance or level of water sharing among ramets, both distally and
proximally, should vary with soil water potential and could become more pronounced
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under different environmental conditions than those encountered in the two growing
seasons in which we worked. Future studies should examine consequences of both
physical and physiological connections in dune system pioneers under a variety of
environmental conditions. Plasticity is critical in foredunes which are maintained in a
continuous state of dynamic flux with storms having variable impact across the system.
Integration ultimately increases clonal community plasticity to facilitate establishment
and survival of pioneers like A. breviligulata, which are also ecosystem engineers such
that integrations ultimately underpins the biogeomorphic feed backs that categorize this
system.
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Table 4.1. Weather conditions in 2017 and 2018. The sources are from a nearby weather
station (WS), or measurements taken at the distal end of each rhizome (R). Means are ±
SE with the maximum value recorded during the study in parentheses.
Parameter
Daily High
Temp
Daily Avg.
Temp
Daily Avg.
Humidity
Soil Surface
Temp
Soil Moisture

Source

2017

WS

29.0 ± 0.47°C (37.6°C)

WS

24.1 ± 0.39°C (30.6°C)

WS

68 ± 0.9% (87%)

84 ± 0.8% (99%)

R

31.6 ± 0.63°C (54°C)

23.9 ± 0.48°C (48°C)

R

3.08 ± 0.10% (8.1%)

4.50 ± 0.20% (26.1%)
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2018
25.9 ± 0.39°C
(33.2°C)
23.1 ± 0.37°C
(29.4°C)

Table 4.2. Acid fuchsin dye transfers after applying dye to roots, with each cell
representing a ramet along a rhizome system and pink indicating acid fuchsin dye uptake.
The roots were located at a rhizome node lacking shoots between two ramets in 2018 and
on ramet roots in 2019. In 2018, each row represents one application of dye, shown by X,
on one rhizome system, and cells represent ramets on that system. In 2019, each row is an
observed dye transfer result, with the number in the last column indicating the number of
times that result was observed. In 2018, the dye was not taken up in seven of 20
applications and in 2019, 9 of 33 did not take up the dye.
Ramet Number

2
0
1
8

2
0
1
9

Younger Ramets
1
2
3
4
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

5

6

7

8

9

10

11

Older Ramets
12
13

7
1
6
2
1
4
1
1
1
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Fig. 1: Spatially-paired rhizome pairs of Ammophila breviligulata expanding into
foredune blowouts. Rhizomes were paired based on similar plant (ramet) heights and
number of tillers, and spatial proximity. We studied three plants on each rhizome,
labelled I, II, and IV. Of note, sometimes there were fine roots between ramets on nodes
lacking shoots, but they were not always present. In 2017, we labelled such roots with
dye in order to trace water transport. There were no roots in the middle of the rhizome
that we severed, between plant I and II.
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Fig. 2: Most 1E ramets that died, did so within the first week after severing. Conversely,
IC ramets had minimal mortality. The final collection of 2017 and its deaths are excluded
from analyses as a storm occurred, burying plants, and affecting mortality in both
treatments.
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Fig. 3: Ammophila breviligulata chlorophyll fluorescence Fv/Fm across the years by
treatment. In 2017, severing the youngest ramet resulted in older ramets having higher
Fv/Fm, while in 2018, younger ramets still connected to older ramets, had higher Fv/Fm
than those severed from them. Note the increase in fluorescence between the last two
collection dates, in August and September. Increases in Fv/Fm across the season may be
explained by rain events, usually about a week before a measurement time.
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Fig. 4: Both years, fluorescence covaried with soil temperature such that Fv/Fm
decreased with increasing soil temperature and supporting the finding that in 2017, (A)
severance affected older ramets, II and IV, as, those with the youngest ramet severed, had
greater mean Fv/Fm than intact controls whereas in 2018, (B) younger ramets still
connected to older ramets, had higher Fv/Fm than those severed from them.
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Fig. 5: Rhizome severing affected AMF colonization. After severance of Ramet I, Ramet
IIE had greater colonization than IIC both years, 2017 (P < 0.04) and 2018 (P < 0.07). Of
note, the analyses on AMF are paired and on normalized data.
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CHAPTER 5: Coastal plants as ecosystem engineers shaping foredune genesis

INTRODUCTION
Biological organisms can act as ecosystem engineers, directly or indirectly
modifying habitats by changing biotic and abiotic resources or physical habitat structure
(Jones et al. 1994). Plants are capable engineers, physically altering environments both
when living and dead (Tanner 2001, Badano and Cavieres 2006, Bos et al. 2007, Hall
Cushman et al. 2010) and are particularly important in coastal foredune (the first mound
closest to the ocean) life cycles. Foredunes are more biogeomorphic than most other
fluvial and coastal habitats, categorized by constant feedbacks between plants and
topography (Balke et al. 2014, Corenblit et al. 2015). Complex above and belowground
biological and geomorphological feedbacks are coupled over time in response to shifting
abiotic forcings, such as wind and wave events. Plants create and modify topography
while topography and time impact vegetation structure and succession in a complex
biogeomorphic loop (Bendix and Hupp 2000, Murray et al. 2008, Hesp et al. 2011,
Stallins and Corenblit 2018). These linked interactions underlie coastal storm resiliency,
reducing erosion and contributing to recovery afterwards and landscape patch dynamics,
ultimately creating a complex temporally and spatially heterogenous system (Stallins and
Corenblit 2018).
Foredunes are self-organizing, forming based on wind, sediment supply, and
physical obstructions (de Castro 1995, Maun 2009). Sediment transported from storm or
wind events is steered by topography and vegetation, acting at geological and ecological
timescales (Arens 1996, Hesp et al. 2015). The frequency and severity of episodic storms
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may control species assemblages and recovery time to a pre-storm or new state (Stallins
2005, Durán Vinent and Moore 2014, Zarnetske et al. 2015). Storms open previously
occupied habitat space, presenting opportunities for invasives (Fei et al. 2014), but high
frequency storms also potentially eradicate species that require longer periods between
storms to recover (Cheplick 2016). In fact, only a handful of species worldwide can
survive the constant stressors categorizing foredunes, like salt spray, mobile substrate,
and low resource availability (Woodhouse 1982, Maun 2009). Geological dune processes
are extensively studied, but information on ecological processes, related to biological
organisms and their feedbacks on geomorphology, is lacking or site specific, despite a
growing appreciation for the intricate biogeomorphic coupling (Stallins 2006, Schlacher
et al. 2008, Murray et al. 2008, Corenblit et al. 2011, Stallins and Corenblit 2018).
Plants build, stabilize, and repair foredunes (Jones et al. 1997, Jones 2012), thus
changes in species assemblages can have cascading biogeomorphic consequences. Shoots
catch windblown sediment, with species differing in capture efficiency, survival,
morphology, establishment, density, and root vs. shoot investment (Hesp 1989, Zarnetske
et al. 2012). How these factors impact the size and shape of foredunes is unknown
although both are important for storm response, as storm erosion is highly dependent on
dune height relative to the storm surge and width (i.e. depth) with regards to sustained
wave attack (Houser and Mathew 2011). Topographic heterogeneity is likely due to
species-specific traits impacting deposition (Hilton et al. 2006, Houser et al. 2008,
Hacker et al. 2011, 2019) and variation in alongshore sediment transport (Houser 2013).
Shoots create drag and surface cover, retarding wind and wave erosion (Tanaka et al.
2009, Silva et al. 2016, Feagin et al. 2019), while roots (Forster 1979), hyphal networks,
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(Mardhiah et al. 2016) and microorganisms (Forster 1979, Forster and Nicolson 1981)
offer structural integrity and aggregate sediment, thereby increasing belowground
stability. Changes in plant community structure have implications for community
diversity, plant-soil interactions (Muñoz-Vallés et al. 2010, Pendergast et al. 2013, Ulm
et al. 2017), and storm response (Charbonneau et al. 2017). Lastly, vegetation supports
foredune genesis (Hesp 2002, Zhang et al. 2015), thereby initiating and fostering the
barrier island successional gradient that can develop (Cowles 1899, Maun 2009).
The earliest, most basic foredune stage is the nebkha, which is mounded sediment
from aeolian deposition around an individual plant or an assemblage of multiple plants,
varying in size from millimeters to meters (Cooke 1993; Fig. 5.1). Multiple nebkha can
merge over time as plants tiller, new ones emerge, or more sediment is deposited such
that they grow in size and occupy the same space (Price 1961, Hesp 1989; Fig. 5.1).
Continued sediment deposition can ultimately lead to a continuous ridge parallel to the
shore, forming an incipient or nascent foredune (Hesp 1984, 1989, 2002, 2013; Fig. 5.1).
Plant presence can induce deposition of up to 0.4 m/year at even just 1% cover in field
(Keijsers et al. 2015), and a 30-fold increase in back beach elevation has been
documented after managed plantings (Olson 1958). Behind plants and the nebkha body,
shielding and reverse air flow create shadow dunes or tails (Hesp 1981). Shadow dunes
can vary in size by plant and nebkha shape (Raupach 1992) and width, while being
independent of plant height and sediment grain size (Hesp 1981). Shadow dune and
nebkha morphology are linked, although they are often examined as separate entities
(Hesp and Smyth 2017). When nebkha are referred to in this publication, the nebkha and
shadow dune complex are grouped as one entity (Charbonneau and Casper 2018).
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The underlying feed backs driving topographic heterogeneity through foredune
genesis are unknown (Jackson and Nordstrom 2019). Vegetation’s influence on
topography may be temporary and not detectable as the dune evolves (Johnson and
Miyanishi 2007), although the plant’s topographic signature can also remain long after
the plant has died (Hesp 1984), dependent upon burial by larger quantities of sediment
(Arens et al. 2001). Currently, plants are shown to impose geomorphic feedback, in
numerical models, scaled laboratory tests, and site-specific field studies, but on already
established foredunes (Murray et al. 2008, Hacker et al. 2011, Zarnetske et al. 2012,
Duran and Moore 2013, Charbonneau and Casper 2018). Some species have come to be
associated with more hummocky, erect, taller, or shorter dunes as a result of analyses on
established dunes (Davies 1980, Hesp 1989, Wootton et al. 2005, Hilton et al. 2006,
Hacker et al. 2011, Zarnetske et al. 2015, Hacker et al. 2019). Similar to studies of
foredune biogeomorphology, nebkha research has focused on established field nebkha,
but genesis is poorly studied (Gillies et al. 2014, Hesp and Smyth 2017). Studying
nebkha genesis, at the individual plant level (Fig. 5.1A) presents an opportunity to reveal
underlying foredune biogeomorphic relationships, which may carry through the life of the
evolving dune system as well as impact its morphological trajectory.
To investigate these coupled biogeomorphic relationships, we designed and built
a moveable bed unilateral flow wind tunnel and tested how different U.S. East Coast
foredune engineering plant species and variation in their morphology, density and
planting configuration affect nebkha size and shape. We worked with dominant native
and invasive foredune ecosystem engineers planted at densities common to both managed
planting efforts and naturally in two planting configurations. After subjecting
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experimental populations to constant wind and sediment supply, typical of backshore
conditions, we related the size and shape of each resulting nebkha to the morphological
traits of the individual plant that created it (Fig. 5.1A). To ensure ecological relevance,
we also measured and related field nebkha to plant morphology in the same ways and in
both experiments test if: (1) Larger plants build larger nebkha; (2) Plant size positively
affects nebkha relative height and area; (3) Larger plants build volumetrically bigger
nebkha; and (4) nebkha shape varies by plant species with lower-lying plants creating
more circular nebkha. Although research surrounding dunes has become increasingly
more complex since the 1960s (Jackson and Nordstrom 2019), current modeling efforts
to parameterize vegetation’s role in foredune evolution, storm response, and recovery are
over-simplified, not accounting for variability that categorizes foredunes (de M Luna et
al. 2011, Duran and Moore 2013, Durán Vinent and Moore 2014, Zhang et al. 2015,
Keijsers et al. 2016, Moore et al. 2016). This study will inform beach and dune
management planting designs and offer detailed species-specific information to
parameterize models predicting how dunes, with different vegetation will respond to
future storms and climate change. By first understanding the underlying biogeomorphic
feedbacks of nebkha formation, we can more effectively scale up to forecast foredune
evolution and heterogeneity and its implications in a changing world.

