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ABSTRACT

The aim of this study was to apply Zostera capricorni growth rate
mathematical solutions to saline coastal lagoons to generate novel
mathematical insights that could be used by estuary managers in other
estuaries and saline lagoons. It is proposed that the quadratic curvilinear 2nd

Order relationships of seagrass growth rates with water temperature and
subsurface light intensity, and with linear relationships for sediment total
phosphorus, have the potential to inform catchment runoff management
strategies by applying the equations to similar data obtained for other
Zostera species in coastal lagoons and estuaries. The equation for water
temperature includes an expected 1.4°C increase due to climate change in
the seagrass beds, which was consistent with the derived water temperature
equation. Thus, the detailed data and information obtained from the online
and published studies of Zostera provided important biological processes
for assessing the likely effects of the three main environmental drivers
on seagrass growth rates. Analysis of the data determined the optimum
temperature, light intensity thresholds before photo-inhibition, and a
benchmark for sediment total phosphorus (TP) associated with growth
rates and higher and more stable biomass in the urbanized areas of the
studied lagoon system. The relationship between Zostera biomass and
TP indicates the possible optimization of seagrass biomass by catchment
nutrient runoff.

Keywords: Biomass growth rate relationship with sediment total
phosphorus, mathematical solutions for seagrass estuary managers,
Zostera net growth rate curvilinear relationships.

Submitted: June 17, 2025

Published: September 04, 2025

10.24018/ejaqua.2025.4.2.30

Faculty of Science and Engineering, South-
ern Cross University, Lismore, New South
Wales, Australia.

*Corresponding Author:
e-mail: bruce.hodgson@scu.edu.au

1. Introduction

Seagrass management in estuaries is important for
maintaining fish harvests (Unsworth et al., 2018) as
recommended by the combined FAO and United Nations
Environment Programme on Ecosystem Restoration
(FAO, 2022). Accordingly, the aim of this paper is to
develop equations for the various seagrass processes that
could be used by estuary managers to maintain species
of Zostera in urbanized estuaries and coastal lagoons.
The fundamental processes involved are expected to allow
estuary managers to apply their seagrass data to the
same types of curvilinear equations derived here. The
basic framework of the study is that the main drivers of
seagrass growth rates are water temperature, subsurface
light intensities, and sediment nutrient concentrations (Lee
et al., 2007). The detection of seagrass changes in estuaries

is often undertaken by monitoring the area and/or biomass
(Cabaço et al., 2007), with controls on catchment sediment
and nutrient load inputs (Lillebø et al., 2005). At times,
the monitoring is supplemented by seagrass models to
assist estuary managers in identifying key processes that
may affect seagrass abundance (Neckles et al., 2012). They
suggested monitoring should include the environmental
variables used in seagrass models to aid management
decisions. However, the review by de Boer (2007) showed
seagrass models are multidisciplinary, requiring specialists
to use them, and they also had knowledge gaps. In
addition, model complexity may occur by including a
large number of variables (see Scalpone et al., 2020;
Thomas et al., 2005), thereby limiting the use of models
by estuary managers. Therefore, to minimize complexity,
the relationships derived here are curvilinear equations
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for Zostera growth rates with water temperature and light
intensity and linear for sediment total phosphorus with
biomass. The seasonal variation of biomass at the Lake
Munmorah sampling site, and long-term biomass changes
in the whole of Lake Munmorah were assessed by Stability
Charts derived from the study by Carr et al. (2012). As
the equations used to describe relationships of Zostera
capricorni biomass and growth rates are novel, being
derived from curvilinear relationships in previous studies,
the theoretical basis for the derivation of the equations is
described here in Sections 1.1–1.3 as a precursor to the
Methods, below. Note that a separate literature review
section is not used because the literature relating to the
theoretical aspects of Zostera growth rates is shown in the
Introduction, the sections below, and in the Discussion.

1.1. Water Temperature and Zostera Growth Rate
Theory

The literature on temperature models for Zostera species
growth rate production is often uncertain for theoretical
relationships with water temperature (Collier et al., 2017,
see their Figure 3). Hence, to minimise complexity, the
model-selection criteria were based on published stud-
ies of the effects of water temperature on growth rate.
The uncertainty of the resulting curvilinear model was
verified by assessing the R2 and error bar values of the
finally derived relationships. It is well known the optimum
temperature for seagrass growth is around the peak of a
mounded curve (see Figure 1e in Fong et al., 1997), so
a theoretical curvilinear relationship of net growth rate
with temperature was derived by the leaf marking method
used by Holland (1982), which is supported by observa-
tions for Zostera marina (see Figure 2 in Moore et al.
1996). In addition, the gross growth rate was found to
be linearly related to temperature by Kaldy (2014), so
that relationship was derived using net growth rate data
from Holland (1982). The Zostera leaf net growth rate,
Gnet, with water temperature, T°C, was investigated by the
study by Scalpone et al. (2020), which confirmed using
a curvilinear quadratic relationship, supported by their
finding that water temperature limits seagrass growth with
an optimal temperature, given by a balance of production
with respiration. A curvilinear relationship of growth rate
with water temperature was also confirmed by Dennison
and Alberte (1985), which gives the mathematical solution
by gross growth rate, Ggross, minus the respiration rate R,
that is the net growth rate, Gnet = Ggross – R, in units
mg gdw−1 day−1. The respiration rate has an exponen-
tial increase with temperature of the form R = a × ebT,
were “a” and “b” are constants for the seagrass species
being modelled (see Figure 3 in Short, 1980), which was
confirmed by Plus et al. (2003: Figure 4 by R = 19.14 ×
e(0.11 × T)), where R is the respiration rate and T is the water
temperature. Furthermore, Scalpone et al. (2020) indicated
the optimum temperature, Topt, occurs at the temperature
where the respiration rate equals the net growth rate, Gnet.
Hence, Gnet is expected to decrease at temperatures higher
than Topt because R continues to exponentially increase
at water temperatures higher than Topt, thereby giving a
curvilinear relationship. That was confirmed by the global
review by Nguyen et al. (2021, their Figure 2), which shows

seagrass growth rates decrease with increasing respiration
rates for twenty-four seagrass species in their Figure 4,
including Zostera capricorni.

1.2. Light Intensity and Zostera Growth Rate Theory

The increase in Zostera net growth rate production with
light intensity is asymptotic to the maximum growth rate,
but photo-inhibition decreases photosynthesis at high light
intensities in Zostera marina (see Short, 1980: Figure 4).
More recently, Beer and Björk (2000) found Halodule
wrightii had gross photosynthesis curvilinear with the irra-
diance light intensity, while Campbell et al. (2008, see their
Figure 3) showed a curvilinear relationship of photosyn-
thesis with light intensity due to photo-inhibition to begin
at about 1200 μmol photon m−2 sec−1 for three seagrass
Halophila spp. That was confirmed by Zhang et al. (2022,
their Figure 2), who found a curvilinear relationship of
Zostera marina productivity with light intensity duration.
Similarly, photo-inhibition measured at 0.5 m depth inside
the Zostera capricorni bed by Holland (1982) in The Tug-
gerah Lakes, caused a curvilinear relationship of growth
rate with light intensity. On the basis of the literature, a
curvilinear relationship of growth rate with light intensity
was statistically tested using the data from Holland (1982).

1.3. Sediment Total Phosphorus and Zostera Biomass
Relationship Theory

The seagrass growth rate with sediment phosphorus
concentrations by Fong et al. (1997, see their Figure 1c)
increases approximately linearly up to a maximum and
then levels out. However, Harris (1977) only measured the
Zostera capricorni biomass and found a linear relationship
with sediment total phosphorus concentrations in the Lake
Illawarra coastal lagoon. As the data in Holland (1982)
and from Harris (1977) are from nearby lagoons, the Lake
Illawarra data and relationship were assumed to apply to
Lake Munmorah in the Tuggerah Lakes used by Holland
(1982).

1.4. Application of Curvilinear Relationships to Seagrass
Species in Estuaries and Saline Coastal Lagoons

The literature shows that the derived equations based
on the results in Holland (1982) and Harris (1977) are
valid and could be applied to other seagrass species in
estuaries and coastal lagoons. The above literature shows
that many seagrass species have curvilinear relationships.
For example, the study by Collier et al. (2017, their Figure
4) showed Zostera muelleri (subspecies of Z. capricorni),
Cymodocea Serrulata and Halodule uninervis had a curvi-
linear relationship with net productivity (equivalent to net
growth rate in Holland (1982). In addition, Campbell et al.
(2008) showed the seagrass species of Halophila spinulosa,
Halophila decipiens, Halophila ovalis, Cymodocea serrulata,
and Syringodium isoetifolium had curvilinear relationships
of photosynthesis with light intensity. That suggests related
species in other estuaries and saline coastal lagoons may
have similar relationships to 2nd Order curvilinear obtained
using data in Holland (1982). For example, the online
literature shows Cymodocea serrulata is in the family
Cymodoceaceae and has 16 seagrass species in tropical
and subtropical coastal waters. The common seagrasses
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are Syringodium isoetifolium, Cymodocea nodosa, Halodule
uninervis, and Cymodocea rotundata, and in the tropical
and subtropical Indo-Pacific is Syringodium isoetifolium.
Hence, the curvilinear relationships of these seagrass
species in estuaries and saline coastal lagoons is worthy
of further research. The literatures supporting these equa-
tions are shown in the methods and the references for key
findings are shown in the Discussion.

