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Summary

1. The available data from experimental and descriptive studies on seagrass biomass and density responses
to nutrient enrichment were analysed to assess the intraspecific mechanisms operating within seagrass
populations and whether biomass–density relationships can provide relevant metrics for monitoring
seagrasses.
2. The response of shoot biomass and density to nutrient enrichment was dependent on the type of study; the
short-term positive response of biomass and density in experimental studies reveals context-specific nutrient
limitation of seagrasses. The long-term negative response of descriptive studies probably results from ecosys-
tem-scale events related to nutrient enrichment such as increased turbidity, algal blooms, epiphyte loads and
anoxia.
3. Most seagrass species analysed lie in the nonthinning part of the theoretical biomass–density curves. A
simultaneous increase in biomass and decrease in density, evidence of self-thinning, were only observed in 4 of
28 studies. The analysis of both the static and the dynamic biomass–density relationships revealed that the
slopes increase under nutrient enrichment. Surprisingly, the species-specific slopes (log B-log D) were higher
than one, revealing that the B/D ratio, that is, the average shoot biomass, increases with density in all seagrass
species analysed. Nutrient enrichment further enhanced this effect as biomass–density slopes increased to even
higher values. The main drivers behind the increasing biomass–density slopes under nutrient enrichment were
the increase in shoot biomass at densities above a species-specific threshold and/or its decrease below that
threshold.
4. Synthesis. Contrasting short- and long-term responses of both biomass and density of seagrasses to nutrient
enrichment suggest that the former, positive ones result from nutrient limitation, whereas the later, negative
ones are mediated by whole ecosystem responses. In general, shoot biomass of seagrasses increases with den-
sity, and nutrient enrichment enhances this effect. Experimental testing of facilitation processes related to clonal
integration in seagrasses needs to be done to reveal whether they determine the low incidence of self-thinning
and the intriguing biomass–density relationships of seagrass species. The increasing slopes and decreasing
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intercepts of the species-specific dynamic biomass–density relationships of seagrasses and the decreasing coeffi-
cients of variation of both biomass and density constitute relevant, easy-to-collect metrics that may be used in
environmental monitoring.

Key-words: biomass–density relationship, facilitation, intraspecific competition, monitoring, nutri-
ent enrichment, plant population and community dynamics, seagrass

Introduction

The relationships between plant biomass and density ulti-
mately reflect the competitive mechanisms operating within
populations and how they respond to the environment (Weller
1987). Changing environmental conditions (e.g. nutrient avail-
ability) may modify such competitive mechanisms, affecting
the biomass–density relationships of plant populations (Morris
& Myerscough 1985, 1991; Morris 1995, 1999, 2002, 2003;
Steen & Scrosati 2004; Cabac�o, Mach�as & Santos 2007; Chu
et al. 2010). These relationships may be structured along the
same or along different biomass–density lines as the environ-
ment varies (Morris 2003). Matching biomass–density lines
indicates that the biomass packing does not change with envi-
ronmental conditions, even though the rate of propagation
along the line may vary. Different biomass–density lines
resulting from higher availability of resources reflect different
competition processes occurring within populations as a con-
sequence of biomass accumulation (Morris 2003). Ultimately,
increased intraspecific competition due to increased biomass
of individuals in crowded plant populations may result in a
density decrease, a process known as self-thinning (Yoda
et al. 1963; White 1981; Westoby 1984; Weller 1987). In
addition to competition, facilitation, that is, the positive effect
of plants on the establishment or growth of neighbouring
plants (Brooker et al. 2008), may also be involved. Chu et al.
(2008) demonstrated that facilitation could also affect the bio-
mass–density relationships, playing an important role in
plant–plant interactions and in the population dynamics out-
come. Intraspecific facilitation is common in clonal plants
such as seagrasses, where clonal integration results in particu-
larly active spatial and temporal dynamics involving the con-
tinuous recruitment and mortality of shoots within the same
individual (Duarte et al. 2006).
Nutrients affect both the structure and dynamics of the

populations of seagrasses mainly through changes in plant
architecture, morphology and mortality (Short 1983; Romero
et al. 2006; Fertig, Kennish & Sakowicz 2013) and there-
fore may have an effect on the biomass–density relation-
ships. The meta-analysis of Hughes et al. (2004) revealed
that experimental additions of inorganic nutrients to sedi-
ments generally stimulate seagrass growth, suggesting nutri-
ent limitation of plant production. However, the excessive
growth of epiphytes, macroalgae and phytoplankton under
high nutrient loads decreases seagrass growth and survival
(Lee, Park & Kim 2007; Schmidt et al. 2012). Excessively
high nutrient regimes also result in built-up of organic mat-
ter, which may result in conditions unfavourable to seag-
rasses, such as sediment anoxia or sulphide toxicity (Koch

2001; Koch et al. 2006). Direct nutrient toxicity effects on
seagrass growth and survival have also been reported (van
Katwijk et al. 1997; Brun et al. 2002; Burkholder, Toma-
sko & Touchette 2007). These have been considered the
major factors contributing to seagrass decline world-wide
(Short & Wyllie-Echeverria 1996; Ralph et al. 2006; Way-
cott et al. 2009).
To date, self-thinning processes have not been explicitly

reported for seagrasses in established, natural populations.
Here, we analyse how the biomass–density relationship of

seagrass meadows responds to nutrient enrichment. As
changes to the biomass–density relationship are determined
by the growth and survival responses of individual plants, this
relationship may reveal the competitive and resource alloca-
tion mechanisms operating within seagrass meadows under
increasing nutrient loads. The only report on this subject is
Cabac�o, Mach�as & Santos (2007), who observed that the
slope of the biomass–density relationship of Zostera noltii
increased along a gradient of anthropogenic nutrient enrich-
ment and that this was mainly driven by biomass changes.
Our analysis is based on a world-wide data set of biomass
and density responses of seagrass species both under small-
scale, controlled nutrient additions (experimental studies) and
under large-scale contrasting nutrient levels in natural settings
(descriptive studies), obtained from published and unpub-
lished data sources. We analyse the effects of nutrient enrich-
ment on biomass and density separately, as well as on the
biomass–density relationships. We also investigate whether
the life strategy of different species influences the popula-
tion’s response to nutrients. Size and growth of seagrasses are
linked to their life-history strategy as small-size species tend
to have high growth rates and large-size species tend to have
low growth rates (Duarte et al. 2006). In order to test this,
the species responses were scaled to their specific shoot
weight, rhizome diameter, leaf length, and both horizontal
and vertical rhizome elongation rates.
The biomass and density of seagrass populations are eas-

