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In coastal locations seagrass beds are exposed to various hydrodynamic forces that can include waves and/or unidirectional currents. Differences in these forces may be expected to alter nutrient (such as phosphorus and nitrogen compounds e.g., ammonium) uptake rates by seagrass leaves. We investigated in a laboratory flume how high and low velocities with the absence or presence of waves control ammonium absorption. Our results showed that low currents with waves had the highest nutrient uptake compared to all other treatments. This result was ascribed to a combination of mechanisms. The waves may have influenced turbulence and thereby the water movement around the leaf surface, whilst the low current enabled the canopy to remain upright with an open structure, thereby allowing leaves to be exposed to a greater exchange of ammonium rich water. Although, higher currents with waves might have increased turbulence, bending under the high current squeezed the canopy into a compact closed structure. This study indicates that there are broader implications of the observed mechanisms of nutrient uptake, for instance how they depend on the plant morphology such as the leaf area, length and flexibility.
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INTRODUCTION

Inter-tidal and shallow sub-tidal areas typically form the habitat of seagrass species such as Zostera noltii and Zostera marina in temperate zones and Halodule wrightii and Halophila ovalis in tropical zones (Larkum et al., 2006; Short et al., 2007). In such regions, hydrodynamic forcing can vary greatly by combining different levels of wave action and tidal currents (Charles et al., 2004). The seagrass canopy and leaf structure can significantly alter hydrodynamic forcing via reflection from the leaves (Charles et al., 2004) and absorption of energy through drag and motion (Dijkstra and Uittenbogaard, 2010; Paul et al., 2012). Altered hydrodynamics within seagrass beds also affect the nutrient availability for example phosphorus and nitrogen, and thereby nutrient uptake rates of the plants (Cornelisen and Thomas, 2002; Morris et al., 2008; Weitzman et al., 2013). A greater understanding of the fundamental hydrodynamic processes which control nutrient uptake in seagrass beds is urgently needed especially due to nutrient enrichment pressures on many seagrass beds globally (Burkholder et al., 2007). As eutrophic seagrass beds (nitrogen and phosphorous enriched) alter their allocation of nutrients to their leaves rather than their roots (Lee and Dunton, 1999), which will change processes within the seagrass ecosystems as a whole.

Extensive work has been completed for labeled (dissolved) nitrogen uptake by seagrass plants in flumes with various hydrodynamic regimes (Cornelisen and Thomas, 2002; Morris et al., 2008; Weitzman et al., 2013). Whilst there are some studies on phosphorus uptake with relation to translocation between roots, rhizomes and leaves, these have not considered hydrodynamic conditions (Pérez-Lloréns et al., 1993; Pérez-Lloréns and Niell, 1995). The ammonium ([image: image]) studies identify specific processes, which promote this specific nutrient uptake. For instance, shoot movement under waves opens up the canopy, therefore enhancing [image: image] uptake (Thomas and Cornelisen, 2003) as the latter is related to the rate of its delivery to seagrass leaves (Cornelisen and Thomas, 2004) and hence to bulk velocity (Cornelisen and Thomas, 2006). More recently, Morris et al. (2008) demonstrated that [image: image] uptake within a vegetation patch has clear spatial patterns, with uptake rates related to the local canopy flux. As a result, the “wake” from the current separation at the edge of the bed was responsible for enhanced nitrogen uptake at the leading edge (x = 0 m). Weitzman et al. (2013) found that blade motion and boundary layer redevelopment caused by wave movement affect [image: image] uptake rates. The major conclusions of these studies were that leaves, which experience a reduced boundary layer thickness on their surface due to hydrodynamics (such as waves) would have a greater [image: image] uptake regardless of the flow type (Cornelisen and Thomas, 2002, 2004, 2006; Thomas and Cornelisen, 2003; Morris et al., 2008; Weitzman et al., 2013).

None of the previous studies investigated [image: image] uptake with combined effects of currents and waves compared with nutrient uptake with currents or waves only. In a natural situation, however, the major hydrodynamic condition in shallow water seagrass beds is the superposition of small waves on top of a tidal current (O'Callaghan et al., 2010). Waves and currents can have opposing effects on the movement of the seagrass leaves in the water column. Thus, the combined effect of currents and waves in [image: image] uptake for seagrass patches cannot be easily predicted from previous studies. Hence we investigated this aspect focusing on the leaf [image: image] uptake rates by Z. noltii as example. To achieve this, unidirectional high (i.e., 0.3 m s−1) and low (i.e., 0.05 m s−1) velocities in presence and absence of small (0.04 m wave height, 1 s wave period) waves were applied to real seagrass beds in a laboratory flume. We aimed to answer how [image: image] uptake rates by seagrass leaves are affected by contrasting high and low current velocities with and without superimposed waves.

