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Abstract

Most natural seagrass meadows contain unvegetated areas (gaps), but to date,
only a few studies have investigated their hydrodynamics. Here, we investigate
the hydrodynamics of these gaps via a laboratory flume experiment using an ar-
tificial seagrass meadow. We used a fixed flow speed of 200 mm s and a novel
circular gap design, creating gaps within the meadows with diameters of 100
to 1000 mm, and varied shoot density (480 and 1100 shoots m?), water depth
(200 and 400 mm) and leaf length (50, 100 and 200 mm) between runs. Ve-
locity profiles were measured at several along-stream locations and processed to
provide values of turbulent kinetic energy and discharge per unit cross-sectional
area. Canopy heights upstream and downstream of the gap were also measured,
and the ratio of the former to the gap length was defined as the gap aspect ratio
(GAR). We identify a clear distinction between cases where GAR < 0.3, in which
within-gap turbulence levels are relatively low, intrusion of overflow into the gap
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is relatively high (but not dominant) and pronation of the downstream canopy is
relatively strong, and cases where GAR > 0.3, where the opposite tendencies pre-
vail. This suggests that the former gaps are relatively easily seeded from outside
of the meadow, whereas the latter are more likely to be filled by clonal extension
of the plants at the patch’s periphery. Our results also suggest that shorter-leaved
downstream canopies are facilitated by gaps” hydrodynamic effects because they
receive increased throughflow.

Introduction

Seagrass meadows provide many important ecosystem services, such as provi-
sion of nursery and sanctuary habitats for a broad range of marine species, which
enhance faunal abundance and species diversity (Duarte, 1989; Tanner, 2003;
Hovel & Regan, 2008; Mills & Berkenbusch, 2008), and attenuation of hydrody-
namic energy from waves and currents (Gambi et al., 1990, Nepf & Vivoni, 2000;
Bouma et al,, 200S; Luhar ef al., 2008 ), which increases sediment stability (Gacia
& Duarte, 2001; De Falcoet al., 2000). Therefore, obtaining a fundamental un-
derstanding of factors contributing to the decline of seagrass meadows is of cru-
cial importance. Previous studies of these globally significant ecosystems have
focused on their large-scale stressors such as turbidity (Townsend & Fonseca,
1998; Carr et al., 2010), eutrophication (Cardoso et al., 2004) and hydrodynam-
ically-induced mechanical stresses (Infantes et al., 2012). Relative few studies
have focused on the role of unvegetated areas (gaps) for the decline of seagrass
meadows, even though a recent study suggests that gap creation may initiate a
catastrophic collapse (Christianen et al., 2014).

Most seagrass meadows in nature contain gaps of different shapes and sizes
(Luhar, 2008). Gaps can be caused by human activities such as propeller scarring,
vessel grounding and digging for benthic animals (Townsend & Fonseca, 1998;
Hovel & Regan, 2007), bioturbation due to faunal burrowing (e.g. Valentine et
al., 1994; Townsend & Fonseca, 2008), or grazing by meso- or mega-fauna as di-
verse as, for example, the echinoids Lytechinus variegates in the northern Gulf of
Mexico (Valentine & Heck, 1991) and Diadema antillarum in the Caribbean Sea
(Ogden, 1973), or the Green Turtle (Chelonia mydas) in East Kalimantan, Indo-
nesia (Christianen et al.,, 2014). Hydrodynamic forces from currents and waves
may also cause or exacerbate gaps in seagrasses, often creating crescent-shaped
features known as “blowouts” (Patriquin, 1975; Fonseca & Bell, 1998).

Most studies of gaps in seagrass meadows have focused on seagrass-grazer in-
teractions (e.g. Eggleston et al,, 1998; Irlandi ef al., 1999; Healey & Hovel, 2004;
Almela et al., 2008). However, hydrodynamic interactions are arguably as impor-
tant as biotic interactions in determining seagrass meadow functioning (Gambi
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et al., 1990; Nepf & Vivoni, 2000; Adhitya ef al., 2014). To date, most studies of
seagrass hydrodynamics have focused on homogeneous meadows (e.g. Fonseca,
1982; Gambi et al., 1990; Abdelrhman, 2007), but the relatively small number of
studies on the hydrodynamic influence of heterogeneous meadows (e.g. Folkard
20085, 2011; Maltese et al., 2007) have found it to be important. For example,
heterogeneity in shoot density can cause heterogeneity in nutrient uptake by sea-
grasses (Morris et al., 2008), and may enhance growth in lower-density patches
(Adhitya et al,, 2014). Gaps may also entrap seeds and pollen via hydrodynamic
processes, and thereby affect meadows’ growth and gap colonization.

