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Vertical stratification of
phytoplankton biomass in a
deep estuary site: implications
for satellite-based net
primary productivity
Mark Gall1*, John Zeldis2, Karl Safi3, Simon Wood1

and Matthew Pinkerton1

1National Institute of Water and Atmospheric Research Limited (NIWA), Wellington, New Zealand,
2NIWA, Christchurch, New Zealand, 3NIWA, Hamilton, New Zealand
The accuracy of satellite estimates for water column net primary productivity

(NPP) are contingent upon the reliability of surface phytoplankton biomass,

specifically chlorophyll a (Chl.a) and carbon (Cphyt), as indicators of euphotic

biomass and photosynthetic rate. We assessed patterns in water column

biomass at a deep estuary site (~40 m) in the Firth of Thames, Hauraki Gulf,

New Zealand, using ten years (2005-2015) of in situ sampling (40 seasonal

voyages and moored instrumentation). Seasonal biomass stratification

coincided with physical and chemical stratification and exhibited a

reasonable predictability based on surface Chl.a measures from mooring

timeseries. High Chl.a (but not Cphyt) accumulated from late-spring (Nov.) in

the lower portion of the water column, under nutrient deficient, clear surface

water with deep euphotic zone conditions, peaking in mid-summer (Jan.)

and ending by early autumn (Mar.). Satellite (MODIS-Aqua) NPP (2002-2018),

was estimated with and without correction for deep biomass in two vertically

generalized production models (Chl.a-VGPM and Cphyt-CbPM). Mean annual

NPP (220-161 g C m-2 y-1, VGPM and CbPM respectively) increased 5-18%

after accounting for euphotic zone deep biomass with a mid-summer maxim

(Jan.: 30-33%). Interannual anomalies in biomass and NPP (about -10% to

10%) were an order of magnitude greater than small decreasing trends (<< 1%

y-1). We discuss the impacts of observational factors on biomass and NPP

estimation. We offer contextual insights into seasonal patterns by considering

previous observations of biomass trends and nutrient enrichment in the Firth

of Thames region. We propose future directions in accounting for deep

biomass variations from shallow coastal areas to deeper continental

shelf waters.
KEYWORDS

New Zealand, MODIS-aqua, phenology, seasonal patterns, interannual variability,
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1 Introduction

Satellite-based maps on chlorophyll a (Chl.a) have revolutionized

our understanding of the phytoplankton biomass and primary

productivity dynamics in the world’s oceans (e.g., Yoder et al., 1993;

Longhurst et al., 1995; Gregg et al., 2005 and McClain, 2009).These

data provide valuable insights into spatial and temporal variations that

align with coastal and oceanic physical processes (e.g., Dickey et al.,

2006). They enable synoptic characterization of natural variability,

patterns and trends, as well as assessment of anthropogenic impacts

such as pollution and climate change (e.g., Kulk et al., 2020). However,

long-term in situ samplings, such as seasonal ship surveys and moored

instrumentation, are essential to: (1) validate satellite products in

optically complex coastal areas (e.g., IOCCG, 2018; Groom et al.,

2019 and IOCCG, 2000); (2) account for sub-surface biomass and

productivity maxima (e.g., Cornec et al., 2021 and Zhao et al., 2019);

and (3) provide biogeophysical and chemical properties that are

currently beyond the capabilities of satellite sensors (e.g., dissolved

nutrients, phytoplankton species identification).

Satellite Chl.a data accuracy relies on its relationship to ocean color

in the blue and green water leaving radiance wavebands (Morel and

Prieur, 1977). Empirical “band-ratio algorithms” have proven effective

for open ocean “Case 1” waters, where phytoplankton and its

byproducts primarily contribute to color. However, these algorithms

struggle in optically complex “Case 2” coastal waters due to variations

in light attenuation components (LACs) such as phytoplankton, total

suspended solids, and coloured dissolved organic matter (IOCCG,

2000). In such situations, more accurate approaches employ “semi-” or

“quasi-analytical algorithms” (QAA) based on radiative transfer theory.

QAA establishes relationships between water leaving radiance and

absorption and backscattering (Inherent Optical Properties - IOPs) as a

first step (e.g., IOCCG, 2006 and Pinkerton et al., 2006). Subsequently,

these IOPs are used to model LAC concentrations through

biogeochemically specific-IOPs. While the Case 1/Case 2

categorization was recognized as an ideal but oversimplified

distinction by Morel and Prieur, 1977, Mobley et al., 2004 suggested

a more complex approach by considering a continuum of LACs and

their optical variability. However, determining constituent types

(specific-IOPs) remains challenging. Ongoing research focuses on

optical water type classification and blending methods to address

optical complexity, particularly in coastal areas that experience

episodic and transient events, such as river plumes, benthic

resuspension, and phytoplankton blooms (e.g., Moore et al., 2014;

Mélin and Vantrepotte, 2015; Lehmann et al., 2018; Botha et al., 2020,

and Jia et al., 2021).

In recent years, there has been significant progress in developing a

data-access framework for satellite water quality products in New

Zealand coastal waters (Gall et al., 2022). This framework addresses the

optical complexity present in these waters, spanning from clear open

ocean areas to turbid coastal regions, by incorporating a blending

approach that combines Case1/Case2 products. This integration

enables iterative improvements to be made as advancements in

understanding and technology arise. By incorporating this data-

access framework, researchers and stakeholders gain valuable insights

into the optical properties of New Zealand’s coastal waters, enhancing

our understanding of this diverse and dynamic marine environment.
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Water column temperature and salinity (density) stratification,

the depth of the mixed layer, and the strength and width of the

pycnocline play crucial roles in shaping the vertical distribution of

phytoplankton in the water column (e.g., Dekshenieks et al., 2001

and Prairie et al., 2012). Additionally, the abundance of

phytoplankton is controlled by light intensity and the depth of

the euphotic zone (Kirk, 2011), nutrient availability (Richardson

and Bendtsen, 2019) and grazing pressure (Moeller et al., 2019). In

relatively shallow coastal and deep estuary waters (generally<50 m)

various Chl.a water column profiles can be observed, including well

mixed distributions, higher Chl.a in the upper layer (HCU) to the

surface, higher Chl.a in the lower layer to the bottom (HCL), and/or

the presence of a subsurface Chl.a maximum layer (SCML) (Zhao

et al., 2019). In deeper stratified waters (generally > 50 m), HCL is

absent, except for the occurrence of deep Chl.a maxima (DCM ≡
SCML) often seen on the continental shelf and in the open-ocean

regions (e.g., Morel and Berthon, 1989 and Uitz et al., 2006).

Ocean colour is predominantly influenced by surface properties

within the first optical depth (OD), which corresponds to

approximately 36% the light level just below the surface. The

physical depth (m) of this OD varies depending on water clarity or

downwelling light attenuation (Kirk, 2011). The accuracy of satellite

based NPP estimation relies on predictive relationships derived from

surface measurements alone, given that phytoplankton and its NPP

extend to the base of the euphotic zone. These relationships have

generally proved robust in well mixed open-ocean studies of Chl.a

biomass (e.g. Morel and Berthon, 1989; Gall et al., 1999 and Uitz

et al., 2006). The accuracy of Vertically Generalized Production

Models (VGPM) for NPP estimation is also influenced by the

ability to use surface Chl.a concentrations to model the water

column’s optimum Chl.a-specific phytoplankton carbon (Cphyt)

uptake rates (Pbopt) (Behrenfeld and Falkowski, 1997a; Gall et al.,

1999 and Uitz et al., 2010). These VGPM studies recognize that this

approach does not account for biomass stratification, such as the

presence of deep Chl.amaxima, and the varying responses in cellular

Chl.a content due to nutrient and light adaptation (changes in

physiological status and Cphyt : Chl.a ratios). However, accounting

for these in depth resolved models against in situ data can only

explain about 15% extra variance at best (Behrenfeld and Falkowski,

1997a and references therein).