METHODOLOGY

Plant Material

The temperate seagrass Z. noltii (leaves: 0.5–1.5 mm wide and 6 ± 0.5 cm long) was used as a model to study how the interaction of vegetation with waves and currents affects the leaf [image: image] uptake. This species was specifically chosen as it colonizes the intertidal zone between high and low water neaps where the combination of waves and tidal currents is most pronounced. On the 26th and 27th June 2013, healthy and undisturbed sections of Z. noltii (60 × 22.5 cm) were collected from the Oosterschelde tidal lagoon (51°27.987′N. 4°4.512′E) and directly transferred to the Netherlands Institute for Sea Research (NIOZ) in Yerseke, the Netherlands. The seagrass bed sections were then stored in standalone large outdoor holding tanks filled with seawater pumped directly from the Oosterschelde, to allow for recovery from transportation. The conditions in the tanks were the same as found at the collection site (salinity 31 and temperature 16°C). As the holding tanks were located outside, plants were exposed to normal light conditions for the time of year. The tanks had a flow through system in addition to one medium sized pump which aerated the water. Seagrass plants can respond physiologically to culture conditions so the plants were allowed 4 days to acclimatize. The mean 15N values of the seagrass plants were 0.37 ± 0.03% and this did not change over time because no [image: image] was added to the holding tanks. After acclimation the plants were moved from the separate holding tanks into the flume to build a continuous seagrass bed of 135 cm length across the width of the flume (60 cm) with a density of 1,369 shoots m−2. The flume was filled with natural seawater from the adjacent Oosterschelde (salinity 31 and temperature 16°C) and the water was changed every 4 days to ensure sufficient nutrient and oxygen availability. Additionally, the flume was illuminated at night (~10 h) by 14 Son-T lamps (400 W each) and during weekends (~48 h) to allow for photosynthesis.

Flume Set-Up and Hydrodynamic Conditions

Experiments were carried out under controlled conditions in a racetrack wave flume at NIOZ (Figure 1). The oval flume is 0.6 m wide and has a straight working section of 10.8 m in which a constant water depth of 0.3 m was maintained (Figure 1). A conveyor belt at the long side opposite the working section generates unidirectional currents; regular waves of varying heights and periods can be generated with a wave paddle in front of the working section (Figure 1). The waves can be superimposed onto a current. Velocity profiles were obtained inside the meadow at distances 0, 0.45, 0.9, and 1.35 m from the leading bed edge along the central axis of the patch. At these distances wave and current evolution, canopy height and motion were monitored as well as seagrass plant nutrient uptake. The three components of velocity were recorded at 13 regularly spaced positions along each location with an Acoustic Doppler Velocimeter (ADV) at 100 Hz. Each recording lasted 2 min. Two different current conditions (0.05 and 0.3 m s−1, set as the free stream velocity 0.5 m in front of the bed's edge and 0.2 m above the bed) were generated. These current conditions were chosen because [image: image] uptake has been shown to be limited at velocities outside of this range and these represented the typical range of current velocities that may be encountered during a normal tide, with 0.05 m s−1 being the lower limit, and 0.3 m s−1 being the upper limit (Koch and Gust, 1999; Cornelisen and Thomas, 2002, 2004; Morris et al., 2008). The bed was exposed to these current conditions once without and once with superimposed regular waves with a wave height of 0.04 m and a period of ~1 s (de los Santos et al., 2010; Paul et al., 2012). For each hydrodynamic condition three replicate runs were performed for [image: image] uptake of leaves, a total of 12 runs. In addition, the position and motion of 10 plant leaves were traced onto paper through the transparent flume wall and analyzed for canopy height for each condition.


[image: image]

FIGURE 1. Schematic diagram of the flume and seagrass bed (adapted from Paul et al., 2012). Filled circles in the seagrass bed represent the pots, which were inserted with three seagrass shoots in it, each pot representing a plant sample. These pots were placed at distances 0, 0.45, 0.9, and 1.35 m from the leading bed edge along the central axis of the patch.