Studies to date of gap hydrodynamics in seagrass meadows have provided
some understanding, but have left many questions unanswered, and raised many
others. For example, Folkard (2011) proposed a flow regime diagram (Figure 11
in Folkard 2011), which indicated that the speed of the incident flow, the canopy
height and the length of a gap were the factors that governed whether the flow
within the gap came primarily from within the upstream canopy, or from above
it via flow separation and recirculation. However, this study did not consider the
effects of the shoot density of the surrounding meadow or the ratio of the canopy
height to the water depth. In the present study, we consider the effects of these
factors, in combination with leaf length/canopy height and gap length, via a lab-
oratory flume experiment. We hypothesize that a low density seagrass canopy
upstream of the gap may limit the formation of a recirculation cell in the gap, by
allowing flow to pass through the canopy and thereby reducing velocity shear at
the top of the canopy. In these cases, therefore, we predict flow within the gap to
be dominated by throughflow that has arrived from within the upstream cano-
py. We further hypothesize that reducing the water depth relative to the canopy
height will increase the overflow speed and thus shear at the top of the canopy,
thereby encouraging the formation of a recirculation cell within the gap and en-
hancing the intrusion into the gap of the flow over the upstream canopy.

Materials and methods

Experimental Setup

The experiment was carried out in the race track flume at the Royal Netherlands
Institute for Sea Research (NIOZ) Yerseke (Figure 3.1a; details in Bouma et al.,
200S; Jonsson et al., 2006). Seagrass was simulated using artificial plant mim-
ics made of polyethylene, which is a widely-accepted approach in flume experi-
ments used to investigate interactions between aquatic vegetation and hydrody-
namics (e.g. Nepf & Vivoni, 2000; Bouma et al., 2005; Folkard, 2005; Peralta et
al., 2008). In the present study, the mimic morphology was based on Thalassia
testudinum (turtle grass), a tropical species of seagrass, and each simulated shoot
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was made up of three leaves of equal length, which were attached to a 100 mm
long sheath. The shoots were secured in the flume by inserting the sheath into a
layer of sand on flume bed such that it was entirely buried, leaving only the leaves
above the sand surface.

Seagrass meadows of two shoot densities were created in a 2m-long test sec-
tion within the flume, filling its whole 600 mm width: the first had 480 shoots
m?, and is referred to herein as the low density (LD) case; the second had 1000
shoots m? and is referred to as the high density (HD) case. Between them, these
are representative of shoot densities found in Thalassia testudinum meadows in
nature (Whitfield et al., 2004; Perez, 2006; Martinez-Daranas et al., 2009). Two
different water depths (H, mm) were used: 200 mm and 400 mm. In the 400
mm water depth cases, leaf lengths (h, mm) of 50, 100 and 200 mm (at both low
and high shoot densities) were used, and in the 200 mm water depth cases, a leaf
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Figure 3.1

Schematic diagram of (a) the racetrack flume tank at NIOZ, Yerseke (b) the different gap sizes creat-
ed within the simulated seagrass meadow. The circular gaps had diameters of 100, 200, 300, 400, 600,
800 and 1000 mm. The dashed line in the middle of the flume (Y = 240 mm) indicates the locus of
velocity measurement positions.
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length of 100 mm was used (again, at both shoot densities). By removing areas
of seagrass mimics, circular gaps were made within the meadows with diameters
of 100, 200, 300, 400, 600, 800 and 1000 mm (Figure 3.1b). This is a departure
from previous studies, which have tended to use rectilinear, two-dimensional
configurations. This novel approach was taken because circular gaps are closer
in shape to many gaps found in nature caused, for example, by bioturbation and
grazing (Heck & Valentine, 2005).