Satellite-based carbon (Cphyt) Productivity Models (CbPM) were

proposed in an attempt to address physiological limitations in

VGPM’s by estimating phytoplankton Cphyt from satellite

backscattering coefficients (bbp), which, together with Chl.a, provide

insights into changes in Cphyt : Chl.a ratios (Behrenfeld et al., 2005 and

Westberry et al., 2008). This incorporation of physiological status -

growth rates in response to light, nutrients, and temperature variations

- is a step towards improving the accuracy of NPP estimates. To

further enhance the accuracy of NPP estimates, it is useful to consider

the seasonal predictability of stratification conditions by leveraging in

situ observations and accounting for stratified (deep) biomass (Chl.a,

Cphyt) in both VGPM and CbPM models.

Tık̄apa Moana, which encompasses the Hauraki Gulf and its Firth

of Thames (or Firth), in northeastern Aotearoa New Zealand (Figure 1)

is a region of significant ecological importance (MacDiarmid et al.,

2013; McBride et al., 2016 and Kelly et al., 2020). It is home to a diverse
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range of highly valued natural resources, including commercial

fisheries, culturally significant resources, and recreational

opportunities. Additionally, commercial aquaculture contributes to

the region’s economic and environmental significance.

The productivity dynamics in the Firth are primarily driven by

inputs of dissolved inorganic nitrogen (DIN) from the river

catchments, particularly from the Waihou and Piako rivers

located at the southern end (Zeldis and Swaney, 2018 and Zeldis

et al., 2022). These riverine inputs, derived mainly from

anthropogenic sources from historical agricultural development,

contribute significantly to the productivity, accounting for

approximately 85% of the total DIN input. In contrast, oceanic

inputs from the northern Hauraki Gulf make up only a minor

contribution of approximately 15% of the total DIN input.

Firth productivity is also influenced by seasonal and interannual

variations in the vertical stratification of water column properties from

freshwater inputs and temperature (Chang et al., 2003; Zeldis et al.,

2004; Gall and Zeldis, 2011 and Zeldis et al., 2022). These variations

play a crucial role in shaping the composition, abundance, and

stratification of phytoplankton and zooplankton communities. The

Firth experiences weak stratification during winter and spring, which

intensifies during summer due to surface heating. In autumn, the water

column starts to overturn due to cooling and decreasing freshwater

inputs. As wemove seaward into theHauraki Gulf, the nutrient loading

in this area is predominantly influenced by inputs from the adjacent

continental shelf (Sharples and Greig, 1998; Zeldis et al., 2004, and Gall

and Zeldis, 2011 and Bury et al., 2012). The variability of nutrients and

productivity patterns in the Hauraki Gulf is shaped by shelf flows,

including upwelling and downwelling dynamics. These flows
Frontiers in Marine Science 03
contribute to the fluctuations in nutrient levels, playing a significant

role in determining nutrient availability and influencing productivity

patterns in the region.

Understanding the factors that drive productivity dynamics in

the Firth of Thames and the adjacent Hauraki Gulf, is essential for

effective management and conservation efforts in this ecologically

important area. To achieve this, a dedicated effort was made over a

decade-long period from 2005 to 2015 involving in situ collections

(ship surveys and moored instrumentation) at the entrance to the

Firth. This initiative had three main objectives: (1) validating the

accuracy of satellite (MODIS-Aqua) Case1/Case2 blended products

using NIWA-processing (Chl.a, Cphyt and light attenuation); (2)

explore the complexities of stratification, seasonal predictability,

patterns, and trends; and (3) testing the hypothesis that

incorporating deep biomass corrections would significantly

enhance the accuracy of NPP estimates obtained from satellite

data. Our discussion addresses uncertainties associated with NPP

models and provides a current contextual understanding of biomass

stratification across the broader region. We take into consideration

factors such as a shallowing continental shelf and the influence of

both on- and offshore drivers.
2 Materials and methods

2.1 Seagoing sampling

Seagoing data for the present study were collected between mid-

2005 (Jul.) and mid-2015 at the outer Firth monitoring site
FIGURE 1

The Hauraki Gulf and Firth of Thames in northeastern Aotearoa New Zealand. The figure displays a map of New Zealand indicating the boundary of
the continental shelf (200 m). The Firth of Thames is located at the southern end of the Hauraki Gulf and exhibits shallowing bathymetry towards the
main river catchments, namely Waihou and Piako. The white square represents the in situ sampling site situated in the outer Firth at a water depth of
approximately 35-40 m. The figure also presents the annual average climatology of surface Chl.a (mg m-3) derived from satellite data (MODIS-Aqua),
offering a spatial perspective of Chl.a distribution between the inner and outer regions of the Firth.
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(Figure 1) over 40 voyages (predominately on NIWA’s RV Kaharoa

but also using Western Work Boats Macy Gray and Star Keys). At

approximately three-month intervals, seasonal voyages were

undertaken to collect discrete biophysical data by deploying a

Seabird SBE 911plus CTD (conductivity, temperature, depth)

equipped with additional sensors for measuring Chl.a

fluorescence (Seapoint Sensors Inc.), beam attenuation (CStar 660

nm, Wetlabs/Sea-Bird Scientific), and photosynthetically active

radiation (PAR) using an LI-194 sensor (LI-COR Inc.). These

measurements allowed for the profiling of water column

properties. A rosette sampler with 12 x 10 L Niskin bottles fitted

to the CTD captured water samples at six nominal depths (5, 10, 15,

20, 30 and 35 m) and processed according to methods detailed in

Zeldis et al., 2022 and outlined below.

During each ship survey, a sub-surface mooring (Supplementary

Figure 1A) equipped to measure water column biophysical properties

was deployed, serviced, and subsequently re-deployed. Integrating

Natural Fluorometers (INF-300, Biospherical Inc.) were positioned

on the mooring to assess Chl.a (683 nm) and photosynthetically active

radiation (PAR), within the upper surface mixed layer (~ 7 m) and

deeper in the euphotic zone (~ 20 m) (see Chl.a methods below). The

fluorescence and PAR sensors were kept free of biofouling using

equipment that squirted saturated bromine solution on the sensor

surfaces for 15 s every 3 h (Supplementary Figures 1B, C). Physical

water column stratification was assessed using conductivity-

temperature-depth-oxygen (CTDO) sensors (SBE 37 SMP-ODO,
Frontiers in Marine Science 04
Sea-Bird Scientific) on the mooring within the mixed layer (~ 9 m)

