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ABSTRACT 

Reproductive output of sea oats, Uniola paniculata was examined and compared to 

environmental variables.  Seed production in this native dune grass is low and is thought to 

diminish with distance from the ocean.  Establishment and sampling from 103 sub-sample sites 

was used to evaluate reproductive ecology of U. paniculata on the barrier island, Hammocks 

Beach State Park, North Carolina.  Seed number per culm was similar throughout the dune 

system, however culm density was greatest close to the ocean and highly correlated r >.7 with 

seed number per site (10m2). Thus, culm density can be used to proxy reproductive output.  

Positive ions in the soil proved significant for reproductive output across the dune system as a 

whole. Seed weight and proportion of seeds germinating were positively correlated and increased 

with distance from the ocean. The dune field was divided into zones, foredune, interdune, and 

backdune, using natural separations in sub-sample sites supported by regression trees.  Each zone 

revealed different controlling variables indicating a shift in factors influencing reproductive 

output.  The increase of seed weight with distance to the ocean may give insight to growers and 

managers regarding important conservation zones and productive areas for seed collection.  

Culm density in the entire dune system can be characterized by a positive correlation with 

positive ions (mg/kg)in the soil, an increase in seed weight and germination with distance away 

from the ocean, and unique dune zones with different controlling variables. 

 

Keywords: coastal plants; dunes; Sea Oats; Uniola paniculata; reproductive output 
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INTRODUCTION 

The beach system--Complexity in coastal systems is due to the unique attributes of the 

system both natural and artificial. These attributes include high salinity inputs, persistent 

desiccating wind, burial, and lack of protective cover. Increasing anthropocentric development 

continues to lead to unnatural complexities, including net losses of beach sand through beach and 

inlet stabilization, destruction of natural dune barriers, and disruption of succession, individually 

and collectively leaving beaches and coastal property frequently in peril.   Sand dunes provide 

the first line of defense against wind and flood that cause damage to homes and back barrier 

ecosystems. In addition, dune areas are also responsible for ground water recharge and serve as a 

barrier against salt water intrusion (Psuty, 2004).  Dunes are an important part of a sand sharing 

system that includes the beach and swash zone.  Dunes also represent a sand sink that allows the 

beach profile to adjust after periods of increased energy from wind and waves.  Dunes also 

provide a natural source of beach re-nourishment that has become widely artificial and 

expensive. Important conservation and restoration implications regarding dunes can be linked to 

a better understanding of dune stabilizing vegetation such as sea oats, Uniola paniculata L.  

Natural dune formation and stabilization rely largely on recruitment of this grass, which 

commonly forms large monocultures. 

 Study site--Hammocks Beach State Park is considered a prograding beach uncommon on 

the North Carolina barrier island system.  The upper beach is littered with small hummocks, 

which give way to a distinct foredune.  The foredune tends to be continuous.  Directly behind the 

foredune, smaller secondary dunes become increasingly disjointed giving way to the interdune 

environment characterized by flats scattered with dunelets and blowout areas.  The back dunes 

rise from the interdune; this area is characterized by high dunes and steep slip faces along the 
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leeward side of the back dune.  Wagner’s description of the nearby Bogue Banks system in 1964 

is very similar (Wagner 1964).  

Uniola paniculata--U. paniculata is a semitropical grass that ranges from Virginia to 

Mexico (Wagner 1964).  Sea oats are the primary dune builder in the Southeastern United States 

(Oosting & Billings 1942, Wagner 1964, and Seneca 1972)  and therefore one of the most 

biologically and economically important coastal plants.  Hence, this research has important 

implications for sea oat ecology and conservation.  The ecology of U. paniculata has been 

studied, primarily with horticultural objectives, and thus the reproductive ecology of U. 

paniculata remains poorly understood.  Dune building by accretion and subsequent burial is key 

to inland protection. Burial of photosynthetic vegetative parts as a result of sand accretion is 

usually detrimental (Maun 1998); however, sea oats and other dune grasses consistently show an 

increase in vigor with burial (Wagner 1964, Hosier 1973, Maun 1998, Boyce 1954, and Travis 

1977).  An increase in vigor due to burial suggests the sand is rich in salt spray nutrients that 

facilitate photosynthesis and growth (Gorham 1958, and Willis et al. 1959). Furthermore, the 

exclusion of species intolerant to burial likely reduces interspecific competition (Huiskes 1979, 

and Maun 1998). Another possible benefit of burial is that sand accretion provides new volume 

for roots to colonize, therefore offsetting the loss of absorptive surface area in older root material 

(Hope-Simpson and Jefferies 1966).  Burial can be detrimental to U. paniculata reproductive 

output; no seedling emergence occurs when buried more than 15 cm, while too little sand burial 

(< 5 cm) results in desiccation and mortality. 

 Reproduction--Flowering throughout the range is controlled by temperature and occurs 

along a latitudinal gradient, flowering first in the south moving north (Harper and Seneca, 1974).  