Analysis of Velocity Data

Velocity data was cleaned firstly for outliers using a despiking algorithm (Mori et al., 2007) and secondly for low correlation (<85%). Instrument ringing was also found to cause insufficient data for further processing; therefore, some time series were removed. From the resulting time series, the time-averaged components ([image: image], [image: image], [image: image]), the components due to wave presence (uw, vw, ww) and the fluctuating component due to turbulence (u′, v′, w′) were derived in downstream (x), cross-stream (y), and vertical (z) direction, respectively. The turbulence components were used to calculate turbulent kinetic energy TKE (Jonsson et al., 2006):
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The mean values over the whole profile for TKE were used.

Ammonium Uptake

At each profile position (0, 0.45, 0.9, and 1.35 m) along the meadow one pot was inserted with three seagrass shoots in it, each pot representing a plant sample (Figure 1). The pots were inserted into the sediment (depth of 5 cm, sediment collected from the Oosterschelde) so only the plants were above the sediment surface; this meant that no other structure perturbing from the sediment altered the current. For each hydrodynamic treatment, 4 new pots were placed into the seagrass bed structure. Three replicates were taken making a total of 48 plant samples with a corresponding velocity profile each. Ammonium chloride (15[image: image] CL ~ 10 μmol l−1) was added at the beginning of each day close to the wave paddle to ensure good mixing (Morris et al., 2008). Control plant samples were also set-up in a holding tank where the same physical conditions (temperature, salinity, light conditions) were kept as in the flume. These controls were not exposed to hydrodynamic forcing, but the same concentration of 15[image: image] CL was added. Water samples (n = 3) were taken from the flume and controls at the beginning of each day and throughout the day, to establish background nutrient conditions.

Calculation of Ammonium Uptake

The pots were taken from the flume after each treatment and plants were removed from the substrate. Above and below ground tissue were separated. From the above ground tissue, epiphytes were removed by gently brushing the leaves with a fingernail, and then they were washed and frozen before being freeze dried. The plant samples were ground until they were homogeneous and analyzed at NIOZ analytical laboratory with an elemental analysis isotope ratio mass spectrometry (EA-IRMS) using a Thermo Finnigan Flash 1112.

The corrected uptake rate (V) was determined using

[image: image]

where as is the atom % 15N for the component tissue (seagrass leaves), aw is the atom % 15N for the enriched substrate (water) and t is the duration of the treatment (h). aw was calculated from the amount of 99.1% 15[image: image] added to the flume and initial water column [[image: image]], (Δas/Δt) was calculated as the difference Δas in atom % 15N between non-labeled samples and the samples collected at the end of each hydrodynamic treatment divided by the duration of the run (Δt = 1 h). The mean 15N values of the seagrass plants were 0.37 ± 0.03%. α is the correction term following Cornelisen and Thomas's (2006) compensation for changes in [[image: image]] over time:

[image: image]

where k is the first-order rate of decline in concentration and t (h) is duration of the treatment. Finally, V was normalized to the N content (% N) of the tissue to express the uptake rate as mg N (g DM)−1 h−1. Mean weight of the seagrass leaves was 0.21 ± 0.06 g.

Statistics

One-way ANOVA was used for analyzing the data for canopy height vs. waves and canopy height vs. currents, uptake rates vs. currents, and uptake rates vs. waves. An ANCOVA was applied for the dependent variable ([image: image] uptake values) vs. the independent variables (treatments: currents ± waves and TKE), as both [image: image] uptake and TKE values were continuous. Prior to testing, normality in the data was assessed using a D'Agostino-Pearson test. Differences were considered significant at the level of 0.05 and slightly significant at the level of 0.1. All statistical testing was completed using the R programming platform (R Core Development Team, 2012).