ily measurable and, in fact, have been widely used both in
regional-scale monitoring programs (e.g. Mediterranean
basin; Lopez y Royo et al. 2010) and in global-scale moni-
toring programs (e.g. SeagrassNet, www.seagrassnet.org). If
the biomass–density relationships vary with nutrient load-
ings, reflecting the outcome of the competitive mechanisms
operating within populations, this relationship can constitute
a sound metric for coastal monitoring based on seagrass
stands. The biomass–density relationships could then be used
as early warning indicators of the negative effects of exces-
sive nutrient loadings on coastal ecosystems dominated by
seagrasses.
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Materials and methods

RESPONSE OF SEAGRASS BIOMASS AND DENSITY TO

NUTRIENT ENRICHMENT

Data on the effects of nutrient enrichment on both the above-ground
biomass and shoot density (per square metre) of monospecific sea-
grass meadows were compiled both from the literature and from
unpublished data sources (Table 1). Both descriptive studies and field
experiments were included in the analysis. The sources of nutrient
enrichment in descriptive studies were mainly urban wastewater,
aquaculture and agriculture (Table 1). Most of the experimental stud-
ies were performed by enriching the sediment with slow-release fertil-
izers (Table 1). Only the studies reporting both the above-ground
biomass and density responses for the same sites and time period
were included in the analysis. Mesocosms and laboratory experiments
were not considered in this study as they generally involve plant
manipulations and we consider that they do not represent natural con-
ditions. As well, these data are not expressed per unit of area as
required for the analysis.

Nutrient levels were classified as low and high because the abso-
lute nutrient concentrations varied widely, with the differences
between undisturbed (low) and enriched (high) conditions ranging
from 2- to 97-fold (Table 1). When more than one experiment per
study was conducted on the same species in different locations (sites),
the mean values were used in the analysis.

The biomass and density responses to nutrient enrichment were
quantified for each study case as the percentage change ((H�L)/L) 9
100, where H is the biomass or density at high nutrient levels and L
is the biomass or density at low nutrient levels. The response is nega-
tive when biomass or density of seagrass meadows declines with
nutrient enrichment and positive when they increase. Linear regres-
sion analyses were used to examine the effects of seagrass growth or
size on the biomass or density responses to nutrient enrichment (So-
kal & Rohlf 2012). The species-specific average values of individual
shoot weight (g DW), rhizome diameter (mm) and leaf length (cm)
were used as size parameters, and the horizontal and vertical rhizome
elongation rates (cm yr�1) as growth parameters. All these parameters
were derived from literature data (see Table 2 for details).

BIOMASS–DENSITY RELATIONSHIPS

The ‘static interspecific biomass–density relationship’ (Weller 1989;
Scrosati 2005) was obtained using data collected a single time, the
season of maximum above-ground biomass. The static relationships
under low and high nutrient levels were compared. When the tempo-
ral variation of biomass and density of a species at low and high
nutrient levels was available, the ‘dynamic biomass–density relation-
ship’ was analysed. This was possible for seven seagrass species,
Cymodocea nodosa (Spain), Halophila ovalis (Thailand), Thalassia
hemprichii (Thailand), Thalassia testudinum (Belize, Colombia and
Mexico), Zostera capricorni (Australia), Zostera marina (USA) and
Zostera noltii (Portugal), in a total of nine study cases. These were all
descriptive studies (Table 1). The linear log–log relationships between
biomass and density were determined by principal component analy-
sis (PCA), because both variables are random (Weller 1987; Scrosati
2005). The PCA yields an orthogonal regression, which minimizes
deviations perpendicularly to the fitted line and therefore does not
rank variables as independent or dependent. PCA was performed on
the covariance matrix with the linear fit corresponding to the first
eigenvalue (Manly 1986; Jackson 1991). The slope was estimated by

dividing the biomass loading by the density loading. The linear
dependence of the biomass–density relationships was measured by
Pearson’s correlation coefficient, and its statistical significance was
determined by testing the null hypothesis that log biomass and log
shoot density were uncorrelated (Sokal & Rohlf 2012).

To estimate the variance of the slopes and intercepts of PCA
regressions of the static interspecific biomass–density relationship, so
that the differences between low and high nutrient levels could be
tested, a bootstrap resampling technique (random sampling with
replacement) was done 50 times to the original set of biomass–density
variables and a PCA was performed to each bootstrap sample. Fifty
bootstrap samples are considered adequate to estimate standard errors
(Timmerman, Kiers & Smilde 2007). The variables of interest, that is,
the slope and intercept, were estimated for each PCA, and their aver-
age values (�SE) were calculated. A Student’s t-test was used to
assess the significant differences between the mean slope and inter-
cept of the static interspecific biomass–density relationship obtained
under low and high nutrient levels.

For the dynamic intraspecific biomass–density lines, a chi-square
test was used to investigate the response trends to nutrient enrichment
of the slopes and intercepts, testing the null hypothesis that the num-
ber of cases showing increasing or decreasing responses was equal.
Statistical analyses were performed using SYSTAT. Levels of signifi-
cance were established at a = 0.05.

