
Plasticity in turtle grass (Thalassia testudinum) flower production as a response to porewater 1 

nitrogen availability 2 

 3 

Kelly M. Darnell*
1
 and Kenneth H. Dunton 4 

 5 

 6 

Marine Science Institute, The University of Texas at Austin, 750 Channel View Drive,              7 

Port Aransas, Texas 78373, USA 8 

 9 

 10 

* Corresponding author 11 

Email: kelly.darnell@usm.edu 12 

Tel: (228) 872-4278 13 

Fax: (228) 872-4204 14 

 15 

1
Present address: The University of Southern Mississippi, Gulf Coast Research Laboratory, 703 16 

East Beach Drive, Ocean Springs, MS 39564, USA 17 

 18 

 19 

 20 

Contributors: KMD and KHD designed the experiments. KMD performed the experiments. 21 

KMD and KHD analyzed the data. KMD and KHD wrote the manuscript.  22 

© 2017 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0304377017300268
Manuscript_700ce272cd5efa9a078f196ccebf0996

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0304377017300268
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0304377017300268


 

Abstract  23 

 Terrestrial plants often demonstrate plasticity in reproductive timing and output in 24 

response to environmental conditions such as temperature, photoperiod, water availability and 25 

nutrients. Despite the importance of sexual reproduction for seagrass establishment and 26 

persistence, factors influencing reproductive timing and output of these underwater marine plants 27 

remain largely unknown. We used a manipulative field-based experiment to assess the effect of 28 

porewater nitrogen on turtle grass (Thalassia testudinum) flower production. Experiments were 29 

conducted within monospecific turtle grass beds in Lower Laguna Madre, Texas, a region with 30 

consistently low water column and porewater nutrient levels. We enriched 50 turtle grass plots 31 

with fertilizer buried within the sediment at the rhizome layer. This resulted in increased 32 

porewater ammonium concentrations of 679 ± 188 μM in enriched plots, compared to 204 ± 34 33 

μM in unenriched plots. After the onset of the reproductive season, we examined turtle grass 34 

reproductive status, plant morphology and elemental composition. Unenriched plots had a higher 35 

proportion of reproductive shoots (0.19 ± 0.10) than enriched (0.08 ± 0.04) plots. Shoots from 36 

enriched plots, alternatively, assimilated additional available nitrogen into leaf tissue and had 37 

more leaves that were longer and wider than their unenriched counterparts. Our results indicate 38 

that turtle grass exhibits plasticity in reproduction as a response to nutrient availability, whereby 39 

under low porewater nitrogen conditions, resources are diverted to sexual reproduction rather 40 

than somatic growth. The worldwide increase in coastal nutrient loading, particularly in the form 41 

of submarine groundwater discharge, has the potential to reduce flowering in Thalassia species.  42 

 43 

Keywords: seagrass; turtle grass; nutrient; flowering; reproduction; somatic growth 44 



 

1. Introduction 45 

Sexual reproduction is energetically costly and, as a result, reproductive output often 46 

varies over space and time (Obeso 2002). For many plants, the allocation of resources to 47 

reproduction and somatic growth is related to environmental conditions such as temperature, 48 

photoperiod, water availability and nutrients (Wada and Takeno 2010). This plasticity in 49 

reproduction is common and especially pronounced when resources are limiting (Harper 1977). 50 

Nutrients such as nitrogen and phosphorus are essential for plant growth and are 51 

heterogeneous within the soil over fine spatial scales (Larcher 1975). Their availability can 52 

influence plant morphology, production, and ecological interactions such as herbivory and 53 

competition (Larcher 1975; Gao et al. 2013). In many species of terrestrial herbaceous plants, 54 

nutrient availability also influences resource allocation to reproductive modes (Doust and Doust 55 

1988); whereas some plants induce sexual reproduction under high nutrient conditions 56 

(Campbell and Halama 1993), others do so when exposed to stressfully low nutrient levels 57 

(stress-induced flowering; Wada et al. 2010). For example, two eudicots, Pharbitis nil and 58 

Perilla frutescens var. crispa, flower in response to poor nutrition (Wada and Takeno 2010), and 59 

flowering in Arabidopsis thaliana is triggered by low nitrate (NO3
-
) levels (Marin et al. 2011). 60 

Although the influence of nutrients on terrestrial plant reproductive allocation has been widely 61 

studied, the effect of nutrient availability on reproductive allocation in their marine counterparts 62 

(seagrasses) is unknown.  63 

Seagrasses are a widespread group of over 70 species of submerged marine plants that, 64 

unlike terrestrial plants, can assimilate inorganic nutrients through both above-ground (leaf) and 65 

below-ground (root) tissues. The complex mechanisms of uptake and assimilation of porewater 66 

and water column nutrients by seagrasses have been studied at length (Duarte 1990; Lee and 67 



 

Dunton 1999), and as a result, it is well known that nutrient availability affects most aspects of 68 

seagrass biology, physiology and ecology (Armitage et al. 2005). Seagrass growth is often 69 

nutrient-limited, as studies enriching porewater and/or water column nutrients have shown 70 

marked increases in growth and changes in morphology (Duarte 1990; Ferdie and Fourqurean 71 

2004). The exact nutrient limiting seagrass growth can be species-, location- and/or time-72 

dependent (Fourqurean et al. 1992), but the most common limiting nutrients are nitrogen or 73 

phosphorus (Duarte 1990). Worldwide increases in anthropogenic nutrient loading and 74 

eutrophication are exposing seagrasses to higher than normal nutrient levels (Nixon 1995), and 75 

though it is expected that this increased nutrient loading will alter seagrass growth, productivity, 76 

and ecology (Burkholder et al. 2007), the effects on seagrass reproduction remain unclear.  77 

