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a b s t r a c t
Seagrass beds are globally declining due to human activities in coastal areas. We here aimed to identify
threats from eutrophication to the valuable seagrass beds of Curaçao and Bonaire in the Caribbean, which
function as nursery habitats for commercial ﬁsh species. We documented surface- and porewater
nutrient concentrations, and seagrass nutrient concentrations in 6 bays varying in nutrient loads. Water
measurements only provided a momentary snapshot, due to timing, tidal stage, etc., but Thalassia
testudinum nutrient concentrations indicated long-term nutrient loads. Nutrient levels in most bays
did not raise any concern, but high leaf % P values of Thalassia in Piscadera Bay (0.31%) and Spanish
Water Bay (0.21%) showed that seagrasses may be threatened by eutrophication, due to emergency
overﬂow of waste water and coastal housing. We thus showed that seagrasses may be threatened and
measures should be taken to prevent loss of these important nursery areas due to eutrophication.
Ó 2014 Elsevier Ltd. All rights reserved.

Seagrass beds are key coastal ecosystems, which support high
biodiversity and provide important ecosystem services such as carbon sequestration, ﬁsheries, and coastal protection (Christianen
et al., 2013; Fourqurean et al., 2012; Heck et al., 2003). However,
seagrass meadows are rapidly declining all over the world, due
to increasing anthropogenic activities in coastal areas (Waycott
et al., 2009). Human pressures on coastal areas in the Caribbean
are also increasing, and factors like booming tourism, growing
industries, oil drillings and spills, trace metal pollution and eutrophication threaten coastal ecosystems (Phillips, 1992; Short and
Wyllie-Echeverria, 1996; Thorhaug et al., 1985).
An important stressor that has not been well studied in the
Caribbean is eutrophication (but see Gast et al. (1999)). Eutrophication can potentially lead to degradation or complete disappearance of seagrass beds due to epiphyte overgrowth and/or light
limitation (Burkholder et al., 2007; Kuenen and Debrot, 1995).
We therefore aimed to identify and to quantify the effects of eutrophication on the seagrass beds of the Caribbean islands of Curaçao
and Bonaire. On these islands, the seagrass beds form essential
nursery habitats for many commercially important ﬁsh species
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(Huijbers et al., 2013). However, seagrasses are present in bays
with varying degrees of anthropogenic impacts (Debrot and
Sybesma, 2000). Hence, we studied (1) the nutrient status of seagrasses in 6 bays on Curaçao and Bonaire, (2) the indicator value of
seagrass leaf nutrient concentrations, and (3) possible threats of
eutrophication in Curaçao and Bonaire bays.
Samples were collected in January 2010 on Curaçao (12°040 N,
68°510 W) and Bonaire (12°150 N, 68°280 ), Netherlands Antilles. We
sampled six different non-estuarine inland bays (50% of all
bays with seagrass, which includes >90% of the total seagrass area)
varying in anthropogenic disturbance levels (Table 1). The
bays are dominated by mangrove (Rhizophora mangle) communities
along the shores and by subtidal seagrass beds with turtle grass
(Thalassia testudinum) and manatee grass (Syringodium ﬁliforme).
On Curaçao, we sampled Piscadera Bay, Spanish Water Bay, Boka
Ascension Bay, Santa Anna Bay and Sint-Joris Bay, and on Bonaire
Lac Bay (for more details, see Govers et al. (2014b)).
Sampling sites were maximally 10 m from the shore, and were
reached either from the shore, or by boat. The bays were selected
for their level of anthropogenic disturbance (Table 1). For each
bay, samples were collected in gradients from the source of
pollution to the bay mouth. At sites with seagrasses (Table 1),
samples were taken in the seagrass bed; at sites without seagrass,
porewater samples were taken from the bare sediment. More
detailed information (date, tidal level, temperature, precipitation)
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can be found in the supplements (Table S1). The distances between
sampling points and key-point sources (residential areas, sewage
pipes) were measured using the ruler tool in Google Earthtm.
At each sampling site, a minimum of 10 shoots with belowground biomass was manually sampled while snorkeling and
pooled at depths between 0.5 and 2.5 m. All seagrass species present at a sampling site were collected. At each sampling site, two
porewater samples were collected anaerobically, using 60 ml
vacuum syringes connected to ceramic soil moisture samplers
(Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands) placed
in the top 7 cm of the soil. These duplicate porewater samples were
subsequently pooled per sampling point. Surface water samples
were collected similarly in the upper 5 cm of the water column.
Samples were frozen on the day of sampling, for further analysis.
Seagrass samples were split up into roots, rhizomes, sheaths,
and leaves, and all epiphytes were carefully removed using a scalpel. Subsequently, the samples were dried at 60 °C for 48 h,
weighed (g DW) and ground. % C and % N of both leaves and rhizomes were determined with an elemental analyzer (Type NA
1500 Carlo Erba, Thermo Fisher Scientiﬁc Inc., USA), coupled online
via an interface (Finnigan Conﬂo III) to a mass-spectrometer
(Thermo Finnigan DeltaPlus, USA). Total concentration of phosphorous in seagrass tissue was measured with inductively-coupledplasma emission spectrometry (IRIS Intrepid II, Thermo Electron
Corporation, Franklin, MA, USA), after digestion with nitric acid,
following Smolders et al. (2006) and as previously used for seagrass habitats by Govers et al. (2014a).
Porewater and surface water ammonium and ortho-phosphate
concentrations were measured colorimetrically (Bran & Luebbe
Autoanalyzer III, Seal Analytical, UK), using ammonium-molybdate
and salicylate (Lamers et al., 1998). Nitrate was determined by sulphanilamide, after reduction of nitrate to nitrite in a Cadmium column and as previously used for tropical seagrass habitats by
Christianen et al. (2012).
We additionally conducted a literature study to compare our
Thalassia leaf nutrient concentrations to literature values for eutrophic and pristine Thalassia meadows (Table 4). References included
in this table were found by using ISI Web of Science with the
key words Thalassia AND nutrient*, T. testudinum AND nutrient*,
Thalassia hemprichii AND nutrient* or the same key words with
either nitrogen or phosphorus instead of nutrient*.
Displayed values are means ± standard error (SE), the number of
replicates for each bay is indicated in Table 1. To compare conditions between bays, we used a one-way ANOVA with a Tukey
HSD post hoc test. Normality was tested prior to analysis with a
Shapiro Wilk test and non-normal data were log-transformed prior
to testing. To compare two different means (residential areas, literature values), we used an independent T-test. Correlations were
tested with Pearson’s correlation coefﬁcient. Statistical tests were
performed in IBM SPSS Statistics 19.0 and R 2.15.
Abiotic measurements such as surface water and porewater
nutrient concentrations appeared to give a very limited indication