Results

Responses of above-ground biomass and shoot density to
increasing nutrient loads were obtained from 28 studies
(17 descriptive and 11 experimental) of 14 species (Table 1),
including a wide range of plant sizes and geographical distri-
bution. In 22 of the studies, biomass and density covaried
simultaneously, either increasing together (six studies, all
experimental, Fig. 1 upper right quarter) or decreasing
together (three experimental plus 13 descriptive studies,
Fig. 1 lower left quarter). Only in four studies were there
increases in biomass accompanied by density decrease as
expected under self-thinning (two descriptive and two experi-
mental). Interestingly, descriptive and experimental studies
showed opposite trends in the biomass and density responses
to nutrients. A simultaneous decrease in biomass and density
was the most common response in descriptive studies (13 of
16 cases, 76%, Fig. 1) as opposed to experimental studies
(2 of 11 cases, 18%). No descriptive studies reported simulta-
neous increases in biomass and density. In experimental stud-
ies, biomass increased in 8 of the 11 cases (72%).
The magnitude of the biomass–density responses to nutrient

enrichment (Fig. 1) was much higher in the species showing
a positive response (up to 269% for biomass and 125% for
density) than in the species showing a negative response
(down to �84% and �79%, respectively). The biomass–den-
sity regression line is above the 1:1 line (Fig. 1) showing
that, overall, the above-ground biomass of seagrasses
responds more than density to nutrient increase.
The analysis of the static interspecific relationship between

biomass and density shows that the slope of the line is signifi-
cantly higher under high nutrient conditions in experimental
studies (Fig. 2a), but not in descriptive studies (Fig. 2b) due
to higher variability of biomass and density. The intercept of
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the biomass–density relationship shows the opposite response,
decreasing with nutrient enrichment in both experimental and
descriptive studies.
The slopes of the intraspecific, dynamic biomass–density

relationships (in log scale) for the nine species of seagrasses
from which data were available were all positive and higher
than one (Table 3). This revealed, respectively, that data are

in the nonthinning part of the theoretical biomass–density
curves and that the B/D ratio increases with density in all sea-
grass species tested, that is, that the average biomass of each
individual increases with density. Nutrient enrichment further
increased the slopes and thus the positive effect of density on
the average biomass of each seagrass shoot. This was
observed in all reported cases, except one of Thalassia testud-
inum where the slope decreased from 1.38 to 1.09 with
nutrients (Ttd, Table 3). The intercept of the dynamic bio-
mass–density line showed the opposite trend of the slopes.
The coefficients of variation of density and biomass decreased
with nutrient enrichment in seven of nine cases (Table 3).
Figure 3 shows how the biomass–density data fit around the

intraspecific, dynamic biomass–density relationships to help
understanding the main drivers of the slope responses to nutri-
ent enrichment (Table 4). In species where the lines intercept
within the range of data dispersal (Fig. 3), the biomass–density
ratio (B/D), that is, the biomass of each shoot, decreased below
a certain density threshold, whereas above that threshold it
increased. This was observed in five of the nine seagrass spe-
cies. However, the density thresholds are near the range limits
of the observed density values in four species. Consequently,
the main driver of the slope response to nutrient enrichment
was a progressive increase in B/D with density, observed in
Thalassia hemprichii (Thb), Thalassia testudinum (Ttf), Zostera
capricornii (Zcc) and Zostera marina (Zmc). In Cymodocea
nodosa, Halophila ovalis and Thalassia testudinum (Tte), there
was a progressive reduction in the B/D ratio at lower densities,
whereas in Thalassia testudinum (Ttd), B/D increased progres-
sively at lower densities. In Zostera noltii, shoot biomass
decreases with density at densities lower than 8511, whereas it
increases above that threshold (Table 4). This is the only spe-
cies where the density threshold is in the middle of the density
distribution range (Fig. 3).
The analysis of the interspecific responses of biomass and

density to different levels of nutrient enrichment shows that
biomass is significantly related to nutrients (Fig. 4A), only
when biomass increased with nutrients (most experimental
studies). In descriptive studies, where biomass decreased with
nutrients (negative values of change, Fig. 4A), there was no
significant relationship between biomass and nutrient levels.
In contrast, density was not related to nutrient enrichment
both in the positive and negative sets of responses (Fig. 4B).
Neither the seagrass biomass nor the shoot density

responses to nutrients were related to seagrass size or growth
characteristics analysed (Table 5). Therefore, the hypothesis
that the species-specific life strategy of seagrasses (expressed
as size and growth) influences the populations’ response to
nutrients was not supported.

Discussion

The analysis of the available data on the effects of nutrient
enrichment on seagrass biomass and density revealed that
the most common reaction was a synchronized response of
both variables to increasing nutrients, which was reflected
in the significant relationship between biomass and density

Table 2. Growth and size characteristics of the seagrass species
examined. HE, horizontal rhizome elongation rate (cm yr�1); VE,
vertical rhizome elongate rate (cm yr�1); RD, rhizome diameter
(mm); SW, shoot weight (g DW); LL, leaf length (min.-max., cm); n/
a, data not available

Species HE VE RD SW LL

Cymodocea nodosa 40.2 1.43 2.73 0.09 10–30
Cymodocea rotundata 209.9 1.53 2.44 0.065 7–15
Cymodocea serrulata 153.0 13.10 2.78 0.121 6–15
Halophila ovalis 357.5 1.30 0.016 1–4
Heterozostera tasmanica 102.8 8.91 1.74 0.080 7–35
Halodule uninervis 101.2 4.10 1.37 0.027 6–15
Posidonia australis 9.3 1.42 7.21 0.875 30–60
Posidonia oceanica 2.8 2.70 10.75 0.657 40–50
Syringodium isoetifolium 109.1 8.55 1.74 0.038 7–30
Thalassia hemprichii 54.1 3.25 3.63 0.156 10–40
Thalassia testudinum 69.3 3.89 5.96 0.238 10–60
Zostera capricorni 78.0 1.40 0.091 7–50
Zostera marina 26.1 3.50 0.323 n/a
Zostera noltii 68.4 1.54 0.011 6–22

Data compiled by Duarte (1991), Marb�a & Duarte (1998), Duarte
et al. (1998), Hemminga & Duarte (2000), and Marb�a & Duarte
(2003). Data on seagrass leaf length (minimum and maximum leaf
length) were obtained from Phillips & Me~nez (1988) and Kuo & den
Hartog (2001). Data on the horizontal rhizome elongation rate for
Zostera capricorni were obtained from Turner et al. (1996) and
Turner (2007). Updated data on Zostera noltii by Cabac�o, Santos &
Duarte (2008) were used.
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responses (Fig. 1). The analysis also revealed two opposite
responses that corresponded to the type of study performed.
Biomass and density tended to increase simultaneously
under high nutrient levels in short-term experimental stud-
ies, whereas they tended to decrease simultaneously in
descriptive studies where the seagrass populations were
exposed to the long-term effects of nutrient increase. Exper-
imental and descriptive studies may reveal different time
frames of the nutrient enrichment response curve, indicating
that experiments are context-dependent and that the limited
temporal scales of experimental approaches may result in
conclusions that cannot be extrapolated to a long-term eco-
system scale.