MATERIALS & METHODS
Study Species
We worked with three dominant foredune ecosystem engineer pioneer perennials.
Erect C3 grass Ammophila breviligulata (hereafter AB; 0.66-1 m tall), is native to the US
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Mid-Atlantic and Great Lakes, and a Pacific introduced invasive (Hacker et al. 2011). C4
bunchgrass Panicum amarum (hereafter PA; 1-2 m tall) is native to the US eastern
seaboard and Gulf coast, known for its high biomass production. Carex kobomugi
(hereafter CK; 15-30 cm tall) is a sedge, native to Asia and invasive in the US, with a
low, semi-rosette growth form, having small petiole angles, and blades touching or nearly
touching the surface (Min 2006). All are rhizomatous, spreading laterally asexually in
guerilla growth form, burial tolerant, and with relatively long (15-50 cm) and narrow
(<1.25cm) leaf blades. Typical field densities are »40 and »140 ramets per m2 for AB and
CK, respectively (Charbonneau 2014). PA field densities vary widely with plant age, at
first covering space uniformly (»100 ramets m-2, 30 transects at Delaware State Seashore
quantified September 2016), but typically thin to one dense clump per m2 (Woodhouse
1982). PA and AB are commercially available and planted for foredune management and
recovery efforts. CK was available and planted from 1960 to 1990 on the Eastern US
until its invasive qualities were documented (Wootton et al. 2005).

Wind Tunnel & Experimental Plantings
We constructed a moveable bed unilateral suction flow wind tunnel, modified
from a design used at the O.H. Hinsdale Wave Research Lab of Oregon State University
(Zarnetske et al. 2012). Vegetative sediment capture can be examined in the field
(see(Hesp 1989), but the wind tunnel allowed us to control, and minimize, heterogeneity
in wind speed, direction, and duration, and sediment supply and grain size (Houser and
Mathew 2011), in order to focus on effects of varying plant species, density, and
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configuration. The wind tunnel chamber is 1.0 m wide, 6.0 m long, and 2.0 m tall with a
1.0 m wide floor gap 3.6 m downwind, where a 1.0 m x 1.0 m x 0.3 m box of sand
sediment and plants level with the chamber floor can be inserted. The wind tunnel is
located at the Ocean County Vocational Technical School in Waretown, NJ, USA (See
Supplementary Material S5.1 for wind tunnel specifications).
In each box, we established a monoculture of rooted plants at one of three
density/spacing treatments, and two configurations with respect to wind direction. For
low-, medium-, and high-density treatments (Fig. 5.2), we spaced plants uniformly at
three distances on center: 45.7 cm, 30.5 cm, and 15.25 cm, resulting in eight, 14, and 42
plants per m2 box. These plants are uniformly spaced in the boxes, but we only quantify
nebkha and morphological relationships for plants not feeling edge effects with the wall
(Supplementary Material S5.2), those 33 cm from the center line of the box parallel to the
wind. High-density is about the same as the average natural density of PA and AB
(Zarnetske et al. 2012, Charbonneau et al. 2016), but the lower densities can be observed
in the backshore where densities can vary widely with time and precipitation (Emery et
al. 2015). The low and medium densities achieve the most common spacings used
currently and historically in dune management plantings (Savage and Woodhouse 1968,
Seneca et al. 1976, O'Connell 2008, Wootton et al. 2016). Natural CK densities are
typically much greater than even our high-density treatment (Wootton et al. 2005,
Charbonneau et al. 2016). Within a density, the planting configuration differed between
the two years. In 2017, the regular hexagon array was oriented such that distinct plant
rows were parallel to the wind, while in 2018, when we refer to the planting array as
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staggered, the array was turned 90o (Fig. 5.2). There were four replicate boxes per species
and density each year and one only sand sediment control box.
As our aim was to link topography to characteristics of the plant that formed it,
we quantified morphological features of each plant just before the experiment. From
wind tunnel bed-level, we measured: (1) stem width between the two furthest stems at the
windward side of the plant, (2) plant height as a plant sat bent naturally and (3) height to
the highest leaf tip pulled taut. We counted: (4) total leaves and (5) total stems. We did
not measure width for CK as the stems tended to be buried once we levelled the
sediment, just as they often are in the field. Post-experiment, we cut shoots at the surface
using shears and measured biomass after drying for 72 hr at 70°C.
Wind Tunnel Experiments & Topography Quantification
We conducted experiments the first two weeks of September each year when
plants were green and fully expanded. We inserted and sealed with tape, each box into
the wind tunnel test area flush with the floor. In the box and upwind of it, we poured and
levelled dry sediment consisting of quartz sand (mean grain size 0.300-0.350 mm) to a
continuous 2.54 cm bed height. We levelled the bed using a custom fabricated rake for
the upwind area and a spatula so as not to damage plants. The flat upwind bed mimics a
dry sandy backshore, and thereby natural conditions for sediment transport to planted or
naturally established vegetation (Arens 1996). We subjected each box to 30 min of 8.25
m/s wind, measured 60 cm above the center of the inserted box area (Supplementary
Material S5.2), as wind speeds above 8.75 m/s can be erosive (Jungerius et al. 1981) and
consistent with Zarnetske et al. (2012).
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Following the wind treatment, we quantified nebkha topography using an
industrial class II laser 3D sensor, specifically, a SICK TriSpector1060 (Intelligence
2019). The sensor uses laser triangulation and integrated data processing to collect and
stitch 2500 (Z) profiles along a 66 cm width (X) and 1.25 m (Y) length to produce a 3D
image with true mm values in all dimensions (height resolution 80-670 μm). Because
Class II lasers cannot penetrate live tissue, we scanned the surface after clipping
aboveground plant material. We collected height profiles every 0.42 mm along the Y
axis. Because the maximum scannable width is 33 cm on each side of each box center,
the space and plants within 17.8 cm of the tunnel wall, which are also part of the
boundary layer (Supplementary Material S5.2), are not included (Table 5.1). Similarly,
the wind tunnel is scaled such that no plants extend into the scanner or ceiling boundary
layers (Supplementary Material S5.2). We extract scan topographic information using the
sensor’s software SOPAS Engineering Tool V2018.3 (Intelligence 2019).
To account for any error in leveling plant beds, we scanned each box preexperiment, to assess initial elevation. We determined starting bed height in front of each
plant by leveling a horizontal fixed plane to the discernable surface in SOPAs. Plant
canopy spike signatures in scans made discerning starting elevation in this manner
difficult, but possible such that we could compare each nebkha’s peak height, quantified
post-experiment, to initial base elevation to determine if erosive or accretionary forces
built the nebkha. In 2018, we added another method to quantify starting elevation. We
installed a wire stake at the front and back of each plant, marked at the sediment surface.
Based on the visibility of these marks post-experiment, we could determine if sediment
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had accrued, eroded, or not changed (Fig. 5.3). This method proved very effective, and
we used it to assess accuracy of pre-experiment scans in determining starting elevation.
We quantified the volume, area, elevation and shape of each nebkha by deploying
tools to find, inspect, and measure topographic features in SOPAS (Intelligence 2019).
We defined nebkha in our post-experiment scans using the Blob Tool to locate point
clusters where each plant was located. The tool calculates the basal area and volume
(from the object base) of each blob representing a nebkha. We determined nebkha
elevation from its base to peak and define peak location as upwind, downwind, or within
the plant. We measured nebkha slope as the angle between the peak and upwind extreme
Y whereby upwind angles ranged from 1-16° x̄ = 7.65 ± 0.22°. At the peak, we also
measured the width and length (perpendicular and parallel to wind direction) of the base
of the nebkha. We quantify nebkha shape as eccentricity, the ratio of length/width,
whereby values closer to one indicate a more uniform or circular nebkha, values >1
indicate greater length along the prevailing wind direction, and <1 means the nebkha is
wider than longer. We also measured maximum width and length, which might not occur
level with the peak.
Field Validation
We validated our wind tunnel experiments by quantifying naturally formed
nebkha in backshore areas at Island Beach State Park (IBSP), New Jersey, USA. IBSP is
a micro-tidal »17km natural high barrier island sandy shoreline that has never been
replenished. Mean grain size is 0.300-0.350 mm with annual precipitation at 127 cm.
Precipitation and wind speeds are lowest April through August, when southerly winds
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predominate, but with minimal impact on sediment movement in the dune zone because
of low speeds. Conversely, the Atlantic Hurricane season runs June 1 to November 30,
with most storms occurring in or after October with predominantly northeasterly winds
(Gares 1992). The most recent major storm to impact the area was Hurricane Sandy
(October 2012), though smaller storms like Hurricane Joaquin (October 2015) and Winter
Storm Jonas (January 22-24, 2016) have also affected the park more recently (Dohner et
al. 2017). Since these storms, the foredune toe and slope have been come to be naturally
and artificially planted in many areas such that nebkha, berm, and incipient dunes have
been developing seaward of the foredune.
In the backshore, seaward of the foredune, we chose individual AB and CK plants
matching specific criteria of: (1) being seaward of vegetation so no other plants or
obstructions were upwind, (2) ³50 cm from the closest plant, (3) located on ‘flat’
backshore as opposed to inclined dune toe, (4) having a complete, intact nebkha, and (5)
having no wrack within or around the form that could have contributed to nebkha
formation. Where these conditions were met, we placed numbered pennies as ground
control markers around the nebkha. As objects with a fixed diameter and shape, pennies
provided scale and marked locations clearly, allowing us to check model accuracy. We
measured the same plant morphological features as in the wind tunnel experiment, and
then without disturbing topography, we harvested the plant with garden shears to attain
dry biomass. We then used a 12.1-megapixel camera to collect 100 shadowless photos of
the nebkha and penny markers from different vantage points to generate a 3D model.
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We used Agisoft Metashape Professional Edition to create image-based 3D
models of field nebkha to quantify nebkha volume, area, and shape and relate these to the
morphology of the associated plant. Our general workflow for 3D model generation was:
(1) automated high-accuracy camera alignment; (2) improving camera alignment
manually using pennies as reference points; (3) dense point cloud generation; (4) scale
bar definition; (5) digital elevation model (DEM) creation referenced to scale bars; (6) 1mm interval elevation contour generation to determine where nebkha and background
sediment surfaces intersect; and (7) use of Agisoft tools to measure the same nebkha
parameters as in the wind tunnel (AgiSoft 2018). See Supplementary material S5.3 for
more details and visual workflow. We created 18 total nebkha 3D models, five
individuals each of CK and AB, which are paired spatially (< 4 m apart), and four more
AB from each of two beach locations (Fig. 5.4). The four AB within a group were within
5 m of each other. We collected all data on the same day, so each pair and all plants at a
beach location should have been subjected to the same abiotic conditions for genesis. We
do not attempt to discern the wind directions or velocities across the summer and fall
months when these nebkha would have theoretically developed as this would be
speculative given that formation could have occurred over multiple or single transport
events with varying sediment supply (Czarnes et al. 2000, Maun 2009, Balke et al. 2014,
Zarnetske et al. 2015), and across varied wetting and drying cycles (Czarnes et al. 2000,
Maun 2009, Balke et al. 2014, Zarnetske et al. 2015).