U. paniculata has a low seed set, and most fertile florets never set seed averaging two seeds per 
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spikelet of 10-20 florets. There is evidence of embryo formation and then subsequent abortion 

for unknown reasons (Burgess et al., 2002). Seed set may influence recruitment of new dunes, 

therefore understanding what influences sexual reproduction in U. paniculata can offer benefits 

to natural and restored populations.  Germination requirements are also dependent on latitude.  

The southern populations need no cold period to break dormancy while populations extending 

north need stratification of between 15-30 days (Woodhouse et al. 1968, Seneca 1972, and 

Burgess et al., 2002). 

Purpose--Understanding the relationship of environmental variables to U.paniculata seed 

number, modeling important variables to predict seed number, and identifying gradients in the 

dune system are important. Obtaining these goals may guide seed collection of wild stock in 

preparation for artificial dune development, give insight to requirements for conservation of wild 

populations, and a better understanding of growth parameters for improved greenhouse stock. 

 

 

MATERIALS AND METHODS 

Study area and site establishment-- Field work was conducted during spring, summer, 

and fall of 2007 and the spring of 2008 on Bear Island (Hammocks Beach State Park) south of 

Swansboro, North Carolina, USA (34.63’N, 77.14’W) (Fig. 1). Bear Island is approximately 

5km long and 600m wide. It is a prograding beach with large heterogeneous dune fields.  Fifty 

two sample sites were established spanning the length and width of the island (Fig. 2).  Each 

sample site consisted of a sub-site on a dune ridge and a sub-site in the center of the windward 

dune  
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Fig. 1. Bear Island is located in southeastern North Carolina. 
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Fig. 2. Bear Island with mapped sample site locations. 
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slope.  One sub-site had no U. paniculata culms and was eliminated establishing a total of 103 

sub-sites. 

Each sample site was surveyed using Real-Time Kinematic Surveying (RTK) to 

determine elevation, geographic location and distance from each sub-site to the high tide line. 

These measures were corrected using RTK technology.  

Culm collections--Culms of U. paniculata were collected from populations on 

Hammocks Beach State Park, North Carolina.   Collections were completed during September 

2007 at each sub-sample site along the ten transects.  Four replicates were collected from each 

sub-site, weighed fresh and allowed to air dry.  Seeds were extracted by hand and the number of 

seeds was recorded for individual spikelets.  Other measurements such as culm length, 

inflorescence length and culm diameter were also recorded.  Culm length was measured from the 

base of the culm to the first pedicel in the inflorescence.  Inflorescence length was measured 

from the first pedicel to the tip of the inflorescence excluding the spikelet.  The culm diameter 

was measured with digital calipers at the base of the culm carefully avoiding joints. 

Total vegetative cover and U. paniculata cover were estimated at each subsite.  Culm 

density was determined at each sub-sample site by counting culms within a two by five meter 

rectangle oriented parallel to the dune ridge. 

Salt spray was collected at each sub-sample site by attaching glass fiber filters to 

fiberglass screening stretched over 20.3cm square frames.  The frames were mounted 35.5cm 

above the sand and placed in the field for 48 hours. The glass fiber filters were stored in 15ml 

centrifuge tubes at 0° C.   Samples were eluted from the glass fiber filters with 10ml of distilled 
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water.  Nitrates and phosphate concentrations were determined by a colormetric reaction using a 

Bran Luebbe segmented flow nutrient auto analyzer (EPA Report 600/R-97/072). 

Soil collections--Soil was collected from the top 55 cm of each sub-site using a 

windowed auger. Four samples were taken from each location and combined.  Samples were 

weighed fresh and dried at 27° C in a drying cabinet until sample weight stabilized.  Dry samples 

were then shipped to Brookside Labs, New Knoxville, Ohio U.S.A. for physical and chemical 

analysis. 

Temperature and humidity measurements were collected at two minutes intervals for 30 

days using 50 Hobo data loggers.  The loggers were fastened to pvc pipe with zip ties at equal 

height to surrounding sea oat vegetation orienting the permeable membrane toward the soil.    

Germination--Germination studies of U. paniculata seeds were conducted in January and 

May 2008.  The January and May experiments both used seeds from collection sites that covered 

the length and width of the island. Twenty seeds were chosen at random from one culm to 

represent a sub-sample site.  Average weight of seeds was determined and seeds were treated 

with a 25%, bleach solution followed by a distilled water rinse.  Seeds were placed on damp 

germination paper in plastic trays.  Seeds were stratified at 4°C for 30 days, then moved to dark 

incubators with a temperature regime of 35°C for 7 hours followed by 18°C for 17 hours, 

following Seneca (1972).  Germination success (defined as radical emergence) and fungal 

infection were recorded for 30 days, at which point the experiment was terminated. 