The short-term responses observed in experimental studies
suggest a general nutrient limitation of seagrasses in the sys-
tems where these experiments were carried out. These
responses were driven primarily by changes in biomass, rather
than density as shown both by the statistically significant
response of seagrass biomass to different nutrient levels, which
was not observed for density (Fig. 4), and by the observation
that the linear regression of biomass and density responses is
above the 1:1 line (Fig. 1). Nutrient enrichment in nutrient
limited conditions will result in higher biomass per shoot,
increasing potential competitive interactions (Morris 2003), for
example, for light. A similar trend was reported for terrestrial
herbaceous clonal plants that responded to increasing nutrients
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by increasing their biomass (M€uller, Schmid & Weiner 2000).
These findings are also supported by the meta-analysis done
by Hughes et al. (2004), which revealed that experimental
additions of inorganic nutrients to sediments generally stimu-
lated seagrass growth. On the other hand, the long-term nega-
tive responses of both biomass and density of seagrasses
observed in descriptive studies probably result from ecosys-
tem-scale events related to nutrient enrichment such as
increased turbidity, algal blooms, epiphyte loads and anoxia
(Ralph et al. 2006). The major role of these factors on sea-
grass decline is well known (Burkholder, Tomasko & Touch-
ette 2007; Ralph et al. 2007; Fertig, Kennish & Sakowicz
2013).
Most seagrasses analysed here lie in the nonthinning part

of the theoretical biomass–density curves. A simultaneous
increase in biomass and decrease in density, evidence of
self-thinning (Yoda et al. 1963; White 1981; Westoby 1984;
Weller 1987), was only observed in 4 of 28 studies (Table 1).
As well, the maximum biomass values across seagrass species,
2.67 at low nutrients and 2.51 log g DW m�2 at high, are well

under the ‘ultimate biomass–density line’ (4.87 log g DW m�2;
Scrosati 2005), which describes the maximum biomass possi-
ble at any plant density and constrains all plant populations
(Weller 1989; Scrosati 2005). This suggests that density-
dependent mortality is not common in seagrasses, probably
because of flexible clonal growth patterns or facilitative inter-
actions associated with the species clonal integration (dis-
cussed below). Three of these cases were documented on
Thalassia testudinum (Heck et al. 2000; Lee & Dunton 2000;
B.I. van Tussenbroek, unpubl. data) and one in Zostera capri-
corni (R. Gruber, unpubl. data), which indicates that self-
thinning may occur at least on these species. T. testudinum
shows a unique regulation of shoot density involving shoots
that become dormant at high densities (van Tussenbroek, Gal-
indo & Marquez 2000). Increased dormancy was related to
biomass increase (B.I. van Tussenbroek, pers. comm.) as
expected in a self-thinning demographic process. Addition-
ally, experimental mesocosm studies have shown a process of
self-thinning in Zostera marina (Short, Burdick & Kaldy
1995). The species density decreased with reduced light

Table 3. Dynamic relationship between above-ground biomass and shoot density (both log-transformed) for seagrass species (descriptive studies)
at low and high nutrient levels obtained using PCA. r, correlation coefficient, P, significance level of linear relationship and n, number of samples
included in the analysis. Coefficient of variation (CV,%) of density (D) and biomass (B) is shown. See Table 1 for species name abbreviations

Species Nutrients Slope Intercept r P n CVD CVB

Cn Low 2.55 �6.09 0.81 < 0.001 36 6.46 24.67
High 2.71 ↑ �6.63 ↓ 0.64 < 0.001 36 5.20 ↓ 17.02 ↓

Ho Low 1.27 �3.63 0.87 < 0.001 242 9.30 46.79
High 1.36 ↑ �4.00 ↓ 0.64 < 0.001 916 7.28 ↓ 37.92 ↓

Thb Low 1.18 �1.59 0.69 < 0.001 65 7.19 11.67
High 1.23 ↑ �1.61 ↓ 0.76 < 0.001 40 9.19 ↑ 15.42 ↑

Ttd Low 1.38 �2.38 0.57 < 0.001 72 4.87 10.99
High 1.09 ↓ �1.15 ↑ 0.77 < 0.001 78 4.10 ↓ 6.57 ↓

Tte Low 1.98 �2.89 0.68 < 0.001 126 11.70 28.59
High 3.23 ↑ �6.41 ↓ 0.44 < 0.001 99 9.82 ↓ 28.23 ↓

Ttf Low 2.37 �5.13 0.47 < 0.001 144 11.29 25.95
High 2.68 ↑ �5.15 ↓ 0.41 0.002 58 10.93 ↓ 23.57 ↓

Zcc Low 1.02 �1.50 0.10 0.033 127 10.18 18.37
High 1.72 ↑ �3.10 ↓ 0.56 < 0.001 116 9.01 ↓ 18.08 ↓

Zmc Low 1.91 �2.61 0.69 < 0.001 356 17.30 38.43
High 2.02 ↑ �1.98 ↑ 0.55 < 0.001 333 15.52 ↓ 25.10 ↓

Zna Low 1.02 �1.89 0.65 < 0.001 283 8.18 15.70
High 2.23 ↑ �6.64 ↓ 0.38 < 0.001 252 9.53 ↑ 28.39 ↑

Table 4. Drivers of the slope responses to nutrient enrichment based on the biomass–density data point distribution of seagrass species presented
in Fig. 3. See Table 1 for species name abbreviations