As angiosperms, seagrasses have the ability to reproduce sexually and also propagate 78 

clonally through lateral rhizome growth. Historically, sexual reproduction was considered rare 79 

for seagrass genera (den Hartog 1970) and this expected rarity led to a dominance of literature 80 

examining clonal growth (Hemminga and Duarte 2000). However, recent research indicates that 81 

sexual reproduction is important for both seagrass bed establishment and maintenance (van Dijk 82 

et al. 2009). The limited historical research on seagrass reproduction leaves many questions 83 

unanswered, specifically concerning environmental factors that influence reproductive output 84 

and the relative importance of vegetative versus sexual reproduction for individual species.  85 

Turtle grass (Thalassia testudinum Bank ex König) is a dominant seagrass species 86 

throughout the Gulf of Mexico and Caribbean and is usually located in areas with low water 87 

column (PO4
3- 

< 1 μM and NH4
+
 + NO3

-
 < 3 μM; van Tussenbroek et al. 2006) and porewater 88 

(ammonium, NH4
+
 between 2–200 μM, Lee and Dunton 1999) nutrients. Nutrient uptake occurs 89 

through both the leaves and roots (Lee and Dunton 1999) and nutrient addition experiments have 90 



 

resulted in increased somatic growth and production (Lee and Dunton 1999a). As with all 91 

seagrass species, turtle grass expands clonally by horizontal rhizome extension and also 92 

reproduces sexually. Horizontal propagation is relatively slow, with rhizome extension between 93 

19–35 cm year
-1

 apex
-1

 (Gallegos et al. 1992; van Tussenbroek 1998). Turtle grass plants are 94 

dioecious (i.e. each clone is individually male or female), but clones of both sexes often grow 95 

intermixed (van Tussenbroek et al. 2006). The turtle grass reproductive season varies along the 96 

species range, but generally spans summertime months (van Tussenbroek et al. 2006). During the 97 

reproductive season, flowers are produced near the sediment at the base of the shoot, and upon 98 

successful pollination of the female flower, a fruit is produced. Fruits contain 1–6 seeds, but 99 

most commonly have two (Kaldy and Dunton 2000; van Tussenbroek et al. 2010). Although 100 

several recent studies have investigated the reproductive ecology of turtle grass (e.g. Kaldy and 101 

Dunton 2000; van Tussenbroek et al. 2008, 2012; van Tussenbroek and Muhlia-Montero 2013), 102 

factors regulating flowering and reproductive output are not fully understood.  103 

Here, we present the first measurements directed at how nutrient availability influences 104 

turtle grass flowering and reproductive output. Specifically, we determined the influence of 105 

porewater and assimilated nutrients on: 1) turtle grass flower production and 2) turtle grass 106 

somatic (leaf) growth. We hypothesized that: 1) turtle grass demonstrates reproductive plasticity 107 

in response to porewater nutrient availability, and 2) flower production and somatic growth are 108 

inversely related. We conducted a nutrient enrichment experiment in turtle grass-dominated beds 109 

in south Texas and evaluated the reproductive status and somatic growth of turtle grass relative 110 

to porewater ammonium levels and leaf elemental composition (e.g. carbon, nitrogen and 111 

phosphorus levels and molar ratios).  112 

 113 



 

2. Materials and methods 114 

2.1 Study sites 115 

Nutrient enrichment experiments were conducted in Lower Laguna Madre, Texas. This 116 

area has been the site of several prior studies investigating seagrass biology (Lee and Dunton 117 

1999, 1999a) and is characterized by consistently low dissolved inorganic-N reflected in both 118 

porewater (~30 μM porewater NH4
+
, Lee and Dunton 1999a) and water-column (~1 μM water-119 

column NH4
+
, NO3

-
, and NO2

-
, Lee and Dunton 1999a) nutrient levels. Sediments in the study 120 

area are composed primarily of sand, with contributions of silt, clay and rubble (Kaldy and 121 

Dunton 2000). Five sites (each 150 m × 150 m) were selected, each of similar depth (122 ± 5.33 122 

cm) and characterized by monotypic turtle grass meadows. Within each of the five sites, ten 123 

stations were randomly chosen (n= 50 stations total) with at least 15 m between stations to avoid 124 

re-sampling individual genets (van Dijk and van Tussenbroek 2010). Each station contained 125 

paired unenriched and enriched plots (see below).  126 

Environmental parameters (water temperature, salinity, pH) were measured at the 127 

beginning (29-Mar-2012), middle (26-Apr-2012) and end (22-May-2012) of the experiment with 128 

a YSI 600XL data sonde. Measurements were taken at the top of the seagrass canopy in each of 129 

the five sites at the center of the ten stations. 130 

 131 

2.2 Nutrient enrichment experimental design 132 

 Approximately 2 months before onset of the reproductive season in Lower Laguna Madre 133 

(Spring, K. Darnell, pers. obs), two 0.25 m
2 

plots were established at each station. One plot 134 

served as a control (unenriched plot) and the other plot was enriched with Osmocote Smart-135 

Release® Plant Fertilizer (N-P-K 19:6:12; enriched plot). In the enriched plots, 30.375 g of 136 



 

fertilizer pellets were wrapped in cheesecloth to obtain the manufacturer’s suggested application 137 

dosage and buried ~10 cm below the sediment surface at the rhizome layer in the center of the 138 

plot (Lee and Dunton 1999a). Based on the manufacturer’s values, the amount of N and P 139 

applied to each 0.25 m
2  

enriched plot was 5.77 g N and 1.8 g P. Unlike aboveground fertilizer 140 

application, belowground fertilizer application eliminates potential confounding effects of 141 

increased leaf epiphyte cover (Lee and Dunton 1999a). A third plot was added to a random 142 

subset of stations (n = 2 stations per site) to test for effects of cheesecloth bag burial. These plots 143 

served as “empty bag control” plots. In these plots, an empty cheesecloth bag was buried 144 

belowground at the rhizome layer in the center of the plot. Rhizomes were severed along the 145 

perimeter of each plot to a depth of ~30 cm to avoid potential translocation of nutrients (Lee and 146 