and near-bottom (~ 33 m) depths. All sensors sampled at 10-15 min

intervals and daily means of data were used for comparison with

seasonal ship survey and satellite observations.
2.2 Satellite observations

Remotely sensed data obtained from NASA’s Moderate

Resolution Imaging Spectrometer (MODIS), on the Earth

Observing System (EOS) Aqua satellite (MODIS-Aqua), were

utilized in this study (c.f. Figure 2 data-processing workflow

outlined in Gall et al., 2022). To summarize, the raw data was

received through direct broadcast at the NIWA Lauder satellite

receiver in Otago. Calibration was performed, and ocean colour

product algorithms applied to the data. Subsequently, the data were

interpolated to a spatial resolution of 500 m on a transverse

Mercator grid. For an extended analysis covering the period from

mid-2002 to mid-2018, data were extracted from a 3 x 3, 9-pixel

area centered around the study site. Medians of the nine-pixel area

were calculated to optimize accuracy of the central pixel value

which was within 5% in 99% of cases. This approach also effectively

increased the number of observations throughout the timeseries by

minimizing pixel failure caused by factors such as cloud cover,

shadows, and breaking waves. As a result, there were approximately

20% more days available for observations.
B C DA

FIGURE 2

Seasonal water column stratification profiles obtained using CTD measurements: (A) Temperature (°C); (B) Salinity (ppt); (C) Density (kg m-3); and (D)
Chl.a fluorescence (mg m-3). Dotted and dashed horizontal lines illustrate the nominal depths (7 m and 20 m) of the Chl.a sensing INF instruments
(see Supplementary Figure 1A). Samples were collected during mid-winter (Jul.), mid-spring (Oct.), early summer (Dec.), and early autumn (Mar.).
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2.3 Physical and optical properties

CTD profiles were employed to assess various physical

(temperature, salinity, density) and optical (PAR) properties and

identify boundaries within the water column. These included: the

surface mixed layer depth (zm, m), where the density exceeded 0.125

kg m-3 that of surface values (Levitus, 1982); the bottom mixed layer

depth (zbm, m), where the density reduced by 0.125 kg m-3 that of

bottom measures; the pycnocline width (ypw, m), the distance (m)

between layer depths (zbm– zm); the scalar light attenuation of PAR

(KoPAR), from the slope of the natural log transformed PAR profile;

and the euphotic zone depth (zeu), at which light is 1% of sub

surface levels (Kirk, 2011).

In relatively clear waters satellite downwelling light attenuation

of PAR (KdPAR) can be estimated from a simple empirical

relationship (Morel et al., 2007) to the Kd490 band ratio

algorithm product (Clark, 1997). In turbid waters a modified

quasi analytical algorithm (QAA - Lee et al., 2005) from

backscatter and the total absorption spectral coefficient is more

accurate (Pinkerton, 2017). ‘Logistic-scaling’ of a backscatter

product (bbp555, m-1) was used in a blended procedure to

estimate KdPAR across Case 1 and Case 2 conditions (Pinkerton,

2017 and Gall et al., 2022). The NIWA long term monitoring site

(Figure 1) conformed to Case 1 conditions 98% of the time.
2.4 Phytoplankton biomass

2.4.1 Chlorophyll a
All water samples were filtered onto 25 mm glass fiber filters (GFF

–Whatman International Ltd.) and stored frozen (-20 °C) prior to the

analysis of Chl.a and its phaeopigments (Pha.a). Samples were also size

fractionated onto a series of 47 mm polycarbonate (PC – Pall

Corporation) filters (20, 5, 2 and 0.2 μm). Chl.a and Pha.a were

extracted from the stored filters (grinding for GFF and shaking for PC)

into 90% acetone, followed by soaking refrigerated (4 °C) in the dark

(4-hr and overnight respectively). Concentrations were determined

by fluorescence against an analytical grade Chl.a standard (96145

Sigma-Aldrich) before and after acidification according to the original

methods of Holm-Hansen et al., 1965. The fluorescence

spectrophotometer (Varian Carey Eclipse 11) was configured

to minimize the interference from chlorophyll b and c, and

their degradation products, by using a narrow-slit width (5 nm) for

the excitation (431 nm) and emission (670 nm) wavelengths (e.g., Trees

et al., 1985).

Estimates of Chl.a from moored INF’s followed the natural

fluorescence calculations of Chamberlin et al., 1990. These are

detailed further in Gall and Zeldis, 2011, with the following

modifications: (1) KoPAR estimates between moored INF’s were

used instead of seasonal CTD KoPAR; and (2) instead of using a

mean absorption coefficient for phytoplankton, the light absorption

coefficients of the phytoplankton were measured at INF depths

from seasonal samplings, following a modified transmission-

reflection method of Tassan and Ferrari, 2002, as follows:

Triplicate water samples (up to 1 L) were filtered onto 25 mm
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GFF to an even and moderately intense colour, and the filter stored

at -80 °C in flat perforated histology cases to avoid disturbing the

surface sample. Samples were thawed and rewetted on microscope

slides (inspected to ensure absence of bubbles) prior to

measurements before and after algal pigment removal using an

integration sphere attachment to a UV-VIS spectrophotometer

(Shimadzu Inc.). Methanol, instead of bleach, was used to remove

pigments (Kishino et al., 1985) prior to readings, as some freshwater

studies have shown bleaching of ‘tripton’ in the non-algal particle

fraction, which overestimates algal pigment absorption by

difference (e.g., Binding et al., 2008). Phytoplankton (algal

particles) absorption spectra (aap,m
-1) was obtained by difference

between the total particulate spectra (ap,m
-1) and the methanol

extracted non-algal particle spectra (anap,m
-1).

The satellite Chl.a estimation method also utilized a blending

technique that combined a Case 1 MODIS-Aqua product (NASA -

R2018.0) with a Case 2 QAA (Lee et al., 2005 and Lee et al., 2007).

The QAA product was employed to derive estimates of particulate

backscattering at 555 nm (bbp555) and phytoplankton absorption at

488 nm (aphyt488). For the estimation of the Case 2 Chl.a product,

Chl.a-specific absorption coefficients from various regions in New

Zealand, including the dataset used in this study, were incorporated

(Pinkerton, 2017). The ‘logistic-scaling’ approach was employed to

blend the backscatter product (bbp555) and estimate Chl.a under

both Case 1 and Case 2 conditions (Pinkerton, 2017). This blending

procedure allowed for an improved assessment of Chl.a

concentrations using satellite data.

2.4.2 Phytoplankton cell carbon
Water samples collected from all depths were analyzed to

determine the composition, abundance, and carbon content of

phytoplankton species (refer to Safi et al., 2022 for detailed

description of this analysis). In brief, water samples of 250 ml were

preserved in Lugol’s iodine solution (final concentration of 1%) for

the identification and enumeration of phytoplankton larger than 2

μm. Triplicate samples (2 ml) for picophytoplankton (<2 μm) were

frozen in liquid nitrogen for flow cytometry-based counting,

following the methods described in Hall et al., 2006, to distinguish

between picoeukaryotes and picoprokaryotes. Phytoplankton species

were enumerated and categorized into diatoms (including large

centric and pennate forms), dinoflagellates (encompassing large

motile armored, thecate, and naked types), and others (primarily

nano-flagellates, silico-flagellates, raphidophytes, prymnesiophytes,

cryptophyceae, chrysophyceae, euglenoids, and monads). The total

biomass of phytoplankton carbon (Cphyt) was determined by

summing the biomass of all the groups (calculated from measured

biovolume estimates and published carbon-biovolume equations for

taxa – see Safi et al., 2022). For the analysis of size-partitioning of

Cphyt and the biomass ratio (Cphyt : Chl.a), micro-phytoplankton (>20

μm) mainly comprised the large centric diatoms and large armored

dinoflagellates, while the remaining fraction, referred to as nano-

phytoplankton (2-20 μm), included combined pennate diatoms,

thecate and naked dinoflagellates, as well as small nano-flagellates

and a few silico-flagellates. The contributions of the remaining groups

to the total biomass were less than 0.1%.
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The method proposed by Behrenfeld et al., 2005 introduced the

estimation of satellite Cphyt based on an empirical relationship using

backscatter coefficients of particulates. This relationship was further

supported and updated by Graff et al., 2015, using more

comprehensive studies encompassing various ecosystems:

Cphyt   (mg  m−3) =   12128(bbp470 −   bbpnap470) +   0:59  

As differences in bbp wavelengths are relatively invariant across

a range of marine phytoplankton cultures (Whitmire et al., 2010)

we assumed this relationship was applicable to the bbp555

wavelength which we used here.
2.5 Net primary productivity

2.5.1 VGPM
A vertically generalized production model (VGPM - Behrenfeld

and Falkowski, 1997a), regionally tuned on previous studies (Gall

and Zeldis, 2011), was used to estimate NPP from the optimum

photosynthetic rate per unit Chl.a (Pbopt –mg C(mg Chl.a)-1 h-1) in

zeu, Chl.a [Chl.asurf x zeu – mg m-2], day-length (DL - hr), and the

light dependency function [fEo= 0.66125Eo/(Eo+4.1)]:

VGPM   (mg  m−2   d−1) = Pbopt  ½Chl : asurf   x   zeu�x  DL   x   fE0
The values of Pbopt determined at the Firth monitoring site and

the continental shelf edge (150 m depth) off northeastern New

Zealand (Gall and Zeldis, 2011) exhibited a range of 1.5 to 6.0 mg C

(mg Chl.a)-1 h-1. The dataset was too small to reliably estimate

temperature dependency or seasonality in the parameter over the

two years of sampling (n=11, from spring 1998 to summer 1999, 2

seasons each, except for winter). A mean Pbopt value (2.9) combined

with satellite Chl.a and zeu accounted for about 50% of the

variability between VGPM and 14C shipboard incubations (Gall

and Zeldis, 2011), similar to Behrenfeld and Falkowski, 1997b and

Gall et al., 1999. The latter study in oceanic subtropical waters,

north of the Chatham Rise, east of New Zealand (n =14) also lacked

temperature or seasonal dependencies, ranging from about 1.2-7.6

(mean 3.7) mg C (mg Chl.a)-1 h-1.

To account for deep Chl.a in zeu, we used mooring Chl.a (7 m

and 20 m estimates) to calculate a correction factor (CF) for use

with surface measures [Chl.asurf x zeu], and investigated its

seasonality (month, t. CFm) with sine and cosine functions in

regression analysis over a 12-month period (T) (Stolwijk et al.,

1999). This provided a simple correction for VGPM that included

deep biomass (db):

VGPMdb(mg  m−2   d−1)

=   Pbopt  ½Chl : asurf   x   zeu�x  CFm   x  DL   x   fE0,

where CFm   (month,  m) = A   +   b1   x   sin 2pt
T +   b2   x   cos 2p t

T ,

derived from a regression on CF =   Chl : a(7m)   x   20   +  Chl : a(20m)   x   (zeu   −   20)
Chl : a(7m)   x   zeu

:

The periodic regression can have more terms (b3 + b4) to

account for periodicity over shorter time periods if significant,

which was not the case in our data.
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2.5.2 CbPM
In order to address physiological limitations in the VGPM, such

as the challenge of accurately predicting seasonality in Pbopt, we used

a carbon-based production model (CbPM) that relied on growth

rate estimates, following the approach outlined by Behrenfeld et al.,

2005). Using an equivalent formulation to the Chl.a VGPM, we

estimated NPP based on Cphyt (C, mg m-3) and growth rates

(μ, divisions d-1), assumed homogeneity throughout the euphotic

zone (zeu, m), which employed a dependent profile of Cphyt fixation

[h(Io)] that varied with light irradiance (I):

CbPM   (mg  m−2   d−1)   =  ½μ   x  Cphyt   x   z�eu   x   h(I0),
where h(Io) = f(Eo).

Growth rates are determined against maximum anticipated

growth rates of 2 divisions d-1, considering light, nutrient, and

temperature adaptations of the Chl.a:Cphyt biomass ratio. The

maximum Chl.a:Cphyt ratios are derived from empirical studies

conducted by Behrenfeld et al., 2005 and Westberry et al., 2008:

μ   (divisions   d−1) =  
2   x  Chl:a:Cphyt

Chl:a:Cphyt(max)
x   (1 − exp−5Ig ),

where Chl : a :Cphyt(max)   =   0:022   +   (0:045   −   0:022)   exp−3Ig ,

and Ig   (mol   photons  m
−2   h−1)   =   I0     exp

−Kd490   x  
z
2

Downwelling light attenuation at 490 nm (Kd490) was

estimated from the turbid water KdPAR (>0.115 m-1) relationship

of Saulquin et al., 2013):

Kd490 =   10
log10

KdPAR
0:81

� �
0:8256

Further improvements have been proposed for the CbPM in

accounting for vertically resolved spectral irradiance photoacclimation

and nutrient stress (nitrocline depth), by Westberry et al., 2008. We

simplified their approach by accounting for Cphyt and growth rates in two

layers, the upper mixed layer (zm) and below mixed layer (zbm) to the

base of zeu. The latter includes the biomass across the pyncoline width

(ypw):

CbPMdb   (mg  m
−2   d−1)  

=  ½( μ   x  Cphyt   x   z)m   +   ( μ   x  Cphyt   x   z)bm�   x   h(I0)

Seasonal vertical CTD profiles and mooring data were used in a

periodic regression (Stolwijk et al., 1999) to determine seasonality of

the depth of zm (m) and pycnocline width (ypw, m). Linear model

regressions of seasonality of Chl.a:Cphyt(zbm) from ship surveys, with

the ratio of surface (7 m) Chl.a to that at 20 m frommooring datasets

[Chl.aR(7m/20m)], were used to calculate Cphyt below zm [Cphyt(zbm)]

from surface satellite Chl.a, and therefore Chl.a:Cphyt(zbm).
2.6 Statistical analysis and graphics

Statistical analysis and graphics were performed using R software

(RStudio-Team, 2022), except for location maps (QGIS, 2022). Many
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of functions are include in base R, including linear model regression

(lm) and statistical analysis functions from the Stats package (3.6.2).

Standardized Major Axis (SMA) linear regression was used to

minimize total least squares (TLS - orthogonal) rather than

ordinary least squares (OLS) for bivariate comparisons using the

‘smatr 3’ package (Warton et al., 2012). This Model II regression

method accounts for errors in both x and y variables to ensure

statistically robust analysis. Figures were constructed using the

grammar of graphics ‘ggplot2’ package (Wickham, 2011),

customized for publication ready plots using the ‘ggpubr’ package

(Kassambara, 2020). Missing daily data (mooring and satellite) were

linearly interpolated between nearest values for seasonal statistics and

analysis using the approx. function in the base R Stats package.
3 Results

3.1 Physical and optical properties

Seasonal in situ collections [mainly in early autumn (Mar.),

mid-winter (Jul.), mid-spring (Oct.), and early summer (Dec.)],

profiled a range of water column physical properties and strengths

of vertical stratification (Figure 2). Surface water column

temperatures varied from mid-winter lows (about 13 °C) to highs

(about 22 °C) in early autumn (Figure 2A). Surface salinities were

generally lowest (<34.5 ppt) during mid-spring and highest (>35

ppt) during early autumn. The largest vertical difference in density

stratification occurred in early summer (Figure 2C).