126

Statistical Analyses
We used JMP Pro 14 for our analyses. Means are reported ± SE and all tests twotailed. We perform numerous full factorial linear mixed model (LMM) using restricted
maximum likelihood. In all LMM, box (i.e. replicate) is maintained as a random effect.
Distinct nebkha formed around plant groups, not individuals, in the high-density
replicates, such that we could not analyze them the same way as the other densities and
they are thus omitted from all analyses except examining elevation change with pins.
We determined if erosive or accretionary forces built each nebkha by examining
elevation change. Elevation change, which can be positive or negative, is initial upwind
plane height subtracted from each nebkha peak height. We could not quantify elevation
change in high-density plantings due to obstruction of the laser by the vegetation canopy.
For low- and medium-densities, we tested if elevation change varied by species, density,
and configuration, with LMM. The row each plant occupied was not significant and
omitted. In 2018, we related the scan metric to the marked pins to ensure they gave
similar results by repeating the above LMM with an additional variable as upwind
erosion or accretion indicated by the pins. Lastly, we determined if the proportion of
plants producing upwind erosion vs. accretion varied by species, using Fisher’s Exact
Test.
We used Principal Component Analysis (PCA) on correlates to reduce
dimensionality and eliminate collinearity in the multivariate plant morphological data
after first exploring variation contributed by our experimental factors (Graham 2003)
using LMM. We examined number of leaves and stems, stem width, and plant height,
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each as a function of the fixed effects density, species, year/configuration, and year X
species interaction. We omitted CK from similar analyses of biomass and stem width, as
these plants were partially buried. No plant morphological variable differed between lowand medium-density (Table 5.2). Since configuration/year was a significant effect for
some morphological variables (Table 5.2), we constructed a separate PCA for each year.
We included all three species in each PCA, because we were interested in further
exploring differences among species in morphology and nebkha topography. We
ultimately included number of leaves and stems and the two height metrics, but not
biomass or stem width, since we lack this information for CK. The contribution of
variables to the variability surrounding plant morphology in the PCAs can be seen in
Table 5.3.
For nebkha morphology, we repeat the LMM procedures above to inform PCA.
We first used LMM, to examine how the dependent variables nebkha area, volume,
height, and shape varied by density, species, year/configuration, and year x species
interaction. All dependent variables varied by species, volume and area varied by
configuration, and height by density and configuration. Therefore, we constructed four
separate PCAs to maximize the variability explained by the new orthogonal variables,
one for low-density non-staggered, low-density staggered, medium-density nonstaggered, and medium-density staggered. For the PCAs, we include nebkha height,
volume, and area, but not shape (length/width) as it made interpretation difficult due to
low partial loadings across all principal components. All PCAs also improved after
removing shape, explaining an additional >10% variability in PC1 and 2. See Table 5.4
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for the contribution of measured variables to overall PCA variation in nebkha
topography.
We relate nebkha PCA scores to plant PCA scores based on PC variable loadings
(Table 5.3 & 5.4) to test specific hypotheses. We use ANCOVA with plant PC as the
independent variable and nebkha PC as the dependent variable and species as covariate
after confirming with LMM that row did not affect nebkha PC1 or PC2. We test the
hypotheses: (1) Larger plants build larger nebkha, relating nebkha PC1 scores to
respective plant PC1 values, since all variables loaded heavily and positively for both
nebkha and plant PC1s (Table 5.3 & 5.4); (2) Plant size positively affects nebkha relative
height and area, relating nebkha PC2, which represents nebkha area relative to height
(Table 5.4) with plant PC1. To test Hypothesis (3), larger plants build volumetrically
bigger nebkha, we examine nebkha volume, log transformation normalized, with plant
PC1 and species as a covariate. To further explore the role of species and validate
covariate inclusion, we compared nebkha PC1 and PC2 by species in ANOVA examining
pairwise differences with Tukey HSD. For Hypothesis (2), we also compared the
variables loading on nebkha PC2 (height and area, Table 5.4) between species using
Kruskal-Wallis and Steel-Dwass Tests, as we also did to examine species effects on nontransformed nebkha volume (3).
Biomass and stem width were not included in the PCA, although they are
important for field validation. We used separate LMM analyses to examine nebkha width,
length and height each by stem width, dry biomass, and their interaction for the two erect
grasses. We also tested whether the sum of total biomass in all rows upwind of a plant
impacts the resulting nebkha size (nebkha PC1) with species as the covariate.
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As nebkha shape is not included in PCAs, we analyze it separately. We compare
nebkha shape (length/width) by species in each density and configuration treatment
combination separately with Kruskal-Wallis, making pairwise comparisons with SteelDwass Tests. Knowing that CK is a low-lying rosette compared to erect PA and AB, we
expected this difference to be reflected in nebkha shape.
Because PCAs for nebkhas were constructed separately by density and
configuration, and to potentially inform management decisions, we performed LMM to
determine if density and planting configuration and their interaction affected
accumulation in nebkha volume, area, and shape. We performed these analyses for each
species separately to better understand how density and configuration may impact each
species’ nebkha topography.
We compare wind tunnel formed nebkha to those in the field to validate that wind
tunnel findings are true in nature. To ensure that the conditions in the tunnel are
comparable to the field, we only relate AB field nebkha (N = 13) in comparison to AB
wind tunnel nebkha (N = 22) that were explicitly in the first upwind row of low- and
medium-density replicates of both configurations using Wilcoxon Tests. We compare
size (height, area, and volume separately) and shape between field and wind tunnel AB
nebkha and between paired field AB and CK plants (N = 5 pairs). We then performed
PCA and regression analyses on the field AB data, to test our three hypotheses using the
PC scores. We also tested if the orthogonal PC variable is a better predictor of nebkha
size than biomass, using regression to relate AB biomass to nebkha PC1. We examined
the effect of stem width and biomass to nebkha width, length, and height using separate
LMM.
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RESULTS
Wind Tunnel Experiments: Low- & Medium-Density Replicates
Accretionary forces built nebkha, which only formed around plants, but not in
unplanted controls, which formed only ripples of uniform size and shape in the prevailing
wind direction, thereby indicating that the wind tunnel is appropriately scaled, as edge
effects did not impact our measurement area and the plants did not extend into the ceiling
boundary area (Supplementary Material S5.2). Elevation change varied by species (F2,45
= 5.83, P = 0.005), being greater for PA (7.21 ± 1.04mm) than AB (2.38 ± 1.0mm), and
with density (F1,45 = 6.70, P = 0.01) and density x year (F1,45 = 9.59, P < 0.005).
Regardless of species, nebkha in the non-staggered medium-density configurations
showed less elevation change than the other treatments. Nebkha formation often involved
upwind scouring (erosion around the plant face) and downwind deposition, especially in
AB and PA, as revealed by the pins placed in the front and back of each plant in the
staggered configurations. Pins showed upwind erosion, accretion, and no net change in
74, 34, and 14 instances respectively, while downwind, this count was 3, 114, and 5.
Plants experiencing upwind erosion had less elevation gain (5.11 ± 0.58) than those
accreting sediment upwind (7.43 ± 0.90; F1,15 = 5.59, P = 0.02). Compared to the other
species, CK showed both upwind and downwind deposition (species comparison DF = 2,
c2 = 23.76, P < 0.001). Accretionary forces also built nebkha in the staggered highdensity plantings, where upwind pins recorded erosion, accretion, and no net change in
104, 151, and 60 instances, respectively, while downwind pins recorded 7, 292, and 16.
Upwind scouring occurred most often for AB (72 of 104) in staggered high density,
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whereas again CK was associated with accretion both upwind and downwind (DF = 2 c2
= 132.0, P < 0.001). Lastly, regardless of configuration or density, the location of peak of
nebkhas for AB were largely leeward, behind the plant, in 60 of 69 (87%) instances, for
PA 42 of 64 (66%) instances, and for CK behind in 32/63 (51%) whereas 22 of the 63
(35%) of the peaks were windward for CK.
Whether bigger plants built bigger nebkha varied by planting configuration and
density. This is shown relating plant PC1 and nebkha PC1, both representations of size
(Table 5.3 & 5.4), with species as a covariate in ANCOVA in the low- and mediumdensity treatments. In the non-staggered configurations, there is a positive relationship
between plant PC1 and nebkha PC1 in both the low- (F1,1 = 6.91, P < 0.02) and mediumdensity treatments (F1,1 = 9.07, P < 0.005; Fig. 5.5). Plant size did not predict nebkha size
for any density staggered treatments, but species did (F1,2 = 5.83, P < 0.005; ANOVA
F2,69 = 7.96, P < 0.001). In the medium-density staggered treatment, PA built larger
nebkha (greater PC1 scores), than AB and CK. Row was never significant in initial LMM
on nebkha PC1, and there was never a significant interaction of species and plant PC1.
The amount of dry biomass upwind of a plant did not impact nebkha size expressed in
PC1.
Nebkha PC2, which represents nebkha area relative to height (Table 5.4), did not
correlate with plant size as represented by PC1 in any density or planting configuration,
but varied by species (Fig. 5.6). AB had greater nebkha PC2 scores than CK in the
medium-density, non-staggered treatment (Table 5.5; Fig. 5.6A), and this result is driven
by AB nebkha having smaller area than PA and CK, as the species do not differ in
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nebkha height (Kruskal-Wallis: DF = 2, c2 = 8.78, P = 0.01; Fig. 5.6C). Similarly,
nebkha PC2 varied among species in the medium-density, staggered configuration, with
AB having higher PC2 scores than CK (Table 5.5). Again, this result is driven by
differences in nebkha area, with AB nebkha having smallest area (Kruskal-Wallis: DF =
2, c2 = 11.31, P < 0.005; Fig. 5.6C). In low-density staggered configurations, CK had
greater PC2 scores than PA and AB (Table 5.5), driven by CK nebkha being shorter than
PA nebkha (F2,32 = 7.70, P = 0.001; Fig. 5.6B) as area is consistent across species. In the
low-density non-staggered configurations, PC2 did not vary by species, but CK created
shorter nebkha than PA (F2,20 = 5.85, P = 0.01; Fig. 5.6B).
Larger plants built volumetrically bigger nebkha. Larger plants (PC1) created
nebkha of greater log volume in the non-staggered planting configuration in both the lowdensity (F1,1 = 4.70, P < 0.05) and medium-density (F1,1 = 8.65, P < 0.005) treatments
(Fig. 5.7A). For the medium-density, PA created nebkha of greater volume than both CK
and AB (Table 5.5). In the staggered configurations, log nebkha volume did not vary by
plant size (PC1) at either density, but there was a species effect (Fig. 5.7B). PA created
nebkha of greater volume than both CK and AB at both densities (Table 5.5).
Nebkha shape (length/width) varied consistently between species across densities
and planting configurations with CK creating more uniform circular nebkha than the
oblong longer-tailed nebkha of the two erect grasses (Fig. 5.8 & 5.4; Table 5.6). CK
produced more uniform shaped nebkha than both PA and AB in the non-staggered
configurations (Low: c2 =6.47, DF = 2, P < 0.04; Medium: c2 = 11.40, DF = 2, P < 0.01)
and more circular nebkha than AB in the staggered configurations (Low: c2 = 14.05, DF
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= 2, P < 0.001; Medium: c2 = 8.38, DF = 2, P < 0.02). LMM revealed that shape was
unrelated to plant size in PC1. The width of PA and AB stems did not impact nebkha
width or length, although PA showed a trend of creating wider nebkha than AB (F1,40 =
3.57, P < 0.07), but regardless of species, a wider stem base in the erect grasses produced
taller nebkha (F1,129 = 7.98, P < 0.01).
Within each species, nebkha shape, measured as eccentricity did not vary across
density or configurations, but nebkha area and volume did. The staggered configuration
produced nebkha of about double the volume than the non-staggered configuration (Table
5.6). Neither density nor configuration impacted AB nebkha area. However, for PA and
CK, the staggered configuration produced nebkha of greater area than non-staggered,
with 2C greater area for CK (Table 5.6).