Dunton 1999a).  147 

The experiment was initiated on 29-Mar-2012. At the time of plot establishment, two 148 

replicate sediment samples were collected from within 10-cm of the center of each unenriched, 149 

enriched and control plot at a subset of stations (n=2 stations per site) with an 80 mL syringe for 150 

analysis of sediment porewater NH4
+
. Sediment porewater was obtained by centrifugation (5000 151 

x g for 20 minutes) and NH4
+
 content was analyzed using standard colorimetric techniques 152 

following Parsons et al. (1984). Three intact turtle grass shoots consisting of all aboveground and 153 

belowground tissue were also collected from within 10-cm of the center of each plot for 154 

assessment of seagrass reproductive status, morphology, and leaf nutrient content (see below).  155 

 The experiment concluded on 22-May-2012, 54 d after experimental plots were 156 

established. At the conclusion of the experiment, two replicate sediment samples were again 157 

collected from within 10-cm of the center of each plot at a subset of stations (n=2 stations per 158 

site) and analyzed for sediment porewater NH4
+ 

content. Fertilizer bags were also collected from 159 



 

each enriched plot, re-weighed, and daily nitrogen delivery was estimated. Five intact turtle grass 160 

shoots were collected from within 10-cm of the center of each unenriched, enriched and control 161 

plot for assessment of seagrass reproductive status, morphology, age, and leaf nutrient content. 162 

Previous studies indicate that a 2-month duration is sufficient for sediment nutrient enrichment 163 

and seagrass assimilation (Lee and Dunton 2000) and for observing changes in plant 164 

reproductive output (Johnson and Decoteau 1996).  165 

 166 

2.3 Seagrass reproductive status, morphology, age and historic flowering  167 

 Each shoot collected at the beginning and end of the experiment was assessed for 168 

reproductive status by inspecting for the presence of reproductive tissues (e.g. developing 169 

flowers or fruits). For March and May, area of the longest leaf (cm
2
) was calculated for each 170 

shoot by multiplying the length (cm) and width (cm) of the longest leaf on that shoot. For May 171 

samples only, the aboveground dry weight (g) of each shoot was determined by scraping the 172 

leaves free of epiphytes and drying at 60 °C to a constant weight. Also for samples collected in 173 

May, to assess for potential confounding factors, the dry weight of epiphytes on leaf tissue was 174 

obtained for a subset (n=130) of these shoots, shoot age was estimated by counting the number 175 

of leaf scars on the vertical rhizome and dividing by the annual leaf production (formation) rate 176 

for turtle grass in this area (13 leaves year
-1

, Kaldy et al. 1999), and the number of flower scars 177 

was also counted on each shoot to reconstruct historic (pre-experiment) flowering frequency of 178 

shoots from unenriched and enriched plots.  179 

 180 



 

2.4 Leaf tissue nutrient analyses 181 

Preliminary analyses of replicate shoots from the same plot indicate that variance (s
2
) in 182 

carbon, nitrogen and phospohorus levels within the plots was low (%C: 1.00 ± 0.286, %N: 0.041 183 

± 0.011, %P: 0.0009 ± 0.0002). As a result, leaf tissue carbon, nitrogen, and phosphorus were 184 

measured in both March and May in one randomly chosen shoot collected from within 10-cm of 185 

the center of each plot. Shoots were rinsed, wiped free of epiphytes and dried at 60°C to a 186 

constant weight before being ground to a fine powder using a Wig-L-Bug® grinding mill. 187 

Ground tissue was sent to the University of California at Davis Stable Isotope Facility for 188 

analysis of total carbon and total nitrogen using a PDZ Europa ANCA-GSL elemental analyzer 189 

interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). 190 

Samples were analyzed for total phosphorus at the University of Texas Marine Science Institute 191 

on a Shimadzu UV-2401 PC UV-VIS Recording Spectrophotometer following a modified 192 

protocol from Chapman and Pratt (1961). Carbon, nitrogen and phosphorus data were used to 193 

calculate %C, %N and %P and molar C:N:P ratios.  194 

 195 

2.5 Statistical analyses 196 

For samples collected in May comparing plots enriched and unenriched with fertilizer, 197 

porewater NH4
+
, proportion C, proportion N, proportion P, and epiphyte biomass were analyzed 198 

using analysis of variance (ANOVA) with treatment as a fixed factor and site and station (nested 199 

within site) as random factors. Residuals were normally distributed for these variables. To obtain 200 

normally distributed residuals of the other variables, the measured values were transformed 201 

before analysis with ANOVA. The square-root of leaf area, the square-root of dry mass, the 202 



 

square-root of shoot age, and the log10 of historic flowering, C:N, of C:P, and of N:P were 203 

analyzed. 204 

Samples collected in May comparing empty bag control plots and unenriched plots were 205 

also analyzed using ANOVA with treatment as a fixed factor and site and station (nested within 206 

site) as random factors. For these analyses, area of the longest leaf and leaf dry weight were 207 

square root transformed, proportion P was arcsine transformed and proportion N and porewater 208 

NH4
+
 were log10 transformed to achieve normality of the residuals. Residuals of proportion C, 209 

C:N, C:P and N:P were normally distributed.  210 

Samples collected in March (before the initiation of the experiment) comparing plots 211 

enriched and unenriched were similarly analyzed using ANOVA with treatment as a fixed factor 212 

and site and station (nested within site) as random factors. Residuals of proportion C, proportion 213 

N and N:P were normally distributed. To obtain normally distributed residuals of some of other 214 

variables, we transformed the measured values before analysis with ANOVA. The log10 of 215 

porewater NH4
+
, proportion P, C:N, C:P and area of the longest leaf were analyzed.  216 

Reproductive status (whether a shoot was reproductive or not) was analyzed with a 217 

generalized linear model with a binomial distribution and a logit link function, using the 218 

GLIMMIX procedure in SAS v. 9.4 (SAS Institute Inc., Cary, NC). Treatment was a fixed factor 219 

and both site and station (nested with site) were random factors. Data are presented as the 220 

proportion of shoots that were reproductive. 221 

Unless otherwise specified, all analyses were conducted in JMP v. 11 (SAS Institute Inc., 222 