Consequently, surface mixed layer depth (zm) and the

pycnocline width (ypw – in m not depth) were strongly and

significantly seasonal (Figures 3A, B and Table 1). Generally,

mixed layer depth (zm) was shallow between spring and summer

(<10 m) and deep during mid-winter (>20 m), while pycnocline

width (ypw) was large (~ 20 m) during spring-summer and small
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(~ 5 m) during mid-winter (Figure 3C) - although at times

exceptions occurred with multi-step water column density profiles

evident (Figure 2C). The depth of the euphotic zone (zeu) and its

relationship to zm and the depth to the base of the pycnocline (zpb =

zm + ypw) are relevant in terms of light supply for phytoplankton

growth (Figure 3D). In most cases zeu is deeper than zm and

comparable to zpb, but at times deeper than both - particularly

from early summer to early autumn. Seasonality in zeu was not

statistically significant and could attest to high interannual

variability and low sampling numbers (n = 10, years). There is an

indication of seasonality, with depths being generally shallower in

winter and spring months, and deeper during the summer

and autumn.

The time series of water column physical properties obtained

from moored sensors and surface satellite products, collected on a

quasi-daily basis (Figure 4), provides significantly higher statistical

power compared to the seasonal voyage snapshots taken every three

months. These continuous measurements more reliably captured the

seasonal periodicity on a monthly scale, as illustrated in Figure 5.

Satellite SST (Figure 4A) agreed well with mooring data (Figure 6A, r2

= 0.91), although tended to have a slightly positive (higher) bias

during summers and negative (lower) bias during winters, which may

reflect different sampling depths (surface (<5 m) vs 7-10 m). Euphotic

zone depth estimates from CTD and mooring data (Figure 4C) also

agreed reasonably well (Figures 6B–D, r2 = 0.55) although they

differed at times. Satellite observations were like those from CTD

profiles, with a small negative (lower) bias (Figure 6C), although

regression and observation numbers are lower (r2 = 0.44, n = 17).

Mooring zeu contained a higher number of matchups with satellite

data (n = 981), no bias, but lower agreement (Figure 6D, r2 = 0.26),

which is not surprising considering the different depth ranges of

estimates (surface optical depth<5 m vs a moored sub-surface 7-20 m

assessment). Complex water column stratification in physical

properties and multi-stepped surface layers (Figure 2) are likely to
B C DA

FIGURE 3

Seasonal variations in water column physical and optical layer depths from CTD profiles: (A) Mixed layer depth (zm); (B) Pycnocline width (ypw) in
meters; (C) Base of pycnocline layer depth (zpb = zm + ypw); and (D) Euphotic zone depth (zeu). The boxplots illustrate the interquartile range (IQR -
box), median line, mean point, 1.5 x IQR whisker, and extreme values (dashed lines). Seasonal categories are colour coded: Autumn (orange), Winter
(blue), Spring (green), and Summer (red). Significant seasonality (black line) was observed for zm and ypw (Kruskall-Wallis test, p<0.05, see Table 1 for
regression models).
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stratify light attenuating components across the water column such

that at times, CTD, mooring and satellite observations sampled

different surface layers.

All physical properties derived from mooring observations were

seasonally significant in their periodicity regression models

(Figure 5). Mooring surface temperature was highest in late

summer and lowest in late winter (Figure 5A). Surface salinity

was highest in mid-autumn and lowest in mid to late spring

(Figure 5B). Water column stratification was (generally) weakest

during late autumn, and strongest during late spring (Figure 5F).

There were obvious extremes and exceptions in patterns (e.g.,

lowest surface salinity water (<32 ppt) and largest salinity

gradient (>1.5 ppt) during late winter 2008 (Figure 4B),

coinciding with a flood event on 30-July-2018 (Supplementary

Figure 2B). Other large flood events (e.g., Jan 2011 and 2012) also

have low surface salinity, and both surface and deep salinities stayed

generally lower during summers of these years compared with other

years (Figure 4B). The lowest surface salinities observed during mid

to late spring were typically delayed by approximately 1-2 months

from the peak river flows that occurred in late winter

(Supplementary Figure 2B). Euphotic zone depths in mooring

records ranged from at least the maximum depth of the water

column (about 40 m) to as shallow as 5-10 m in satellite records

(Figure 4C). Strong zeu seasonality was evident in mooring records

across the year, with clearest waters (deepest euphotic zones) in
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mid-summer and more turbid waters (shallower euphotic zones) in

mid-autumn; however, there was also considerable variation within

months among years (Figure 5C). Shallower zeu events (5-10 m) in

satellite observations (2007, 2008 and 2009) than in mooring

records (Figure 4C), coincided with near-surface salinity decreases

(Figure 4B).
3.2 Phytoplankton biomass

Seasonal CTD profiles of Chl.a (from fluorescence) spanning

the period from 2005-2015, exhibited depth-dependent variations

that coincide with physical stratification patterns (Figure 2D).

During early summers, subsurface maxima layers (SCML) often

formed at the base of the mixed layer or within the pycnocline, with

high Chl.a values in the lower portion of the water column (HCL)

compared to high Chl.a in the upper layer (HCU) - with an

exception in 2006. Winter profiles generally had no SCML and

associated with weak vertical physical stratification. Autumn and

particularly spring, displayed a mix of higher Chl.a in upper

and lower layers, with and without SCML at times.

Seasonal depth patterns are similar in the concentrations of

phytoplankton biomass markers from water collections (Figures 7, 8).

The distribution of Chl.a is like Cphyt above zm but not below (white

line, Figures 7A, C). In general, Cphyt : Chl.a is higher above zm (>50)
B

C

A

FIGURE 4

Water column physical and optical properties captured by moored sensors and satellite data: (A) Temperature (Temp.); (B) Salinity (Sal.); and (C)
Euphotic zone depth (zeu). Daily timeseries display upper (~ 7 m - red) and lower (~ 33 m - blue) mooring data, overlaid with MODIS-Aqua (black)
and seasonal voyage data from CTD casts (orange points).
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than below (<50) (Figure 7D). High proportions of phaeopigment

(Pha.a) highlight periods of senescence and decay (Figure 7B), which

tended to occur in low Chl.a periods (i.e., generally opposite patterns to

that of Chl.a - Figure 7A). Further details on the size-partitioned of

phytoplankton biomass are provided in Supplementary Figures 3–5.

Applying averaging to water column sections above and below

the depth of the mixed layer (zm) provided a clearer depiction of

seasonal patterns (Figure 8). In early summer, above zm, low Chl.a

(Figure 8A, ~0.6 mg m-3) occurred with high Cphyt (Figure 8C),

resulting in the highest Cphyt : Chl.a ratios (Figure 8D, ~60). While

the seasonality of the total biomass Cphyt : Chl.a ratio in surface

waters was not significant (likely due to high interannual variability,

and/or opposing size group effects), it was observed for pico-

phytoplankton, with the highest ratios occurring in spring and

summer (Supplementary Figure 5H). Cphyt was higher above zm
than below, especially from mid-winter to mid-spring (Figure 8C).