Wind Tunnel Experiments: High-Density Replicates
There was a population level response to nebkha formation in the high-density
replicates. Nebkha did not often form around individual plants, but instead around groups
of plants. For CK, especially, in both configurations, nebkha of neighboring plants
melded. Melding occurred less often in AB and PA. For non-staggered PA, in one
replicate, all nebkha melded and in two others »50% melded. In non-staggered AB, half
of the replicates had over >50% of the nebkha meld. In the staggered configurations, 1535% of all AB and PA nebkha melded. In all high-density replicates, some individual
nebkha did not form downwind, usually in the last row of plants. In all high-density
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boxes, nebkha did not form around some plants downwind, usually in the last row of
plants.

Field Validation
For AB, nebkha were larger in the field than in the wind tunnel, but similar in
shape and in the relationships between plant and nebkha topography. Field-formed
nebkha had greater area, height, and volume (Table 5.7), despite AB having more
biomass in the wind tunnel experiment. The shape (length/width) of all AB nebkha was
oblong having longer tails relative to width, but in the field nebkha the length to width
ratio was greater (Table 5.7). Field-formed nebkha width, which was not included in
PCA, trended towards increasing with plant base width (F1,1 = 4.54, P = 0.06) and there
was a significant width x biomass interaction (F1,1 = 5.70, P = 0.04); wider stems also
supported taller nebkha (F1,1 = 5.44, P = 0.04), with no effect of biomass. The
relationship between nebkha size metrics (PC1) and plant size (PC1), supports larger
plants creating larger nebkha (F1,11 = 6.31, R2 = 0.36, P < 0.03). Similarly, nebkha
volume increases with plant size as plant PC1 (F1,11 = 5.11, R2 = 0.32, P < 0.05). There
was not a linear relationship between nebkha PC2 and plant PC2, which tests if plant
height correlates with nebkha height. Plant size, PC1, did not relate to the relative height
and area of nebkha as examined in a separate PCA with nebkha height and area as the
only factors so PC2 here is the exact relation of the two factors only.
Consistent with wind tunnel findings, paired AB and CK field nebkha did not
vary in area, height, or volume, but did vary in shape (length/width). Field AB produced
oblong forms that were longer along the Y axis compared to CK, which produced more
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uniform, round nebkha (x̄AB = 2.46 ± 0.17, x̄CK = 1.44 ± 0.16, Z = -2.51, P = 0.01; Fig.
5.4); upwind slope of the nebkha did not vary. Nebkha formed by AB and CK nebkha in
the wind tunnel, with no plants upwind of them, also did not vary in nebkha area, height,
angle or volume, but did vary in shape (x̄AB = 1.93 ± 0.35, x̄CK = 1.25 ± 0.19, Z = -2.14, P
= 0.03).

DISCUSSION
Our results, in total, support a tight coupling of plant morphology and geological
topography, at the initial stages of foredune genesis in nebkha formation and well
illustrates plants’ roles as ecosystem engineers. Specifically: (1) Larger plants (more
leaves, stems, and height) supported larger nebkha (greater height, volume, and area)
regardless of species; (2) Plant size did not predict the relative height vs. area of nebkha,
but species and density did, (3) Examining nebkha volume, a size metric most-relevant
for modelling and managing storm response, larger plants created nebkha of greater
volume, (4) Wider stem bases produced taller nebkha, and (5) Species morphology, not
size, impact nebkha shape. Erect grasses produce more oblong, longer-tailed nebkha than
low-lying CK. Similarly, planting configuration impacts sediment deposition. A
staggered planting configuration produces 2x bigger nebkha forms, despite equal abiotic
formative conditions. For management, these results suggest planting more culms per
planting hole and/or larger plants. Using a staggered configuration to the prevailing wind,
may be most conducive for building larger nebkha more quickly over time, increasing the
size of the resulting barrier that would buffer upland areas in the face of storms.
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The biogeomorphic relationships observed in the wind tunnel were all also true,
and thus validated, in the field by examining backshore nebkha. Lab simulations of
natural phenomenon are often not validated, but should be in a well-constructed
experimental design (Dunham and Beaupre 1998). The larger size of field nebkha was the
one main difference despite our working with larger plants in the wind tunnel. We
attribute this finding to field nebkha having more time to form (>30 minutes), plus
formation is likely to occur over multiple transport events affecting sediment supply
(Czarnes et al. 2000, Maun 2009, Balke et al. 2014, Zarnetske et al. 2015) and varied
wetting and drying cycles (Czarnes et al. 2000, Maun 2009, Balke et al. 2014, Zarnetske
et al. 2015), which are known to impact deposition and thus, potentially, nebkha size.
Field nebkha also have longer tails although equivalent eccentricity which could result
from differences in wind velocity and direction over time. Shadow dune length can vary
strongly with both wind velocity and stem width (Hesp and Smyth 2017). While field and
wind tunnel stem widths were equivalent, the speeds of the formative field winds were
unknown. Still the similar field and wind tunnel results show our findings are
ecologically relevant and true in nature.
Taller plants, with more leaves and stems, regardless of species, formed nebkha of
greater volume, area, and height. Until now, our understanding that larger plants build
larger dunes was based entirely on observations of larger plants occurring on larger dunes
(Davies:1980ux; Hesp 1989, Wootton et al. 2005, Hilton et al. 2006) (Hacker et al. 2011,
2019). Our results show the underlying feed backs responsible for this association and
mirror findings on established artificial nebkha shapes, where larger nebkha produced
larger shadow dunes in their lee (Hesp and Smyth 2017). Similarly, larger nebkha
137