Species Log D intercept D intercept (shoots m�2) Driver of slope response

Cn 3.41 2570 B/D ratio decrease at D < 2570 and increase at D > 2570
Ho 4.35 22387 B/D ratio decrease at D < 22387 and increase at D > 22387
Thb out of range out of range B/D ratio increase with density
Ttd out of range out of range B/D ratio increase with lowering density
Tte 2.80 631 B/D ratio decrease at D < 631 and increase at D > 631
Ttf out of range out of range B/D ratio increase with density
Zcc 2.28 191 B/D ratio decrease at D < 191 and increase at D > 191
Zmc out of range out of range B/D ratio increase with density
Zna 3.93 8511 B/D ratio decrease at D < 8511 and increase at D > 8511
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conditions as expected under self-thinning. This response did
not change under nutrient enrichment conditions.
The analysis of both the static and the dynamic biomass–

density relationships of seagrasses revealed that the slopes of
the biomass–density linear relationships increase under nutri-
ent enrichment. In particular, increasing slopes and decreasing
intercepts of the dynamic biomass–density relationship of sin-
gle seagrass species are good integrative indicators of altered
environmental condition of seagrass habitats related to nutri-
ent loading. Higher slopes and lower intercepts under high
nutrients were also observed elsewhere in Z. noltii (Cabac�o,
Mach�as & Santos 2007), macroalgae (Steen & Scrosati 2004)
and terrestrial plants (Morris 2003; Chu et al. 2010). As bio-
mass and density of seagrass populations are easily

measurable and have been widely used in monitoring pro-
grams, their linear relationship in monospecific communities,
particularly the slope and intercept, can be used as metrics
that reveal alterations of the intraspecific competitive mecha-
nisms resulting from nutrient disturbances, adding relevant
inputs for the assessment of the ecological quality status of
coastal and transitional waters.
The seagrass biomass and density variability can also pro-

vide relevant information on the species response to nutrient
disturbance. In general, the variability of biomass and density
decreased with nutrient enrichment, showing an opposite
response to the general trend of ecological responses to dis-
turbance-driven changes (e.g. Sousa 1984; Underwood 1992;
Turner 2010). However, a decrease in variability may occur
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when populations are under chronic rather than discrete dis-
turbances, such as sewage discharge or organic enrichment,
due to the absence of response recovery time of continuous
disturbance events (Fraterrigo & Rusak 2008).
Even though biomass–density metrics may be useful indica-

tors to monitor seagrass meadows, the intrinsic population
mechanisms that drive the biomass–density relationships and
their response to nutrients must be understood. The analyses
performed here revealed surprising conclusions that need to
be tested. The first is that the B/D ratio increases with density
in all seagrass species tested (because log B-log D slopes > 1),
that is, that the average biomass of each individual increases
with density. This is intriguing and probably is a consequence
of facilitative processes related to clonal integration in seag-
rasses. Furthermore, our analysis suggests that nutrient enrich-

ment further increases this effect as biomass–density slopes
increased to even higher values. The redistribution of photo-
synthates through clonal integration to shoots receiving less
light due to increasing densities leading to a more efficient
production performance of shoots could be an explanation for
this, but this hypothesis must be experimentally tested.
Facilitation among plants can affect the course of intra-

specific competition to self-thinning under abiotic stress
(Chu et al. 2010). Abiotic stress results in a steeper bio-
mass–density relationship, as generally observed here for
seagrasses, but this effect may be reduced by positive inter-
actions among individuals (Chu et al. 2010), delaying the
onset of density-dependent shoot mortality. Competitive
interactions in clonal plants are not solely determined by
the resource itself (Schwinning & Weiner 1998), as their
clonal nature and implicit internal resources translocation
may alleviate competition within populations (de Kroon
1993). This may explain why seagrasses, in general, do not
always show self-thinning. In species with low clonal inte-
gration such as Zostera noltii (Marb�a et al. 2002; Cabac�o,
Alexandre & Santos 2005), where lower facilitative interac-
tions are expected, self-thinning is not observed probably
because the high biomass per shoot at high nutrient levels
is mediated through high growth and turnover rates (Peralta
et al. 2005). The role of facilitation as a causal mechanism
for the lack of self-thinning in seagrasses is worthy of being
tested experimentally in the future.
To test the hypotheses emerging from our analysis of the

main drivers behind the increasing biomass–density slopes of
seagrasses under nutrient enrichment will be challenging. In
four of the nine cases assessed, the biomass of individual
shoots increased progressively with increasing densities fitting
the facilitation hypothesis, for example, that the redistribution
of photosynthates through clonal integration to shoots receiv-
ing less light leads to a more efficient production performance
of shoots. In three other cases, there was a progressive
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studies (open circles). R2 and significance (P) are shown for both the
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Table 5. Results of linear regression analysis between the rate of
change of both shoot density and above-ground biomass and the sea-
grass size and growth characteristics. See Table 2 for size and growth
abbreviations. anova F statistics and P-significance level are
presented. n, number of studies included in the analysis

Change (%) Size/growth

Regression ANOVA

R2 n F P

Shoot density HE 0.047 28 1.277 0.269
RD 0.056 28 1.536 0.226
SW 0.058 28 1.604 0.217
VE 0.022 19 0.386 0.543
LLmin 0.040 25 0.952 0.339
LLmax 0.024 25 0.558 0.463

Above biomass HE 0.002 28 0.049 0.826
RD 0.093 28 2.680 0.114
SW 0.079 28 2.236 0.147
VE 0.005 19 0.092 0.766
LLmin 0.074 25 1.829 0.189
LLmax 0.026 25 0.603 0.445
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reduction in shoot biomass at lower densities. This suggests
that the potential deleterious effects of excessive nutrient con-
ditions are more effective under lower densities, that is, that
facilitation may reduce the negative impacts of excessive
nutrients. The combination of both of these processes may
explain the observations in Z. noltii. This was the only spe-
cies where the density threshold was well in the middle of the
density distribution range and consequently where the bio-
mass of each shoot decreased with density at densities lower
than 8500 shoots m�2, whereas it increased above that thresh-
old. Interestingly, in T. testidinum (Ttd, from Puerto Morelos,
Mexico), the only case where the biomass–density slope
decreased and that also showed self-thinning, the biomass of
shoots increased more at lower densities.