Statistical analysis-- Simple linear and multivariate regression, rank correlations, and 

regression trees were applied to the data.  The Bio-Env procedure in PRIMER v.6 (Clarke, 

Gorley, 2006. PRIMER v6: User Manual/Tutorial. PRIMER-E, Plymouth, UK) is a non-metric 

Comment [KB1]: : (1) you performed some 

exploratory procedures to get an idea of the degree 

of intercorrelation among variables (abiotic), (2) you 

conducted PCA to condense abiotic variables into 

“compound” variables, (3) you regressed some (or 

one or two) outcome variables (biotic, such as 

seeds/site) on these PCA scores (axes) to see how 

your outcome variables were associated with the 

abiotic variables, (4) you inferred from the strength 

of these correlations how the biotic variables were 

associated with the abiotic compound variables. 
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procedure that calculates a Spearman rank correlation coeffiecient (ρw) between environmental 

and biotic variables. This procedure was used for initial exploration into hypothesized significant 

variables. The correlation coefficient was used to find the optimal combination of environmental 

variables.  The combination with the highest correlation coefficient (ρw) provides the most 

explanation in variation for a single or collection of biotic variables, provided that controlling 

environmental variables were in fact measured (Clarke, 1993) and( Clarke and Ainsworth, 1993).   

Transformations were used when assumptions of normality, homoscedasticity, and 

linearity were not met. Correlation matrices were used to identify and remove variables with 

Pearson correlation values greater than .8.  Linear and multivariate regression was used to further 

analyze relationships, principally between environmental variables and reproductive output. 

Principal components analysis, (PCA) was carried out using PC-ORD v.5 (McCune and 

Mefford. 2006). PC-ORD Multivariate Analysis of Ecological Data. Version 5.  MjM software, 

Gleneden Beach, Oregon, U.S.A.), was applied to the data to group independent variables into 

axes.  Simple linear regression was used to understand how each environmental variable changed 

with distance from the ocean. Then multiple regression was used to determine significant 

variables controlling culm density. Regression analyses were done in R (R Development Core 

Team (2004). R: A language and environment for statistical computing. R Foundation for 

Statistical Computing,Vienna, Austria), and Statistica (StatSoft, inc. 2007).  Regression trees 

were used to visualize where important breaks or nodes occurred in the data set and what 

variables were responsible for those breaks. This sorting procedure was done using binary 

recursive partitioning. 
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RESULTS 

Correlations and data cleaning--Several environmental variables show strong 

correlations with each other and distinct patterns when regressed against distance from the ocean. 

In the abiotic data set, soluble sulfur, sodium (mg/kg), and magnesium (mg/kg) were correlated 

(r >.8); this group will be referred to as ‘positive ions’. Likewise phosphorus (mg/kg) was 

positively correlated with iron (mg/kg) and aluminum (mg/kg); this group will be referred to as 

‘minerals’ in the discussion. Correlations found in the biotic dataset were expected since many of 

the variables measured are directly related to each other.  Seeds per spikelet was chosen to 

represent seeds per floret and spikelets per culm were used to proxy florets per culm due to their 

correlation (r >.9). The following variables were log transformed to effectively bring them closer 

to a normal distribution: calcuim (mg/kg), magnesium (mg/kg), copper (mg/kg), nitrate salt spray 

(µM), phosphorus salt spray (µM), and culm density.  

Response variable relationships--A variety of response variables were analyzed 

including seed number per culm, seed number per spikelet, spikelet number per culm, and seed 

number per site. These variables are positively correlated with each other; the exception is the 

number of spikelets per culm which is negatively correlated with the number of florets per 

spikelet.  A few response variables were not significantly correlated with each other.  These 

included the number of spikelets per culm and the number of seeds per spikelet; the number of 

seeds per culm and the number of florets per spikelet; and the number of florets per spikelet and 

the number of seeds per site (Table 1).   

System summary--Bear Island’s dune field is approximately 500 m wide with an average 

dune elevation of 6.03 m, and a maximum elevation of 13.60 m.  The average  
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   Correlations    

   Seeds per culm Seeds per spikelet Florets per spikelet Spikelets per culm Log seeds per site Log culm density 

Seeds per culm  1 0.695(<0.001) 0.035(0.727) 0.657(<0.001) 0.557(<0.001) -0.069(0.489) 

Seeds per spikelet  0.695(<0.001)    1    0.363(<0.001)    0.013(0.898)    0.395(<0.001) -0.075(0.450) 

Florets per spikelet  0.035(0.727) 0.363(<0.001) 1 -0.305(0.002) -0.055(0.582) -0.107(.281) 

Spikelets per culm  0.657(<0.001)    0.013(0.898)    -0.305(0.002)    1    0.402(<0.001) -0.033(0.740) 

Log seeds per site  0.557(<0.001) 0.396(<0.001) -0.055(0.582) 0.402(<0.001) 1 0.732(<0.001) 

Log culm density -0.069(0.489) -0.075(0.450) -0.107(.281) -0.033(0.740) 0.732(<0.001) 1 

 

 

 