establish in field around larger plant assemblages than smaller ones (Gillies et al. 2014).
Compared to those studies, we reduced the scale (Walker et al. 2017) to nebkha genesis
and around individual plants, but the results support the same influence of plant size on
local topography size.
Staggered planting configuration produced nebkha with twice the volume, an
important finding for dune management and planting efforts. In the field, managers have
noted no depositional difference from varying configurations, but wind direction, which
likely contributed to variation in deposition was not measured (Savage and Woodhouse
1968, Wootton et al. 2016). Staggered planting eliminates or reduces wind alleys through
plant rows, which should increase wake interactions between individuals resulting in
greater deposition (Pietri et al. 2009). Regardless of configuration or density, deposition
varied little among rows of plants, indicating that sediment transported fairly evenly
throughout the stand and did not accumulate more in the first upwind or last downwind
row as might have been expected from changes in lateral cover (Hesp 1983, 1989, Arens
et al. 2001, Hesp et al. 2019).
We expected plant density to impact deposition yet nebkha size was equivalent in
low- and medium-density treatments. A greater number of objects, acting as act as
roughness factors, normally equates to greater dampening of wind to induce deposition
from turbulence (Hesp 1983, 1989, Zarnetske et al. 2012, Ortiz et al. 2013, Keijsers et al.
2014). Thus, lower densities tend to facilitate erosion (Keijsers et al. 2016) although they
can, in some instances, enhance deposition (Burri et al. 2011). Our results are consistent
with research on submerged and non-submerged vegetation, where there was no impact
of density on reducing flow (Järvelä 2002, Burri et al. 2011) that would induce
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deposition. However, our two lower densities, which are commonly used in plantings,
may not have been different enough to produce density-specific erosive or accretive
effects. Conversely, there may also be no correlation with vegetation density and
accretion quantity, as has been suggested at the scale of an established foredune system,
and the timescale of years (Keijsers et al. 2015). Our results, regarding plant density and
size, suggest planting lower densities of larger plants may translate to equivalent
accumulation as more but smaller plants but with a reduction in cost and effort compared
to higher density plantings. Similarly, the 30.5cm spacing, may represent a critical
density, as has been suggested by Price (Price 1961), below which roughness elements
act independently instead of as groups.
Regardless of plant size or configuration, at the onset of dune genesis, species
morphology influences nebkha shape, with low-lying CK producing more circular
nebkha than erect grasses. This is similar to AB being associated with more erect dunes
than Spinifex sericeus which is found on lower platform-like established dunes (Davies
1980); both species are erect grasses of similar stature, but vary vastly in their
inflorescence with S. sericeus’ being larger, shorter, and splaying horizontally. Densities
may also differ naturally between species, potentially exacerbating topographic species
effects, even in similarly erect grasses (Hacker et al. 2019). Our results are consistent
with nebkha length increasing with porosity, as observed with mesh objects (Gillies et al.
2017) and emergent and submerged vegetation (Yagci et al. 2016). Taller plants produce
streamlined airflow and deposition around objects as shown by manipulating low-stem
leaves on artificial erect plants (Hesp et al. 2019). In contrast, CK’s low-lying stature
should reduce porosity, thus increasing turbulent kinetic energy below the canopy,
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pushing topography into non-streamlined states (Raupach et al. 1996, Boothroyd et al.
2016). Our results match wind tunnel studies of shrubs showing that increased horizontal
complexity in low-lying, splaying leaves increases the width and decreases the length of
deposition (Leenders et al. 2011).
Species effects on nebkha height at low-density were unrelated to plant height. In
theory, at the foredune level, greater plant height, representing greater biomass and
surface cover, increases efficiency at trapping sediment, thus building taller dunes,
assuming sufficient sediment supply (de M Luna et al. 2011, Zarnetske et al. 2012). As
such, foredune or crest height differences have been attributed to vegetation height, and
lower profile plants have been noted (Davies:1980ux; Hesp 1989, Wootton et al. 2005,
Hilton et al. 2006) or quantified (Hacker et al. 2011, 2019) on shorter, established
foredunes. Matching these observations, CK created shorter nebkha than PA, supporting
species identity playing a greater role at lower densities, with less neighbor interaction
(Pietri et al. 2009), and may explain why PA and AB can be found on dunes of similar
size and shape (Woodhouse et al. 1977, Hacker et al. 2019) . The species currently on a
dune also may not be the species that built it. For example, CK, a strong invader, can be
found on dunes of equivalent height as AB (Charbonneau et al. 2017). While we
controlled for grain size, it is another contributing factor to variation in dunes in the field
as it can interact with obstruction width to impact nebkha height (Hesp 1981, Hesp and
Smyth 2017). Here, PA’s greater stem width may be the paramount reason why only PA
nebkha were taller than CK nebkha (Table 2). Species-specific differences in foredune
elevation likely equate to variation in crest elevation (Goldstein et al. 2017), with
implications for storm response.
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Differences between CK and the erect grasses in how sediment was distributed
windward and leeward of a plant is likely also due to plant morphology and height. Wider
stem bases can create longer wake zones (Hesp 1989), and overlapping wake zones
leeward of erect plants can cause localized scour (Burri et al. 2011, Leenders et al. 2011).
Instances of windward scouring for CK could also be due to its splaying leaves at the
sediment surface, increasing turbulent kinetic energy (Burri et al. 2011, Leenders et al.
2011) However, CK’s leaf ends often became buried and no longer moved in the
airstream, limiting interaction that could trigger erosion with neighboring leaves,
inducing deposition both upwind and downwind. Leaf flexibility, not measured here,
relative to height and number of leaves, likely impacts deposition as in air and water flow
fields (Järvelä 2002, Burri et al. 2011, Luhar and Nepf 2013). Thus, CK may better retain
grains it accumulates (Charbonneau et al. 2016), than other plants (AB = CK volume),
but in the field, this phenomenon must be viewed in the context of how little sediment
depth it takes to bury CK relative to taller AB and PA.
More is known about the effect of wind on rigid, submerged, and emergent
vegetation than on flexible roughness elements or live plant material (Järvelä 2002, Burri
et al. 2011). However, solid vs. porous obstructions do not respond equivalently in flow
(Gillies et al. 2014), as flexible plants undergo streamlining and compression, yielding
more heterogeneous velocity fields than solid objects (Boothroyd et al. 2016, Yagci et al.
2016). Tests on the actual ecosystem engineers inducing biogeomorphic responses may
thus yield different results than artificial proxies. This thinking, using live plants, has
recently been applied to simulate storm beach and dune wave-runup in flumes (Silva et
al. 2016, Feagin et al. 2019). To build upon our findings and from past studies, future
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research on live plant material could incorporate irregularly in stand configuration, as has
previously been studied with pegs (Raupach et al. 2006), and focus on more heterogenous
species assemblages and turbulence generated at the canopy top vs. stem-level (Nepf et
al. 2007).
This research contributes importantly to improving foredune storm response,
recovery, and evolution modelling by improving vegetation parameterization. Improved
vegetation parameterization will yield more robust model results and provide a basis for
testing hypotheses generated at the larger foredune scale. Biogeomorphic ecosystems
share many of the same anthropogenic challenges and theoretical functional similarity
such that this research can contribute to a global framework for management and
restoration of water-terrestrial interfaces as suggested by (Balke et al. 2014, Corenblit et
al. 2015). We recognize that our scale is small compared to a foredune, but as Walker et
al. noted, we are scale constrained in how we approach beach-dune system evolution and
change over time (2017). Beach-dune research is also disciplinarily constrained in that
systems have historically been approached geologically whereby a more interdisciplinary
approach, as applied here, is needed to encapsulate all the variability surrounding such an
inherently complex system. An interdisciplinary approach and field-validated lab
experiments should become the new norm when broaching inherently applied topics with
management implications (Stallins 2006, Schlacher et al. 2008, Murray et al. 2008,
Corenblit et al. 2011, Stallins and Corenblit 2018). Biogeomorphic systems are
interdisciplinary by their very name and as such should never be approached purely
biologically or geologically. Integrative studies will yield more realistic results of
complex natural associations and thus more concrete suggestions for management by
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virtue of their improved system’s perspective. Understanding the efficacy of natural dune
engineers will only grow increasingly important as climate change and sea level rise
impose heightened stress on critical biogeomorphic habitats worldwide.
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Table 5.1. Number of plants in each density treatment and the number of nebkha created
in each box that could be quantified based on the scanning width of the 3D scanner
relative to the plant spacing. There are four replicate boxes per species per density in both
arrays, staggered and non-staggered. Only six plants in the non-staggered configuration
and two in the staggered configuration did not form nebkha. These plants were primarily
in the maximum upwind or downwind row of plants in the configuration.
Box
Density
Low 45.7 cm
Medium 30.5 cm
High 15.25 cm

Plants/Box
8
14
42
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Non-staggered
Nebkha/Scan
2
7
16-22

Staggered
Nebkha/Scan
4
6
20

Table 5.2. Linear mixed-effects models examining plant morphology metrics by year,
density, and species, with density being low and medium replicates. Means are least
square means ± SE. Cells that are a different color are significantly different than other
cells in that row examined with Tukey HSD wherein a darker color denotes a larger mean
value.
CK
2017
#
Leaves
# Stems
Stem
Width
(cm)
Ht
Straight
(cm)
Height
(Bent:
cm)
Biomass
Dry (g)

AB
2018

23.25 ± 2.73
1.77 ±
0.94

3.80 ±
2.58

2017

2018

19.56 ± 2.75
4.59 ±
0.94

Species Fixed Effect
Test

PA
2017

2018

63.25 ± 2.73

10.85 ±
2.61

15.74 ±
0.94

25.97 ±
2.58

F2,32 = 80.02, P < 0.0001
F2,45 = 48.22, P < 0.0001

X

4.31 ± 0.30

6.94 ± 0.28

F1,36 = 41.73, P < 0.0001

54.91 ± 2.34

84.76 ± 2.36

77.80 ± 2.34

F2,45 = 44.61, P < 0.0001

19.07 ± 1.99

67.77 ± 2.01

69.08 ± 1.99

F2,42 = 205.51, P <
0.0001

X

4.51 ±
0.45

8.88 ±
0.94
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12.27 ±
1.08

7.83 ±
5.80

F1,14 = 9.49, P < 0.01

Table 5.3. Two PCA analyses performed on the plant morphology metrics split by year,
2017 and 2018, which is configuration, rows vs. staggered. Tests are split by year due to
differences in morphological parameters among species form different abiotic conditions.
The eigenvalues for the principal components are l and the values in parentheses
represent the percentage of variability explained by each variable and by the principal
component. The PCA accounted for 99.2% and 97.6%of the variability in plant
morphology in 2017 and 2018, respectively.

Variable
# Leaves
Plants
2017

# Stems
Ht
(Taut)
Ht
(Natural)
# Leaves

Plants
2018

# Stems
Ht
(Taut)
Ht
(Natural)

Principal
Component 1
Loading
l
Score
0.86
(23.27%)
0.94
(27.80%)
3.20
(79.9%)
0.90
(25.62%)
0.86
(23.31%)
0.62
(17.55%)
0.77
(27.58%)
2.17
(54.3%)
0.66
(20.19%)
0.87
(34.68%)

Principal
Component 2
Loading
l
Score
-0.49
(37.27%)
-0.29
(13.10%)
0.65
16.2%
0.34
(17.45%)
0.46
32.18%)
0.71
(33.80%)
0.54
(19.27%)
1.50
37.6%
-0.71
(33.93%)
-0.44
(13.00%)
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Principal
Component 3
Loading
l
Score
-0.05
(1.65%)
0.10
(8.28%)
0.12
(3.1%)
-0.26
(55.05%)
0.21
(35.02%)
0.33
(48.64%)
-0.32
(45.83%)
0.23
(5.7%)
0.11
(5.11%)
-0.03
(0.42%)

Table 5.4. To reduce nebkha dimensionality and account for collinearity, we performed
four PCA analyses on the nebkha. Tests are split the tests by density (low or medium)
and configuration (staggered 2017 or rows 2018). The eigenvalues for the principal
components are l and the values in parentheses represent the percentage of variability
explained by each variable and by the principal component. All of the variability, 100%,
is accounted for in each of the four nebkha PCA.