RESULTS

Hydrodynamic Effects on Canopy Height and Motion

The seagrass leaves bowed under hydrodynamic forcing causing a reduction in canopy height. The canopy height showed a significant difference between the different velocities (0.05 and 0.3 m s−1) where the canopy reduced by more than half at the higher velocities compared to lower velocities (p < 0.05, 1-way ANOVA, Figure 2 and Table 1). Mean canopy heights in the presence of waves were slightly lower than for treatments without waves and this difference was slightly significant (p < 0.1, 1-way ANOVA, Figure 2 and Table 1). Treatments with waves caused an undulating motion of the leaves because the canopy was compressed below the wave trough and then elevated again under the wave crest. This undulation was small when the waves were overlaid on the high currents, and resulted in a flapping motion with almost vertical leaves at the most upright position when waves co-occurred with the lower currents.
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FIGURE 2. Showing seagrass canopy height (cm) under different treatments: high (0.3 m s−1) and low (0.05 m s−1) currents without/with waves. To obtain each replicate for canopy height, the position and motion of 10 plant leaves were traced onto paper through the transparent flume wall. A significant difference was seen for the two velocities (p < 0.05) and with and without waves (p < 0.1).




Table 1. Statistical output of the ANOVA (canopy height vs. current, canopy height vs. waves, [image: image] uptake vs. current, and [image: image] uptake vs. waves) and the ANCOVA ([image: image] uptake vs. TKE vs. treatments).

[image: image]



Effect of Hydrodynamics on [image: image] Uptake

No significant difference was seen for [image: image] uptake in Z. noltii leaves between high and low currents (p > 0.05, 1-way ANOVA, Table 1). However, the addition of waves showed slightly significantly enhanced leaf [image: image] uptake with waves (p < 0.1, 1-way ANOVA, Table 1). Leaf [image: image] uptake with respect to TKE was slightly significantly different (p < 0.1, ANCOVA, Figure 3 and Table 1). For high currents ± waves TKE values were within a small range whilst treatments with 0.05 m s−1 ± waves showed higher variation (Figure 3). TKE reached maximum values for the low currents and waves (Figure 3). A significant difference was seen for [image: image] uptake vs. treatments (p < 0.05, ANCOVA, Figure 3 and Table 1) at low velocity with waves.


[image: image]

FIGURE 3. The rate of ammonium [[image: image]; mg N (g DM)−1 h−1] uptake for seagrass leaves vs. turbulent kinetic energy TKE (m2 s−2). The x-axis is on a logarithmic scale. [image: image] uptake was significant for the different treatments (p < 0.05, Table 1) and slightly significant for TKE (p < 0.1, Table 1).



DISCUSSION

In agreement with earlier studies (Thomas and Cornelisen, 2003; Morris et al., 2008; Weitzman et al., 2013), we found that leaf [image: image] uptake by seagrass Z. noltii was determined by the hydrodynamic conditions. We showed the importance of waves in combination with tidal currents, which represent the most commonly occurring field conditions. We found that ammonium uptake at low velocities with waves was enhanced compared to higher velocities with waves. TKE also showed higher values during the low currents plus wave runs where [image: image] uptake was highest, indicating that higher movement of leaves and turbulence in the water column enhance [image: image] uptake.

Leaf Movement

Seagrass plant [image: image] uptake with low velocities without waves was comparable to uptake rates with higher velocities with and without waves. We expect this might be related to the leaves being pushed in only one direction in the water column thereby causing a decrease in leaf surface exposure to the nutrient rich water (Figure 2). Previous work has shown that higher velocities equate to increased [image: image] uptake (0–0.25 ms−1) due to the greater supply of nutrient rich water and the decrease of the boundary layer on the leaf surface (Thomas and Cornelisen, 2003; Cornelisen and Thomas, 2004; Morris et al., 2008). We found that if the current is too high (0.3 m s−1) it may cause the plants to bend toward the bottom and thereby “close” the canopy so that leaves are no longer exposed to nutrient rich water (Figure 2; Koch et al., 2006). The addition of small waves to high velocities did not fully open up the canopy; rather it caused an undulating up and down motion (Paul and Gillis, 2015). In the presence of low velocities with waves we found the greatest [image: image] uptake. This was linked to the waves opening the canopy, causing the leaves to have an omnidirectional movement in the water column (Ackerman and Okubo, 1993; Koch et al., 2006). However, another factor could also be the movement of the seagrass leaves, causing acceleration of the flow adjacent to the leaf surface. This would mean that the effect of advection would be greater than diffusion. It has been shown that such conditions lead to an increase in the Sherwood number indicating an increase in nutrient uptake (Magar et al., 2003).