Lowest concentrations of Cphyt occur below zm in mid-winters (~40

mg m-3), and above zm in early summers (~60 mg m-3). Chl.a and

Cphyt seasonality patterns are similar below zm. Seasonality was only

significant for Chl.a above zm, and Chl.a, Pha.a and Cphyt : Chl.a

below zm. The significant seasonal regression of the inverse ratio

(Chl.a:Cphyt), as presented in Table 1, was utilized in the deep

biomass CbPMdb-NPP modeling.
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Phytoplankton biomass (Chl.a and Cphyt) from mooring (7 and

20 m) and satellite surface (<5 m) data, ranged from about 0.3-7.5

mg Chl.am-3 and 50-500 mg Cphytm
-3 (Figure 9). Although satellite

Chl.a was generally lower than mooring Chl.a (Figure 9A), seasonal

patterns were similar, with high median concentrations during

winter months and low concentrations during summer months

(Figures 10A, D). Mooring Chl.a seasonality show a tendency for

mid-autumn and late winter to early spring peaks, from a

depression in early winter (Figure 10A), not seen in the more

pronounced satellite seasonal cycle (Figure 10D). The ratio between

upper (7 m) and lower (20 m) mooring Chl.a captured biomass-

stratification seasonality, with high upper column Chl.a from

autumn to spring (peaking in winter), to high lower column

Chl.a from spring through summer (peaking in mid-summer)

(Figure 10B; Table 1). Estimates of euphotic zone Chl.a from

mooring surface Chl.a, and surface and deep Chl.a, were used to

estimate a correction factor to apply to satellite surface Chl.a

(Figure 10C; Table 1), to account for deep Chl.a in models.

Phytoplankton carbon (Cphyt) from satellite estimates

(Figure 9C) had similar average magnitude as near-surface Cphyt

from seasonal surveys (Figure 8C) with finer temporal resolution.

Satellite estimates had significant periodicity, peaking in mid-late

winter, and low during summer (Figure 10E). Surface biomass
B C

D E F

A

FIGURE 5

Seasonal variations in physical and optical properties and their stratification observed from mooring data: (A) Temperature (°C); (B) Salinity (ppt); (C)
Euphotic zone depth (m); and differences (Delta) between upper (~ 7 m) lower (~ 33 m) properties for (D) Temperature; (E) Salinity; and (F) Density
(kg m-3). Horizontal black lines on panels (D–F) highlight no stratification. Seasonality was significant for all variables (Kruskall-Wallis test, p<0.01).
Please refer to the caption of Figure 3 for boxplot details.
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Cphyt : Chl.a ratios (Figure 10F) are similar in range and seasonality

to those from seasonal surveys (Figure 8D), with significant (but

low) seasonal periodicity. Biomass Cphyt : Chl.a ratio medians were

generally low in early winter and high from spring through

summer, although there was a large range of observations within

months across the timeseries. Chl.a from mooring instruments

agreed reasonably well with seasonal collections, with a small

positive bias in near surface estimates (Figure 11A, r2 = 0.27).

Less bias occurred in deeper (20 m) estimates (Figure 11B, r2 =

0.27). Chl.a from collections and from satellite (both from<5 m

depth) had reasonable correlation (r2 = 0.61) despite them having a

limited number of satellite matchup days (Figure 11C, n=26).

Satellite and mooring Chl.a were significantly correlated but have

low confidence (r2 = 0.18), with a small positive bias (Figure 11D).

Correlations of Cphyt from seasonal collections with satellite

estimates were weak (r2= 0.01, p=0.25), potentially due to the low

number of observations (Figure 11E, n = 16). For spring, summer,

and winter there were suggestions of positive relationships, but not

for autumn.
3.3 Net primary productivity

The Chl.a- based vertically generalized production model

(VGPM) and the Cphyt based model (CbPM) supply two insights

into assessing NPP from satellite surface data at the site (Figures 12A,

B). Total annual NPP (integrated between yearly mid-winters (July) to

span the production growth cycle) averaged between 220 g C m-2 y-1

and 161 g Cm-2 y-1 for VGPM and CbPM respectively (Table 2). Both

models captured interannual variability of between about -10% to 10%

of their overall annual climatological mean (Table 2) and showed

strong seasonality (Figures 12C–F). The VGPM annual mean results

were about 36% higher than the CbPM, with less seasonality, mainly

frommuch higher production rates in winter months and only slightly

higher production rates during summer months. Both models

assumed a degree of predictability between surface measure and

areal zeu estimates, which is clearly not the case at times at this site

(Figure 7; Supplementary Figures 7, 8).
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To account for deep biomass not detected in surface measures (and

lack of predictability in areal euphotic zone estimates (Supplementary

Figures 7, 8), we used the mooring Chl.a stratification (7m/20m)

seasonality regression (Table 1) to establish a seasonal correction factor

(CF) for zeu in the deep biomass VGPMdb model (Figure 12A), and a

seasonal correction factor [Chl.a:Cphyt(zbm)] (Table 1) for deep carbon

biomass in the CbPMdb model (Figure 12B). Accounting for deep

biomass increased total annual NPP to between 231 g C m-2 y-1 (a 5%

increase) and 191 g C m-2 y-1 (an 18% increase) for VGPMdb and

CbPMdb respectively (Table 2). Seasonally, accounting for deep

biomass ranged from no change from mid-autumn to early spring,

to largest increases during a late-autumn to an early summer peak for

the VGPM (about 30%) and an early to mid-summer peak for the

CbPMdb (about 33%).
4 Discussion

Our study investigates the impact of vertical stratification in a

deep estuary site on the accuracy of satellite observations of water

column biomass and net primary productivity (NPP). By

incorporating seasonal vertical patterns of biomass, we improve

(increase) the NPP satellite estimates. We examine the influences

of observational representativeness, observational accuracy

(between satellite, mooring and water collection measures),

stratification, and seasonality on biomass and NPP estimation.

We discuss NPP patterns in relation to previous observations and

biomass trends (Safi et al., 2022) in the Firth, aiming to enhance

satellite estimates across the broader region to the continental

shelf edge.

To effectively capture the dynamic nature of the coastal ocean, we

employed a range of observational methods that span representative

space and time scales, enabling us to capture biogeochemical

dynamics that are on par with the physical processes (Dickey,

2006). Our approach combines the temporal advantage of moored

instruments (days-decades), highly time and space-resolved satellite

observations (local-regional-continental), and vertical resolution from

seasonal CTD-based surveys to gain synoptic insights. We discuss the
B C DA

FIGURE 6

Comparisons between CTD, mooring (MRG) and satellite physical properties: (A) Mooring vs Satellite temperature [y = 0.89x + 1.6, r2 = 0.91, n =
1200, p<0.001]; (B) CTD vs Mooring zeu [y = 1.01x + 0.87, r2 = 0.55, n=40, p< 0.001]; (C) CTD vs Satellite zeu [y = 1.1x + 1.4, r2 = 0.44, n = 18, p =
0.002); and (D) Mooring vs Satellite zeu [y = 1.16x – 1.21 r2 = 0.26, n = 1103, p< 0.001]. The 1:1 relationship (black) generally aligns with the
standardized major axis regression (red), except in (C) when number of observations and range of data are low.
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factors affecting satellite information accuracy and explore the

relationships and comparisons between these diverse data sources.