2. Methods

The sampling sites and data for this investigation are
from Holland (1982) in Lake Munmorah, part of the
Tuggerah Lakes coastal lagoon, in New South Wales
(NSW), Australia (including Lake Munmorah 33°13′04.8′′
S, 151°34′08.0′′ E, Lake Budgewoi 33°14′38.8′′ S,
151°31′51.0′′ E and Tuggerah Lake 33°17′50.2′′ S,
151°29′53.7′′ E). The study area is described in Chapter
2 of Holland (1982) as having brackish salinities 20.1
to 32.2 0/00 at the time of sampling and fringing marine
seagrasses around the entire shoreline, including small
areas of Halophila ovalis and Ruppia megacarpa, with
three interconnected lakes and the oceanic connection in
the largest, Lake Tuggerah. The study by Harris (1977)
on Zostera biomass was undertaken in Lake Illawarra
(34°32′32.2′′ S, 150°49′32.8′′ E), about 160 Km south of
Lake Munmorah (see Figure 1 in Hodgson & Bucher,
2023) and the lake is described in Harris (1977) Chapter
1.2.2 “The Study Area” and Figure 1.2, page 11. The lake
has a fringing vegetation of Zostera with some Ruppia
megaacarpa, salinity 29.5 to 33.8 o/oo and a single oceanic
connection; see Harris (1977, Figure 3.9, page 100). Note
that the name Zostera capricorni is used to be consistent
with the literature data used for this study. Although the
species Z. muelleri is present, it was confirmed by Harris
(1977) as only in small amounts, and is now considered a
subspecies of Zostera (Chartrand et al., 2016).

The detailed field data from Harris (1977) and Holland
(1982) in coastal lagoons were collated and analysed for
their growth rates, water temperature, and light inten-
sity conditions inside a Zostera capricorni seagrass bed.
Note that the use of historical data was verified by com-
parison with recent seagrass publications. The necessary
estimations and adjustments can be fully verified with
access to the original raw data in the internet links after
Table I and in the references for Harris (1977) https://doi.
org/10.26190/unsworks/20231 and Holland (1982) https://
doi.org/10.26190/unsworks/7044. Hence, optimising of the
equations to describe the various effects of the main sea-
grass drivers are shown in the Results section, below. That
involved the process of evaluating the performance and
validity of the possible models available in the literature
that gave reliable predictions. To do that, the selection of
the best model from variations in curvilinear was tested
using statistical comparisons of different possible relation-
ships, and the parsimonious, i.e., sparing of complexity,
showed the best-fitting model was a 2nd Order Polynomial.
Hence, it was not necessary to use Bayesian Information
Criterion (BIC) to select the best-fitting statistical model
among models in the literature because the 2nd Order
curvilinear polynomial type was obtained by trying various

types of balancing possible models to fit the literature
and available data with minimum complexity. Further-
more, those early studies by Harris (1977) and Holland
(1982) were undertaken as part of major investigations
on the ecology and biological processes of Zostera in
saline coastal lagoons in New South Wales (NSW), Aus-
tralia, and continued by others for Z. capricorni and other
Zostera and related seagrass species to 2019 (see Hodgson
& Bucher, 2023 and references therein). By providing that
foundation of biological processes in the coastal lagoons,
the equations were also used for assessing the recent effects
on Zostera growth rates with water temperature increases
due to climate change.

2.1. Data Used in the Study from Published Online
Sources

The light and water temperature are shown in Attach-
ment Al (note A1 was altered to Al i.e., ‘lower case L’) and is
described in Holland (1982): Chapter 2 and Zostera growth
rates in Chapter 4 undertaken at an inshore site in 1.0 m
water depth called Munmorah Flats, MF, in the north-
west of Lake Munmorah (Holland, 1982: Figure 6.1). The
site was selected with a low catchment population, so the
effects of water temperature and light conditions showed
natural changes in healthy areas of Zostera without effects
of the moderate nutrient inputs. Eleven net growth rate
measurements in response to temperature and light con-
ditions were undertaken over a 17-month period from
October 1978 to February 1980. The incident light inten-
sities, I0, at 0.5 m above the water surface and the light
intensity at 0.5 m inside the Zostera bed, Id, were mea-
sured by Holland (1982) with a Li-Cor quantum sensor
measuring photosynthetically active radiation (PAR) units
of radiation (μmol m−2 sec−1). Thermal effects on seagrass
growth rates were measured in the laboratory at low light
by Holland (1982, Table 6.6 “Growth rates of Zostera shoots
after a range of exposure times”) by measuring the thermal
reduction in growth rates at fixed water temperatures over
time (see Section 3.5.1).

Holland (1982) used the leaf marking method in the
field, which assesses growth directly and only requires
measurement of the leaf loss rate, L (Verhagen & Nien-
huis, 1983), rather than the respiration rate required by
the oxygen evolution method. The leaf growth rate was
measured by the increase in leaf length biomass using the
“Increase in Plant Tissue method”, called here net growth
rate, Gnet. Note that the net growth rates have units of
mg gdw−1 day−1, called “comparative growth rates” by
Holland (1982), which are equivalent to the nomencla-
ture for seagrass production in the literature. The Zostera
biomass was calculated by the monthly average shoot
weight multiplied by the shoot frequency in Holland
(1982), Chapter 5, Table 5.2.

Leaf loss rates are an important part of seagrass pro-
cesses. It was noted by Moore et al. (1996) that leaf loss
rates were highest in summer, indicating the loss rates are
related to temperature, so the relationship of loss rates
with water temperature was derived using the Zostera
percentage viability data in Holland (1982). To derive that
relationship, loss rates were estimated using the percentage
viability of the Zostera leaves, measured in relation to the
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TABLE I: The Data Source Summary Table Lists Functional Zostera Capricorni Characteristics with Derived Relationships from
Referenced Data Sources

Functional
characteristics

Description Units Derived equations Source of data∗

Zostera and environmental data in Holland (1982).

Water temperature Seasonal variation °C Eq. (1) Appendix Al: “Temperatures at the four field sites:
November 1978 through February 1980”, page 194.
Temperatures in October, 1978, and January, 1979

from Figure 2.4: “Seasonal variation in water
temperature at four field sites in Lakes Munmorah

and Budgewoi Munmorah Flats.”
Gross growth rates Gross growth rate

relationship with water
temperature

mg gdw−1 day−1, °C Eq. (2) Derived Ggross = Gnet + Loss rate (Table II) and
water temperatures from Appendix Al

Loss rate Loss rate relationship
with temperature

mg gdw−1 day−1, °C Eq. (3) Appendix A4 “Percentage Viability Lake Budgewoi
Test Sites. Includes Munmorah Flats.”, November,
January and September, 1979 viability estimated

from Figure 6.2: “Percentage viability of Zostera at
the four field sites: Munmorah Flats” multiplied by

Table 6.1 net growth rates.
Net growth rate Seasonal variation net

growth rate, Gnet

mg gdw−1 day−1 Table 6.1 “Comparative Growth Rates of Zostera
capricorni: Field Sites.” is called here net growth

rate
Net growth rate
alternate method

Net growth rate = Gross
growth rate (Eq. (2)) –
Loss rate (Eq. (3))

mg gdw−1 day−1 Eq. (4) See derivation of (2) in Fig. 3 and (3) in Fig. 4.

Net growth and
optimum temperature

Net growth rate
quadratic relationship
with temperature

mg gdw−1 day−1, °C Eq. (5) Table 6.1 net growth rate and water temperatures
in Appendix Al, page 194, with net rate at highest

measured 26.6°C in November, 1978, and
expected highest 28.0°C by eq. 4

Respiration rate Respiration rate at
optimum temperature

mg gdw−1 day−1, °C Eq. (6) See derivation in Fig. 6.

Incident light
intensities

Seasonal variation in
incident light intensities,
I0

μmol m−2 sec−1. Eq. (7) Table 2.2 “Incident light intensity: November, 1978
- February, 1980.” and January, 1979 from Figure

2.7 “Seasonal variation in percentage light
penetration at the four field sites.”,

Zostera bed light
intensities

Monthly variation of
light intensities at 0.5 m
inside the Zostera bed, Id

μmol m−2 sec−1 Eq. (8) Light intensity at Id 0.5 m by I0 x% % light
penetration from Table 2.2 “Incident light

intensity: November, 1978 - February, 1980” and
Appendix Al: “Percentage penetration of incident
light at the four field sites. Including Munmorah
Flats” page 196. Estimates and adjustments in

Table II.
Zostera bed light with
incident light

Relationship light
intensities at 0.5 m inside
the Zostera bed with
incident light intensity

μmol m−2 sec−1 Eq. (9) Table 2.2 and Appendix Al page 196.

Net growth rate and
light

Net growth rate
quadratic relationship
with light intensity at
0.5m depth in the
Zostera bed

mg gdw−1 day−1, μmol
m−2 sec−1.

Eq. (10) Table 6.1 net growth rate and Light intensity at 0.5
m in Table II.

Zostera biomass with
Gnet

Zostera capricorni
biomass relationship
with net growth rate

g dw m−2, mg gdw−1

day−1
Eq. (11) Biomass Table 5.2 “Zostera capricorni reproductive

shoots: shoot weight, frequency and biomass” with
Table 6.1 “net growth rate.”

Zostera and sediment total phosphorus data in Harris (1977)

Zostera biomass with
total phosphorus

Zostera leaf biomass and
sediment total
phosphorus relationship

g dw m−2, μg−gdw Eq. (12) Biomass Tables A4.1, A4.2, and A3.5 not
including sites affected by light limitations. Total

Phosphorus Tables A2.2, A2.3 and A2.4

Note: ∗ The data used to derive those relationships are shown in the online links: Holland (1982). The effects of some environmental factors on
the growth and viability of Zostera capricorni Asherson. M.Sc. Thesis, School of Botany, University of New South Wales. https://doi.org/10.26190/
unsworks/7044. Harris, M. McD. (1977). Ecological Studies on Illawarra Lake with Special Reference to Zostera capricorni Ascherson. Master of
Science Thesis, School of Botany, University of New South Wales, Sydney, Australia. https://doi.org/10.26190/unsworks/20231.

net rates, from Appendix A4 “Percentage Viability”. The
Loss rates were estimated by ([1 - % 1%-viability/100] x
Table 6.1 “net growth rate”) mg gdw−1 day−1, shown in

Table II. The loss rates allowed estimation of the gross
growth rates, Ggross, by Ggross = Gnet (from Table 6.1) +
L, and the estimated gross growth rates are also shown in
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TABLE II: Estimated, Adjusted (square brackets) and Estimated not Sampled (bold) Gnet, Loss Rates, Ggross, Incident Light Intensities, I0,
Percentage I0 in Zostera Bed, Resulting Intensities in Bed, Id, and Biomass Derived from Measured (in italics) Water Temperatures,

Appendix Al Page 194 and Estimated from Figure 2.4, Net Growth Rates, Table 6.1 and Ggross - L, Incident I0, Table 2.2 or Back Estimated from
% Penetration in Zostera Bed, Appendix Al Page 196, and Biomass, Table 5.2, from Holland (1982)

Month from
Oct. 1978

Date Water
Temperature

oC (Italics
not in

Appendix
Al)

Estimated
net growth
rates, Gnet,

a

(Ggross - L)

Loss rates,
L,b

Gross
growth rates

Ggross
c

Incident light
intensities,

I0
d and Est.