The Diffusion Factor

Morris et al. (2008) showed that within-canopy water currents are a major driver of [image: image] uptake, which might explain up to two-fold differences in [image: image] uptake between species of different morphology. It is hypothesized that TKE causes omnidirectional currents within canopies, which decrease the boundary layer surrounding the leaves and hence allowing for greater diffusion of [image: image] (Thomas and Cornelisen, 2003; Weitzman et al., 2013). Our data found evidence for this theory in that higher TKE was slightly correlated with increased [image: image] uptake, and omnidirectional currents (0.05 m s−1 and waves) were associated with elevated TKE levels compared to unidirectional currents (0.05 m s−1 no waves; Figure 3). In addition, wave-induced oscillatory currents and/or large scale turbulent eddies can also disrupt the diffusion boundary layer allowing for a greater supply of nutrients to the leaf surface, which we confirmed at low velocities with waves but not at high velocities with waves (Koch et al., 2006; Weitzman et al., 2013). Thomas et al. (2000) found that uptake of [image: image] in seagrass communities is diffusion limited. This mechanism has been found in other benthic environments notably coral reefs (Hearn et al., 2001). Previous research has found that water current velocity (0.03–0.2 m s−1) pushes the turbulent mixing layer into the canopy reducing the boundary layer, and thus allowing for greater diffusion of [image: image] into leaves (Cornelisen and Thomas, 2004). In contrast, our results showed that at treatments with 0.3 m s−1 currents the strong bending of the canopy prevents the turbulent mixing layer from entering the canopy. As a result, the boundary layer is not reduced at such high velocities. Consequently, the seagrass leaf flexibility will be an important parameter to consider when investigating [image: image] uptake (Weitzman et al., 2013). Longer, thinner or more flexible leaves may be moved more easily by a unidirectional current thus closing the canopy and decreasing their ability to uptake nutrients. In return, such leaves will respond much more easily to wave forcing allowing plants with flexible leaves to benefit even from small waves with respect to [image: image] uptake.

IMPLICATIONS

Our results indicate that [image: image] uptake from the water column is strongly dependent on flow characteristics. Thus, exposure (e.g., hydrodynamic regime, water depth) will be an important factor when investigating nutrient uptake in-situ, in addition further work should be completed in flumes to investigate a wider variety of wave heights and current flows. Previous research has emphasized that leaf flexibility in seagrass species is an important ecosystem engineering property (Bouma et al., 2005) as well as relevant for nutrient uptake (Morris et al., 2008). In fact Morris et al. (2008) found that Cymodocea nodosa, which has much longer, wider and sparser leaves than Z. noltii, has a two-fold higher leaf [image: image] uptake for unidirectional currents. Hence leaf morphology and density may have strong implications for the establishment and expansion of different seagrass species under various hydrodynamic conditions. In addition, different seagrass species and consequently seagrass morphologies will have distinct patch dynamics, which will also affect [image: image] uptake rates. Further research should also focus on how other nutrients such as phosphorus uptake are affected by hydrodynamics.

On a global scale, seagrass beds are greatly affected by high levels of nutrients such as phosphorous or nitrogen exported into the system (eutrophic) (Burkholder et al., 2007). Hydrodynamic processes such as waves and turbulence will obviously be important in delivering vital nutrient requirements via leaves to nutrient limited seagrass beds (oligotrophic). However, it should also be considered that seagrass beds high in nitrogen (eutrophic) have been found to obtain a greater allocation (52%) of their nitrogen requirements via their leaves than nitrogen poor seagrass beds (28%) (Lee and Dunton, 1999). Therefore, understanding the role of hydrodynamics in nutrient delivery including phosphorus and nitrogen will also be important in eutrophic beds for translocation of nutrients from roots/rhizomes to leaves. Further research is required to clarify how hydrodynamics interact with nutrient concentrations and how these two factors affect biomechanics and morphology of the plants (La Nafie et al., 2012) and the spatial characteristics of the beds. The interaction with hydrodynamics will vary between seagrass species, but whether these effects are positive or negative is not yet known. Biogeochemical models such as those used by the US environmental Protection Agency (the Three dimensional Hydrodynamic Eutrophication model; Park et al., 2005) and others used for the Everglades (Everglades Wetland Hydrodynamic Model; Moustafa and Hamrick, 2000) could be used in this instance, by extrapolating from species to a larger scale i.e., beds. These models combine hydrodynamics, eutrophication processes, and diagenetic mechanisms, to determine nutrients loads (Moustafa and Hamrick, 2000; Park et al., 2005), additional flume data obtained from species nutrient uptake could make these models more specific and identify seagrass beds which may be at risk from eutrophication.
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