of prevailing nutrient loads as we found no signiﬁcant differences
among bays (Table 2). However, surface water measurements indicated high nitrogen and phosphorus loads in St Anna Bay (13.64
and 1.83 lmol L1 respectively) and Boka Ascension Bay (9.88
and 2.07 lmol L1 respectively).
In contrast, tissue nutrient concentrations in T. testudinum
tissue reﬂected nutrient loads accumulated over a longer period
(Table 3). Leaf % N concentrations were highest in Piscadera Bay
(2.16 ± 0.22% N) and lowest in Sint-Joris Bay and Lac Bay
(1.66 ± 0.08% N and 1.78 ± 0.09% N respectively). Leaf %P was also
highest in Piscadera Bay, (0.25 ± 0.03% P), and lowest in Lac Bay
(0.17 ± 0.00% P). We therefore identiﬁed Piscadera Bay as the
bay with the high nutrient loads, whereas Lac Bay and Sint Joris
Bay had generally lower nutrient loads.
Mean leaf nutrient concentrations in Spanish Water Bay were
not high compared to the other bays, possibly because of high mixing rates. However, when we looked at the effects of local eutrophication by coastal residential areas (Fig. 1d), we found a
signiﬁcance increase of >10% in Thalassia leaf % P in the vicinity
(0–200 m) of residential areas (T-test, P = 0.009), compared to seagrass stands >350 m of residential areas (Fig. 1b). In addition, leaf %
N also appeared to increase slightly (10%) near residential areas,
but in contrast to % P, this increase was not signiﬁcant (P = 0.166)
(Fig. 1a). Increased nutrient availability near residential areas was
also observed in the high macroalgal densities (Halimeda sp., see
also (Kuenen and Debrot, 1995; Slijkerman et al., 2011)) in
between T. testudinum (Fig. 1c) stands. In addition to the results
of Spanish Water Bay, T. testudinum tissue nutrient concentrations
seemed to indicate increased nutrient loads near the emergency
overﬂow pipe (<500 m) of Piscadera Bay, as Thalassia leaf % N
(2.6%) and % P (0.31%) were strongly elevated (indicated by grey
triangles) compared to leaf nutrient concentrations near the bay
mouth (1.9% N and 0.21% P) (Fig. 2) and compared to literature data
for pristine Thalassia beds (Table 4). In contrast, S. ﬁliforme did not
display such an increase in leaf nutrient concentrations (i.e., 1.2% N
and 0.18% P nearest to the emergence overﬂow pipe and 1.4% N
and 0.19% P nearest to the bay mouth). No seagrass was sampled