However, assessing accuracy is challenging due to the differing

sampling scales, which can lead to temporal decoupling, particularly

in the case of satellite observations under cloudy conditions.
4.1 Representativeness and accuracy

Pinkerton et al., 2018 conducted an analysis of the accuracy of

the MODIS-Aqua products utilized in our study region, offering

valuable insights into satellite remote sensing of coastal water

quality in the area. Furthermore, Gall et al., 2022 provides an

overview of satellite remote sensing of coastal water quality in New
Frontiers in Marine Science 11
Zealand, discussing both advances and challenges in this field, thus

providing a broader context for our study.

It is worth noting that our moored instruments experienced tidal-

driven depth variations of up to about 2.5 meters. The observed surface

optical depths by the satellite, which were less than 5 meters, likely

sampled shallower layers during periods of near-surface stratification

compared to the moored instruments, which reached depths of around

7.5-10 meters. This phenomenon was evident at times in the CTD

profiles depicted in Figure 2 and is supported by more detailed

investigations into surface responses during discharge events within

the Firth (Ø’Callaghan and Stevens, 2017).

Like other studies, our analysis reveals good agreement between

sea surface temperature (SST) from satellite observations and in situ

measurements. For instance, along the Korean Peninsula coast, Woo
B

C

D

A

FIGURE 7

Seasonal variations in phytoplankton biomass markers in the water column during surveys: (A) Chlorophyll a (Chl.a); (B) Phaeopigment a Proportion
[Pha.a:(Pha.a + Chl.a)]; (C) Carbon (Cphyt); and (D) Cphyt : Chl.a ratio. White lines represent mixed layer depth, salmon lines indicate the base of the
pycnocline, and black lines represent the base of the euphotic zone. Upside-down triangles denote the seasonal timing of surveys (Winter – blue,
Spring – green, Summer – red, and Autumn – orange). The winter of 2011 was unusual, with bottom Chl.a below zeu and lower zeu due to high
surface Chl.a.
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and Park, 2020 reported consistent results. Despite potential variations

in assessment depths, we also found reasonable agreement in light

attenuation (euphotic zone depth), with no evident seasonal bias.

These findings align with comparisons made between satellite

inherent optical properties (IOP) and field measurements in the

China Sea, as demonstrated by Shang et al., 2011.
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Our study revealed reasonable agreement among phytoplankton

chlorophyll estimates obtained from 10 years of seasonal sampling

voyages, moored instruments, and satellite observations, also without

any notable seasonal bias (Figure 11A). However, there were

discrepancies in the accuracy of the satellite and moored

observations, with generally higher estimates from the mooring data,
B

C

A

FIGURE 9

Daily timeseries of phytoplankton biomass from mooring and satellite observations: (A) Chlorophyll a (Chl.a) from satellite and upper water column
mooring; (B) Chl.a from both upper and lower mooring depths; and (C) Carbon biomass (Cphyt) from satellite data. Seasonal collections from CTD
depths are indicated as points.
B C DA

FIGURE 8

Seasonal variations in phytoplankton biomass above and below the mixed layer depth (zm): (A) Chlorophyll a (Chl.a - mg m-3); (B) Phaeopigment a
Proportion [Pha.a:(Pha.a + Chl.a)]; (C) Carbon (Cphyt - mg m-3); and (D) Cphyt : Chl.a (ratio). Bright boxes, circles and solid lines represent values
above zm, while light boxes, squares and dotted lines represent below zm. Seasonality was statistically significant (p<0.05 Kruskall-Wallis test) for
Chl.a both above and below zm, Pha.a P below zm and Cphyt : Chl.a below zm. The seasonal variability Chl.a:Cphyt below zm was utilized in the
CbPMdb (deep biomass) modelling (see Table 1 for details). For additional information, refer to the caption of Figure 3.
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except for a few instances of low concentrations during summers. As

highlighted above, differences may arise from variations in sampling

depths, but also could be from methodological disparities between

natural fluorescence measurements and satellite algorithms utilizing

band ratio and absorption techniques. The mooring-based

measurements of natural fluorescence were derived from daily
Frontiers in Marine Science 13
averages which are known to include varying degrees of

photochemical and non-photochemical quenching (Chamberlin

et al., 1990). These quenching effects have the potential to influence

the accuracy of the measurements.

Our satellite estimates of phytoplankton carbon, utilizing the

empirical backscatter relationship of Graff et al., 2015 in the open
B C

D E F

A

FIGURE 10

Seasonal variations in phytoplankton biomass observed from mooring (M) and satellite (S) data: (A) Mooring chlorophyll a (M-Chl.a - mg m-3) at 7 m depth;
(B) Ratio of mooring Chl.a between 7 and 20 m depths; (C) Euphotic zone correction factor for mooring Chl.a measurements to account for deep (>20 m)
biomass within zeu (Table 2); (D) Satellite surface (< 5m) Chl.a (S-Chl.a - mg m-3); (E) Satellite carbon biomass (S-Cphyt– mg m-3); and (F) Satellite Cphyt :
Chl.a ratio. Seasonality was found to be significant (p<0.05 Kruskall-Wallis test) for all mooring and satellite measures. Note: The black horizontal line (B, C)
represents a value of 1, indicating non-biomass stratified (well-mixed) conditions, where Chl.a (7m) is approximately equal to Chl.a (20 m).
TABLE 1 Seasonal sinusoidal regression models of physical and biological features from seasonal surveys and moored instrumentation.

Variable Model r2

Ship surveys (from Figures 3A, B, and Figure 8D)

zm (m)
− 14:9  +  0:818 sin

2pðMonthÞ
12

� �
+  6:62 cos

2pðMonthÞ
12

� �
0.33

ypw (m)
− 10:0  −  1:210sin

2p(Month)
12

� �
−  7:90 cos

2p(Month)
12

� �
0.35

Chl.a:Cphyt(zbm) 0:0336  +  0:00478 sin
2p(Month)

12

� �
+  0:00110cos

2p(Month)
12

� �
0.35

Moored instrumentation (from Figures 10B, C)

Chl.aR(7m/20m)
1:21  − 0:389 cos

2p(Month)
12

� �
− 0:298 sin

2p(Month)
12

� �
–  0:157cos

2p(Month)
6

� �
− 0:0717 sin

2p(Month)
6

� �
0.25

CF(Chl.a(zeu)R) 1:07  + 0:181cos
2p(Month)

12

� �
+ 0:042sin

2p(Month)
12

� �
+  0:070cos

2p(Month)
12

� �
+ 0:044 sin

2p(Month)
6

� �
0.29
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ocean, demonstrated some agreement with in situ collections

during mid-spring and early summer. However, in early autumn

and mid-winter, the satellite estimates exhibited higher values. This

higher bias coincided with periods when river stormflows,

containing high loads of suspended mineral particles, were also

seasonally high, potentially influenced the study site (see

Supplementary Figure 1B). It is well known that changes in the

contribution of non-algal particles, including inorganic and organic

particles (detritus), to the backscatter signal can introduce a positive

bias (Stramski et al., 2004). Additionally, closer agreement and

lower error has been observed when small pico-phytoplankton

dominate biomass (Bellacicco et al., 2020), which supports our

high pico-phytoplankton biomass and their ratios during mid-

spring and early summer (Supplementary Figures 8, 9) and better

agreement during these seasons than others.