 

TABLE 1. A Correlation matrix of response variables using Pearson correlations and (p-value).  A negative value indicates an  inverse 

relationship 
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number of seeds per culm was 214 ± 104.03 seeds, with 319 ± 294.92 seeds/m
2
. The average 

culm density for all sub-sample sites was 1.4 culms/m2 (Table 2).  The number of seeds per culm 

did not vary significantly among sub-sample sites.  The number of seeds per site did vary 

significantly between sub-sample sites therefore, culm density per site is the variable changing 

with distance from high water.  The normal quantile plot for culm density is skewed so a log 

transformation was applied to bring the distribution to approximately normal.  Seed number per 

site and culm density were highly correlated (r =.73), so culm density was chosen to proxy for 

seed number per site and act as the primary response variable.   

Principal Components Analysis--Three axes proved significant (Table 3) in the Principal 

Components Analysis (PCA) according to stopping rules outlined in Peres-Neto et al.(2005) and 

these axes explain 55.6% of variation in abiotic variables (Table 3).  Axis 1 regressed against 

distance was significant but nonlinear. A cubic function best fit the data (R
2
=0.696) (p<0.001) 

(Fig. 3 A). Many single environmental variables also exhibited a cubic function when regressed 

on distance (Fig. 3 B).  Axis 1 consisted of elevation, pH, K (mg/kg), log Ca (mg/kg), log Mg 

(mg/kg), log Nitrate spray (µM), and log Phosphorous spray (µM).  

Distance from the ocean had no relationship with organic matter, however distance and 

culm density had significant negative relationship (p=0.04); culm density and organic matter also 

had a negative relationship but not a significant one (p=0.06).  Stronger significant relationships 

were seen when seed number per culm, the number of seeds per spikelet, and the number of 

seeds per site was regressed on distance and organic matter. The aforementioned seed variables 

had a negative relationship with organic matter and a positive relationship with distance, with the 

exception of seed number per site because culm density is taken into account in seed number per 

site.
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Variables       Average ± standard deviation   

Environmental  whole system Foredune Interdune Backdune 

Elevation (m) 6.03 ± 2.4 5.34 ± 1.3 5.74 ± 2.2 6.83 ± 2.9 

pH 7.7 ± 0.6 8.5 ± 0.2 7.6 ± 0.6 7.5 ± 0.6 

OrganicMatter 0.26 ± 0.1 0.22 ± 0.1 0.29 ± 0.1 0.24 ± 0.1 

P (mg/kg) 128.99 ± 27.3 90.16 ± 4.1 137.52  ±19.4 137.26 ± 19.3 

K (mg/kg) 9.97 ± 2.7 12.84 ± 2.5 9.64 ± 2.4 8.85 ± 2.2 

B (mg/kg) 0.41 ± 0.1 0.48 ± 0.2 0.41 ± 0.1 0.37 ± 0.1 

Mn (mg/kg) 2.11 ± 0.5 2.05 ±0.2 2.14 ± 0.6 2.10 ± 0.5 

Zn (mg/kg) 0.87 ± 0.1 0.85 ±0.1 0.90 ± 0.1 0.82 ± 0.1 

Ca (mg/kg) 698.6 ± 342.1 1265.6 ±264.2 603.3 ± 218.9 521.9 ± 152.7 

Mg( mg/kg) 67.54 ± 23.5 108.70± 17.6 62.86 ± 12.7 51.44 ± 5.2 

Cu (mg/kg) 0.41 ± 0.2 0.43 ± 0.3 0.4 0± 0.2 0.41 ± 0.2 

Nitrate salt spray (µM) 59.8 ± 27.4 54.5 ± 75.9 67.6 ± 143.2 51.3 ±128 

Phosphorus salt spray (µM) 2.19 ± 1.4 5.34 ± 1.5 2.23 ± 1.6 2.02 ± 0.8 

Biotic          

Seeds per culm 214.0 ± 104 224.3 ±84.9 171.6 ± 85.3 270.8 ± 112.3 

Seeds per spikelet 1.52 ± 0.5 1.60 ±0.5 1.35 ± 0.5 1.73 ± 0.5 

Florets per spikelet 10.02 ± 1.4 10.04 ± 1.7 10.02 ± 1.4 10.01 ± 1.3 

Seeds per site (10m2) 3188.0 ± 2946.2 4309.8 ±3183 1734.8 ± 1712.2 3480.8 ± 2729.1 