Table 2
Porewater and surface water total nitrogen (NH4 + NO3) and PO4 concentrations in
lmol L1. Displayed data are means (# replicates in Table 1), and signiﬁcant
differences (ANOVA) are indicated by letters (a, b, etc.). However, as all results did not
differ signiﬁcantly, everything is indicated by the letter a.
Bay

Porewater
Total N

Boka Ascension Bay
Lac Bay
Piscadera Bay
Santa Anna Bay
Sint Joris Bay
Spanish Water Bay

Surface Water
PO4

a

Total N
a

18.30
25.11a
8.05a
26.40a
6.69a
6.73a

4.72
2.16a
1.49a
2.54a
2.80a
2.07a

a

9.88
4.35a
6.95a
13.64a
2.30a
5.63a

PO4
2.07a
0.62a
0.83a
1.83a
0.83a
0.91a

Table 1
Characteristics of the sampled bays on the islands of Curaçao and Bonaire with the number of sampling points per bay. Seagrass species abbreviations: Tt = Thalassia testudinum,
Sf = Syringodium ﬁliforme, Hw = Halodule wrightii, and Rm = Ruppia maritima.
Bay

Island

Surface
(km2)

Width bay mouth
(m)

Seagrass
species

Local disturbance

Total # sampling
points

# Sampling points
seagrass

Lac Bay
Piscadera Bay
Spanish Water Bay
Boka Ascension Bay
Santa Anna Bay
Sint Joris Bay

Bonaire
Curaçao
Curaçao
Curaçao
Curaçao
Curaçao

7.5
0.75
3
0.05
4
2.5

1600
90
90
200
230
240

Tt, Sf, Hw, Rm
Tt, Sf
Tt, Sf, Hw, Rm
Tt, Sf, Hw
None
Tt

Protected, light recreation
Sewage discharge, boating
Domestic sewage, boating
Plastic pollution, turtle grazing
Heavy industry; oil reﬁnery
Some waste dumping

11
9
14
3
8
6

11
6
14
3
0
5
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Table 3
Mean leaf nutrient concentrations of Thalassia testudinum in all sampled bays. Ratios are mol ratios. Signiﬁcant differences between bays (ANOVA) are indicated by letters (a, b,
etc.), as found by post hoc comparisons. The same letters indicate non-signiﬁcant differences between groups; different letters indicate signiﬁcant differences between groups.
Bay