(100 × Id/%
penetration)

% Light
intensity

reaching 0.5
me

Light
intensity 0.5

m inside
Zostera

capricorni
bed, Id

f

Biomass, Bg

measured

1 Oct-78 19.6 12.8 1.7 14.5 2124 66.5 1414 26.9 [18.5]
2 Nov-78 26.6 10.4 11.7 22.1 2282 67.3 1536 12.4
3 Dec-78 22.5 12.8 5.1 [4.1] 16.9 2140 68.6 1468 21.2
4 Jan-79 26.3 10.9 11.0 21.9 2021 66.3 1340 10.6
5 Feb-79 26.5 10.6 11.4 22.0 1943 86.7 [66.1] 1685 [1284] 9.9
6 Mar-79 23.9 13.1 5.9 19.0 1793 66.7 1196 19.1
7 Apr-79 18.9 11.6 1.7 13..3 1642 69.4 1140 18.4
8 May-79 15.1 9.3 0.0 9.3 1305 63.8 833 4.4
9 Jun-79 15.8 8.9 0.8 9.7 1059 62.0 656 5.8
10 Jul-79 13.8 4.8 0.48 5.3 979 63.4 621 1.3
11 Aug-79 14.7 9.4 0.0 9.4 1259 63.4 798 2.6
12 Sep-79 18.1 13.8 [12.4] 1.4 13.8 1910 56.2 1073 13.7
13 Oct-79 20.4 10.7 [13.2] 2.5 15.7 1320 [1468] 61.4 901 20.3
14 Nov-79 24.4 9.9 [13.1] 5.9 [6.6] 19.7 2031 69.7 1416 6.3
15 Dec-79 24.3 9.2 [13.0] 6.5 19.5 2224 46.7 [66.8] 1485 6.9
16 Jan-80 24.7 12.9 4.5 [7.2] 20.1 2500 67.2 1681 17.0
17 Feb-80 23.1 12.3 4.6 16.9 1625 65.4 1063 20.6

Maximum T 28.0 7.1 16.7 23.8 – – – –

Table II. Note that decreases in viability are due to damage
and bacterial degradation of detritus (Patrıćio & Marques,
2006).

2.2. Statistical Analyses

Statistical analyses were undertaken by Microsoft Excel,
least squares regression using curvilinear polynomial
types, including 2nd Order quadratic for one indepen-
dent variable, such as water temperature and subsurface
light intensity, compared with a given seagrass variable,
such as Zostera growth rate, and linear and exponential
for other relationships. The equations were evaluated on
the basis of overall goodness of fit statistics using R2

with p-value < 0.05 as acceptable. The effect of a water
temperature increase due to recent climate change effects
showed that the temperature increase of 1.4°C to 28°C
on seagrass growth rates was consistent with the derived
curvilinear water temperature equation using data from
Holland (1982). The standard deviation, σ , for each point
on the regression curve is shown using Excel Vertical Error
Bars. The obtained significant R2 values for higher-order
curvilinear equations for the seasonal variation of water
temperature and light intensity detected abnormal changes
compared with the usual seasonal pattern. More complex
statistical analyses were not expected to provide additional
information for estuary managers to investigate variations
in Zostera biomass and growth rate monitoring results.

The data sources from Holland (1982) used for analyses
are shown in the data summary Table I, and could be found
by clicking on the links below Table I and in the references
and using the locations shown in the table. Hence, the
actual data is also available by using the internet links
shown below the summary table and in the references. To

avoid confusion with reference to other data, the Holland
(1982) sources are shown in italics with quotation marks.

Data gaps or limitations were investigated by having the
data cross-checked for consistency between relationships
with temperature and light conditions, and, where possible,
with published data from other sources. In that regard, Ives
et al. (2003) suggested that water temperature and light
intensities be graphed and a curvilinear regression used to
indicate significant variations and possible adjustment for
consistency with the normal seasonal variation. For exam-
ple, Plaisted et al. (2022, their Figure 4) showed Zostera
marina abundance has a curvilinear relationship with water
temperature, and Nielsen et al. (2002) found Zostera
marina growth at depth depended on water turbidity. In
addition, Jakeman et al. (2006) suggested consistency of
the data be tested by an iterative process until convergence
was obtained, so the various temperature relations were
based on a reliable database. A similar iterative process was
used for review of the more variable and difficult to mea-
sure light data under field conditions from Holland (1982).
Note that in Section 3.2, it was noted that the Zostera
biomass was lower at the low catchment population ref-
erence site than in the more highly populated areas of
Lake Munmorah, indicating differences in sediment total
phosphorus. Hence, no autocorrelation statistics, such as
the Akaike information criterion (AIC), were required as
no model selection was required. That is, it was likely
that no spatial autocorrelation was present for the com-
pletely different sites. However, when comparing changes
over time at the same reference site in Section 3.8, it was
assumed that autocorrelation over time allowed estimation
of unsampled months related to the measured values by
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tracking the graph of changes over time. The adjusted val-
ues from these processes are shown in Table II. Estimated
values for dates unable to be sampled are also shown,
including estimated light intensities in the Zostera bed, loss
rates, and gross growth rates, along with estimated biomass
for months not sampled. Importantly, reference seagrass
locations need to be used to provide a comparison with
the selected routine sampling site. For example, broad-
scale seagrass mapping by King and Holland (1986, see
their Table I) for Zostera biomass in the Tuggerah Lakes
coastal lagoon was undertaken using visually categorized
percentage cover. The broad-scale sampling included the
Munmorah Powered Station cooling water area in Budge-
woi Lake, compared with reference areas Munmorah Lake
and Tuggerah Lake. Recently, reference locations have
been used to standardize the estimated seagrass biomass
and areas during satellite image mapping in Southern
Thailand (Koedsin et al., 2016).

3. Results

The summary Table III in the Discussion shows twelve
equations were derived, which are important for sea-
grass estuary managers to understand because they are
all interrelated. That is, each water temperature equation
is connected in some way with all the others. Similar
interrelated relationships exist for the light intensity equa-
tions, leading to catchment management of moderate
levels of suspended sediment in runoff. The sediment
total phosphorus relationship with biomass leads to a key
understanding of catchment nutrient input controls on
seagrass biomass stability over the long term.

3.1. Net Growth Rates with Water Temperature and
Light Intensity

The data by Holland (1982) covered a range of tempera-
tures from the minimum of 13.8°C in July 1979, to 26.6°C
in March 1978, and a range of incident light intensities
of 979 in July to 2500 μmol m−2 sec−1 in January 1980
(Table II). The range of Zostera net rates varied from 4.8
in July to 13.8 mg gdw−1 day−1 in September, 1979, with
a 10-fold range in biomass from 2.6 in August, 1979, to
26.9 g dw m−2 in October, 1978. To test the consistency of
the actual measured net growth rates (see Table 6.1) with
temperature (Appendix Al, page 194), due to potential envi-
ronmental changes during the 17 months of sampling were
considered. A quadratic curvilinear 2nd Order relationship
was derived for net growth rates with water temperature,
as well as for Light intensities at 0.5 m inside the Zostera
capricorni bed at the MF sampling site, using the data from
Holland (1982), shown with some adjustments in the list
in Table II. The water temperature relationship revealed
the following net rate outliers relative to the others, which
were investigated, and adjusted if necessary: a higher than
expected 13.8 at 18.1°C in September, 1979, and lower
than expected 10.7 mg gdw−1 day–1 in October, 1979, at
the warmer 20.4°C. That also indicated the continuing
decrease in net rates in November and December 1979
to 9.9 and 9.2 mg gdw−1 day–1, while the temperatures
increased to 24.4 and 24.3, respectively.

3.1.1. Summary of Data Processing for Adjustments and
Estimation of Missing Results
The detailed data adjustment explanations in the Results

Section are summarised in the notes to Table II. As the
adjustments are important to obtaining reliable equations,
the reasons for the adjustments are mentioned where nec-
essary in the Results section.

Note to make the adjustments shown in the footnotes
to Table II clearer, the font was increased, with the a),
b), c) etc. relating to superscripts in the Table II column
headings.

The light 2nd Order quadratic curve showed low net
rates for November and December, 1979, with the water
temperature data. It was also noted that the October 1979
net rate of 10.7 mg gdw−1 day−1 was not an outlier for the
light intensity, indicating the light conditions in the Zostera
bed modified the temperature-related net rate at the time
of sampling. The incident intensities, I0, in Table 2.2 show
January 1979 as not sampled but were estimated from
Figure 2.7 in Holland (1982) at 2021 μmol m−2 sec−1. The
October, 1978 and January, 1979 incident light intensities
in Table 2.2 in Holland (1982) were unable to be measured
and the March, June and August, 1979 measurements were
indicated as low due to cloud cover or rain, so they were
estimated by proportioning a measured intensity in μmol
m−2 sec−1 with the Australian Bureau of Meteorology
(BoM) light intensities at the nearby Norah Head Light-
house (MJ m−2) in 2022 for: January, 23.4, February, 19.0,
March 14.0, April 12.9, May 10.196, June 10.4496, July
9.664, Aug 12.424, Sept 15.57, Oct 17.315. The estimated
values are shown in Table II. To confirm that the BoM
intensities give acceptable representations, they were tested
by comparison with the measured values from 1978 to 1980
by a polynomial regression in Section 3.6.1, “Comparison
of measured and estimated incident light intensities,” and
the results showed a reliable comparison.