Culm density (10m
2
) 14.7 ± 13.1 30.0 ±17.4 9.7 ±7 13.6 ± 10.7 

Veg. cover (10m
2
) 7.11 ± 1.1 7.10 ± 0.9 7.24 ±1 6.90 ± 1.2 

Uniola cover (10m2) 6.7 ± 1.2 6.9 ± 0.9 5.8 ± 1.2 6.0 ± 1.1 

Culm diameter (mm) 0.55± 0.8 6.1 ± 0.6 5.4 ±0.8 5.5 ± 0.8 

Inflorescence length (cm) 32.26 ± 5 34.13 ± 3.8 31.50 ± 5.3 32.36 ± 5.1 

Culm length (m) 1.20 ± 0.1 1.13 ± 0.1 1.04 ± 0.2 1.09 ± 0.1 

Seeds germinated (%) 50.1 ± 30 30.7 ± 30 55.6 ± 30 53.0 ± 0.3 

Seed weight (mg) 4.24 ± 1.2 3.16 ±0.8 4.33 ±1.2 4.83 ± 0.7 

Spikelets per culm 141.5 ± 49 142.5 ± 37.5 128.2 ±43.1 160.5 ± 56.6 

          

 

TABLE 2. Averages and standard deviation for all sample sites of environmental and biotic variables measured. 
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Eigenvalue 

from Eigenvalues from randomizations    

Axis real data Minimum Average Maximum p * 

% of 

Variance 

Cum.% of 

Var. 

1 3.2195 1.3765 1.6052 1.959 0.001 26.829 26.829 

2 1.9709 1.2718 1.4331 1.6258 0.001 16.424 43.253 

3 1.4821 1.1583 1.3018 1.4994 0.003 12.351 55.605 

4 1.2119 1.0735 1.1942 1.3425 0.347 10.099 65.704 

5 1.0709 0.9641 1.1001 1.2546 0.759 8.924 74.628 

6 0.89986 0.89181 1.0118 1.1625 0.999 7.499 82.127 

          
* p-value for an axis is (n+1)/(N+1), where n is the number of randomizations with an eigenvalue for 

that axis that is equal to or larger than the observed eigenvalue for that axis.  N is the total number of 

randomizations. 

TABLE 3. Randomized eigenvalues compared to data derived eigenvalues.  Percent of variation 

in the data explained by each axis. 
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Fig. 3. Distance regressed with axis1, shows a line of best fit as a cubic function. B. Pattern of iron 

exponential/cubic growth with distance from the ocean. 
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Using the Bio-env procedure to investigate culm density, a correlation coefficient of .244 

was found for the variable combination of U. paniculata cover, organic matter, and the log of the 

positive ions (mg/kg).  Exploring the results of the Bio-env procedure, log of positive ions 

(mg/kg) has a linear relationship when regressed on the log of culm density with an adjusted R
2 

of.155 (p<0.001) (Fig. 4 A).  A negative non-linear relationship exists between the log of 

positive ions (mg/kg) and distance with an adjusted R
2
 of .86 (p<0.001) (Fig. 4 B).   To 

compensate for variation in the data and a large variable study area often prone to zonation, 

regression trees were used to find important variables explaining culm density (Fig. 5). Two 

important nodes occurred, splitting the data by distance from high water into three groups, the 

foredune (<29.5m), interdune (29.5-348.8m), and backdune (>348.8m).  When comparing each 

dune zone in terms of culm density, the foredune is significantly different from the interdune and 

backdune but the interdune is not significantly different from the backdune (Fig. 6).   

Seed germination and seed weight--The average seed weight (mg) across all sample sites 

was 4.23 ±1.19mg. The average seed weights of the fore-, inter-, and backdune were 3.16mg, 

4.33mg, and 4.83mg respectively, and were all significantly different from each other (Fig. 7 A). 

The proportion of seeds germinated averaged 50% for all the sample sites.  The average 

proportion of seeds germinated in the fore-, inter-, and backdune was 30%, 55.6%, and 52.9% 

respectively (Fig. 7 B). The germination rate for the foredune is significantly different from the 

inter- and backdune.  The inter- and backdune germination rates are not significantly different 

from each other.  Modeling seed weight by applying forward stepwise multiple regression show 

the log of positive ions (mg/kg) as a significant explanatory variable, exhibiting a negative 

relationship with an R
2 

of .25 (p<0.001).  Modeling the proportion of seeds germinated and  
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Fig. 4. A. Regression of log of magnesium (mg/kg) against log of culm density  B. Non-linear 

regression of distance and the log of magnesium (mg/kg). 
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Fig. 5. Regression tree of culm density based on binary recursive partitioning.  
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Fig. 6. Quartiles and outliers of the log of culm 

density.  
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Fig. 7. Quartiles and outliers for A. seed weight in each dune zone and B. percent of seeds germinated. 
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applying the same multiple regression approach resulted in a two variable model consisting of 

the log of positive ions (mg/kg) and potassium (mg/kg) with an R2 of .133 (p<0.001).        

Foredune--The foredune data set (19 sites) extends from the high water line (0m) to 

29.46m into the dune field.  The culm density of the fore dune was 30 ±17.4 culms/m
2
 (Table. 2).  

Seed number per site was 4309.85 ±3183 seeds/m2.  