Throughout the experiment, the flow speed was set at 200 mm s™ to simulate
typical natural tidal conditions (Bouma et al,, 2005b). Velocity was measured
using a Vectrino Acoustic Doppler Velocimeter (ADV, Nortek AS, Rud, Nor-
way) located midway between the flume’s sidewalls (Y = 240 mm from each
wall) to minimize wall effects, at along-flume (X-direction) positions 550, 750,
950, 1050, 1150, 1250, 1350, 1450, 1550, and 1650 mm from the upstream end
of the seagrass meadow (see Figure 3.1b for where these are in relation to the
gaps). At each of these X-positions, measurements were made at 10 different ver-
tical locations (Z-positions), the lowest at S mm above the bed and the highest at
310 mm above the bed. At each point, velocity was measured for 90 seconds at a
frequency of 10Hz. For each case, the canopy height was measured immediately
upstream of the gap, and at the closest point downstream from the gap where
the canopy had reached an equilibrium height (i.e. approximately one leaf length
downstream from the end of the gap).

Data Processing

The ADV provided time series of quasi-instantaneous measurements of the
along-flume, across-flume and vertical velocity components, U, V and W (mm
s) respectively. From these, and the measurements of the canopy height, we
derived the following parameters:

Values of turbulent kinetic energy (TKE) were determined by calculating the
turbulent components of velocity (ui’, v, W, mm s) as the differences between
the individual, quasi-instantaneous, measured velocity components (Ui, v, Wi)
and their respective mean values ( U,V,W ), and then taking their root mean
square values

—1/2 —(—1/2 ——1/2
/ 12! iZf

(u', v, w)=(u? v? W
TKE was then calculated, following Morris et al. (2008):
TKEZ%(U2+VZ+WZ) (1)

The gap aspect ratio (GAR) was calculated, following Folkard (2011), as the
ratio of the (pronated) canopy height (h_, mm) to the gap diameter (D, mm):
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h
GAR= —<
D (2)

The unit discharge (q, mm? s') was calculated as the rate of flow per unit
cross-sectional width, following Morris et al. (2008):

Ty

q=Y.q 3)
0
where q. = (z_ -z )u,z_is the mid-height (mm) between the measurement
heights for velocities u. (mms™) andu,, (mms?) andz__ (mm) is the full water
depth. This was calculated for the vertical sections of the flow above the canopy
height (q,) and below it (g, ). Mean values of each of these were calculated from
all of the measured flow profile data from the region upstream of the gap (q_
? qb’up) , within the gap (qayga " qb,gﬂp) and downstream of the gap (qal s O, o)
From these, the proportion of the flow passing through the canopy, as opposed
to over it were calculated as, for example, q, / (q

a,up

+ qb]up). The way in which
this proportion changed as the flow passed over the gap and into the downstream
canopy was quantified using the ratios of these proportions R and R downup 35
shown in Figure 3.2.

The gap Reynolds number (Rega " dimensionless) was calculated, following

Folkard (2011) as
Re = Uh, (4)

where U=q /z__ (mms"') is the mean along-flume flow speed, h , (mm) is the
canopy height immediately upstream of the gap and v (mm?s™) is the kinematic
viscosity of water (taken here as 1 mm?”s™). The canopy height difference (Ah,
mm) was calculated as the canopy height immediately downstream of the gap
(h_, mm) subtracted fromh .

Ah =h_ -h, (5)

Results

Flow regime within the gap

Calculation of GAR and Re enable comparison of our results with the regime
diagram proposed by Folkard (Figure 11 in Folkard 2011). All of the experimen-
tal runs carried out in the present study have Re  <40,000 and thus fall into the
“throughflow” region identified in that diagram. Analysis of the flow profile data
obtained from the upstream end of the gap shows that Folkard’s throughflow
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lllustrative figure showing how the unit discharge ratios were calculated. The q's indicate unit dis-
charge ratios below (b) and above seagrass patches (a) the canopy and upstream (up), downstream
(down) and within the gap (gap).

criterion (that the along-flume flow speed at 10 mm above the bed in the most
upstream profile in the gap is greater than 5% of the overall mean flow speed)
is satisfied in 36 out of our 42 runs. In the other six, although this criterion is
failed strictly speaking, closer inspection shows that this is due to local anoma-
lies in the flow measurements, and there is evidence of significant throughflow
emerging into the gap, and no evidence of flow recirculation cells being formed
here. Neither are any of the criteria for the other overflow-dominated forms of
flow considered by Folkard (2011) satisfied in any of them. Therefore, we can
assume that the categorization, sensu Folkard (2011), of all of the present results
as throughflow cases is appropriate.