Light intensities at 0.5m depth inside the Zostera bed,
Id, were calculated by multiplying incident light intensities
in Table 2.2 in Holland (1982) by percentage penetration
of incident light in Appendix Al, page 196, e.g., Id = I0

× % penetration/100 μmol m−2 sec−1. The percentage
penetration value at 55% in August, 1979, was low due
to cloud cover, and 46.7% in December, 1979, was lower
than expected when tested with the relationship of Id with
I0 by (9), below (Id) = 0.7109 × incident light intensity
(I0) − 96.469 μmol m−2 sec−1. The dates not able to be
sampled were estimated by using the same equation. The
January 1980 % penetration was not measured, and those
not sampled were back calculated by 100 x Id/I0, with the Id

values. The estimated and adjusted % penetration is shown
in Table II.

3.2. Zostera Biomass Relationship with Sediment Total
Phosphorus

In the wider area of Lake Munmorah, where about half
the nearshore catchment was highly urbanized, the Zostera
leaf biomass at about 28 g dw m−2 (King & Hodgson, 1986
their Tables 3 and 4), was about double that at the MF
site of about 12 g dw m−2, indicating a higher nutrient
input to the main body of the lake. As de Boer (2007)
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indicated, moderate levels of sediment nutrients could pro-
mote seagrass growth; the total phosphorus (TP) content
of seagrass bed sediments and its relationship with Zostera
biomass were derived from the study by Harris (1977).
Consequently, the stability of the Zostera leaf biomass at
MF and in Lake Munmorah was compared in Section 3.8,
and it was shown that the higher TP input maintained a
higher and more stable biomass. The relative stability of
the biomass indicated the importance of the three main
environmental characteristics, and the detection of signif-
icant biomass changes over time could be used by estuary
managers as part of their controls on catchment sediment
and nutrient inputs.

The list of data adjustments and estimation of miss-
ing data is shown here. The a), b), c) etc. refer to the
superscripts in the table headings.

a) Water temperatures in October 1978 and January
1979 from Holland (1982). Figure 2.4. Table 6.1 net rates
had adjustments: September 1979 to 12.4 by 13.8 - 1.4 loss
rate from 1.4 = (13.8 × [1 - 90 viability/100]) mg gdw−1

day–1 by viability of 90% estimated from Figure 6.2 for
consistency with other net rates. October, 1979 10.7 to 13.2
= (10.7 + loss rate 2.5), see Section 3.2. November and
December 1979 heatwave effects by net rate = gross rate -
loss rate by (4) in Section 3.4, but the measured rates of 9.9
and 9.2 were consistent with the measured biomass in Table
5.2. November 1978 net rate at the highest measured water
temperature of 26.6°C and potential maximum average
daytime monthly average of 28°C, with Maximum T due
to climate change 1.4°C added to 26.6°C, both estimated
using (4). Not sampled and consistency with measured and
adjusted estimated by Ggross – L.

b) Loss by net rate Table 5.1 × (1 - %viability/100)
mg gdw−1 day−1 in Appendix A4. Loss rates adjusted
consistently with Table 6.1 by: December 1978 adjusted
from 5.1 to 4.1 by (3) November, 1979 5.9 to 6.6. July
1979 viability was shown as 90% in Figure 6.2 (down from
100% in Appendix A4), and the loss rate of 0.48 (4.8 × [1
- 90/100]) was consistent with a temperature of 13.8°C in
Fig. 4. (3) indicated the loss rate in January, 1980 was about
7.2 at a temperature of 24.7°C rather than 4.5 (net rate 12.9
× [1 - 65%/100]), requiring a viability of 44%, giving 7.2
(12.9 × [1 - 44/100]) mg gdw-1 day–1. The not-sampled and
November 1978, and maximum water temperature, 28°C,
loss rates were estimated by (3).

c) Gross Growth Rates were estimated by measuring net
rates in Table 6.1 plus L and not sampled by (2) derived
from Fig. 3.

d) Incident light intensities, I0, are shown in Table 2.2
and the values affected by cloud or rain in March, June
and August, 1979, and the unable to sample October,
1978 and January, 1979, were estimated by proportioning
with the Australian Bureau of Meteorology (BoM) average
monthly light intensities at the nearby Norah Head Light-
house. In addition, the October 1979 value of 1320 was low
compared to other intensities, so it was adjusted to 1468 by
(1320 μmol m−2 sec−1 × October MJ m-2 17.315/Septem-
ber 15.57). The adjusted values were consistent with Fig. 9
and derived (9) light intensities inside the Zostera bed with
incident light intensities.

e) The not sampled % Light intensity reaching 0.5m
inside the Zostera bed was back calculated from the 100
x Id/I0, where Id is the estimated bed light intensity and
I0 is the incident intensity. In February 1979, the % was
adjusted from 86.7 to 66.1.

f) Light intensities reaching 0.5m inside the Zostera bed,
Id, were estimated by Id = I0 × % light penetration/100,
using incident light intensities in Table 2.2 and % light
penetration in Appendix Al, page 196. Not sampled ID
estimated by (9).

g) Measured biomass is in Holland (1982) Table 5.2.
The not sampled Zostera biomass, g dw m−2, values were
estimated by (11): B = 4.0106 x Gnet − 32.885 relationship
of biomass in Table 5.2 with the measured net growth rates
in Table 6.1. October 1978 biomass of 26.9 was adjusted for
consistency with the measured net rate of 12.8 mg gdw−1

day–1 to 18.5 gdw m−2 by (11). The July 1979 biomass was
estimated by proportioning the August biomass, 2.6 g dw
m−2, by the July and August net rates, giving 1.3 g dw m−2

(2.6 × 4.8/9.4).
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Fig. 1. Monthly water temperature variations at the Lake
Munmorah Zostera bed sampling site from October 1978 to

February 1980 (redrawn from Figure 2.4 “Seasonal variation in
water temperature at four field sites in Lakes Munmorah and

Budgewoi. Munmorah Flats.” The water temperatures in October
1978 at 19.6°C and January 1979 of 26.3°C were estimated from

the same Figure. As the water temperature of 22.5°C in
December 1978 was lower than expected, the temperature of

27.1oC (open blue diamond) was estimated using the regression
equation, but not included in the regression. Error bars are the
standard deviation (σ ± 1.11) of absolute differences between

each reported and estimated temperature.).

3.3. Seasonal Variation in Water Temperatures

The seasonal water temperature variation derived from
raw data in Figure 2.4 in Holland (1982) is shown in
Fig. 1. Although seasonal water temperature variations are
usually assumed to vary as a sine curve (Saborowski &
Hünerlage, 2022), it is unlikely the summer and winter
conditions are the same each year, so the temperature
variations were assumed to be describe by a curvilinear
relationship.

The curvilinear relationship in Fig. 1 was obtained using
the 4th-order polynomial:

Water temperature

= −0.0073 × (month since October, 1978)4

+ 0.2778 × (month since = October, 1978)3
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− 3.4095 × (month since October, 1978)
2 + 14.289

× (month since October, 1978) + 7.9803 (1)

with R2 = 0.8634, n = 17, p > 0.001. Note (month since
October 1978)n is calculated by POWER (number, n). The
low temperature in December 1978 was investigated by
examining the relationship between gross, loss, and net
rates with temperature in Figs. 3 and 4, which showed
the measured temperature was consistent, indicating an
abnormally low temperature at the time of measuring the
net growth rate of 12.8 mg gdw−1 day–1.

3.4. Seasonal Variation in Net Growth Rates

Due to environmental variations and difficult field
measurements, the net growth rates showed variations in
September, October, November, and December 1979 from
the theoretical quadratic curve with water temperature.
The September 1979 net rate of 13.8 was adjusted to 12.4
by subtracting the loss rate estimated as 1.4 (13.8 × [1
− 90/100]) mg− gdw−1 day−1 by an estimated viability of
90%, giving a consistent loss rate with water temperature
in Fig. 4. In October, 1979, the loss rate of 2.5 (10.7 × [1
− viability 77/100]) in Appendix A4: “Percentage Viability
Lake Budgewoi Test Sites” was consistent with the water
temperature/loss rate relationship in Fig. 4, but the net rate
of 10.7 appeared low for a temperature of 20.4°C, suggest-
ing a net rate of 13.2 (10.7 + 2.5) mg gdw−1 day–1. That was
tested by the relationship of gross growth rate with water
temperature in Fig. 3. The probable gross rate of 15.7 (net
13.2 + 2.5 loss rate) mg gdw−1 day–1plotted against water
temperature was consistent with the regression obtained by
(2). The adjusted net rates are shown in Table II.

As the growth rates during the southern spring/summer
of November and December 1979 of 9.9 and 9.2 mg gdw−1

day−1 were much lower than over the same period in 1978,
the cause was investigated. It was noted that a heatwave
event occurred on those dates, causing the Zostera bed
water temperatures to reach 28.7°C and 29.5°C, respec-
tively (page 24 in Holland, 1982), probably suppressing
the growth rate measurements. The reported net rates were
measured at lower temperatures of 24.4°C and 24.3 °C,
apparently after the heatwave had finished. However, it
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Fig. 2. Seasonal variation of Zostera net growth rate (redrawn
from Holland (1982) Figure 6.3 “Comparative growth rates of
Zostera capricorni at the four field sites at Munmorah Flats”.

Adjustments are shown in Table II for September 1979 by
subtracting loss rate 1.4 (open green square), October 1979 by
adding loss rate 2.5 (open red diamond), and due to heatwave

effects in November and December 1979 (open blue diamonds).
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Fig. 3. Relationship of Zostera Gross growth rate with water
temperatures (from Gross rates in Table II and temperatures

from Appendix Al in Holland (1982). The adjusted gross rates for
October 1979, at 20.4°C of 15.7 mg gdw−1 day–1and November
and December 1979, at 24.4°C and 24.3°C of 19.7 and 19.5 mg
gdw−1 day–1, respectively, from Table II were included in the
regression. The estimated gross rate of 22.1 mg gdw−1 day–1

(open blue diamond) at the highest measured temperature of
26.6°C was not part of the regression.

appears the plants had been damaged in some way by the
heatwave, so the expected rates were estimated from the
relationship of gross rates with temperature; see Fig. 3,
minus the estimated and adjusted loss rates in Table II,
giving the adjusted net rates of 13.1 and 13.0 mg gdw−1

day–1, respectively, which are also shown in Table II. The
seasonal variation in net growth rate is shown in Fig. 2
from Figure 6.3: in Holland (1982), with adjustments for
effects of water temperature variations, potential light
intensity effects, and loss rates.