Using a forward stepwise multiple regression a two variable model included log copper 

(mg/kg) and nitrate spray (µM) was used to explain culm density changes in the foredune. The 

model had an R
2
 of .55 (p=0.002) (Fig. 8).  The non-metric analysis using the Bio-env procedure 

in PRIMER also indicated copper (mg/kg) as the only explanatory variable, with a correlation 

coefficient of .443.  

Interdune--The inter-dune data set (50 sites) extends from 29.5 to 348.8m into the dune 

field.  Culm density was the lowest with 9.7 ±7 culms/m2. Seed number per site was also the 

lowest here with 1734.8 ±1712.2 seeds m
-2

.   The seed number per culm in the interdune was 

significantly different from the fore- and backdune, however the fore- and backdune were not 

significantly different from each other (p=0.12). Seed number per spikelet in the interdune was 

also significantly different from the fore- and backdune (p<0.05). 

One variable, boron (mg/kg) proved significant (p=0.017) in the explanation of culm 

density variability.  Boron (mg/kg) had an adjusted R
2
 value of .123.  No variables showed 

significance when the response variable of log seed number per site was used in multiple 

regressions; however, when seed number per culm was used as a response variable, culm 

diameter was the only significant variable with an adjusted R
2
 of .232 (p<0.001).  Using multiple 

regression the soil variable group positive ions (mg/kg) was weakly correlated but not significant  
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Fig. 8. Regression of culm density on log copper 

mg/kg in the soil in the foredune sample sites. 
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(p > 0.05).  The non-metric bio-env procedure indicated a combination of organic matter, boron 

(mg/kg), and zinc (mg/kg) was the best fit to explain the most variation in culm density with a 

correlation coefficient of .142. 

Backdune--The backdune data set (34 sites) extends from 348.8 to 579.0m. Culm density 

was 13.6 ±10.7 culms m
-2

 and the seed number per site was 3480.8 ±2729.1 seeds m
-2

.  Seed 

number per culm, seed number per spikelet, and the number of spikelets per culm was highest in 

the backdune with 270.2, 1.7, seeds and 160.9 spikelets respectively, none of these variables 

however are significantly different from the foredune. When forward stepwise multiple 

regressions were applied using log of culm density as a response variable  a combination of three 

independent variables, log calcium (mg/kg), minerals (mg/kg), and phosphorus spray (µM) were 

found to be important (R2=.29) (p=0.004). 

 

DISCUSSION 

 

Correlations between culm characters and response variables are positive supporting a 

connection between reproductive output and vegetative fitness (Table 1).  Presence and quantity 

of soil nutrients are likely a function of several factors, primarily, ocean inputs through airborne 

salt spray, rapid leaching, and the ionic relationships between nutrients and pH.  Soil variables 

alone and in the PCA analysis also exhibited patterns with distance from the ocean, in the form 

of complex exponential and cubic functions (Fig. 3 A).  Soil variables in axis 1 of the PCA 

analysis are likely from ocean inputs; they exhibit exponential decay with distance, however, Fe 

(mg/kg) exists in opposition, plotting an exponential/cubic growth function with distance (Fig. 3 

B).  
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soil nutrient comparison (mg/kg)                   

Ca P K Mg Fe Cu Na Mn Zn 

Braly et al. 698.64 128 9.97 67.54 104.67 0.41 36.07 2.1 0.865 

Hester & Mendelssohn 1990 (LA) 36 112.2 45 39.2 61.26 1.2 209.6 7.26 1.36 

Crewz 1987 (FL) - Little Talbot Island 2050 1000 7 46 40 

                            - St. George Island 50 0 4 7 2 

                            - Mullet Key 3000 610 6 25 7.5 

 

TABLE 4. Soil nutrient composition reported for past and present U. paniculata study sites around the southern United 

States.  
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System summary—Agreeing with this study, Crewz (1987) determined that culm density 

influenced seed production. Other influencing factors he found were the number of spikelets per 

culm and the number of seeds per spikelet. Crewz reported a culm density average of 2 

Culms/m
2
 for Little Talbot Island, 7.6 culms/m

2
 for St. George Island, 0.28 culms/m

2
 for Mullet 

Key.  He indicated that inflorescence production may vary yearly, depending on water relations. 

Culm density averages of this study are lower but most similar to Little Talbot Island which is 

located in northern Florida on the Atlantic coast, the site most similar to Hammocks Beach State 

Park.   

 A positive linear relationship between the log of positive ions and the log of culm 

density indicates this group, consisting of magnesium (mg/kg), soluble sulfur, and sodium 

(mg/kg) is important in explaining culm density variation across the dune system.  Magnesium 

was found to be positively correlated with U. paniculata leaf elongation rate, root, and total 

below ground biomass according to Hester and Mendelssohn (1990).  Magnesium has important 

roles in plant physiology such as enzyme activation for photosynthesis and respiration and part 

of the chlorophyll ring structure (Taiz and Zeiger 2006).  A significant negative relationship was 

shown between culm density and distance from the ocean (p=.04). A reduction in culm density 

and positive ions with distance can be seen.  The relationship between organic matter and seed 

variables such as seeds per culm and seed number per site are significant, though the significance 

of organic matter diminishes when it is regressed on the close correlate, culm density.  Further 

indication of organic matter’s importance was found when the Bio-env procedure was applied.  