Turbulence and mean flow within the gap

In order to investigate the within-gap level of turbulence, we calculated the spa-
tially averaged value of TKE (TKE__ ) in the region defined as the gap in Figure
3.2 (i.e. the region below the upstream canopy height). Our results show that,
for each combination of water depth (H) and leaflength (h) values, TKE___ was
minimum at smallest GAR values (i.e. for the longest, shallowest gaps), where
the gaps were long enough to allow the turbulent wake of the upstream canopy to
decay and a new boundary layer flow structure to develop. In most cases, TKE__
peaked at an intermediate GAR value and then had a fairly constant value for
larger GAR values (Figure 3.3). For the shortest leaves (h = 50 mm), the maxi-

mum TKE__ occurred at a larger value of GAR (=0.5) than for the h = 100 mm

51
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The mean turbulent kinetic energy with the gap, TKE _, plotted against the gap aspect ratio, GAR,
for runs with (A) high density (HD) canopies, water height H = 400 mm and seagrass leaf lengths of
h =50, 100 and 200 mm; (B) low density (LD) canopies, water height H = 400 mm and seagrass leaf
lengths of h = 50, 100 and 200 mm; and (c) HD or LD canopies, water height H = 200 mm and sea-
grass leaf length h = 100 mm.

and h = 200 mm leaves, where the TKE__ peak occurred at GAR = 0.1 - 0.4.
These patterns were less clear in the LD canopy cases (Fig. 3b), where the peak
value was not apparent; instead, TKE___increased from a minimum at the low-
est GAR values to a steady value for GAR > 0.3.

To investigate the nature of the mean flow within the gap, we considered how
the ratio Rgapiup (as defined in Figure 3.2) varies with GAR and changes in H and
h (Figure 3.4). This parameter may be interpreted as follows: if R .., =1 then
the proportion of the flow through a given cross-section of the flume that takes
place within the seagrass canopy (as opposed to above it) in the upstream canopy
region, is the same as the mean value of that proportion within the gap. In other
words, there is no instrusion of the upstream overflow into the gap, nor any intru-
sion into the overflow of the throughflow that emerges from the upstream cano-
py into the gap. If R .,>Lthen there is intrusion of the overflow into the gap in
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The ratio Rga ., In in-canopy unit discharge proportion between the upstream canopy and the gap

(as defined in Figure 2), plotted against the gap aspect ratio GAR, for (A) high density (HD) and (B)
low density (LD) canopy cases, and various values of water depth (H) and seagrass leaf length (h), as

indicated.

the canopy. If R .., <1 then there is removal of throughflow from the gap into
the overflow. In both the HD (Figure 3.4a) and LD (Figure 3.4b) cases, but more
clearly in the former, there is a distinction between lower and higher GAR cases,
the transition occurring at GAR = 0.3. In many of the lower GAR cases, R
> 1, reaching its highest values of 3-4 for the shortest-leaved (h = SO mm), high
density canopy. This indicates that the overflow intrudes significantly into the
gap in these cases, and the gaps can thus be thought of as “overflow-influenced”.
Typical values for the ratios q /(q +q,) in these cases are 10% for the upstream
canopy (i.e. 10% of the flow passes through the canopy, and the other 90% passes
above it), and 35% (3.5 times higher) in the gap. So, even these highest values do
notindicate that the gaps become dominated by the overflow, and throughflow is
still dominant in the gap in these cases. For the higher GAR cases, and for several
lower GAR cases, notably those with the longest-leaved canopy (h = 200 mm),

™~ 1, indicating little or no exchange between the gap and the overflow, im-
plying that these are cases where the flow in the gap is almost all deriving from
the throughflow in the upstream canopy.