%C

%N

%P

C:N

N:P

C:P

C:N:P

Boka Ascension Bay
Lac Bay
Piscadera Bay
Sint Joris Bay
Spanish Water Bay

30.84a
34.05b
34.88b
33.27ab
33.93b

2.02a
1.78ab
2.16a
1.66b
1.96a

0.18ab
0.17a
0.25c
0.18ab
0.19b

18a
21bc
19ab
24c
20ab

25a
24a
19b
20b
23ab

451abc
524c
366a
476cb
461b

451:18:01
524:21:01
366:19:01
476:24:01
461:20:01

Table 4
Literature overview of Thalassia sp. leaf nitrogen (% N) and phosphorus (% P) concentrations from eutrophic and pristine areas. Values were derived from tables and ﬁgures of the
indicated references. The last lines indicate the range of leaf nutrient concentrations for both eutrophic and pristine areas. NA stands for not available.
Study
1
2
3
10

Location

Species

%N

%P

Classiﬁcation

Speciﬁcs

Reference

Florida,
US
Florida,
US
Panama

Thalassia
testudinum
Thalassia
testudinum
Thalassia
testudinum
Thalassia
testudinum
Thalassia
testudinum
Thalassia
testudinum
Thalassia
hemprichii
Thalassia
hemprichii
Thalassia
hemprichii
Thalassia
testudinum
Thalassia
testudinum
Thalassia
testudinum
Thalassia
testudinum
Thalassia
testudinum
Thalassia
testudinum
Thalassia
testudinum
Thalassia
testudinum
Thalassia
testudinum
Thalassia
testudinum
Thalassia
testudinum
Thalassia
testudinum
Thalassia
hemprichii
Thalassia
hemprichii
Thalassia
hemprichii
Thalassia
hemprichii
Thalassia
hemprichii
Eutrophic
Pristine

2.5

0.51

Eutrophic

Charlotte Habor

2.14

0.16

Eutrophic

Near bird colony island

2.4

0.26

Eutrophic

Agricultural runoff/erosion

3.02

0.7

Eutrophic

Polluted bay

Fourqurean and Cai
(2001)
Fourqurean et al.
(1992)
Carruthers et al.
(2005)
Campbell et al. (2012)

1.87–3.02

0.17–0.11

Eutrophic

Eutrophic (April/August)

Jensen et al. (1998)

2.72

0.14

Eutrophic

Near a city

Gallegos et al. (1993)

2.4

0.24

Eutrophic

Low intertidal

Zhang et al. (2014)

2.8

0.28

Eutrophic

High intertidal

Zhang et al. (2014)

1.68

0.49

Eutrophic

Close to river input

2.33

0.43

Eutrophic

PO4 pollution

2.18

0.18

Pristine

Reef, oligotrophic

van Katwijk et al.
(2011)
Rose and Dawes
(1999)
Gallegos et al. (1993)

2

0.1

Pristine

Florida Bay

2.1

0.08

Pristine

>120 m From bird colony island

0.91–1.14

NA

Pristine

Tidal channel, mature leaves with epiphytes

Fourqurean and Cai
(2001)
Fourqurean et al.
(1992)
Capone et al. (1979)

2.29

0.157

Pristine

NA

Patriquin (1972)

2.25

0.13

Pristine

Outer reef

Terrados et al. (2008)

2.4

0.14

Pristine

1.88

0.073

pristine

Olsen and Valiela
(2010)
Allgeier et al. (2011)

1.44

NA

Pristine

Surrounded by agricultural/urban land, but
decoupled from watershed
Undisturbed tidal creeks with fringing
mangroves
No nitrogen rich upwelling

Peterson et al. (2012)

2.14

0.08

Pristine

Unpolluted bay

Campbell et al. (2012)

1.84–2.13

0.12–1.14

Pristine

Oligotrophic (April/August)

Jensen et al. (1998)

2.28

0.1

pristine

Far away from river input

2.04

NA

Pristine

Spermonde Archipelago

van Katwijk et al.
(2011)
Vonk et al. (2008)

1.9

0.14

Pristine

Spermonde Archipelago

1.99

0.18

Pristine

Barang Lompo, 3rd leaf

1.99

0.16

Pristine

Gusung Tallang, 3rd leaf

1.68–3.02
0.91–2.4

0.14–0.7
0.073–0.18

11

Florida,
US
Bahamas

13

Mexico

14

China

14

China

15

Indonesia

12

Florida,
US
Mexico

13
1

4

Florida,
US
Florida,
US
Bahamas

5

Barbados

6

Mexico

7
8

Puerto
Rico
Bahamas

9

Jamaica

10
11

Florida,
US
Bahamas

15

Indonesia

16

Indonesia

17

Indonesia

18

Indonesia

18

Indonesia

2

within a distance of 460 m from the emergency overﬂow pipe; as
no seagrass was present this close to the outlet. In Santa Anna
Bay, no seagrass was found, so this bay could not be included in
the seagrass nutrient analysis.