Cary, NC) and data are presented as the mean ± standard error (mean ± S.E.).  223 

 224 



 

3. Results 225 

In March, prior to the initiation of the experiment, enriched and unenriched plots did not 226 

differ for any of the variables measured (Table 1). In May, there were no differences between 227 

unenriched and control (empty bag control) plots, indicating that cheesecloth bag burial did not 228 

influence results with respect to disturbance of below-ground tissues, and that there was no 229 

fertilizer contamination into the unenriched plots (Table 2).  230 

 231 

3.1 Environmental parameters 232 

Water temperature increased throughout the experiment from 25.3 ± 0.4 °C in March to 233 

25.6 ± 0.3 in April, and 27.0 ± 0.6 °C in May. All sites remained saline throughout the 234 

experiment (March: 32.8 ± 0.5, April: 30.1 ± 0.2, May: 34.6 ± 0.6), and pH displayed low spatial 235 

and temporal variability (March: 8.00 ± 0.06, April: 8.33 ± 0.11, May: 7.91 ± 0.02).  236 

 237 

3.2 Porewater NH4
+
 238 

At the beginning of the experiment, prior to nutrient enrichment, sediment porewater 239 

NH4
+
 levels were initially relatively low in both the unenriched (198.9 ± 33.9 μM) and enriched 240 

(154.0 ± 17.8 μM) plots (P = 0.06; Figure 1). Fertilizer bag weight decreased by 62.3 ± 1.5% 241 

over the course of the experiment, delivering 0.34 ± 0.01 g fertilizer day
-1

 to the enriched plots. 242 

As a result, porewater NH4
+
 levels were elevated in the enriched plots (679.9 ± 188.1 μM) 243 

compared to the unenriched plots (203.6 ± 34.7 μM; P < 0.002) by the conclusion of the 244 

experiment in late May (Figure 1).  245 

 246 



 

3.3 Shoot reproductive status, morphology, age, and historic flowering 247 

All shoots were non-reproductive in March, confirming that the experiment began before 248 

the onset of the turtle grass reproductive season in this area. In May, 18.9 % of the shoots were 249 

reproductive. Of the reproductive shoots, 62 had developing flowers and 27 bore fruit. 250 

Unenriched plots had over double the proportion of reproductive shoots (0.19 ± 0.10) than 251 

enriched plots (0.08 ± 0.04) (P = 0.0002) (Figure 2a). Shoots in enriched plots, however, had 252 

more aboveground biomass (P < 0.0001, Figure 2b) and a greater longest leaf area (p = 0.0003, 253 

Figure 2c) compared to unenriched shoots. Epiphyte dry weight was similar for shoots from 254 

unenriched and enriched plots (P = 0.22). Age did not differ between unenriched and enriched 255 

shoots (P = 0.44, Figure 3a), shoot ages ranged from 1–10 years with 97% of shoots between 1 – 256 

6 years, and most (96%) of the reproductive shoots were between ages 2 and 6 years (Figure 3b). 257 

The number of historic (pre-experiment) flower scars did not differ between unenriched and 258 

enriched shoots (P = 0.52).   259 

 260 

3.4 Leaf tissue carbon, nitrogen and phosphorus content  261 

Leaf tissue carbon (%C), nitrogen (%N), phosphorus (%P) and molar C:N:P ratios did 262 

not differ between unenriched and enriched plots at the beginning of the experiment (March, 263 

Table 1) and all nutrient levels were within the reported range for turtle grass (Duarte 1990).  At 264 

the conclusion of the experiment in May, shoots collected from the enriched plots had 265 

significantly higher leaf tissue %C (p = 0.008) and %N (P < 0.0001) than shoots from 266 

unenriched plots (Table 3). Phosphorus content, however, was similar between enriched and 267 

unenriched shoots (P = 0.84) (Table 3). Enriched shoots had lower molar C:N (P < 0.0001) and 268 



 

higher molar N:P (P < 0.0001) than unenriched shoots, reflecting the elevated leaf tissue nitrogen 269 

in enriched plots. Molar C:P did not differ between treatments (P = 0.74) (Table 3).  270 

 271 

4. Discussion 272 

Our results demonstrate that in Lower Laguna Madre, Texas, turtle grass (Thalassia 273 

testudinum) produces more flowers under low nitrogen conditions (porewater NH4
+ 

203.6 ± 34.7 274 

μM), than under high nitrogen conditions (porewater NH4
+
 679.9 ± 188.1 μM). When exposed to 275 

high nitrogen, turtle grass produces fewer flowers, but increases somatic growth of aboveground 276 

leaf tissue, with shoots having more leaves that are longer and wider than their unenriched 277 

conspecifics. Although observational studies have suggested a connection between nutrients and 278 

seagrass reproduction (e.g. Short 1983, van Dijk and van Tussenbroek 2010), to our knowledge 279 

this is the first direct experimental evidence of plasticity in flower production in response to in 280 

situ porewater nitrogen concentrations. These results suggest that the increase in anthropogenic 281 

nutrient loading to coastal systems (Nixon 1995), particularly in the form of groundwater 282 

nitrogen delivery, is likely to reduce turtle grass flower production and could have dramatic 283 

population level consequences for this foundation species.  284 

 285 

4.1 Stress-induced flowering 286 

Stress-induced flowering as a result of sub-optimal conditions is a common resource 287 

allocation strategy for terrestrial and aquatic angiosperms because of the plants’ inability to 288 

physically escape poor surroundings (Wada and Takeno 2010). Inducing sexual reproduction 289 

under sub-optimal conditions increases (1) the likelihood that recruitment of offspring to the 290 



 

population will occur in the next, possibly more favorable season, and (2) the potential for 291 

offspring to escape (disperse) from the stressful conditions near the parent (Williams 1975).  292 