Influence of gap hydrodynamics on downstream seagrass canopy

One way in which the presence of a gap and its influence on the hydrodynamics
of the flow may affect the downstream seagrass canopy is by causing the canopy
to become more or less pronated (i.e. mechanically stressed) than the upstream
canopy. In the absence of the gap, given that the upstream canopy height has
reached equilibrium with the flow and is constant for some distance upstream,
one can assume that the downstream canopy would also have this canopy height.
Any differences in height between the canopies upstream and downstream of the
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The canopy height difference (Ahc, mm) plotted against the gap aspect ratio GAR, for (A) high den-
sity (HD) and (B) low density (LD) canopy cases, and various values of water depth (H) and seagrass
leaf length (h), as indicated.

gap can therefore be assumed to be due to the influence of gap hydrodynamics
on the downstream canopy. Figure 3.5 shows how this difference Ah_varies with
GAR for all of the experimental runs reported here. In every case, the down-
stream canopy is at either the same height or lower than the upstream canopyj i.e.
it is either equally or more mechanically stressed. Although there is significant
scatter in the data, it is clear that Ah_increases with increasing plant density, wa-
ter depth and seagrass leaf length, and with decreasing GAR, and is zero for all
runs with the shortest leaf length (50 mm).

A second way in which the gap’s hydrodynamic influence can affect the
downstream canopy is by altering the rate of flow (and therefore the rate of sup-
ply of dissolved nutrients and gases necessary for seagrass productivity) through
it. This is quantified and investigated via the ratio R, , as defined in Figure
3.2. The meaning of this ratio is similar to that given above for R whenR
=L the downstream canopy received the same rate of through flow as the up-
stream canopy (i.e. no gap influence); when Rdown-up < 1, the downstream can-
opy receives less throughflow than the upstream canopy (i.e. stressing effect of
gap), and when R townp > 1 the downstream canopy receives more throughflow
than the upstream canopy (i.e. facilitating effect of gap). R downup 1S plotted again
GAR for the different flow depth, leaf length and plant density cases measured
in Figure 3.6. As for R there is a clear distinction between cases either side
of GAR = 0.3. For the smaller GAR cases, and especially for the shortest-leaved
(h = 50 mm), high density canopy, R

down-up

> 1, indicating increase flow in the
downstream canopy, whereas for the larger GAR cases, R downp < 110 the long-
est-leaved (h = 200 mm), high density canopy in particular, there is a clear reduc-

tion in the downstream canopy throughflow compared to that in the upstream
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The ratio R townup in in-canopy unit discharge proportion between the upstream and downstream
canopies (as defined in Figure 2), plotted against the gap aspect ratio GAR, for (A) high density (HD)
and (B) low density (LD) canopy cases, and various values of water depth (H) and seagrass leaf length
(h), as indicated.

canopy. This is strongest at GAR = 0.3, and becomes weaker as GAR increas-
es, being replaced by a slight increase in downstream canopy throughflow at the
largest GAR value used (1.6).

Discussion

Our results confirm the implication of the regime diagram proposed by Folkard
(2011), that throughflow from the upstream canopy is the dominant source of
flow in all of the cases in the present study. We hypothesized that this through-
flow would be more dominant in the LD cases than the HD cases, because we
expected the lower density canopy to allow more flow to pass through it, but this
expectation is not borne out by our results (compare Figures 3.4a and 3.4b). The
amount of turbulence generated within the gaps was also expected a priori to be
greater in the HD cases than in the corresponding LD cases, because we expect-
ed stronger shear at the top of the HD canopy, but this is also found to be only
marginally the case, if at all (compare Figures 3.3a and 3.3b). Instead, the clearest
differences in the in-gap hydrodynamics provide two insights. Firstly, they indi-
cate that reduced water depth creates more shear stress at the top of the canopy
and thus increases the level of turbulence inside the gap (compare Figure 3.3c to
Figures 3.3a and 3.3b). Secondly, they indicate that longer, shallower gaps with
low GAR values (less than =0.3), especially those where the seagrass leaf length
is short, are significantly more affected by intrusion of overflow than shorter,
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deeper gaps in canopies with longer leaves, where the within-gap flow is almost
purely derived from throughflow in the upstream canopy (Figure 3.4).