Erftemeijer and
Middelburg (1993)
Stapel and Hemminga
(1997)
Stapel and Hemminga
(1997)

Based on our literature study (Table 4), we found that Thalassia
leaf nutrient concentrations are generally between 1.68–3.02% N
and 0.14–0.7% P for systems that were marked as eutrophic (or polluted), and between 0.91–2.4% N and 0.073–0.18% P for pristine
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Fig. 1. Local eutrophication effects of residential areas on (a) leaf % N values and (b) leaf % P values of Thalassia testudinum in Spanish Water Bay. Dotted lines indicate the
absolute limitation levels (1.8% N and 0.2% P) for seagrasses, as stated by Duarte (1990). ⁄⁄Indicates a signiﬁcance level of P < 0.01 (P = 0.009). Displayed values are means and
error bars present standard errors.

Fig. 2. Distance analysis on the effects of a emergency overﬂow discharge pipe on (a) leaf % N and (b) leaf % P concentrations of Thalassia testudinum and Syringodium ﬁliforme
in Piscadera Bay. Dotted lines indicate the limitation levels (1.8% N and 0.2% P) for seagrasses, as stated by Duarte (1990). Displayed values are means and error bars present
standard errors.

Thalassia beds. Although overlapping, both Thalassia leaf % N and
leaf % P values differed signiﬁcantly between eutrophic and pristine sites (T-tests, P < 0.001, P = 0.007 for % N and % P respectively).
Seagrass nutrient concentrations reﬂected nutrient loads over a
longer period, which conﬁrms previous work (Ferdie and
Fourqurean, 2004; Udy and Dennison, 1997; van Katwijk et al.,
2011). In contrast, abiotic parameters (surface and porewater nutrient concentrations) gave a very limited indication of prevailing
nutrients loads, which agrees with earlier observations that such
measurements only provide a momentary snapshot (Short and
McRoy, 1984), affected by timing, tidal stage, terrestrial runoff,
freshwater input, and rapid uptake of nutrients by plankton,
seagrasses and macroalgae (van Katwijk et al., 2011). However,
mean surface water total nitrogen (>4 lmol L1) and phosphate
(>0.6 lmol L1) levels from most bays were well above the values
indicated as eutrophic reef waters by Gast et al. (1999) and other
coastal Caribbean lagoons (Carruthers et al., 2005; Olsen and
Valiela, 2010; Peterson et al., 2012). Our values thus seem to indicate
that nutrient levels can be above the threshold values for eutrophication for corals (Gast et al., 1999), and also hint at possible negative
effects of high nutrient levels for seagrasses. Especially St Anna Bay
(or Harbor Bay), where no seagrass can be found, displayed high