Long-range propagule dissemination under nutrient limitation, resulting from stress-293 

induced flowering, is appropriate for species that have large ranges in distribution and have the 294 

capacity for long-distance dispersal. Aquatic vascular plants often display broader distribution 295 

ranges than terrestrial plants (Santamaria 2002), and have the capacity for long-distance dispersal 296 

that can be biotically or abiotically mediated. Turtle grass fruits and seeds have the capability to 297 

disperse long distances from the parent plant and, therefore, from local environmental conditions. 298 

Buoyant fruits often detach from the parent plant where they float to the surface and are 299 

transported by currents up to 360 km (van Dijk et al. 2009). Taking into account local current 300 

and wave conditions in Lower Laguna Madre, Texas where our experiment was conducted, 301 

Kaldy and Dunton (1999) estimated that turtle grass fruits disperse up 15 km from the parent 302 

plant before the negatively buoyant seedlings are released and settle to the substrate. In a recent 303 

study examining turtle grass clonal diversity in the Caribbean, van Dijk and van Tussenbroek 304 

(2010) reported that plants from high nutrient lagoons displayed a lower reproductive frequency 305 

than plants from areas exposed to low nutrients, and Santamaria et al. (1995) reported that a 306 

species of Ruppia species, one of the most geographically widespread genera, stimulates 307 

flowering and produces more flowers in nutrient-poor sediments than nutrient-replete sediments. 308 

Further, in eelgrass (Zostera marina), a widely distributed seagrass species with a similar 309 

potential for long distance seed dispersal (up to 150 km, Harwell and Orth 2002) as turtle grass, 310 

Short (1983) reported that flowering was inversely correlated with porewater NH4
+ 

concentration. 311 

However, Short (1983) sampled eelgrass in in Izembek Lagoon, AK along a nutrient gradient, 312 

but other factors such as water depth and light intensity confounded his results. Our experimental 313 



 

study with turtle grass provides evidence that the patterns observed by van Dijk and van 314 

Tussenbroek (2010) and Short (1983) may indeed be a direct effect of porewater NH4
+
 315 

concentration, suggesting that the pattern we observed with turtle grass may be common among 316 

many seagrass genera. 317 

Although turtle grass seeds have the potential for long distance dispersal by current-318 

mediated transport of buoyant fruits, seeds are also released while the fruit it still attached to the 319 

parent plant (van Tussenbroek et al 2010). This strategy would dramatically reduce seed 320 

dispersal distance and likely eliminate any spatial escape from local stressful conditions.  321 

Stress-induced flowering has been reported for several seagrass species as a response to 322 

sub-optimal conditions. For example, Cymodocea nodosa in the northwest Mediterranean 323 

increases flowering frequency when stressed by subaqueous dune migration (Marba and Duarte 324 

1995), and in a recent meta-analysis, Cabaco and Santos (2012) reported that in 72% of cases, 325 

seagrass reproductive effort increased with disturbances such as mechanical damage, 326 

hydrodynamic stress, and effects associated with eutrophication. Specifically for the species 327 

examined here, turtle grass, Gallegos et al. (1992) reported increased flowering in the Mexican 328 

Caribbean in response to disturbance by Hurricane Gilbert. Our results of increased reproduction 329 

under sub-optimally low nutrient conditions, reinforced by the similarity in number of historic 330 

(pre-experiment) flower scars on shoots from unenriched and enriched plots, are further 331 

supported by reports of smaller turtle grass genets (indicating more sexual reproduction) in 332 

oligotrophic areas compared to larger genets in eutrophic areas (van Dijk and van Tussenbroek 333 

2010).  334 

 335 



 

 336 

4.2 Nitrogen limitation  337 

Turtle grass generally grows in areas with low ambient porewater NH4
+
 levels and 338 

receives most of its nitrogen from these below-ground pools (Fourqurean et al. 1992). Porewater 339 

NH4
+
 levels from our study are within the range reported in turtle grass meadows, and the levels 340 

in our enriched treatment (679.9 ± 188.1 μM) are considered high for turtle grass beds 341 

(Fourqurean et al. 1992, Lee and Dunton 1999). The tissue levels of N and P in unenriched turtle 342 

grass from our study are similar to levels reported previously for this low nutrient area (Lee and 343 

Dunton 1999a, Kaldy and Dunton 2000). Although the ambient porewater NH4
+
 levels at the 344 

beginning of our experiment and in the unenriched plots at the end of the experiment are higher 345 

than the worldwide average for seagrass beds (mean: 86 μM NH4
+
, Hemminga 1998), it appears 346 

that turtle grass in our study was nitrogen-limited. Duarte (1990) suggested that plants with less 347 

than 1.8% N and a C:N ratio of 19.75:1 are nitrogen limited, but despite a leaf tissue %N of 2.4% 348 

and a C:N ratio of 18:1, turtle grass in this study assimilated the available nitrogen in the 349 

enriched treatment and shoots increased somatic growth. Duarte (1990) also suggested that 350 

plants with less than 0.20 %P and a greater C:P ratio than 474:1 are phosphorus-limited. Turtle 351 

grass shoots from our site were below the %P (0.18%) and above the C:P (575:1) thresholds, but 352 

did not assimilate excess P in the enriched treatment. Although inorganic phosphorus readily 353 

binds to carbonate sediments, and can induce P-limitation (Short 1987), as demonstrated in 354 

carbonate sediments within Florida Bay (Fourqurean et al. 1992), the sandy sediments at our 355 

sites make it unlikely that the excess P was unavailable to the plants, supporting our conclusion 356 

that the lack of assimilation was physiologically rather than environmentally dictated. These data 357 