3.5. Relationships of Gross, Loss, and Net Growth Rates
with Water Temperature
The study by Santamaŕia and van Vierssen (1997)

showed that water temperature governed the Zostera bio-
logical processes, and the more variable light conditions
modified the response to water temperature, so water tem-
perature was examined first. As the gross growth rates are
estimated from Gnet + L in Table II, the gross growth rates
are compared with water temperatures from Appendix Al
(Holland, 1982) in Fig. 3.

The relationship obtained in Fig. 3 was:

Gross growth rate
(

mg gdw−1day−1
)

= 1.148 × Water temperature (◦C) − 8.3893 (2)

R2 = 0.9573, n = 11, p > 0.001. To complete the repre-
sentation, the loss rate relationship with water temperature
is shown in Fig. 4.

The relationship obtained in Fig. 4 is given by:

Loss Rate
(

mg gdw−1day−−1
)

= 0.0143 × e(0.2522 × T) (3)

with R2 = 0.9889, n = 9, p > 0.001. As the net rate could be
estimated by the difference between gross growth rates by
(2), minus the loss rate, L, by (3), the net growth rate could
be estimated by:

Net growth rate = 1.148 × T − 8.3893 − 0.0143

× e(0.2522×T) (4)
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3.5.1. Relationship of Net Growth Rate with Water
Temperature
The quadratic relationship of net growth rate with water

temperature is shown in Fig. 5, using the measured net
growth rates in Fig. 2 with the October, November, and
December 1979 adjustments. To provide a more detailed
understanding of the relationship, the estimated net rate of
10.4 mg gdw−1 day–1at the highest measured temperature
of 26.6°C in November 1978 by (4) was also included. As
water temperatures are likely to increase in coastal lagoons
with climate change, the maximum average day-time water
temperature in the hottest summer month increased by
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Fig. 4. Relationship of Zostera loss rate with water temperature
(estimated and adjusted loss rates are from Table II, and water
temperatures in Appendix Al in Holland (1982). The November

1979 rate at 24.4°C of 5.9 was adjusted to 6.6 (open blue square),
for consistency with the gross rate and estimated net rate of 13.1
mg gdw−1 day–1 in Table II. The lowest loss rate at 13.8°C in July

1979 was adjusted from zero to 0.48 based on 90% viability in
Figure 6.2. Note the measured loss rate of 5.1 in December 1978,
with a low temperature 22.5°C was higher than expected, so the
regression was used to estimate the likely rate of 4.1 mg gdw−1

day–1 (open red diamond) but not used in the regression. The
highest estimated loss rate of 11.7 mg gdw−1 day–1at the highest
water temperature recorded of 26.6°C in November 1978 (open

blue diamond) was also not used in the regression. The May and
August 1979 zero loss rates (100% viability in Appendix A4) were

not included because they are not recognized
by an exponential equation.
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Fig. 5. Quadratic 2nd Order relationship of net growth rate of
Zostera with water temperatures. (net growth rates for October
13.2 mg gdw−1 day–1 (open red diamond) and November and
December, 1979 heatwave adjusted 13.1 and 13.0 mg gdw−1

day–1 (open blue diamonds) as described in Fig. 2) Due to high
correlations of the gross and loss rates, above, the net rate of 10.4

mg gdw−1 day–1at 26.6°C (blue triangle) and the expected
maximum average day-time water temperature of 28.0°C with

estimated net rate of 7.1 mg gdw−1 day–1 (blue square) are also
included. Net growth rate error bars 2σ ± 0.82.
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Fig. 6. Respiration rate at the average optimum temperature for
Zostera capricorni. Comparisons are shown with the estimated
respiration rate, R, with the quadratic net growth rate, Gnet, to
the highest temperature recorded in the seagrass bed of 26.6°C,
and the difference between respiration, R, and loss rates, L. The

resulting equations are R - L = 0.6017 × T −2.2865 (R2 =
0.9767, n = 12, P > 0.001) and Gnet = −0.1157 × T2 + 5.0033 ×

T −40.543 (R2 = 0.8904, n = 12, p > 0.001).

1.4°C, as indicated by the overall lagoon increase by Scanes
et al. (2020). That gave a water temperature increase to
28.0°C, giving an estimated net rate of 7.1 mg gdw−1

day—1 from Table II. The curve allowed estimation of the
optimum temperature and the maximum net growth rate.

The quadratic 2nd Order polynomial relationship
obtained is:

Net Growth Rate
(

mg gdw−1day−−1
)

= −0.1305 × T2 + 5.5604 × T − 45.569 (5)

with R2 = 0.9024, n = 13, p > 0.001. Importantly, there
was a reduction in growth rate by about 32% by the
expected 1.4°C water temperature increase by climate
change from 10.43 mg gdw−1 day–1 at 26.6°C in Novem-
ber 1978 (Table I) to 7.1 mg gdw−1 day–1 at 28°C. This
demonstrates how the quadratic curvilinear relationship
could indicate adverse impacts on seagrass due to water
temperature increases by processes such as climate change
and leading to a need for appropriate mitigation measures.

The optimum temperature, Topt, was estimated in Fig. 5
at 21.3 ± 1.05°C, and the maximum net growth rate pro-
duction was 13.7 ± 0.55 mg gdw−1 day–1. By comparison,
Topt is about 11.6% lower than 24.1°C estimated for the
subspecies Zostera muelleri by Collier et al. (2017), which
is consistent with the error bars in Fig. 5 showing there is
little practical difference between the results.

Note that it is not feasible to extend the curve in Fig. 5
to higher temperatures than 28°C because thermal effects
begin to occur, which do not follow the biological processes
occurring in the normal temperature range averaged over
a daytime monthly period. For example, thermal effects on
seagrass growth rates are time and temperature-dependent,
as shown by Holland (1982). At 29°C, the growth rate
decreased by 29% after 24 hours and 36.2% at 48 hours.
Importantly, after 96 hours, the Zostera began to acclimate
to the high temperatures with a lower reduction of 15.9%
and at 31°C, compared to the control at 27°C with a
net rate of 6.9 mg−gdw-day. Those results are related to
thermal tolerance, which is measured as LD50, meaning
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Fig. 7. Seasonal variation of incident light intensities at the Lake
Munmorah sampling site modified from Figure 2.8

“Temperature, salinity and incident light data for Lake
Munmorah” in (Holland, 1982). The estimated values for

October, 1978 at 2124 and August, 1979 at 1259 (open blue
diamonds) and adjustments in October, 1979 of 1468 μmol m−2

sec−1 (open red diamond) are shown, including the January,
March and June, 1979 estimated intensities not associated with
measured net rates (open green diamonds), with values 2021,

1793 and 1059 μmol m−2 sec−1, respectively. Error bars are σ ±
128 μmol m−2 sec−1 of absolute difference between measured

and estimated light intensities.

0
200
400
600
800

1000
1200
1400
1600
1800
2000

0 2 4 6 8 10 12 14 16 18

Li
gh

t I
nt

en
sit

y 
at

 0
.5

 m
 (μ

m
ol

m
-2

 se
c-1

)

Months from October, 1978

Fig. 8. Seasonal variation light intensities at 0.5m inside the
Zostera bed at the Lake Munmorah sampling site from October,

1978. Derived from incident light intensities in Table 2.2,
multiplied by light penetration from Appendix Al, page 196 in
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Fig. 9. Relationship of light intensities at 0.5 m (Id) inside the
Zostera bed. Derived from the incident light intensities (I0) in
Table 2.2 with measured percent penetration in Appendix Al in
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1979 in Table II.

the lethal temperature causing 50% mortality, typically for
an exposure time of 96 hours (ASTM E729-96, 2014). By
comparing the reductions in viability in Table 6.5 “Viability
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Fig. 10. Quadratic 2nd Order relationship of net growth rate with
light intensity at Id 0.5 m depth in the Zostera bed. The

relationship was obtained using the measured rates in Table 6.1
and adjusted rates for September 1979 and heatwave affected in
Table II, while October 1979 was the same as measured in Table

6.1 at 10.7 mg gdw−1 day−1 at light intensity 901 μmol m−2

sec−1 in Table II. Error bars are 2σ ± 0.50.

of Zostera shoots after a range of exposure times” in Hol-
land (1982), with the 96-hour acclimatized growth rates,
the estimated LD50 was about 32°C. Additionally, climate
change could cause seagrass biomass and growth rates to
decrease with an increase in summer water temperatures
> 28°C (see Shields et al., 2018), a similar climate change
effect as shown in Fig. 5 and is worthy of further research
for carbon emission mitigation.

3.5.2. Respiration Rate at the Optimum Temperature
Although the leaf marking method takes into account

the leaf loss rate, the plant is still respiring, so the effect
of the respiration rate on the net rate was investigated.
Theoretically, the respiration rate, R, equals the maximum
net rate at the optimum temperature. That was tested by
setting R equal to the water temperature related Gnet of
13.7 mg gdw−1 day−1 at Topt of 21.3°C. It was assumed
that the difference between R and the estimated and
adjusted loss rates, L, in Table II was expected to give
similar net rates as measured in Table 6.1 with the Table II
adjustments, including Gnet of 10.4 mg gdw−1 day−1

with temperature to the measured highest temperature of
26.6°C. The relationship of respiration rate with net growth
rate, compared with the quadratic net growth rate and R-L,
is shown in Fig. 6.