When using all environmental variables to explain variation in all biotic variables only two 

variables were indicated, organic matter and Cu (mg/kg) (ρw = 0.133). When considering the 

number of variables in the biotic and environmental data sets and the agreement between metric 
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and non-metric analyses their importance is clear.  Organic matter may be reducing culm density 

when U. paniculata is found in areas of high organic matter, the increasing variability of culm 

density as organic matter in the soil diminishes may signify a change in the controlling 

variable(s).   The static organic matter measured with distance suggests that organic matter is 

derived from more than one source in the dune field; with inputs in this system likely come from 

the ocean in the form of aerial fallout or from the breakdown of organic material in the soil.  

Wagner (1964) indicates a build up or organic matter or humus may occur because of reduced 

sand movement that results in stabilization.  Sand immobility is also associated with reduced 

vigor (Gorham 1958, Wagner 1964, Baker and Dahl 1981) possibly stemming from the 

diminished fresh supply of salt spray covered granules. Gorham (1958) noted the mobile sand 

near the ocean is coated with more soluble salts than more stable sand in back dune areas.  The 

soluble salts and other aerosols may act as a nutritional source in the leaching dune soils.  The 

buildup of humic acids that reduces the pH may also decrease vigor. Wagner (1964) indicated 

that the acidic humic material allows for increased solubility of calcium reducing pH and also 

noted that U. paniculata prefers low nutrient conditions. Acids associated with humic material 

are not ideal for optimal growing conditions.  Also Maun (1998) notes, the negative effect of 

burial on surrounding vegetation often results in an inability to compete, effectively filtering out 

less fit species. Hyder and Sneva (1963) theorized that vigor may be related to the relative 

number of seed stalks or culms in grasses. Definitive causation and the mechanism of operation 

behind the influence of organic matter, pH, and their relationship in the soil to the formation of 

culms and subsequently seed needs further work.  

Seeds weight and germination-- Patterns in seed weight and germination across the dune 

field appear to be novel; seed weight and germination percentage increase with distance from the 
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ocean (Fig. 8).  Seed number per spikelet in this study is lower than previous estimates in the 

Carolinas (2-2.24) made by Westra and Loomis (1966). Crewz (1987) experimented with 

fertilizer amendment (Osmocote® 18-6-12) in three Florida locations and reported seed number 

per spikelet in unfertilized plots ranging from 0.5 to 1.9 seeds.  However the site averaging 1.9 

seeds per spikelet was burned in the spring of 1980.  The average seeds per spikelet for this study 

was 1.5±0.52 seeds (Table 2). The reported seed numbers per spikelet may vary with location 

and do not necessarily improve with macronutrient additions, pointing to other limiting nutrients, 

abiotic stressors, or genetic predisposition.   Crewz (1987) also determined the number of sterile 

and fertile florets for each site.  The site with the greatest number of fertile florets was not the 

site that produced the highest number of seeds per spikelet; Crewz concluded that since the 

potential seed formation did not match actual formation in both fertilized and unfertilized 

experiments that other variables were controlling seed production.  Wagner (1964) observed 

fertile pollen, and style tissue with numerous pollen tubes, but noted subsequent 70% ovule 

abortion for unknown reasons.  Seed production may be influenced by more obscure variables 

such as a combination of limiting micronutrients that shift with distance from the ocean and 

other abiotic stressors, such as salt spray. 

Seed germination rate was lower in the Bear Island system than experiments conducted 

with Louisiana populations by Hester and Mendelssohn (1987). They reported 88.8% 

germination from the Chandeleur Islands, and 77.8% germination from Fourchon Beach, 

populations. Germination protocol for the Louisiana experiments differed from the protocol for 

this study in that stratification is not needed in the lower latitudes to break dormancy, whereas 

Seneca (1972) indicated it is needed for germination in higher latitudes.  The Louisiana 

populations produce significantly fewer seeds three orders of magnitudes lower than other areas 
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where U. paniculata is abundant.  Bear island germination rates averaged 50%, but when sample 

sites were split into foredune, interdune, and backdune, the foredune germination rate was 

significantly lower (30%) than the interdune (55.6%) and backdune areas (52.9%).  The seed 

weights between the three areas of the dune field were significantly different from each other, the 

lightest seed weight was found in the foredune, the heaviest seeds were in the backdune and the 

interdune area had intermediate seed weight.  These results do not support the generally held 

opinion of growers that seed viability is reduced with distance from the ocean (pers. 

communication David Nash).  Energy allocation may explain the differences in seed weight and 

therefore germination.  The increase in culm density in the foredune may reduce reproductive 

resources that work to increase seed weight in the populations of the interdune and backdune. 