Variable
Ht (mm)
Low
Density
Rows

Vol(cm3)
Area
(cm2)
Ht (mm)

Low
Density
Stagger

Vol
(cm3)
Area
(cm2)
Ht (mm)

Medium
Density
Rows

Vol
(cm3)
Area
(cm2)
Ht (mm)

Medium
Density
Stagger

Vol
(cm3)
Area
(cm2)

Principal
Component 1
Loading
l
Score
0.76
(25.35%)
0.97
2.28
(41.15%) (75.9%)
0.87
(33.50%)
0.84
(30.46)
0.98
2.33
(41.24%) (77.5%)
0.81
(28.30%)
0.76
(24.92)
0.95
2.30
(39.34%) (76.8%)
0.91
(35.73%)
0.78
(25.99%)
0.97
2.32
(40.22%) (77.4%)
0.87
(33.80%)

Principal
Component 2
Loading
l
Score
0.64
(65.87%)
-0.10
0.63
(1.47%)
(21%)
-0.45
(32.66%)
-0.05
(45.42%)
-0.03
0.61
(0.10%)
20.2%
0.57
(54.47%)
0.65
(72.59%)
-0.18
0.58
(5.28%)
19.4%
-0.36
(22.13%)
0.62
(66.70%)
-0.11
0.58
(2.08%)
19.5%
-0.43
(31.22%)
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Principal
Component 3
Loading
l
Score
0.09
(8.78%)
-0.23
0.09
(57.47%) (3.1%)
0.18
(33.84%)
0.13
(24.12%)
-0.20
0.07
(58.65%) (2.3%)
0.11
(17.23%)
0.05
(2.49%)
-0.25
0.11
(55.38%) (3.8%)
0.22
(42.14%)
0.08
(7.32%)
-0.23
0.09
(57.70%) (3.1%)
0.18
(34.98%)

Table 5.5. Nebkha PC2, examined with ANCOVA which represents nebkha area relative
to height, as a function of plant size (i.e. plant PC1) did not vary with plant size, but does
vary across species, confirmed with ANOVA. Similarly, nebkha volume varied by
species.

Treatment

Nebkha PC2
ANCOVA
ANOVA
Species Effect
Across Species

Medium-density
Non-staggered

F2,66 = 4.84,
P = 0.01*

F2,66 = 3.89,
P < 0.03*

Medium-density
Staggered

F2,69 = 2.73,
P = 0.09

F2,69 = 3.95,
P = 0.02*

Low-density
Staggered

F2,32 = 8.42,
P = 0.001*

F2,32 = 8.84,
P = 0.001*

Low-density
Non-staggered

F2,22 = 0.03,
P = 0.97

X
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Nebkha Volume
ANCOVA
Kruskal-Wallis
Species Effect
Across Species
PA > CK & AB
F2,66 = 12.71,
DF = 2, c2 = 11.20,
P < 0.0001*
P < 0.005*
PA > CK & AB
F2,69 = 4.72,
DF = 2, c2 = 8.89, P
P < 0.02*
= 0.01*
PA > CK & AB
F2,32 = 4.02,
DF = 2, c2 = 10.31,
P < 0.03*
P < 0.01*
F2,22 = 0.17,
X
P = 0.84

Table 5.6. A staggered planting configuration, as opposed to not-staggered, produced
nebkha of greater volume, for all species, and greater area for P. amarum and C.
kobomugi. Means are reported ± S.E.

Nebkha
Volume
Nebkha
Area

Species
A. breviligulata
P. amarum
C. kobomugi
P. amarum
C. kobomugi

Staggered
19.15 ± 2.16 cm3
41.15 ± 3.88 cm3
22.83 ± 3.19 cm3
108.97 ± 10.05 mm2
97.27 ± 9.24 mm2

Not Staggered
10.77 ± 2.41 cm3
22.79 ± 4.44 cm3
13.32 ± 3.43 cm3
65.23 ± 11.31 mm2
45.47 ± 10.42 mm2

149

F-Stat
F1,20 = 6.70, P = 0.02
F1,16 = 9.70, P < 0.01
F1,15 = 4.12, P = 0.06
F1,16 = 8.35, P = 0.01
F1,18 = 13.83, P < 0.005

Table 5.7. The size of the AB plants that formed the field nebkha were smaller than those
in the wind tunnel, but the field nebkha were larger in all metrics excluding shape
(length/width), which was equivalent.

Dry Biomass
Nebkha Area
Nebkha Height
Nebkha Volume
Nebkha Shape

Field AB
Nebkha
1.68 ± 0.37g
331.90 ± 78.69 cm2
18.4 ± 1.58 mm
69.2 ± 23.5 cm3
3.01 ± 0.40

Wind Tunnel
AB Nebkha
6.26 ± 0.90 g
56.26 ± 6.66 cm2
7.16 ± 0.62 mm
16.4 ± 2.5 cm3
1.87 ± 0.34
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Wilcoxon Rank
Sum Test
Z = -3.98, P < 0.0001*
Z = 4.52, P < 0.0001*
Z = 4.56, P < 0.0001*
Z = 2.92, P < 0.001*
Z = 3.36, P < 0.001*

Fig. 5.1. Foredune genesis results from an increase in complexity over time, both in
topography and plant density and cover. (A) Genesis begins with nebkha formed around
individual plants, which is the stage of formation we examined. (B) Over time plants will
tiller and multiple plants will build a nebkha, also called a coppice dune at this stage. (C)
These nebkha will meld over time and (D) eventually without disturbance to halt
progress, a continuous foredune ridge will develop and potentially a berm seaward of it.
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Fig. 5.2. Three erect grasses and one low-lying sedge established in 1m x 1m
monocultures at three densities, low (45.7 cm), medium (30.5 cm), and high (15.25 cm)
plantings on center, in a not-staggered (2017) and staggered (2018) configuration to the
prevailing wind. PA is found at uniform densities initially then bunches with time and
tillering (bottom right image) and it conformed to younger spacing and intermediate
growth form.
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Fig 5.3. In the 2018 experiment, which was a staggered configuration, we installed
marked pins upwind and downwind of each plant. Post-trial we determined if erosion
(scarping) or accretion occurred, qualitatively, upwind and downwind of each plant based
on marker visibility.
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Fig. 5.4. Two representative examples of the 3D models created for A. breviligulata
(Left) and C. kobomugi (Right) pairs. Note the difference in shape whereby AB produced
more oblong bedforms compared to more circular uniform bedforms for CK in both the
field and wind tunnel experiments. One tenth mm contours are drawn in each figure in
black while the thick black line indicates the base of the nebkha used in volume and
shape calculations.
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Fig. 5.5. The first principal component of both the plant and bedform PCA explain plant
and nebkha size respectively. In both the non-staggered low-density and medium-density
configurations, there is a positive relationship between plant size and bedform size
though this was not true for staggered configurations. The spacing of species across PC1
highlights inherent differences in plant size though there was only a significant species
effect not explained by plant size in the staggered medium treatment whereby PA build
larger bedforms than AB and CK.
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Fig. 5.6 (A) Nebkha PC2 represents nebkha area relative to height and this relationship
varied across treatments (B) varying by species as a function of differences in nebkha
height for the low-density treatments and (C) varying from nebkha area in the mediumdensity treatments.

156

Fig. 5.7. Nebkha volume varied by plant size. (A) Larger plants produce greater volume
nebkha in non-staggered stand configurations. In staggered configurations (B), and the
medium non-staggered configuration (not depicted), the largest plant, PA, produced
greater volume nebkha than CK and AB.
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Fig. 5.8. Nebkha shape, measured as eccentricity, varied by plant species. Eccentricity is
the ratio of the length and width of nebkhas such that values greater than 1 are longer
than wider and values of 1 are equally long and wide along the prevailing wind direction.
Carex kobomugi consistently produced nebkhas of a more uniform shape whereas the
erect grasses produced oblong nebkhas with longer tails.
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CHAPTER 1 APPENDIX: Supplementary Material S1.1
Preliminary Collection of Edaphic Characteristics

We did not systematically collect edaphic data with cores as preliminary analyses
on December 2016 core subset revealed low exchangeable cations and base saturation
across microhabitats. We performed Cohex analyses for the effective cation-exchange
capacity (CEC), base saturation (Sat), and exchangeable cations (Ca, Mg, K, Na) of a
subset of 1.5 grams of ten cores. We performed the analyses according to the ISO
23470 standard (hexamminecobalt trichloride extraction, at soil pH) via inductively
coupled plasma and atomic emission spectrometry (ICP-AES) with a Thermo Fisher
Scientificã iCAP 6000 series. These analyses revealed generally low levels of
exchangeable cations, Sat, and CEC with no apparent differences by group comparing
across vegetated (CK and AB) areas and unvegetated areas (blowouts and foredune
slope/toe) using student’s t-tests. The below table shows the average ± SE results of the
Cohex analyses for the different macro and micronutrients.

Element
Na
Mg
K
Ca
Cr
Mn
Fe
Ni
Cu
Zn
Cd
Al

Macro- & Micronutrients (mg kg-1)
1.47 ± 0.12
0.68 ± 0.10
0.85 ± 0.10
2.67 ± 0.18
0.01 ± 0.00
< 0.005
0.06 ± 0.00
< 0.0015
0.19 ± 0.00
< 0.005
< 0.004
0.12 ± 0.01
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CEC
(meq/100 g)
14.29 ± 1.18
6.66 ± 0.95
8.28 ± 0.93
25.89 ± 1.67

CHAPTER 1 APPENDIX: Supplementary Material S1.2
AMF species associated with each microhabitat

We established trap cultures for the December 2016 and November 2017 core
samples that had viable AMF as determined with MIP. Combined between both
collections, A. breviligulata had 40 samples with AMF of a possible 48, C. kobomugi had
36 of a possible 48, the blowout had 12 of a possible 96 and the foredune toe had three of
a possible 36. The numbers in each cell represent the number of samples in each
microhabitat that had each AMF species.