The respiration rate at the average optimum temperature
of 21.3°C, corresponding with the maximum net rate of
13.6 mg gdw−1 day−1, estimated from Fig. 6, was given by
the exponential equation:

Respiration rate
(

mg gdw−1day−1
)

= 1.345 × e(0.109 × T) (6)

Although the R-L regression estimated the lowest net
rate at 5.6, similar to the lowest Gnet of 4.8 mg−gdw-day at
the lowest water temperature of 13.8°C, it overestimated
the net rate as 12.7 at the highest temperature of 26.6°C
in November 1978, compared to 10.4 mg gdw−1 day−1

in Table II. Those observations show the steeper loss rate
relationship with water temperature in Fig. 4 overrides the
effects of respiration rate, indicating the appropriate leaf
marking method for use of loss rates to estimate net rates,
as suggested by Holland (1982).
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Fig. 11. Relationship of Zostera biomass with net growth rates
(from Table 5.2 and Table 6.1 in Holland, 1982). Derived using

the September and October, 1979 adjusted rates of 12.4 and 13.2
mg gdw−1 day−1, respectively, in Table II, while the measured

heatwave November and December, 1979 rates of 9.9 and 9.2 mg
gdw−1 day−1 are consistent with the biomass measurements. The
October, 1978 biomass was adjusted from 26.9 to 18.5 g dw m−2

in Table II using the measured net rate of 12.8 mg gdw−1 day−1

by the regression equation (open diamond),
but not used in the regression.

3.6. Relationships of Net Growth Rates with Light
Intensities Inside the Zostera Bed Derived from Incident
Light Intensities
Due to difficulties with field measurements, two of the

11 incident light intensity measurements, corresponding
with Gnet in October 1978 and August 1979, could not
able to be measured, so they were estimated using the local
BoM measurements at the Norah Head Lighthouse in
2022, with details of those estimates shown in the footnotes
to Table II.

3.6.1. Comparison of Measured and Estimated Incident
Light Intensities
To confirm the BoM values were suitable to estimate

unmeasured or make adjustments for the period of sam-
pling, Fig. 7 shows a comparison of the season variation
in BoM estimated and measured incident light intensities.
The seasonal variation from October 1978 to February
1980 was estimated by a 5th-order polynomial regression.

The curvilinear relationship obtained in Fig. 7 indicated
that the BoM incident light intensities gave a reasonable
comparison with the measured and adjusted values by:

Incident light intensities (μ molm−2sec−1)

= −0.0694 × (month since October, 1978)5

+ 2.4777 × (month since October, 1978)4

− 27.509 × (month since October, 1978)3

+ 97.822 × (month since October, 1978)2

− 117.98 × (month since October, 1978) + 2206.8 (7)

with R2 = 0.8601, n = 17, p > 0.001.
The exception was the light intensity of 1910 μmol m−2

sec−1 in September 1979 (month 12), which was higher
than expected for that month. The increase was investi-
gated in relation to the known 11-year solar cycle reported
by Fickling and Dougherty (1983). They noted a large
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Fig. 12. Stability Chart of seasonal variation of Zostera biomass
(g dw m−2) at site MF. (From Table 5.2 in (Holland, 1982) with

estimated and adjusted (open diamonds) in Table II by (11)).
That gave an average of 12.3 (blue dashed line) and a standard

deviation of 6.8, with upper 19.1 (red dotted line) and lower
investigation level (red dotted line) of 5.5 g dw m−2

by average ± 1σ .
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Fig. 13. Stability Chart of long-term changes of Zostera biomass
(g dw m−2) in the whole of Lake Munmorah. (From August 1980

to January/February 1985, calculated as biomass (tonne) from
Table IV divided by area (Km2) in Table III from King and

Hodgson (1986)). That gave a Stability Chart average of 28.1
with upper 36.7 and lower investigation level of

19.5 g dw m−2 by average ± 1σ = 8.6.

increase in the 1979 solar cycle activity index in both the
northern and southern hemispheres, with a maximum in
October at 11.4 and a similar 10.1 in September 1979,
so the 1910 μmol m−2 sec−1 was used to estimate light
intensities inside the Zostera bed. In addition, Fickling
and Dougherty (1983) noted the 11 year solar activity in
1978 was higher than in 1979, supported by a solar storm
in November, 1978 (Cane & Richardson, 1997), so the
unmeasured light intensity in October, 1978 was estimated
at 2124 (Sept-79 1910 μmol m−2 sec−1 × BoM MJ−m2 in
October 17.315/September 15.57) μmol m−2 sec−1, which
was consistent with the seasonal comparison in Fig. 7. In
addition, the I0 measurements in October 1979 of 1320
appeared low, so it was also investigated. As it was asso-
ciated with a solar maximum event, the value of 1320 was
adjusted using the relevant BoM intensities to 1468 (1320
× October 17.315/September 15.57) μmol m−2 sec−1.

3.6.2. Seasonal Variation of Light Intensities Inside the
Zostera Bed
The seasonal variation of light intensities at 0.5m inside

the Zostera bed, Id, was estimated by multiplying the
incident intensities, I0, from Table 2.2 by the % light pen-
etration from Appendix Al, page 196, and January 1980
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Fig. 14. Zostera biomass relationship with sediment total
phosphorus in Lake Illawarra. (From data in (Harris, 1977) in

the nearby Lake Illawarra).

at 80% from Figure 2.7 in Holland (1982). The results are
shown in Table II. It was assumed the light conditions
would relate to the above temperature-related net growth
rates, while the light conditions may also reveal effects of
the local water turbidity conditions in the Zostera bed. The
following estimates or adjustments to the Zostera bed Id

were estimated or made by proportioning with the BoM
measurements and are shown in Table II. The Id values in
October 1978, August, and December 1979, and January
1980 were estimated from the regression shown in Fig. 9,
and percentages by back calculation. October 1978 was
estimated from I0 of 2124 by (9) as 1421 μmol m−2 sec−1,
giving % penetration of 66.9 (100 × 1421/2124), similar
to the measured average of 64.6%. In August 1979, Id was
also estimated from I0 of 1259 as 798 μmol m−2 sec−1,
giving % penetration 63.4. In December 1979, by I0 2224
to Id 1485, gave % penetration 66.8, and in January 1980,
I0 2500 to Id 1681, % penetration 67.2. The measured
October 1979 I0 of 1320 appeared low, being similar to
the May 1979 value 1304, so it was adjusted to 1468 μmol
m−2 sec−1 by the BoM values for October and September
(1320 × 17.315/15.57). By applying the measured 61.4%
penetration, the Id value was estimated at 901 μmol m−2

sec−1, which is also shown in Table II. Fig. 8 shows the
seasonal variation of estimated light intensities at 0.5m
inside the Zostera bed.

The curvilinear relationship obtained in Fig. 8 was the
5th-order polynomial:

Light intensities at 0.5 m inside the Zosterai bed

= −0.0667 × (month since October, 1978)5

+ 2.4894 × (month since October, 1978)4

− 29.877 × (month since October, 1978)3

+ 123.68 × (month since October, 1978)2

− 152.76 × (month since October, 1978)

+ 1482.8 (8)

with R2 = 0.8707, n = 17, p > 0.001.
Although the February 1979 incident light intensity of

1943 was consistent with the seasonal variation in Fig. 7,
the Zostera bed Id of 1625 μmol m−2 sec−1 was shown
as high in Fig. 9 compared to other values, so the cause

was investigated. (9) estimated the Id at 1284 μmol m−2

sec−1. However, the February 1979 value was not related
to a measured net growth rate, so it had no effect on the
relationship of net rate with Id in Fig. 10.

3.6.3. Relationship of Light Intensities Inside the Zostera
Bed with Incident Light Intensities
As shown above, the amount of light reaching 0.5 m

inside the Zostera bed was unknown for some dates, so the
relationship of Id with I0 for measured % penetration mea-
surements was estimated, and the relationship is shown in
Fig. 9.

The regression obtained in Fig. 9 was:

Light intensity at 0.5 m(Id)

= 0.7109 × incident light intensity (I0) − 96.469 (9)

with R2 = 0.9359, n = 10, p > 0.001.
As the relationship of light intensities in the Zostera bed

was confirmed as directly related to the incident intensities,
the relationship of Id with net growth rates was examined.

3.6.4. Relationships of Net Growth Rates with Light
Intensities Inside the Zostera Bed
Although the literature indicated a relationship of net

growth rate with light intensity inside the Zostera capri-
corni bed to be asymptotic, with photo-inhibition at high
intensities measured in Table 6.1 in Holland (1982), and
with the adjusted rates for September, November, and
December, 1979, from Table II, a quadratic relationship
was derived in Fig. 10.

The quadratic relationship in Fig. 10 is given by:

Net Growth Rate (mg gdw−1day−1
)

= −1.40E − 05 × Id
2 + 0.0384 × Id − 12.944 (10)

for R2 = 0.9617, n = 11, p > 0.001 where Id is Light
Intensity (μmol m−2 sec−1) at 0.5 m in the Zostera bed.

The maximum Gnet of 13.4 ± 0.25 mg gdw−1 day−1 was
about 9.5% lower than the northern summer June and
August average of 14.8 for Zostera marina by Dennison
and Alberte, (1985, their Table 3), converted from their
average of 4.9 mg C gdw−1 day−1 to 14.8 = (4.9/0.33) mg
gdw−1 day−1 using the average carbon content of 33% by
Duarte (1990, see Figure. 2). Light intensity before photo-
inhibition was estimated as 1370 ± 45 μmol m−2 sec−1.
Note that the unadjusted October 1979 rate of 10.7 mg
gdw−1 day−1 in Table II indicates that the Zostera bed light
intensities limited the water temperature-related net rate
of 13.2 mg gdw−1 day−1, but not the other measured or
adjusted rates.