 

highlight the need to assess nutrient limitation based on experimental evidence rather than 358 

nutrient content and molar ratios alone. 359 

Seagrass nutrient requirements are species-specific. In Florida Bay, H. wrightii has a 2.6 360 

and nearly 5-fold higher N- and P- demand than turtle grass (Fourqurean et al. 1992). As a result, 361 

reproductive responses to nutrient conditions are also likely species-specific, and different 362 

nutrient levels or thresholds may be necessary for species to exhibit reproductive plasticity. Our 363 

in situ experiment addressed reproductive output in turtle grass under natural and nutrient 364 

amended conditions equivalent to a three-fold increase in porewater ammonium. Consequently, 365 

we are unable to determine if a threshold nutrient level or ratio exists whereby the plant switches 366 

resource allocation from reproductive tissues to somatic growth. Such information would provide 367 

a much more precise physiological understanding of plant reproductive strategies under an 368 

experimental gradient of porewater NH4
+
 levels.  369 

 370 

4.3 Coastal nutrient loading 371 

The worldwide increase in coastal nutrient loading, often resulting from surface runoff, 372 

has been implicated in seagrass die-offs in many areas (Burkholder et al. 2007). To avoid 373 

confounding factors that accompany water column fertilization (e.g. epiphyte accumulation and 374 

light limitation) and test only the effect of nutrients on turtle grass reproduction, we injected 375 

fertilizer directly into the sediment for uptake by below-ground tissues. Although results from 376 

this study may not be directly applicable to areas with water column nutrient loading (because of 377 

the confounding factors mentioned above), we can nevertheless conclude that turtle grass is less 378 

reproductive under elevated porewater NH4
+
 conditions. Our results are directly applicable to 379 

areas that receive submarine groundwater discharge (SGD). Reports of nutrient loading via SGD 380 



 

are becoming increasingly common and can represent a substantial localized source of nutrients 381 

(Moore 1996). Several studies have reported that seagrasses readily assimilate nutrients from 382 

SGD, and these nutrients regulate seagrass distribution and increase growth. Mutchler et al. 383 

(2007) and Peterson et al. (2012) reported that turtle grass assimilated terrestrial-derived 384 

groundwater nutrients along the Yucatán Peninsula and in Jamaica, respectively, and Carruthers 385 

et al. (2005) reported turtle grass assimilation of wastewater nitrogen from submarine spring 386 

water in Panama. Additionally, Kamermans et al. (2002) concluded that nutrient-rich 387 

groundwater intrusion influenced diversity and abundance of Thalassia hemprichii, a closely 388 

related and morphologically similar ‘twin species’ to turtle grass found throughout the western 389 

Pacific and Indian Ocean. Both Thalassia species support diverse assemblages of fauna and 390 

micro- and macroalgae and likely cover hundreds of thousands of square kilometers worldwide 391 

(van Tussenbroek et al. 2006). Although studies examining sexual reproduction in T. hemprichii 392 

are limited, the importance of this reproductive mode for meadow establishment and 393 

maintenance is recognized (Rollon et al. 2001), and a potential reduction in flowering of 394 

Thalassia spp. with increased nutrients could have substantial worldwide implications. Given the 395 

results of our study, it is possible that increases in nutrient-rich SGD could reduce flowering in 396 

Thalassia species.  397 

 398 

4.4 Conclusion 399 

This study examined the effects of porewater nitrogen levels on turtle grass flowering. 400 

Turtle grass exhibits plasticity in reproduction as a response to nutrient availability, whereby 401 

under low porewater nutrient conditions, resources are diverted to sexual reproduction rather 402 

than somatic growth. Anthropogenic nutrient loading, particularly in the form of groundwater 403 



 

nutrient delivery, could decrease turtle grass flowering and potentially reduce genetic diversity of 404 

this species. This work could be extended through future studies focusing on the influence of 405 

stressors associated with coastal nutrient runoff into the water column such as epiphyte 406 

accumulation and light limitation on seagrass flowering, including investigations that focus on 407 

the existence of nutrient thresholds that are linked to flowering frequency.  408 



 

5. Acknowledgements 409 

 We thank N. Fowler and P. Munguia for help with experimental design and data analysis 410 

and Z. Darnell and K. Jackson for assistance in the field and laboratory. T. Connelly provided 411 

valuable comments to early versions of the manuscript. This study was funded by the Estuarine 412 

Reserves Division, Office of Ocean and Coastal Resource Management, National Ocean Service, 413 

National Oceanic and Atmospheric Administration (Grant number NA11NOS4200082), an E.J. 414 

Lund Marine Science Research Fellowship and a Scholar Award from P.E.O. International.  415 



 

6. Literature Cited 416 

Armitage AR, Frankovich TA, Heck Jr. KL, Fourqurean JW (2005) Experimental nutrient 417 

enrichment causes complex changes in seagrass, microalgae, and macroalgae community 418 

structure in Floriday Bay. Estuaries 28:422-434 419 

Burkholder JM, Tomasko DA, Touchette BW (2007) Seagrasses and eutrophication. J. Exp. Mar. 420 

Biol Ecol 350:46-72 421 

Cabaco S, Santos R (2012) Seagrass reproductive effort as an ecological indicator of disturbance. 422 

Ecol Indicators 23:116-122 423 

Campbell DR, Halama KJ (1993) Resource and pollen limitations to lifetime seed production in 424 

a natural plant population. Ecology 74:1043-1051 425 

Carruthers TJB, van Tussenbroek BI, Dennison WC (2005) Influences of submarine springs and 426 

wastewater on nutrient dynamics of Caribbean seagrass meadows. Estu Coast Shelf Sci 427 

64:191-199 428 

Chapman HD, Pratt PF (1961) Methods of analysis for soils, plants and water. University of 429 

California, Riverside, CA 430 

den Hartog C (1970) The seagrasses of the world. North Holland Publishing Company. 431 

Doust JL, Doust LL (1988) Plant reproductive ecology: patterns and strategies. Oxford 432 

University Press 433 

Duarte CM (1990) Seagrass nutrient content. Mar Ecol Prog Ser 67:201-207 434 

Ferdie M, Fourqurean JW (2004) Responses of seagrass communities to fertilization along a 435 

gradient of relative availability of nitrogen and phosphorus in a carbonate environment. Limnol 436 

Oceanography. 49:2082-2094 437 



 

Fourqurean JW, Zieman JC, Powell GVN (1992) Relationships between porewater nutrients and 438 

seagrass in a subtropical carbonate environment. Mar Biol 114:57-65 439 

Gallegos ME, Merino M, Marba N, Duarte CM (1992) Flowering of Thalassia testudinum Banks 440 

ex Konig in the Mexican Caribbean: age-dependence and interannual variability. Aquat Bot 441 