The occurrence of a peak level of TKE__ in gaps with intermediate values
of GAR (i.e. of intermediate length) in the HD cases reflects the structure of
the wake of the upstream canopy (Folkard 2005), in which the turbulence max-
imum is a short distance downstream from the canopy edge. Thus, at for the
shortest gaps (largest GAR values), the wake turbulence does not have the space
to develop to its maximum extent within the gap, whereas for the longest gaps
(smallest GAR values), the wake has time to both develop to its maximum extent
and then decay. So the GAR values at which TKE__ is maximum is that where
the wake’s turbulence maximum just fits into the gap length. The lack of such a
maximum in the LD cases indicates that the wake turbulence is weaker in these
cases (because the upstream canopy is less dense, so the shear forces that gener-
ate the wake turbulence are weaker), so no significant turbulence maximum is
generated.

The results showing the influence of gap hydrodynamics on the downstream
canopy show that it is most strongly pronated (relative to the upstream canopy)
when it has a high density of long leaves and the gap has alow GAR value (Figure
3.5). The greater length of the leaves makes them more easily pronated, and the
low GAR value (greater length) of the gap implies that the flow has had space to
develop a more established boundary layer flow structure, and thus us able to
more strongly pronate the canopy. The greater difference between the upstream
and downstream canopy heights in the HD cases compared to the LD cases
(compare Figure 3.5a to Figure 3.5b) may be due to the lower density of plants
in the upstream canopy in the LD case meaning that it is more easily pronated to
its maximum extent, meaning that any increase in pronation of the downstream
canopy is more limited.

The difference in the ratio R, between the longer and shorter leaved
cases (Figure 3.6) indicates that shorter-leaved canopies downstream of a gap
receive enhanced throughflow compared to those upstream of the gap, whereas
the opposite is the case for longer-leaved canopies, especially for long, shallow
gaps (low GAR values). Thus, there is a clear, qualitative difference in the rela-
tionship between the seagrass canopy and the gap-induced hydrodynamics that
is dependent on seagrass canopy structure (shoot density) and morphology (leaf
length).

Overall, our results show a clear distinction between cases where GAR is less
than =0.3, in which within-gap turbulence levels are relatively low, intrusion of
overflow into the gap is relatively high (but not dominant) and increased pro-
nation of the downstream canopy is relatively strong, and cases where GAR is
greater than this threshold value, where the opposite tendencies prevail.
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Ecological implications of gap hydrodynamics

In ecological terms, a distinction can be made between gaps that are relative-
ly open to influences from the overflow, and those whose character is strongly
determined by the throughflow from the upstream canopy. The former tend to
be longer gaps in shorter-leaved canopies in shallower water, whereas the latter
tend to be shorter, deeper gaps in longer-leaved canopies in deeper water. Often,
gaps create competition for nutrient uptake between pioneer vegetation and ex-
isting vegetation (Picket & White, 1985), which can result in faster growing sea-
grass species like Halodule wrightii and Syringodium filforme colonizing gaps in
meadows of another seagrass species (e.g. Den Hartog, 1971; Patriquin, 1973).
This implies that their seeds must be delivered to the gaps from outside of the
meadow, a process most likely to occur via the flow over the meadow canopy.
Our results suggest that this process is more likely to happen in relatively long
gaps, in shorter-leaved canopies, and in shallower water. Gaps that are relatively
short, occur in longer-leaved canopies, and in deeper water are more dominated
by flows from within the existing meadow, and hence will be less open to seed
trapping, and thus may expected to be more likely to be filled by clonal extension
of the plants at the patch’s periphery (Williams, 1987; Rasheed, 1999).

Our results regarding the downstream canopy imply that shorter-leaved sea-
grass canopies downstream of gaps, especially where the gap is long, are facil-
itated by the hydrodynamic effects of the gap, because they receive increased
throughflow of dissolved nutrients and gasses (which typically enhances up-
take; cf. Morris et al., 2008), and are not increasingly pronated (mechanically
stressed). Longer-leaved downstream canopies, in contrast, are increasing-
ly stressed, both by being more strongly pronated, and by receiving decreased
amounts of throughflow. These expectations need however experimental testing
by field studies in different vegetation types. Overall, a proper understanding of
the hydrodynamics within gaps helps to obtain a better ecological understanding
of the health, functioning and resilience of patchy seagrass meadows.
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