The light intensity maximum Gnet was similar to the
water temperature value of 13.7, because the seasonal light
intensity drives both the water temperature and Zostera
photosynthesis, as found by Cabello-Pasini et al. (2003)
for Zostera marina. In addition, although Figs. 5 and 10
may provide estuary managers with insights into how water
temperatures and light intensity conditions affect Zostera
production, Lee et al. (2007) showed sediment nutrient
concentrations, particularly phosphorus from land eroded
soils, could also have a significant effect on growth rates,
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production, and biomass. Hence, the effect of phosphorus
on Zostera net growth rates was investigated, but first it
was necessary to determine the relationship of Zostera
biomass in Lake Munmorah with the above net rates.

3.7. Relationship of Biomass with Net Growth Rates

The biomass of Zostera was estimated by Holland (1982)
in Table 5. “Zostera reproductive shoots shoot weight, fre-
quency and biomass.”by multiplying the mean shoot weight
(mg dw shoot−1) by the shoot frequency (g dw m−2). The
Zostera biomass was assumed to be related to the net
growth rate, so it was investigated in Fig. 11.

The relationship from Fig. 11 is given by:

Zostera capricorni biomass
(
gdw m−2)

= 4.0106 × Net growth rate
(

mgdw gdw−1day−1
)

− 32.885 (11)

with R2 = 0.8976, n = 6, p > 0.01. The regression indicated
Zostera biomass to become nil at Gnet of 8.2 mg gdw−1

day−1, which was likely to occur during the southern winter
conditions of low light and temperatures, measured in
July 1979 at 979 μmol m−2 sec−1 and the temperature of
13.8°C. However, the measured biomass in August 1979
was unexpectedly low at 2.6 g dw m−2, which appears due
to the likely low nutrient catchment inputs to the sampling
site. The maximum Gnet of 13.4 mg g dw−1 day−1, see
Fig. 10, was estimated to produce a biomass of 20.9 g
dw m−2 using (11). That was investigated by the seasonal
trend at the MF sampling site, compared to the long−term
biomass changes in the whole of Lake Munmorah using
Stability Charts.

3.8. Stability of Zostera Biomass Long-Term Changes

The stability of a freshwater aquatic ecosystem was
investigated by Ives et al. (2003), who found the system was
stable when the variability of the long-term abundance was
less than the variability of the environmental factors such
as temperature, nutrient inputs, or other factors causing
the system’s abundance to change. Hence, Stability Charts
for the seasonal variation of Zostera biomass with upper
and lower standard deviations from the long-term average
(derived from the study by Carr et al., 2012) are used here
to show Zostera biomass changes. The stability Chart helps
to identify responses to temperature and light conditions,
along with catchment nutrient inputs. As the relationships
obtained are reasonably consistent, the seasonal changes in
Zostera biomass at the MF site from Table 5.2 in Holland
(1982), including the estimated not-sampled months in
Table II using (11), were tracked by a graph of changes over
time. The missing biomass values in Fig. 12 were estimated
from the regression in Fig. 11, which has a standard devi-
ation for differences between each reported and estimated
biomass value of σ ± 1.65, giving confidence about 13% of
the average biomass of 12.3 g dw m−2. That gave a realistic
estimate of the missing biomass.

The Stability Chart shows changes that may require fur-
ther investigation of potentially unknown environmental
effects. For example, Hodgson and Bucher (2023) showed
the long-term changes for average total seagrass area ± 1

standard deviation, σ , in coastal lagoons gave a reasonable
estimate of the variability. They found in Lake Macquarie,
1σ accounted for about 85% of the long-term variabil-
ity. Hence, it was assumed the seasonal Zostera biomass
changes at MF could also be compared to the average ±
1σ , which is shown in Fig. 12 Stability Chart for biomass
changes.

The Stability Chart accounted for 70.6% of the obser-
vations with a wide range about the average of 12.3 from
2.6 to 21.2 g dw m−2 around the average. In addition, the
above estimated biomass of 20.9 g dw m−2 for maximum
Gnet 13.4 mg gdw−1 day−1 was almost the same as the
upper biomass range, indicating consistency of the light
intensity-derived net rate with biomass. However, the chart
shows biomass was related to the heatwave-affected net
rates of 9.9 and 9.2 in November and December 1979,
whereas Fig. 5 shows the higher adjusted net rates of 13.1
and 13.0 mg gdw−1 day−1 in Table II were related to water
temperature. That finding is supported by those of George
et al. (2018) that high water temperatures have a greater
effect on biomass than photosynthesis. Fig. 12 also shows
the southern autumn and winter, May to August, 1979,
levels at or below the lower investigation level. The cause
was investigated by examining the August 1980 seagrass
map (see Figure 4 in King & Holland, 1986), which shows
that nearly all the MF sampling sites used by Holland
(1982) were covered with a high abundance of Ruppia
and no Zostera in the area covered by the Ruppia. Catch-
ment nutrient inputs were observed by Cho et al. (2009),
causing an increased abundance of Ruppia maritima, the
same species that occurs in the Tuggerah Lakes (King
& Holland, 1986). However, Holland (1982) did not find
excessive Ruppia or macroalgae at the MF site. That indi-
cates a change in environmental conditions in August 1980,
so the change was investigated by a Stability Chart of
the long-term changes in Zostera biomass for the whole
of Lake Munmorah by King and Hodgson (1986), which
is highly urbanized in the southern half, shown here in
Fig. 13.

The Fig. 13 shows that the whole lake chart accounted
for 82% of the variability, with a range about the average
of 28.1 from 16 to 40.8 g dw m−2. The lowest biomass
of 16.0 in August 1980, was about 13-fold higher than
the 2.6 g dw m−2 in August 1979, at the MF site, while
the whole lake average was about twice that at the MF
site, with the highest at 40.8 g dw m−2 during southern
winter, June 1981. Those observations indicate that the
higher biomass and lower variability than at MF could be
due to nutrient inputs from the more densely urbanized
nearshore catchment in the southern areas of Lake Mun-
morah. Consequently, the estimated MF site biomass of
20.9 g dw m−2; for maximum Gnet of 13.4 mg−gdw−day was
now near the lower biomass range for Lake Munmorah.
That suggests, for the maximum Gnet to be related to the
upper biomass in Lake Munmorah of 36.7 g dw m−2,
the whole of Fig. 10 quadratic relationship may have to
be increased to give a higher maximum Gnet in the lake
of about 17.4 (36.7 + 32.885/4.0106) mg gdw−1 day−1 by
(11). Hence, the potential Gnet increase by sediment TP
concentrations was tested by examining the relationship of
Zostera biomass with sediment total phosphorus.
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3.9. Zostera Biomass Relationship with Sediment Total
Phosphorus

By assuming the Zostera biomass and sediment total
phosphorus in Lake Illawarra (the location of the lagoon is
shown in Figure 1.2, page 11 in Harris (1977), 34°32′32.2′′S,
150°49′32.8′′E) gives an approximation to Lake Mun-
morah biomass, the data from Harris (1977), in the
summary Table I, was used to develop the relationship
shown in Fig. 14.

The relationship obtained was:

Zostera biomass
(
g dw m−2)

= 2.031 × Sediment totalphosphorus (μg gdw−1
)

− 112.83 (12)

R2 = 0.8469, n = 18, p > 0.001.
The Fig. 14 shows that a sediment TP < about 55 μg

gdw−1 may not have influenced water temperature and
light intensity quadratic relationships with Gnet at the
MF sampling site selected by Holland (1982) to provide
relatively natural conditions, and likely provided baseline
conditions for Zostera growth rates. Hence, the probable
low TP may explain the higher variability, without heat-
wave effects in November and December, of the biomass
at MF in Fig. 12, compared to the more stable and higher
biomass, with two southern winter and 5 summer surveys,
in the urbanized areas of Lake Munmorah in Fig. 13.

The likely higher TP input to Lake Munmorah was
estimated from the average biomass of 28.1 g dw m−2

in Fig. 13 by (12) as about 69 ([28.1 + 112.83]/2.031) μg
gdw−1, a moderate TP at the low end of the range in
Fig. 13. As the maximum Gnet at MF 13.4 was related to
the upper biomass, the same may have occurred in Lake
Munmorah, so the TP required to increase maximum Gnet

to above 17.4 mg gdw−1 day−1 for the upper biomass was
estimated as 74 ([36.7 +112.83]/2.031) μg gdw−1. Although
the maximum Gnet was about 30% higher than at MF,
the TP was only about 12% higher, and gave a significant
increase in average biomass to 28.1 compared to 12.3 g dw
m−2 at MF with improved stability. That is an important
finding and suggests, with further research, the possibility
of maintaining Zostera biomass in estuaries and coastal
lagoons by control of important catchment nutrient inputs,
such as total phosphorus.

4. Discussion

A summary table of the final derived equations is shown
in Table III for reference by estuary managers.

Note that the expected error of the data used to draw
conclusions was highly accurate for 2nd Order curvilinear
growth rates with water temperature, light intensity, and
biomass with sediment total phosphorus. The equations
were tested by R2 and statistical p-values, which averaged
for Water R2 0.9305 (range 0.8634 to 0.9889), giving P >
0.001 for all regressions, light intensity averaged R2 0.9071
(range 0.8601 to 0.9617), p > 0.001 for all, Zostera biomass
with STP 0.8469, p > 0.001. The Zostera biomass with
net growth rate was R2 0.8976, p > 0.01 for n = 6, an

adequate overall error of 1.94 gdw/m2 or 16.4% of the
average biomass of 11.83 gdw/m2.

Recommendations for estuary seagrass managers:
This study found the following key findings: it applies a

mathematical, 2nd Order curvilinear solution for the effects
of water temperature and light intensity on Zostera capri-
corni growth rates, and a linear sediment total phosphorus
on Zostera biomass growth rates in coastal lagoons. The
aim is that these types of mathematical solutions could
be used by estuary managers for other species of Zostera
and seagrasses known to respond to the main drivers in
a similar way. It is likely that further research on this
approach will generate new knowledge and insights for
seagrass management.

The primary implications for seagrass management are:

• Seagrass modelling theory shows curvilinear rela-
tionships of growth rates with water temperature
due to the respiration rate exceeding the optimum
water temperature and with light intensity due to
photo−inhibition at high intensities;

• Effects of recent climate change on water tempera-
ture increases of 1.4°C to 28°C in coastal lagoons
on Zostera growth rates add to the curvilinear
effect;

• Linear relationship of Zostera biomass with sedi-
ment total phosphorus and with net growth rates,
giving a benchmark for sediment total phosphorus;

• Seagrass biomass stability was associated with
catchment phosphorus input from urbanized areas
of the Tuggerah Lakes lagoon systems.