43:249-255 442 

Gao Y, Yu H-W, He W-M (2013) Soil space and nutrients differentially promote the growth and 443 

competitive advantages of two invasive plants. J Plant Ecol Doi: 10.1093/jpe/rtt050 444 

Harwell MC, Orth RJ (2002) Long-distance dispersal potential in a marine macrophyte. Ecology 445 

83:3319-3330 446 

Harper JL (1977) Population Biology of Plants. Academic Press, London 447 

Hemmings MA (1998) The root/rhizome system of seagrasses: an asset and a burden. J Sea Res 448 

39:183-196 449 

Hemminga MA, Duarte CM (2000) Seagrass ecology. Cambridge University Press. 450 

Johnson CD, Decoteau DR (1996) Nitrogen and potassium fertility affects jalapeno pepper plant 451 

growth, pod yield, and pungency. HortScience 31:1119-1123 452 

Kaldy JE, Dunton KH (1999) Ontogenetic photosynthetic changes, dispersal and survival of 453 

Thalassia testudinum (turtle grass) seedlings in a sub-tropical lagoon. J Exp Mar Biol Ecol 454 

240: 193-212 455 

Kaldy JE, Fowler N, Dunton KH (1999) Critical assessment of Thalassia testudinum (turtle 456 

grass) aging techniques: implications for demographic inferences. Mar Ecol Prog Ser 181: 279-457 

288 458 



 

Kaldy JE, Dunton KH (2000) Above- and below-ground production, biomass and reproductive 459 

ecology of Thalassia testudinum (turtle grass) in a subtropical coastal lagoon. Mar. Ecol Prog 460 

Ser 193:271-283 461 

Kamermans P, Hemminga MA, Tack JF, Mateo MA, Marba N, Mtolera M, Stapel J, Verheyden 462 

A, Van Daele T (2002) Groundwater effects on diversity and abundance of lagoonal seagrasses 463 

in Kenya and on Zanzibar Island (East Africa). Mar Ecol Prog Ser 231:75-83 464 

Larcher W (1975) Physiological plant ecology. Springer-Verlag 465 

Lee K-S, Dunton KH (1999) Inorganic nitrogen acquisition in the seagrass Thalassia testudinum: 466 

Development of a whole-plant nitrogen budget. Limnol Oceaogr 44:1204-1215 467 

Lee K-S, Dunton KH (1999a) Influence of sediment nitrogen-availability on carbon and nitrogen 468 

dynamics in the seagrass Thalassia testudinum. Mar Biol 134:217-226 469 

Marba N, Duarte CM (1995) Coupling of seagrass (Cymodocea nodosa) patch dynamics to 470 

subaqueous dune migration. J Ecol 83:381-389 471 

Marin IC, Loef I, Bartetzko L, Searle I, Coupland G, Stitt M, Osuna D (2011) Nitrate regulates 472 

floral induction in Arabidopsis, acting independently of light, gibberellin and autonomous 473 

pathways. Planta 233:539-552 474 

Moore WS (1996) Large groundwater inputs to coastal waters revealed by 
226

Ra enrichments. 475 

Nature 380:612-614 476 

Mutchler T, Dunton KH, Townsend-Small A, Fredricksen S, Rasser MK (2007) Isotopic and 477 

elemental indicators of nutrient sources and status of coastal habitats in the Caribbean Sea, 478 

Yucatan Peninsula, Mexico. Estu Coast Shelf Sci 74:449-457 479 

Nixon SW (1995) Coastal marine eutrophication: A definition, social causes, and future concerns. 480 

Ophelia 41:199-219 481 



 

Obeso JR (2002) The costs of reproduction in plants. New Phytol 155:321-348 482 

Parsons TR, Maita Y, Lalli CM (1984) A manual of chemical and biological methods for 483 

seawater analysis. Pergamon Press 484 

Peterson BJ, Stubler AD, Wall CC, Gobler CJ (2012) Nitrogen-rich groundwater intrusion 485 

affects productivity, but not herbivory, of the tropical seagrass Thalassia testudinum. Aquat 486 

Bot 15:1-9 487 

Rollon RN, Cayabyab NM, Fortes MD (2001) Vegetative dynamics and sexual reproduction of 488 

monospecific Thalassia hemprichii meadows in the Kayalaan Island Group. Aquat Bot 71:239-489 

246 490 

Santamaria L (2002) Why are most aquatic plants widely distributed? Dispersal, clonal growth 491 

and small-scale heterogeneity in a stressful environment. Acta Oecologica 23:137-154 492 

Santamaria L, Hootsmans MJM, van Vierssen W (1995) Flowering time as influenced by nitrate 493 

fertilization in Ruppia drepanensis Tineo. Aquat Bot 52:45-58 494 

Short FT (1983) The seagrass, Zostera marina L.: Plant morphology and bed structure in relation 495 

to sediment ammonium in Izembek, Lagoon, Alaska. Aquat Bot 16:149-161 496 

Short FT (1987) Effects of sediment nutrients on seagrasses: Literature review and mesocosm 497 

experiments. Aquat Bot 27:41-57 498 

van Dijk JK, van Tussenbroek BI (2010) Clonal diversity and structure related to habitat of the 499 

marine angiosperm Thalassia testudinum along the Atlantic coast of Mexico. Aquat Bot 92:63-500 

69 501 

van Dijk JK, van Tussenbroek BI, Jimenez-Duran K, Marquez-Guzman GJ, Ouborg J (2009) 502 

High levels of gene flow and low population genetic structure related to high dispersal 503 

potential of a tropical marine angiosperm. Mar Ecol Prog Ser 390:67-77 504 



 

van Tussenbroek BI (1998) Above- and below-ground biomass and production of Thalassia 505 

testudinum in a tropical reef lagoon. Aquat Bot 61:69-82 506 

van Tussenbroek BI, Vonk JA, Stapel J, Erftemeijer PLA, Middelburg JJ, Zieman JC (2006) The 507 

biology of Thalassia: paradigms and recent advances in research, p. 409-439. In A.W.D. 508 