Another possible cause for lower seed weight and over all germination in the foredune could be a 

reduction in available energy due to increased energy used to combat salt spray that may be 

otherwise available in areas receiving less spray. 

Dune zones-- Separating the system into distinctive areas affords insight into limiting 

factors.  Shifts in limiting variables across the dune system makes sense due to the changes in 

wind velocity and general system inputs such as sand and salt spray.  Baker and Dahl (1981) also 

used the separation of foredune, interdune, and backdune in their study determining and 

comparing vigor between natural and planted stands of sea oats.  Sections of the dune field used 

in Baker and Dahl’s (1981) study do not span the width of the island, due to natural succession 

of dunes to maritime scrub and forest.  Their study area does not extend past 100m, whereas this 

study spans the width of the island, approximately 500m so comparisons with their sections of 

the dune field are not applicable.  Nevertheless Baker and Dahl acknowledged similar trends as 
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was found in this study; environmental changes in the dune field with distance from the ocean 

create distinct dune zones.   

Foredune--The foredune area had the highest culm density possibly as a result of 

increased vigor from continuous sand movement.  New sand gives U. paniculata area to colonize 

and may stimulate vigor, which may result in higher culm density.  Both variables included in 

the model, copper (mg/kg) and nitrate spray (µM) have a negative relationship with culm 

density.  Hester and Mendelssohn (1990) found Cu (mg/kg) to be negatively correlated with leaf 

elongation, root and below ground biomass. They also noted that high levels of Cu (mg/kg) were 

found in the tissues of U. paniculata when compared to Panicum amarum in all nutrient 

treatments including the control. This suggests copper found in the soil will be stored in U. 

paniculata in higher concentration than in P. amarum possibly having stronger negative effects 

on growth or reproduction of U. paniculata reinforcing the result of the regression analysis.  

Jones (1972) reported excessive amounts of Cu for corn, at 30mg/kg, in comparison the foredune 

area in this study averaged .43 mg/kg.  Spencer (1966) and Adriano et al. (1971) found 

interactions between Cu, Fe, and P in citrus and corn. They concluded that high soil levels of Cu 

can interfere with P and Fe uptake.   Hester and Mendelssohn (1990) observed similar 

interactions with macro and micronutrient addition experiments. U. paniculata tissue samples 

were not analyzed; however, the negative relationship partially explaining the variation in culm 

density may be a result of Cu interfering in P uptake.  Dahl et al. (1974) concluded U. paniculata 

responded better to nutrient additions of N and P as opposed to Panicum amarum, a co-occurring 

dune grass which responded better to N and K additions in greenhouse experiments.  This 

indicates nitrogen being equal, phosphorous is more important for U. paniculata growth.  If Cu is 

inhibiting P uptake it could negatively affect U. paniculata culm density I see in the foredune 
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analyses. Clearly, the effect of Cu on dune plants is not well understood and mechanisms for 

these hypothesized effects must be further investigated. The literature and this study signify a 

negative relationship between Cu in the soil and U. paniculata culm density.  

Interdune--Bud development in various species has been linked to boron availability, 

Redington and Peterson (1983) confirmed an optimal boron treatment of .25 mg/kg for Zinna 

elegans. Boron in the soil averaged 0.41mg/kg in the interdune as well as the whole system in 

this study.  Iwai et al. (2006) linked the expression of the pectin glucuronyltransferase 1 gene, 

NpGUT1 to a complex pectin polysaccharide, Rhamnogalacturonan-II (RG-II).  RG-II is the only 

known receptor for boron in plant cells.  Pollen tubes in plants deficient in boron show similar 

side effects as those with reduced NpGUT1expression. These effects include occasional pollen 

tube rupture or slight tube growth followed by cessation.  Willis and Yemm (1961) tested 

micronutrient influence on plant growth in purified sand.  The tomato test subjects did not live 

past cotyledon stage when boron was limiting.  Finding boron is significant in explaining culm 

density reinforces our assumption that culm density is an indicator of reproductive success.   

Back dune-- Culm density is not significantly lower here compared to the foredune, 

suggesting separate controlling factors due to environmental differences.  Soil nutrients, Ca 

(mg/kg), soil minerals (mg/kg), and phosphorous spray (µM) have a positive significant 

relationship with culm density.  Soil minerals (mg/kg) consisted of iron, aluminum, and 

phosphorous. Phosphorous (mg/kg) in the soil supports the significance of airborne phosphorous 

(µM) indicating a lack of the macronutrient, P in the backdune system.  Willis and Yemm’s 

(1961) experiment using purified sand lacking iron resulted in greatly diminished dry weight as 

well as chlorosis.  The effect of limiting iron in the backdune inhibits chloplast formation.  The 

majority of variables influencing this part of the dune field were likely not measured in this 



 

30 

 

study.  However the soil mineral (mg/kg) group and phosphorous salt spray (µM) are able to 

explain variation in culm density significantly. 
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