Acknowledgements

This study was funded by the EU project ECO-LAGUNES: ‘Gestion environn-
ementale des zones lagunaires �a vocation aquacole’ (SOE1/P2/F153) under the
SUDOE Interreg IV B programme (FEDER/ERDF) and is integrated in the
COST Action ES0906 ‘Seagrass productivity: from genes to ecosystem man-
agement’. S.C. and B.M.-C. were supported by Post Doc grants from FCT
(SFRH/BPD/37368/2007 and SFRH/BPD/75307/2010, respectively). A.L.S.
was supported by a NSERC PGSD and Killam Trust Predoctoral Scholarship.
The authors thank SeagrassNet and the individual SeagrassNet teams in Belize
(Lighthouse Atoll, Punta Gorda and Placencia), Colombia (Tayrona and Rosa-
rio Is.), Thailand (Trang and Satun), California, USA (Humboldt Bay) and
Portugal (Ria Formosa) for the long-term monitoring efforts at the sites.

We acknowledge the important contributions of two reviewers.

References

Agawin, N.S.R., Duarte, C.M. & Fortes, M.D. (1996) Nutrient limitation of
Philippine seagrasses (Cape Bolinao, NW Philippines): in situ experimental
evidence. Marine Ecology Progress Series, 138, 233–243.

Apostolaki, E.T., Marb�a, N., Holmer, M. & Karakassis, I. (2009) Fish farming
enhances biomass and nutrient loss in Posidonia oceanica (L.) Delile. Estua-
rine, Coastal and Shelf Science, 81, 390–400.

Brooker, R.W., Maestre, F.T., Callaway, R.M., Lortie, C.L., Cavieres, L.A.,
Kunstler, G., et al. (2008) Facilitation in plant communities: the past, the
present, and the future. Journal of Ecology, 96, 18–34.

Brun, F., Hern�andez, I., Vergara, J.J., Peralta, G. & P�erez-Llor�ens, J.L. (2002)
Assessing the toxicity of ammonium pulses to the survival and growth of
Zostera noltii. Marine Ecology Progress Series, 225, 177–187.

Bulthuis, D.A., Axelrad, D.M. & Mickelson, M.J. (1992) Growth of the sea-
grass Heterozostera tasmanica limited by nitrogen in Port Phillip Bay, Aus-
tralia. Marine Ecology Progress Series, 89, 269–275.

Burkholder, J.M., Tomasko, D.A. & Touchette, B.W. (2007) Seagrasses and
eutrophication. Journal of Experimental Marine Biology and Ecology, 350,
46–72.

Cabac�o, S., Alexandre, A. & Santos, R. (2005) Population-level effects of clam
harvesting on the seagrass Zostera noltii. Marine Ecology Progress Series,
298, 123–129.

Cabac�o, S., Mach�as, R. & Santos, R. (2007) Biomass-density relationships of
the seagrass Zostera noltii: a tool for monitoring anthropogenic nutrient dis-
turbance. Estuarine, Coastal and Shelf Science, 74, 557–564.

Cabac�o, S., Santos, R. & Duarte, C.M. (2008) The impact of sediment burial
and erosion on seagrasses: a review. Estuarine, Coastal and Shelf Science,
79, 354–366.

Cabac�o, S., Santos, R. & Sprung, M. (2012) Population dynamics and produc-
tion of the seagrass Zostera noltii in colonizing versus established meadows.
Marine Ecology, 33, 280–289.

Chu, C.-J., Maestre, F.T., Xiao, S., Weiner, J., Wang, Y.-S., Duan, Z.-H. &
Wang, G. (2008) Balance between facilitation and resource competition
determines biomass-density relationships in plant populations. Ecology
letters, 11, 1189–1197.

Chu, C.-J., Weiner, J., Maestre, F.T., Wang, Y.-S., Morris, C., Xiao, S., Yuan,
J.-L. et al. (2010) Effects of positive interactions, size symmetry of competi-

tion and abiotic stress on self-thinning in simulated plant populations. Annals
of botany, 106, 647–652.

Duarte, C.M. (1991) Allometric scaling of seagrass form and productivity. Mar-
ine Ecology Progress Series, 77, 289–300.

Duarte, C.M., Merino, M., Agawin, N.S.R., Uri, J., Fortes, M.D., Gallegos,
M.E., Marba, N. & Hemminga, M.A. (1998) Root production and below-
ground seagrass biomass. Marine Ecology Progress Series, 171, 97–108.

Duarte, C.M., Fourqurean, J.W., Krause-Jensen, D. & Olesen, B. (2006)
Dynamics of seagrass stability and change. Seagrasses: Biology, Ecology,
and Conservation (eds A.W.D. Larkum, R.J. Orth & C.M. Duarte), pp.
271–294. Springer, Dordrecht.

Fertig, B., Kennish, M.J. & Sakowicz, G.P. (2013) Changing eelgrass (Zostera
marina L.) characteristics in a highly eutrophic temperate coastal lagoon.
Aquatic Botany, 104, 70–79.

Fraterrigo, J.M. & Rusak, J.A. (2008) Disturbance-driven changes in the vari-
ability of ecological patterns and processes. Ecology letters, 11, 756–770.

García-Marín, P., Cabac�o, S., Hern�andez, I., Vergara, J.J., Silva, J. & Santos,
R. (2013) Multi-metric index based on the seagrass Zostera noltii (ZoNI) for
ecological quality assessment of coastal and estuarine systems in SW Iberian
Peninsula. Marine Pollution Bulletin, 68, 48–54.

Heck, K.L. Jr, Pennock, J.R., Valentine, J.F., Coen, L.D. & Sklenar, S.A.
(2000) Effects of nutrient enrichment and small predator density on seagrass
ecosystems: an experimental assessment. Limnology and Oceanography, 45,
1041–1057.

Hemminga, M.A. & Duarte, C.M. (2000) Seagrass Ecology. Cambridge Uni-
versity Press, Cambridge.

Hughes, A.R., Bando, K.J., Rodriguez, L.F. & Williams, S.L. (2004) Relative
effects of grazers and nutrients on seagrasses: a meta-analysis approach. Mar-
ine Ecology Progress Series, 282, 87–99.