Genus
Acaulospora
Cetraspora
Diversispora
Funneliformis
Gigaspora
Racocetra

Species
A. morrowiae
A. scrobiculata
C. pellucida
D. epigaea
D. tortuosa
D. trimurales
F. geosporus
F. mosseae
G. gigantea
R. persica
R. verrucose
R. coralloidea
R. fulgida

A. breviligulata
2
1
4
1
6
2
2
13
7
20
3
14
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Microhabitat
C. kobomugi
Blowout
1
1
3
2
1
1
1
1
2
2
1
1
13
2
1
1
10
1

Foredune Toe
3
1
1
4
2
1

CHAPTER 1 APPENDIX: Supplementary Material S1.3
Non-Glomeromycotan Septate Spore Species
In four December 2016 collection samples (1 blowout and 3 A. breviligulata) we
encountered a non-Glomeromycotan septate spore species. The below images are viewed
at 20x magnification except for the bottom two, (L) 10x and (R) 40x. These spores were
40-70µm in diameter. Note the septae in the hyphae. The spores had a negative reaction
with Melzer’s Reagent.
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CHAPTER 2 APPENDIX: Supplementary Material S2.1
Precipitation Across the Census Period

To ensure precipitation did not vary across censuses, we gathered precipitation data from
NOAA’s National Center for Environmental Information Climate Data Online Repository. We
collected daily precipitation summary data from the closest weather station with consistent
precipitation data across the whole affected census period from January 1, 2016 to May 14, 2019
- the Lacey Township Station (NOAA Station ID GHCND:US1NJOC0017) which is »3.7km
inland of IBSP.

Precipitation (cm)
Spring
Fall
Total
87
39
126
102
34
136
94
50
146
122

Table S1: Precipitation totals leading up to
each Spring and Fall plot census. The
censuses began September 2016, such that we
did not have a census in Spring 2016 but
assume that the rainfall leading up to the start
of the 2016 growing season likely affected the
Fall 2016 census. The Spring time frame is from the preceding fall census to the that
year’s spring census or theoretical census for Spring 2016 which is rainfall from Sept 7,
2016 to May 14, 2016. The last census was in Spring 2019.
Year
2016
2017
2018
2019
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Figure S1: Daily precipitation across the microscale stand colonization plots. The colors
denote the different time periods between censuses which begin on September 7, 2015;
the first actual collection was September 23, 2016, but we include the rain preceding this
collection to be consistent as we assume it would have impacted plot plant densities when
the plants broke dormancy in May 2016 given that plant densities remain fairly consistent
within growing seasons spring to fall.
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CHAPTER 2 APPENDIX: Supplementary Material S2.2
Individual & Stands of Plants Emerging in Blowouts
In fall 2013, post-Hurricane Sandy when we made our first mapping collection,
there were 55 blowouts within the foredune system along our 3km stretch of barrier
island. Many of these blowouts did not exist prior to Sandy as a pre-Sandy LIDAR, flown
April 2012 by New Jersey Office of Information Technology (NJOIT) revealed a lack of
the signature pockmarking in the
location of the blowouts with the
exception of »10 of the 55; no
storms occurred pre-Sandy before
this flight such that this LIDAR
represents the state of the system
pre-Sandy (Charbonneau et al.
2017). The contours in the below
atlases are a 0.6m distances.
Blowouts that appear to have
existed and exacerbated prior to
Sandy, based on this LIDAR, are
larger ones (1000m2+) as can be
seen below. However, by only
looking at changes in elevation we
cannot know that these blowouts
were not pockmarks of past barren
areas that had since been colonized
Legend
as we currently lack an
Pre-SandyCrest
Secondary Dune
understanding of when or
Blowouts 2013
necessarily how the topography
Contours 0.6m
responds once vegetation
Pre-Sandy DEM
Value
establishes itself such that the
High : 10.4
blowouts that appear to have
Low : 0
0 5 10 20 30 40
existed could have been colonized,
Meters
but a remnant blowout depression
signature is still present. Ground surveys could confirm or refute this, but this data is
largely lacking at our site (Gares and Nordstrom 1988; Gares 1992; Gares and Nordstrom
1995) and to our knowledge at other barrier island foredune sites.
the zoom of the below atlases each varies to allow one to better see the contours
and underlying topography across the system where the blowouts in 2013 were. In the
below atlases, half of the 55 original blowouts can be seen, as these are representatives of
all of them. The Digital Elevation Model (DEM) is in meters. The uniform depression
and line that can been see in atlases four and five are the road that runs down the park.

/
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The ocean is eastward (i.e. the gray area) and bay westward.

/

Legend
Pre-SandyCrest
Secondary Dune
Blowouts 2013
Contours 0.6m

Pre-Sandy DEM
Value

High : 10.4
Low : 0

0 10 20

40

60

80
Meters
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0 5 10 20 30 40
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CHAPTER 2 APPENDIX: Supplementary Material S2.3
Microscale Plot Sediment Flux

The 22 transects experienced both erosion and accretion over the course of the six
collections across the four growing seasons. The amount of erosion and accretion
quantity was unrelated to plant density the previous or current collect or distance to any
habitat features, as examined with regression. Specifically, we looked at the habitat
features distance to the ocean, crest, southern extreme of our collection area, and nearest
beach access path. To examine these relationships, we used regression wherein the
dependent variable, change in substrate is the average across the growing season
collections T1, 3, and 5. In the below table are more specifics on the substrate change.
Whereby the “All” rows are all the data ungrouped, and in the “Accreted” and “Eroded”
rows we have explicitly grouped the data as a function of if there was positive or negative
elevation change.

All
Mean
All
Minimum
All Maximum
Accreted
Mean
Accreted
Minimum
Eroded
Mean
Eroded
Minimum

T1: Fall 2016
to Spring
2017

T2: Spring
2017 to Fall
2017

T3: Fall 2017
to Spring
2018

T4: Spring
2018 to Fall
2018

T5: Fall 2018
to Spring
2019

11.2 ± 2.0

-0.5 ± 4.1

4.6 ± 3.5

7.3 ± 4.5

5.5 ± 3.3

-5.1

-29.2

-21.6

-22.2

-21.0

33.5

35.6

31.8

34.9

20.3

12.8 ± 1.9

16.0 ± 4.4

12.9 ± 2.9

13.9 ± 4.6

11.0 ± 1.8

0.6

1.9

1.3

0.6

3.8

-3.2 ± 1.9

-12.5 ± 3.0

-10.5 ± 3.4

-9.3 ± 5.1

-12.9 ± 4.4

-1.3

-2.5

-1.3

-1.0

-5.7

169

CHAPTER 2 APPENDIX: Supplementary Material S2.4
Blowout Demographics Relative to Changing Foredune Habitat

All areas are reported as m2. Average, max, and total blowout area are the full extent of
the blowouts, sometimes extending into the secondary dune. To calculate the percentage
of foredune habitat occupied by blowouts, we clipped each blowout to the proportion
explicitly in the foredune, bounded on each side by the crest and secondary dune,
allowing us to relate total foredune area and the blowout area within it. The foredune area
2014 to 2016 shrank to 95% of the 2014 extent from erosion originating at the crest from
two storms and similarly, shrank again 2017 to 2018 from wind events, to 95% of the
2017 extent.

Year

Total
Blowouts

AVG
Blowout
Area ± SE

Max
Blowout
Area

Total
Blowout
Area

Blowout
Area in
Secondary

Foredune
Habitat
Area

Blowout
% of
Foredune
Habitat

2013

55

674.5 ±
178

5,797

37,099

9,242

97,432

29%

2014

67

327.9 ±
98.4

4,651

21,968

5,104

97,432

17%

2016

78

280.1 ±
82.9

4,848

21,850

5,646

92,856

17%

2017

51

377.6 ±
119.5

4,535

19,256

4,982

92,856

15%

2018

43

407.0 ±
140.5

4,436

17,909

3,847

88,158

16%

New blowouts were created each time period.
Time
Period
‘13 to ‘14
‘14 to ‘16
‘16 to ‘17
‘17 to ‘18

# New
9
9
4
7

Mean New Area

Sum New Area

25.2 ± 6.7 m2
28.9 ± 8.4 m2
59.1 ± 42.8 m2
15.6 ± 5.7 m2

227 m2
260 m2
236 m2
109 m2
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CHAPTER 2 APPENDIX: Supplementary Material S2.5
Individual & Stands of Plants Emerging in Blowouts

Plants emerged in the blowouts. These plants emerged as individuals >1m from
the next closest plant near the edges and in the center of blowouts and or stands in the
relative center area of the blowouts. There were no individual plants or stands of plants in
the blowouts the year after Hurricane Sandy, Fall 2013.

Year

Blowouts
with Veg
Stands

2014

1

2016

4

2017

0

2018

4

AB

Abundance of
Individually
Emerging
Plants
0

32

AB

320

3

-

16

AB

441

5

375.29
x̄ = 93.82

2

AB

26

1

Area of
Veg Stands
20.37
92.34
x̄=23.11

Blowouts
with
individual
plants
0

Dominant
Species

AB = American Beachgrass (Ammophila breviligulata)
GR = Seaside goldenrod (Solidago sempervirens)
MP = Bayberry (Myrica pennsylvanica)
SR = Sea rocket (Cakile edentula)
YF = Adam’s Needle (Yucca filamentosa)
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Species
Diversity

Species
Identities

1

AB
AB, SR,
GR
AB, GR,
SR, MP,
YF
AB

CHAPTER 3 APPENDIX: Supplementary Material S3.1
Salt traps & the changing salt stress with distance from the crest

Salt traps installed
in the foredunes at
Island Beach State
Park, NJ.

Figure 1: A) Salt spray decreases with distance from the crest (0 m) into the dune system
(R2 = 0.29, F1,42 = 16.98, P = 0.0002). Similarly, (B) examining dune seres where the
foredune is closest to the ocean and tertiary furthest, we see that there is a decreasing
mean salt spray and a significant difference between the foredune and tertiary dune
(Tukey HSD P < 0.01) driving a difference between the mean among habitats (F2 = 6.43;
P < 0.01). Beach width varies across the transects such that each habitat’s distance to the
ocean and thus the relative impact of salt spray, will not necessarily differ among habitats
as we see here.
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CHAPTER 4 APPENDIX: Supplementary Material S4.1
Differences in blowout microhabitats compared to ambient recorded by weather station

Fig. S1: Temperature in foredune blowouts, x̄ of three blowouts recorded with loggers
compared to weather station data. Temperature in blowouts have higher maximums and
averages, and lower minimum temperatures. The max and min temperatures recorded in
the blowouts were 52.7°C and 16.4°C vs. 37.6°C and 17.1°C from the weather station.
Station and logger temperature minimums (R2 = 0.36, F1,25 = 14.15, P < 0.001) and
averages (R2 = 0.21, F1,25 = 6.52, P = 0.02) were positively correlated, but not max (R2 =
0.03, F1,25 = 0.68, P > 0.05). Here, we use regression to compare climate variables
measured in blowouts vs. weather station.
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Comparison of weather in blowouts (BL) recorded by loggers vs. weather station (WS)