Larkum, RJ Orth, and CM Duarte [eds.], Seagrasses: biology, ecology and conservation. 509 

Springer 510 

van Tussenbroek BI, Wong JGR, Marquez-Guzman J (2008) Synchronized anthesis and 511 

predation on pollen in the marine angiosperm Thalassia testudinum (Hydrocharitaceae). Mar 512 

Ecol Prog Ser 354:119-124 513 

van Tussenbroek, BI, Santos MGB, Wong JGR, van Dijk JK, Waycott M (2010) A guide to the 514 

tropical seagrasses of the western Atlantic, 1
st
 ed. Universidad Nacional Autonoma de Mexico 515 

van Tussenbroek BI, Monroy-Velazquez LV, Solia-Weiss V (2012) Meso-fauna foraging on 516 

seagrass pollen may serve in marine zoophilous pollination. Mar Ecol Prog Ser 469:1-6 517 

van Tussenbroek BI, Muhlia-Montero M (2013) Can floral consumption by fish shape traits of 518 

seagrass flowers? Evol Ecol 27:269-284 519 

Wada KC, Takeno K (2010) Stress-induced flowering. Plant Signal Behav 5:944-947. 520 

Wada KC, Yamada M, Shiraya T, Takeno K (2010) Salicyclia acid and the flowering gene 521 

FLOWERING LOCUS T homolog are involved in poor-nutrition stress-induced flowering of 522 

Pharbitis nil. J Plant Physiol 167: 447-452 523 

Williams, G.C. 1975. Sex and evolution. Princeton University Press 524 

  525 



 

Tables 526 
 527 

Table 1. Results of linear mixed models comparing shoots from unenriched and enriched turtle 528 

grass (Thalassia testudinum) plots in Lower Laguna Madre, Texas collected at the beginning of 529 

the experiment in March, prior to fertilization. Values are means ± S.E. None of the measured 530 

parameters were significantly different (P > 0.05) between unenriched and enriched plots.  531 

  Unenriched Enriched P 

Area of Longest Leaf (cm
2
)   6.6 ± 2.4   6.7 ± 2.2 0.62 

Leaf %C 35.8 ± 0.2 35.8 ± 0.2 0.84 

Leaf %N   2.6 ± 0.0   2.6 ± 0.0 0.63 

Leaf %P   0.2 ± 0.0   0.2 ± 0.0 0.62 

Leaf molar C:N 16.5 ± 0.2 16.3 ± 0.3 0.91 

Leaf molar C:P 556.7 ± 21.9 539.5 ± 26.2 0.69 

Leaf molar N:P 33.2 ± 1.2 32.7 ± 1.2 0.66 

  532 



 

Table 2. Results of linear mixed models comparing shoots from unenriched (unmanipulated) and 533 

control (empty bag) turtle grass (Thalassia testudinum) plots in Lower Laguna Madre, Texas 534 

collected at the end of the experiment in May. Values are means ± S.E. None of the measured 535 

parameters were significantly different (P > 0.05) between unenriched (unmanipulated) and 536 

control (empty bag) plots. 537 

 538 

  Unenriched Control P 

Porewater NH4
+
 (μM) 203.7 ± 34.7 170.9 ± 39.1 0.16 

Proportion of Reproductive Shoots   0.2  ±  0.1  0.2  ± 0.0 0.68 

Area of Longest Leaf (cm
2
) 11.9 ± 0.9 12.0  ±  0.7 0.40 

Aboveground Dry Wt. (g)   0.1 ± 0.0   0.1 ± 0.0 0.39 

Leaf %C 37.0  ±  0.5 36.2  ±  0.4 0.55 

Leaf %N   2.4 ± 0.1   2.2  ±  0.1 0.06 

Leaf %P   0.2  ±  0.0   0.2  ±  0.0 0.89 

Leaf molar C:N 18.4  ±  0.5 19.5  ±  1.0 0.14 

Leaf molar C:P 499.4  ±  45.4 547.0  ±  57.1 0.60 

Leaf molar N:P 27.1  ±  2.3 27.8  ±  2.2 0.23 

  539 



 

Table 3. Results of linear mixed models comparing elemental composition of shoots from 540 

unenriched and enriched turtle grass (Thalassia testudinum) plots in in Lower Laguna Madre, 541 

Texas in May, at the conclusion of the experiment. Values are means ± S.E. 542 

 543 

  Unenriched Enriched P 

Leaf %C 36.84 ± 0.33 37.78 ± 0.17 0.01 

Leaf %N   2.45 ± 0.05   2.90 ± 0.05 < 0.0001 

Leaf %P   0.18 ± 0.01   0.18 ± 0.01 0.84 

Leaf molar C:N 17.88 ± 0.39 15.41 ± 0.29 < 0.0001 

Leaf molar C:P 565.81 ± 24.46 575.85 ± 21.45 0.74 

Leaf molar N:P 30.40 ± 1.13 37.28 ± 1.20 < 0.0001 

  544 



 

Figure Legends 545 

Fig. 1 Mean ± S.E. porewater NH4
+
 concentrations in plots unenriched and enriched with 546 

nitrogen where turtle grass (Thalassia testudinum) was collected at the beginning (March) and 547 

end (May) of the experiment. * denote significant differences 548 

 549 

Fig. 2 Mean ± S.E. a) proportion of reproductive shoots, b) aboveground dry weight and c) area 550 

of longest leaf of turtle grass from plots unenriched and enriched with nitrogen at the end of the 551 

experiment in May. * denote significant differences 552 

 553 

Fig. 3 Number of turtle grass shoots of each age a) from plots unenriched and enriched with 554 

nitrogen in May, and b) represented as the number of reproductive shoots and total number of 555 

combined unenriched and enriched shoots in May. 556 



 

 

 

 

 

 



 



 