Jackson, J.E. (1991) A User’s Guide to Principal Components. John Wiley &
Sons, Inc., New York.

van Katwijk, M.M., Vergeer, L.H.T., Schmitz, G.H.W. & Roelofs, J.G.M.
(1997) Ammonium toxicity in eelgrass Zostera marina. Marine Ecology Pro-
gress Series, 157, 159–173.

Koch, E. (2001) Beyond light: physical, geological and geochemical parameters as
possible submersed aquatic vegetation habitat requirements.Estuaries, 24, 1–17.

Koch, E. W., Ackerman, J. D., Verduin, J. & Van Keulen, M. (2006). Fluid
Dynamics in Seagrass Ecology – from Molecules to Ecosystems. Seagrasses:
Biology, Ecology and Conservation (eds A. Larkum, R. Orth & C.M.
Duarte), pp. 193–225. Springer, Dordrecht.

de Kroon, H. (1993) Competition between shoots in stands of clonal plants.
Plant Species Biology, 8, 85–94.

Kuo, J. & den Hartog, C. (2001) Seagrass taxonomy and identification key.
Global Seagrass Research Methods (eds F.T. Short & R.G. Coles), pp.
31–58. Elsevier Science BV, Amsterdam.

Lee, K.-S. & Dunton, K.H. (2000) Effects of nitrogen enrichment on biomass
allocation, growth, and leaf morphology of the seagrass Thalassia testudi-
num. Marine Ecology Progress Series, 196, 39–48.

Lee, K.-S., Park, J.-I. & Kim, Y.K. (2007) Effects of irradiance, temperature,
and nutrients on growth dynamics of seagrasses: A review. Journal of Exper-
imental Marine Biology and Ecology, 350, 144–175.

Lopez y Royo, C., Pergent, G., Pergent-Martini, C. & Casazza, G. (2010) Sea-
grass (Posidonia oceanica) monitoring in western Mediterranean: implica-
tions for management and conservation. Environmental monitoring and
assessment, 171, 365–380.

Manly, B.J.F. (1986) Multivariate Statistical Methods: A Primer. Chapman and
Hall, London.

Marb�a, N. & Duarte, C.M. (1998) Rhizome elongation and seagrass clonal
growth. Marine Ecology Progress Series, 174, 269–280.

Marb�a, N. & Duarte, C.M. (2003) Scaling of ramet size and spacing in seag-
rasses: implications for stand development. Aquatic Botany, 77, 87–98.

Marb�a, N., Hemminga, M., Mateo, M., Duarte, C.M., Mass, Y., Terrados, J. &
Gacia, E. (2002) Carbon and nitrogen translocation between seagrass ramets.
Marine Ecology Progress Series, 226, 287–300.

Martínez-Crego, B., Verg�es, A., Alcoverro, T. & Romero, J. (2008) Selection
of multiple seagrass indicators for environmental biomonitoring. Marine
Ecology Progress Series, 361, 93–109.

Miller, C.J., Campbell, S.J. & Scudds, S. (2005) Seasonal variation of Zostera
tasmanica morphology and structure across an environmental gradient. Mar-
ine Ecology Progress Series, 304, 45–53.

Morris, E.C. (1995) Self-thinning in Ocimum basilicum grown at three soil
fertility levels with and without mycorrhizal inoculum. Proceedings of the
Linnean Society of New South Wales, 115, 89–107.

Morris, E.C. (1999) Density-dependent mortality induced by low nutrient status
of the substrate. Annals of Botany, 84, 95–107.

© 2013 The Authors. Journal of Ecology © 2013 British Ecological Society, Journal of Ecology, 101, 1552–1562

Effects of nutrients on seagrass biomass–density relationships 1561



Morris, E.C. (2002) Self-thinning lines differ with fertility level. Ecological
Research, 17, 17–28.

Morris, E.C. (2003) How does fertility of the substrate affect intraspecific com-
petition? Evidence and synthesis from self-thinning. Ecological research, 18,
291–309.

Morris, E.C. & Myerscough, P.J. (1985) Nutrient level effects on thinning and
non-thinning crowding effects in even aged populations of subterranean clo-
ver. Australian Journal of Ecology, 10, 469–479.

Morris, E.C. & Myerscough, P.J. (1991) Self-thinning and competition intensity
over a gradient of nutrient availability. Journal of Ecology, 79, 903–923.

M€uller, I., Schmid, B. & Weiner, J. (2000) The effect of nutrient availability
on biomass allocation patterns in 27 species of herbaceous plants. Perspec-
tives in Plant Ecology, Evolution and Systematics, 3, 115–127.

Peralta, G., Brun, F., Hernandez, I., Vergara, J. & Perez-Llorens, J. (2005)
Morphometric variations as acclimation mechanisms in beds. Estuarine,
Coastal and Shelf Science, 64, 347–356.

Phillips, R.C. & Me~nez, E.G. (1988) Seagrasses. Smithsonian Institution,
Washington, DC.

Ralph, P.J., Tomasko, D., Seddon, S., Moore, K. & Macinnis-Ng, C. (2006)
Human impact on seagrasses: contamination and eutrophication. Seagrasses:
Biology, Ecology, and Conservation (eds A.W.D. Larkum, R.J. Orth & C.M.
Duarte), pp. 567–593. Springer, Dordrecht.

Ralph, P.J., Durako, M.J., Enríquez, S., Collier, C.J. & Doblin, M.A. (2007)
Impact of light limitation on seagrasses. Journal of Experimental Marine
Biology and Ecology, 350, 176–193.

Robinson, C.L.K., Yakimishyn, J. & Dearden, P. (2011) Habitat heterogeneity
in eelgrass fish assemblage diversity and turnover. Aquatic Conservation:
Marine and Freshwater Ecosystems, 21, 625–635.

Romero, J., Lee, K.-S., P�erez, M., Mateo, M.A. & Alcoverro, T. (2006) Nutri-
ent Dynamics in Seagrass Ecosystems. Seagrasses: Biology, Ecology, and
Conservation (eds A.W.D. Larkum, R.J. Orth & C.M. Duarte), pp. 227–254.
Springer, Dordrecht.