surface water nutrient levels, possibly, seagrasses have disappeared
due to eutrophication in this heavily polluted bay (Gast et al., 1999).
Yet, to gain a more complete picture of long-term nutrient loads in
these bays, we mainly focused on the indicator value of seagrass
tissue nutrient concentrations in this study.
We found that Thalassia leaf nutrient concentrations for pristine
seagrass beds are generally between 0.91–2.4% N and 0.05–0.18%
P, whereas leaf nutrient concentrations found in nutrient enriched
systems are between 1.87–3.02% N and 0.14–0.70% P (Table 4).
When comparing these literature values with our data, Lac Bay,
St Joris Bay, and Boka Ascension Bay fall within the limits of oligotrophic/pristine systems for both nitrogen and phosphorus. In
addition, T. testudinum leaf nitrogen concentrations also indicate
limited nitrogen availability (<2.4% N) in the other bays. However,
relatively low nitrogen concentrations may also be the result of the
terrigenous sediments in these bays, which may promote nitrogen
limitation in seagrasses, due to higher phosphorus availability in
terrigenous than in carbonate sediments (Erftemeijer and
Middelburg, 1993; Touchette and Burkholder, 2000). Or possibly,
sea turtle grazing, such as in Boka Ascension Bay, may promote
nutrient export, thereby lowering bay nutrient loads and protecting seagrasses from eutrophication effects (Christianen et al.,
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2012). Total Phosphorus concentrations of both Piscadera Bay and
Lac Bay may indicate excess phosphorus availability, based on
comparison with literature data, which conﬁrms the presence of
point sources (coastal residencies and emergency overﬂow pipe)
of eutrophication. Thus, our data, supported by our literature overview, show that Thalassia leaf nutrient concentrations (especially
P) are commonly elevated in the vicinity of a nutrient source and
can thus be used as bioindicator for nutrient pollution.
We found a difference in nutrient accumulation in the leaves
between a late and early successional seagrass species in the vicinity of a source of eutrophication (emergency overﬂow pipe, Piscadera Bay). In contrast to T. testudinum, the fast growing S. ﬁliforme
did not accumulate nutrients in the eutrophic bay, but seem to
have used the extra nutrients for growth (pers. observations,
Fig. S1). Leaf nutrient concentrations of the late successional
T. testudinum were however >35% higher (0.31% P, 2.6% N) in vicinity
of the overﬂow pipe than in plants near the bay mouth (0.21% P,
1.9% N). Christianen et al. (2011) found similar differences in leaf
nutrient levels between an early successional and a late successional species, which might be explained by differences in growth
strategy. An early successional species, such as S. ﬁliforme generally
shows higher production rates (Barber and Behrens, 1985) and
shoot turn-over rates (2.0 yr1; Gallegos et al. (1994)), and is able
take up nutrients faster than late successional species (Duarte,
1991; Rollon et al., 1998). In contrast, the late successional species
T. testudinum is a slow growing species with low shoot turn-over
rates (0.6 yr1; Gallegos et al. (1993)), which accumulates nutrients in the leaves (Carruthers et al., 2005; McGlathery et al.,
1994). T. testudinum proved also to be a good indicator of point
sources of eutrophication in Spanish Water Bay, as leaf % P was elevated in the vicinity of residential areas up to concentrations
>0.18% which may be indicative of eutrophication according to literature values (Table 4). However, additional to leaf nutrient concentrations (% N, % P), nitrogen isotopic ratios would have provided
even more detailed information on anthropogenic nutrient input in
the studied bays (Mutchler et al., 2007; Schubert et al., 2013).
We conclude that that leaf nutrient values of T. testudinum may
be used as bioindicator values for point sources of eutrophication.
Additionally, we identiﬁed potential threats of eutrophication to
seagrasses on Curaçao in Spanish water Bay (residential areas)
and Piscadera Bay (emergency overﬂow discharge); nutrient levels
in the other sampled bays did however not raise any concern yet.
The seagrasses of Piscadera Bay have already retreated to the shallowest areas (<1 m, pers. observations) of the murky waters and
are under threat of complete disappearance with a further increase
of nutrient loads. Moreover, T. testudinum in Spanish Water Bay has
been declining for some time (Kuenen and Debrot, 1995), and we
are the ﬁrst to suggest (leaf % P values) that this may be due to
excess anthropogenic nutrient input by coastal residencies. This
bay, with the largest seagrass area of Curaçao (Debrot et al.,
1998; Kuenen and Debrot, 1995), highly contributes to coral reef
ﬁsh populations by functioning as a nursery habitat (Huijbers
et al., 2013). Possible disappearance of seagrasses due to eutrophication may therefore have serious consequences for the ecological
and economical values of the coastal ecosystems of Curaçao. We
have shown that some bays at Curaçao are subjected to excess
nutrient inputs, which may already have contributed to seagrass
loss and linked ecosystem services. We therefore hope that measures will be taken to prevent further loss of valuable seagrass beds
due to eutrophication at Curaçao.
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