Weather
variation
between
weather
station data
& blowout
conditions

Weather
Max Daily
Temp
Daily
Temp Avg
Low Daily
Temp

Source
BL
WS
BL
WS
BL
WS

Year
2017
2017
2017

Mean ± SE
43.2 ± 1.2°C
30.5 ± 0.5°C,
28.3 ± 0.5°C
26.4 ± 0.4°C
20.2 ± 0.4°C
22.3 ± 0.4°C

Statistic
t26 = 10.25
t26 = 3.87
t26 =
6.12

P-value
P < 0.0001
P < 0.0001
P < 0.0001

Variation in abiotic conditions across the three blowouts
Despite one blowout being »4x larger than others, temperature did not vary, but
light intensity did (x̄1 = 54569.8 ± 2026.8lum/m², x̄2 = 44297.8 ± 2026.8lum/m², x̄3 =
49368.7 ± 2025.8lum/m², F2.3754 = 6.42, P < 0.01; ANOVA), specifically the smallest
blowout had greater light intensity than the largest (Tukey HSD, P = 0.001). The loggers
(x̄logger = 32.19 ± 0.74°C) also recorded hotter ambient than sand surface (x̄plant = 24.14 ±
0.40°C, t107 = -9.61, P < 0.0001), soil (x̄plant = 26.64 ± 0.38°C, t104 = -6.68, P < 0.0001),
and leaf temperature (x̄plant = 24.96 ± 0.22°C, t83 = -9.38, P < 0.0001).
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CHAPTER 4 APPENDIX: Supplementary Material S4.2
MANOVA results examining Fv/Fm across, time, pairs, and by treatment

We performed separate MANOVAs from the youngest ramets, ramets and older,
II and IV. The results for the older ramets hold true with or without the inclusion of
PlantNumb which distinguishes among ramets II and IV as a parameter in the analyses.
Time refers to the date that the measurements were made across the growing season in
2017 and 2018.
2017 Ramet I

2018 Ramet I
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2017 Ramets II & IV

2018 Ramets II & IV
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CHAPTER 4 APPENDIX: Supplementary Material S4.3
Models of abiotic parameters that were the best predictors of Fv/Fm

We used R, version 3.4.0 (R Core Team 2017) to fit linear mixed-effects models
(LMM) using restricted maximum likelihood (REML) with rhizome pair treated as a
random effect in all tests. Specifically, we tested if Fv/Fm varied as a function of the
fixed effects average temperature high, temperature, humidity, humidity high, and
precipitation, number of tillers, leaf temperature, sand surface temperature, soil
temperature, and soil moisture. We used a stepwise analysis for automated model
selection with subsets of the supplied “global” model and below report the most
supported based on ∆AIC and AIC values with a criterion of models having a ∆AIC < 4.
We analyzed the significance of our model effects using a likelihood ratio test (LRT). We
perform four total models, plant I both years and older plants both years.

Plant I Model Results:
Examining parameter effects on Fv/Fm of Plant I produced only one model, in
both 2017 and 2018. In 2017, this model included negative effects of precipitation (LRT;
χ2 = 4.42, P < 0.04) and sand surface temperature (LRT; χ2 = 9.15, P < 0.01). Leaf
temperature was also the only other significant parameter but was not included as a
parameter in the best model predictors for Fv/Fm (LRT; χ2 = 6.54, P < 0.01). In 2018,
only soil temperature as a negative parameter was included in the best model to predict
Fv/Fm (LRT; χ2 = 6.98, P < 0.01). Number of tillers also significantly negatively
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affected Fv/Fm but was not included in the best model (LRT; χ2 = 4.28, P < 0.04).

Plant II & IV Model Results:
Models to predict Fv/Fm on older plants were more varied than for plant I,
producing two models with ∆AIC < 4 in 2017 and seven in 2018. Significant parameters
in 2018 included sand temperature (LRT; χ2 = 5.55, P < 0.02) and soil moisture (LRT; χ2
= 3.83, P = 0.05). However, the best model included sand temp and precipitation (LRT;
χ2 = 1.40, P = 0.24) as having negative effects on Fv/Fm. The second-best model in 2017
included sand temperature, average humidity (LRT; χ2 = 2.93, P = 0.09), and average
high humidity (LRT; χ2 = 2.72, P = 0.10), whereby average humidity had a positive
effect and average high humidity and sand temp had negative effects. In 2018, significant
parameters included average temperature high (LRT; χ2 = 5.75, P < 0.02), average
temperature (LRT; χ2 = 8.98, P < 0.005), precipitation (LRT; χ2 = 6.76, P < 0.01), soil
temperature (LRT; χ2 = 11.87, P < 0.001), and average humidity (LRT; χ2 = 3.68, P =
0.05). The best model included average humidity, average temperature, and soil temp, all
of which had negative effects on Fv/Fm. The second-best model included average high
humidity (LRT; χ2 = 2.232, P = 0.12), average temperature, and soil temp all of which
negatively impacted Fv/Fm.
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CHAPTER 4 APPENDIX: Supplementary Material S4.4
Images of acid fuchsin and toluidine blue dyed plants

Examples of Ammophila breviligulata leaves dyed with acid fuchsin at 0.25% solution.
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Examples of A. breviligulata leaves and stems dyed with Toluidine Blue O 0.5%
solution.

Examples of A. breviligulata rhizomes dyed with Toluidine Blue O 0.5% solution.
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CHAPTER 5 APPENDIX: Supplementary Material S5.1
Wind Tunnel Specifications
The wind tunnel design is modified from a tunnel once at the O.H. Hinsdale Wave
Research Lab of Oregon State University. It was modified specifically to expand use
capabilities and ease of use. The chamber length is 6 m with a 2 m cross section (2 m × 1
m height × width). An opening exists in the bed 3.6 m downwind, where a 1.0 m × 1.0 m
box (0.3 m deep), which for our purposes contains sand and plants, can be inserted and
sealed into the chamber at bed height. Wind is created by a 20HP 460V 60 Hz 3 Phase
JM Direct Driven Aerofoil fan with a 43,000 cfm duty. The actual wind speed attained
(27 mph, 12.1 m/s) matched well with the expected maximum (27.3 mph or 12.2 m/s),
based on chamber size and fan output. The fan pulls air into the chamber though a wall of
1.5” (3.8 cm) diameter honey-comb arrayed pipes that straighten the air to reduce
turbulence towards laminar flow. The air exits the chamber through a louvre. Wind speed
can be altered via a variable frequency drive controlling the fan. Wind speed can be
monitored via five SPER ScientificÒ 840003 digital turbine anemometers upwind and
downwind of our test area and observed to ensure uniform sand transport. These can be
moved throughout the chamber, and log both temperature and wind speed with accuracy
±0.6° C and ±3%, respectively (Figure 1 and 2). The 3D sensor, SICK Trispector 1060,
and its track are attached to the ceiling and are retractable so they do not affect wind flow
to the test area.
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We built the wind tunnel with USGS and ERDC funding in 2016, and the support of 21
local and national partners donating time and materials. The wind tunnel was designed
with ease of use and adaptability in mind for future research applications. The main
components are labeled numerically from left to right: (1) air flow inlet; (2) platform to
insert boxes into test area; (3) one of the 1 m x 1 m x 0.3 m boxes in which we
established plants; (4) test area where boxes are inserted and sealed into the chamber; (5)
3D sensor and accompanying hardware and tracking; (6) fan; (7) bags of dry sand; and
(8) air outflow.

182

CHAPTER 5 APPENDIX: Supplementary Material S5.2
Wind Tunnel Velocity Profiles
We tested the tunnel free stream wind velocity by altering fan speed and logging
the resulting wind speeds occurring over a two-minute period at various heights and
locations within the wind tunnel. To do this, we used a Speed-tech WM-300 WindMateÒ
(wind speed accuracy ±3%) mounted to a vertical pole affixed to the chamber ceiling and
floor and a horizontal pressure rod to create horizontal and vertical velocity profiles
(Figure 3). Effects of the walls and ceiling are generally minimal and boundary layer
thickness and flow is as would be expected following a logarithmic increase from the
walls, floor, and ceiling.
Velocity profiles at three relevant wind speed settings – entrainment (6.75 m/s),
max speed (12 m/s), and test speed (8.25 m/s). Measurements made in the center of the
wind tunnel chamber sans plants and with a 2.54 cm sand bed. Entrainment is relative to
our grain size used, mean 0.300-0.350 mm. The height referred to is the height of the
center of the anemometer turbine. Figure A) The wind tunnel chamber is 106 cm wide
and the effects of the walls are not felt until »8 cm from the walls (the dashed vertical
lines) at all wind speeds. These measurements were taken 2.54 cm above the bed, where
the effects of the ceiling and floor should be the lowest, at the start of the test area 3.5 m
downwind. Figure B) Change in wind speed as a function of height above the bed.
Measurements made in the center of the wind tunnel chamber at the center of the testing
area, 4.1 m downwind. The effects of the ceiling boundary layer are felt well above the
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height of our plants, the tallest species of which is generally Panicum at 68.41 ± 2.03 cm,
for uniform sediment transport.
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CHAPTER 5 APPENDIX: Supplementary Material S5.3
Visual workflow of 3D model creation
Workflow for 3D model generation consisted of: (1) automated camera alignment with
the highest accuracy settings to create a sparse point cloud; (2) manually improving camera
alignment by assigning spatial control points to the pennies within photos whereby each photo
had ³3 spatial control points (x̄=5 per photo); (3) generating a dense point cloud using high
quality settings for improved accuracy; (4) generating a triangulated mesh from the dense point
cloud; (5) defining scale bars of known distances taken from the diameter of each penny; (6)
creating a digital elevation model (DEM) from the mesh referenced to the scale bars for
distances; (7) generating elevation contours at 0.1mm intervals to determine where the nebkha
and sand surface intersect to define nebkha bounds; and (8) deleting all but the nebkha surface to
use Agisoft tools for measuring X and Y distances from the peak, maximum length and width,
volume, and area (AgiSoft 2018)
Marked pennies are placed around the flat surface surrounding a nebkha. Photo
collections consisted of 100 photos per nebkha in the field at multiple distances and angles from
the bedform to capture at least 3 pennies markers in each photo for aiding photo alignment. The
initial alignment of each photo relative to the sparse point cloud created from that alignment of
photos is shown first. The camera positions from the sparse point cloud create the dense point
cloud wherein the complexity and detail of the model is truly quantitated. Interpolating the dense
point cloud generates a solid surface 3D mesh and a digital elevation model. Scale bars pulled
from penny diameters serve in error calculations for the mesh and DEM. Contours are visualized
at 0.1 mm intervals and used to determine the nebkha boundary based on slope and the DEM
elevation heat map. Then parts of the model are selected and retained (pink area) while the
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remaining surface is removed so radii, volume, and area calculations can be completed.
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