Romero, J., Martínez-Crego, B., Alcoverro, T. & P�erez, M. (2007) A multivari-
ate index based on the seagrass Posidonia oceanica (POMI) to assess ecolog-
ical status of coastal waters under the water framework directive (WFD).
Marine Pollution Bulletin, 55, 196–204.

Schmidt, A.L., Wysmyk, J.K.C., Craig, S.E. & Lotze, H.K. (2012) Regional-
scale effects of eutrophication on ecosystem structure and services of sea-
grass beds. Limnology and Oceanography, 57, 1389–1402.

Schwinning, S. & Weiner, J. (1998) Mechanisms determining the degree of size
asymmetry in competition among plants. Oecologia, 113, 447–455.

Scrosati, R. (2005) Review of studies on biomass-density relationships (includ-
ing self-thinning lines) in seaweeds: Main contributions and persisting mis-
conceptions. Phycological Research, 53, 224–233.

Short, F.T. (1983) The seagrass, Zostera marina L.: plant morphology and bed
structure in relation to sediment ammonium in Izembek Lagoon, Alaska.
Aquatic Botany, 16, 149–161.

Short, F.T., Burdick, D.M. & Kaldy, J.E.I. (1995) Mesocosm experiments
quantify the effects of eutrophication on eelgrass, Zostera marina. Limnology
and Oceanography, 40, 740–749.

Short, F.T. & Wyllie-Echeverria, S. (1996) Natural and human-induced distur-
bance of seagrasses. Environmental Conservation, 23, 17–27.

Sokal, R.R. & Rohlf, F.J. (2012) Biometry. The principles and practice of statis-
tics in biological research, 4th edn. WH Freeman and Company, New York.

Sousa, W.P. (1984) The role of disturbances in natural communities. Annual
Review of Ecology and Systematics, 15, 353–391.

Steen, H. & Scrosati, R. (2004) Intraspecific competition in Fucus serratus and
F. evanescens (Phaeophyceae: Fucales) germlings: effects of settlement den-
sity, nutrient concentration, and temperature. Marine Biology, 144, 61–70.

Timmerman, M.E., Kiers, H.A.L. & Smilde, A.K. (2007) Estimating confidence
intervals for principal component loadings: a comparison between the boot-
strap and asymptotic results. The British journal of mathematical and statisti-
cal psychology, 60, 295–314.

Tomasko, D.A., Dawes, C.J. & Hall, M.O. (1996) The effects of anthropogenic
nutrient enrichment on Turtle grass (Thalassia testudinum) in Sarasota Bay,
Florida. Estuaries, 19, 448–456.

Turner, S.J. (2007) Growth and productivity of intertidal Zostera capricorni in
New Zealand estuaries. New Zealand Journal of Marine and Freshwater
Research, 41, 77–90.

Turner, M.G. (2010) Disturbance and landscape dynamics in a changing world.
Ecology, 91, 2833–2849.

Turner, S.J., Thrush, S.F., Wilkinson, M.R., Hewitt, J.E., Cummings, V.J., Sch-
warz, A.M., Morrisey, D.J. & Hawes, I. (1996) Patch dynamics of the sea-
grass Zostera novazelandica at 3 sites in New Zealand. International
workshop on seagrass biology, Rottnest Island (eds J. Kuo, D.I. Walker &
H. Kirkman), pp. 21–31. University of Western Australia, Perth.

van Tussenbroek, B.I., Galindo, C.A. & Marquez, J. (2000) Dormancy and
foliar density regulation in Thalassia testudinum. Aquatic Botany, 68,
281–295.

Udy, J.W. & Dennison, W.C. (1997a) Growth and physiological responses
of three seagrass species to elevated sediment nutrients in Moreton Bay,
Australia. Journal of experimental Marine Biology and Ecology, 217,
253–277.

Udy, J.W. & Dennison, W.C. (1997b) Physiological responses of seagrasses
used to identify anthropogenic nutrient inputs. Marine and Freshwater
Research, 48, 605–614.

Udy, J.W. & Dennison, W.C. (1999) Seagrasses and sediment nutrients: species
comparison and fertilisation responses of P. australis at Rottnest Island, Wes-
tern Australia. The seagrass Flora and Fauna of Rottnest Island, Western
Australia. (eds D.I. Walker & F.E. Wells), pp. 73–87. Western Australia
Museum, Perth.

Udy, J.W., Dennison, W.C., Long, W.J.L. & McKenzie, L.J. (1999) Responses
of seagrass to nutrients in the Great barrier Reef, Australia. Marine Ecology
Progress Series, 185, 257–271.

Underwood, A.J. (1992) Beyond BACI: the detection of environmental impacts
on populations in the real, but variable, world. Journal of Experimental Mar-
ine Biology and Ecology, 161, 145–178.

Waycott, M., Duarte, C.M., Carruthers, T.J.B., Orth, R.J., Dennison, W.C.,
Olyarnik, S., Calladine, A. et al. (2009) Accelerating loss of seagrasses
across the globe threatens coastal ecosystems. Proceedings of the
National Academy of Sciences of the United States of America, 106,
12377–12381.

Weller, D.E. (1987) A reevaluation of the – 3/2 power rule of plant self-thin-
ning. Ecological Monographs, 57, 23–43.

Weller, D.E. (1989) The interspecific size-density relationship among crowded
plant stands and its implications for the – 3/2 power rule of self-thinning.
The American Naturalist, 133, 20–41.

Westoby, M. (1984) The self-thinning rule. Advances in Ecological Research,
14, 167–220.

White, J. (1981) The allometric interpretation of the self-thinning rule. Journal
of Theoretical Biology, 89, 475–500.

Yoda, K., Kira, T., Ogawa, H. & Hozumi, K. (1963) Self- thinning in over-
crowded pure stands under cultivated and natural conditions (Intraspecific
competition among higher plants XI). Journal of Biology Osaka City Univer-
sity, 14, 107–129.

Received 21 May 2013; accepted 12 June 2013
Handling Editor: John Lee

© 2013 The Authors. Journal of Ecology © 2013 British Ecological Society, Journal of Ecology, 101, 1552–1562

1562 S. Cabac�o et al.