• Further research is suggested to apply these types
of mathematical solutions to seagrass in other
locations, such as Zostera spp., Halophila spp.
Syringodium spp., Cymodocea spp., Halodule spp.,
and Thalassia spp. as explained in Section 1.4,
above.

The key findings are supported by the literature in the
Introduction and Methods, with the following literature
sources using the subject terminology. To begin, the liter-
ature indicates global seagrass restoration requires urgent
need in the Mediterranean, Africa, India, Asia and Aus-
tralia due to environmental degradation of estuaries by
catchment runoff (Mwikamba et al., 2024, see their Fig-
ure 1). Although the most frequent restoration method
is by the planting of seeds or roots with attached leaves
above the sediment surface, they have limited success and
give highly variable results (for example see, van derHeide
et al., 2007, Boudouresque et al., 2021, Garmendia et al.,
2023). However, Cullen-Unsworth and Unsworth (2016)
outlined processes for seagrass management by control of
catchment runoff for sediment and nutrient loads to global
estuaries. That was followed by Floyd et al. (2024) at the
Maldives Islands in the Indian Ocean, southwest of India
where the estuarine seagrass area significantly increased
with reduction in sediment and nutrient loads by properly
managed land reclamation.

The study by Qin et al. (2021, see their Table I) on
Zostera marina in Southern Korea showed addition of
equal dissolved inorganic concentrations of nitrogen and
phosphorus resulted in lower sediment P, and therefore
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TABLE III: A Summary Table of the Final Derived Equations

Functional characteristics Description Derived
equations

Source of data

Fig. 1. Monthly water temperature
variations

Water temperature = − 0.0073 × (month
since October, 1978)4 + 0.2778 × (month
since October, 1978)3 − 3.4095 × (month
since October, 1978)2 + 14.289 × (month
since October, 1978) + 7.9803

Eq. (1) Redrawn from Holland (1982) Figure 2.4
“Seasonal variation in water temperature
at four field sites in Lakes Munmorah
and Budgewoi’.

Fig. 3. Relationship of Zostera
Gross growth rate with water.

Zostera gross growth rate (mg gdw−1

day–1) = 1.148 × Water temperature (°C)
− 8.3893

Eq. (2) Gross rates in Table II and temperatures
from Appendix Al in (Holland, 1982).

Fig. 4. Relationship of Zostera loss
rate with water temperature.

Zostera loss rate (mg gdw−1 day–1) =
0.0143 × e(0.2522 × T)

Eq. (3) Estimated and adjusted loss rates in
Table II and water temperatures in
Holland (1982) Appendix Al.

Zostera net growth rate Net growth rate = 1.148 × T − 8.3893 −
0.0143 × e(0.2522 × T)

Eq. (4) Estimated from (2) and (3).

Fig. 5. The quadratic 2nd Order
relationship of net growth rate of
Zostera with water temperatures.

Net Growth Rate (mg gdw−1 day–1) =
−0.1305 × T2 + 5.5604 × T – 45.569

Eq. (5) Net growth rates in Holland (1982) Figure
6.3 “Comparative growth rates of Zostera
capricorni at the four field site. Munmorah
Flats” with Table II October, November,
and December, 1979 adjustments. Climate
change 1.4°C by Scanes et al. (2020). The
curve shows the optimum temperature
and the maximum net growth rate.

Fig. 6. Respiration rate at the
average optimum temperature for
Zostera capricorni.

Respiration rate (mg gdw−1 day−1) =
1.345 × e(0.109 × T)

Eq. (6) Holland (1982) Zostera net rates as
measured in Table 6.1 with the Table II
adjustments using the difference between
respiration rate, R, and the estimated and
adjusted loss rates, L, in Table II.

Fig 7. Seasonal variation of incident
light intensities at the Lake
Munmorah sampling site modified
from Figure 2.8 “Temperature,
salinity and incident light data for
Lake Munmorah”.

Incident light intensities (μmol m−2

sec−1) = −0.0694 × (month since
October, 1978)5 + 2.4777 × (month since
October, 1978)4 – 27.509 × (month since
October, 1978)3 + 97.822 × (month since
October, 1978)2 – 117.98 × (month since
October, 1978) + 2206.8

Eq. (7) Modified from Holland (1982) Figure 2.8
“Temperature, salinity and incident light
data for Lake Munmorah”.

Fig. 8. Seasonal variation light
intensities at 0.5m inside the Zostera
bed at the Lake Munmorah
sampling site from October, 1978.

Light intensities at 0.5 m inside the
Zostera bed = −0.0667 × (month since
October, 1978)5 + 2.4894 × (month since
October, 1978)4 – 29.877 × (month since
October, 1978)3 + 123.68 × (month since
October, 1978)2 – 152.76 × (month since
October, 1978) + 1482.8

Eq. (8) Incident light intensities in Table 2.2
multiplied by light penetration from
Appendix Al, page 196 in Holland (1982),
with additions and adjustments.

Fig. 9. Relationship of light
intensities at 0.5 m (Id) inside the
Zostera bed with incident light
intensities (I0).

Light intensity at 0.5 m (Id) = 0.7109 ×
incident light intensity (I0) – 96.469

Eq. (9) From Holland (1982) incident light
intensities (I0) in Table 2.2 with measured
percent penetration in Appendix Al, with
estimated I0 for March and October, 1979
in Table II.

Fig. 10. Quadratic 2nd Order
relationship of net growth rate with
light intensity at Id 0.5 m depth in
the Zostera bed.

Net Growth Rate (mg gdw−1 day−1) =
−1.40E-05 × Id

2 + 0.0384 × Id – 12.944
Eq. (10) Net growth rates in Holland (1982) Table

6.1 and adjusted rates for September,
1979 and heatwave affected in Table II.

Fig. 11. Relationship of Zostera
biomass with net growth rate.

Zostera capricorni biomass (g dw m−2) =
4.0106 × Net growth rate (mgdw gdw−1

day−1) – 32.885

Eq. (11) From Table 5.2 in Holland (1982) with
Table 6.1 net growth rates using the
September and October, 1979 adjusted
rates in Table II.

Fig. 14. Zostera biomass
relationship with sediment total
phosphorus in Lake Illawarra.

Zostera biomass (g dw m−2) = 2.031 ×
Sediment total phosphorus (μg gdw−1) -
112.83

Eq. (12) Harris (1977).

lower seagrass growth rates. However, sediment total
phosphorus appears important due to empirical evidence
of its overriding effects on long-term growth rates and
biomass. In that regard, de Boer (2007) showed that
some estuaries will have high total phosphorus loads by
catchment runoff, causing increased macro-algae growth
and increased water turbidity by increased phytoplankton

production, which reduces light availability outside
seagrass beds with subsequent reduction in seagrass area
and biomass. The study by Björk et al. (2021) indicated that
light intensity may also affect seagrass biomass. The study
by Zabarte-Maeztu et al. (2020) suggested that catchment
runoff management needs to consider increased land
clearing, causing increased suspended sediment load and
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increased water turbidity, thereby reducing light intensity
inside seagrass beds with subsequent reduction in growth
rates and biomass. The long-term water turbidity problem
also indicates monitoring could include light conditions
by secchi depth measurements outside the deep water
extent of the Zostera bed because it influences the depth
distribution and hence most of the Zostera cover area other
than the inshore extent (see Hodgson and Bucher (2023),
their Figure 11). Although recent seagrass modelling
studies are more concerned with recovery of the animals
living in seagrass, rather than the seagrass recovery itself,
Horn et al. (2021) found a curvilinear recovery of mixed
beds of Zostera marina and Zostera noltei after sewage
diversion from the bay adjacent to the northern Wadden
Sea. They used the well-known Ecopath Model to show
the biomass, B, in gC/m2 and production, P, (estimated
by B × (P/B) ratio) recovery from 1990 to 2010 (see
their supplementary Table S3: Predicted biomass changes
from 1990 to 2010 based on model predictions including
seagrass mediation https://onlinelibrary.wiley.com/action/
downloadSupplement?doi=10.1111%2Frec.13328&file=re
c13328-sup-0002-Tables.docx). The increased seagrass
biomass was probably due to a resulting moderate
catchment input of suspended sediments and nutrients,
particularly total phosphorus, as noted by Hodgson and
Bucher (2023). The rate of biomass increase had not
flattened out by 2010, probably because the moderate
catchment suspended sediment input had not significantly
reduced light intensity in the seagrass bed and water
temperatures had not reached critical levels in the high
latitude of the North Sea. Hence, the importance of estuary
managers to obtain moderate levels of catchment inputs
for a curvilinear increase in biomass and related net growth
rates.

5. Conclusions

This study applies a curvilinear 2nd Order mathe-
matical solution for effects of water temperature, light
intensity, and linear for sediment total phosphorus on
Zostera biomass and net growth rates, and could pro-
vide for improved management of Zostera growth rates
and biomass in estuaries and saline coastal lagoons. Due
to the fundamental processes involved, it is likely that
similar mathematical solutions apply to other seagrass
areas. Hence, the studied factors and potential mitigation
measures could generate new knowledge and insights for
seagrass management. It is hoped the approach will be
of assistance to estuary managers, seagrass researchers,
and modelers using the related environmental conditions
that support Zostera species growth rates and biomass.
In addition, a reduction in seagrass growth rates with
the climate change water temperature increase indicated
the need for carbon emission mitigation measures. For
example, Stankovic et al. (2021, see their Figure 1) showed
the existing seagrass in South-east Asia took up some of
the carbon emissions, indicating the potential benefits to
atmospheric carbon removal of seagrass biomass rebuild-
ing. That is supported by Duarte et al. (2013, see their
Table 2), who estimated global seagrass areas deposit about
30% of atmospheric carbon into sediments per year.
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