Considering that the Case 1/Case 2 logistic scaling of backscatter

for the site indicated Case 1 conditions 98% of the time, we conclude

that our phytoplankton biomass products have similar accuracy to

open ocean estimates most of the time. Further confidence in the
Frontiers in Marine Science 14
estimates’ reasonableness is supported by similar biomass Cphyt :

Chl.a ratios compared to in situ measurements (as shown in this

study against others, Supplementary Figure 9). Additionally, our

findings align with similar seasonal patterns observed in other

satellite studies conducted in the South China Sea (Xu et al., 2021),

surface coastal stations in the Black Sea (Stelmakh and Gorbunova,

2018, and Stelmakh, 2020), temperate Danish coastal waters

(Jakobsen and Markager, 2016), and conservative agreement with

data from the northwestern Atlantic (Sathyendranath et al., 2009).
4.2 Biomass stratification and seasonality

The characterization of Chl.a stratification in coastal waters into

different types, as presented by Zhao et al. (2019) for the German

Bight, was observed at our study site. Our analysis of Chl.a biomass

data obtained from mooring records yielded detailed monthly

statistical distributions and boxplots that revealed consistent

seasonal shifts in the distribution of Chl.a within the water column.
TABLE 2 Comparison of annual Net Primary Productivity (NPP) from satellite data.

Year (2000) 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 Mean

Areal NPP estimated from surface measures only

VGPM 219 214 240 218 232 198 213 229 242 207 205 205 206 215 247 225 220

CbPM 163 154 180 148 181 135 160 181 169 145 154 152 141 151 196 174 161

Areal NPP corrected for deep biomass

VGPMdb 230 225 254 228 246 207 223 243 253 216 215 216 216 225 259 236 231

CbPMdb 191 183 204 175 207 166 191 211 210 172 186 182 173 184 215 206 191

Anomaly (A) relativized (%) to climatology (mean)

VGPMdb A 0 -2 10 -1 6 -10 -3 5 10 -7 -7 -6 -6 -2 12 2 0

CbPMdb A 0 -4 7 -9 9 -13 0 10 10 -10 -3 -5 -9 -4 13 8 0
front
The NPP estimates for a well-mixed euphotic zone (VGPM and CbPM) are contrasted with models that incorporate deep biomass (VGPMdb and CbPMdb). The annual estimates are aggregated
from mid-winter (Jul.) to early autumn (Jun.), following the seasonal cycle of increasing Photosynthetically Active Radiation (PAR) and NPP. The years are color-coded based on their deviation
from the overall climatological mean, with red indicating higher values, white representing similar values, and blue indicating lower values. The deep biomass models are presented as relative
percentages compared to the mean, emphasizing interannual variations.
B C D EA

FIGURE 11

Comparisons of phytoplankton biomass between CTD rosette 3-month seasonal samplings, mooring (MRG) and satellite (SAT) estimates: (A) Chl.a
CTD vs mooring upper (7 m) water column [y = 1.15x – 0.19, r2 = 0.27, p<0.001, n = 67]; (B) Chl.a CTD vs mooring lower (20 m) water column
[y = 0.92x – 0.06, r2 = 0.27, p<0.001, n = 66]; (C) Chl.a CTD vs satellite [y = 1.3x – 0.13, r2 = 0.61, p<0.001, n = 26]; (D) Chl.a Mooring (7 m) vs
satellite [y = 1.01x + 0.16, r2 = 0.18, p<0.001, n = 1116]; and (E) Cphyt CTD vs satellite [y = 0.78x + 0.23, r2 = 0.01, p = 0.25, n = 15]. The scales are
log10 transformed.
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In early autumn to early spring, high Chl.a concentrations were

predominantly found in the upper portion of the water column

(HCU), while in late spring to late summer, they shifted to deeper

regions either with a sub-surface maxima (SCML) or high Chl.a in

the lower portion of the water column (HCL) to the bottom. These

patterns were closely associated with the availability of dissolved

macronutrients (Supplementary Figure 6), primarily by inorganic

nitrogen (DIN), including nitrate N and ammonium N, as reported

by Zeldis et al., 2022 and Safi et al., 2022, modified by variations in

light and physical stratification as discussed in Gall and Zeldis, 2011
Frontiers in Marine Science 15
and Zeldis et al., 2022. Surface DIN concentrations remained

consistently low, below 1 mmol L-1, throughout the seasons,

except for early winter when they exceeded 1 mmol L-1. This

threshold indicates the potential for nitrogen limitation according

to Eppley et al., 1969. Zeldis et al. (2022) and Safi et al. (2022) offer a

comprehensive examination and insightful discussion of the

alterations in DIN, dissolved reactive phosphorus (DRP), and

silicate (DRSi) concentrations, shedding light on the nuanced

connections between these changing ratios and shifts in

phytoplankton taxonomic groups within the region. Despite the
B

C D E F

A

FIGURE 12

Comparison of Net Primary Productivity (NPP) models: (A) VGPM and VGPMdb (deep biomass corrected); (B) CbPM and CbPMdb; and (C–F)
Seasonality. Seasonality was significant (p<0.05 Kruskall-Wallis test) for all measures.
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low DIN levels, the shallow stratified surface layers received

sufficient light for biomass accumulation, peaking from late

winter to early spring as light intensity increased. As DIN became

depleted in the surface layer and temperature stratification

strengthened and deepened from spring into summer, biomass

accumulated in the pycnocline, progressing deeper into the lower

water column (HCL) where DIN levels were not limiting (>1 mmol

L-1), and with sufficient light in clear surface waters (deep euphotic

zones) and increasing light, would support biomass. Zhao et al.,

2019 observed deep HCL layers during the decay phase of the spring

bloom, associated with resuspension and erosion of the SCML, yet

recognized the potential for photosynthetic activity below

the pycnocline.

In a recent study spanning from March 2015 to October 2017

(c.f. Figure 9; Zeldis et al., 2022), the use of moored oxygen sensors

at a depth of 35 m revealed a pronounced peak in gross primary

productivity (GPP) in the deep layer during summers. This peak

coincided with the highest positive values of apparent oxygen

utilization, an indicator of net respiration, occurring prior to the

breakdown of water column stratification in early autumn. As light

levels decreased from mid-summer through autumn, deep biomass

layers would become light limited. During the autumn to winter

period, complete mixing of the water column occurred, as depicted

in Figure 5 (and described by Zeldis et al., 2022 in their Figures 7, 9),

facilitating the replenishment of nutrient-depleted surface waters

with macro-nutrients, completing the seasonal cycle.

The absence of cell senescence during mid-spring to early

summer 3-month collections was supported by low phaeopigment

ratios [Pha.a/(Chl.a + Pha.a)] that peaked in autumn and tended to

be lowest in spring, albeit with interannual variability (Figure 8B).

Safi et al., 2022 provided a detailed discussion on the development

of a more heterotrophic system in early autumn, attributing the

high ratios to the mineralization of spring primary production

sometime during the mid-summer to early autumn period.

As well as nutrient supply and physical processes such as

stratification, mixing and advective mechanisms influencing

phytoplankton biomass and its stratification (Cullen et al., 2002),

grazing, sedimentation, and cell lysis are also important

mechanisms (Brussaard et al., 1995). Grazing pressure may also

play a role in driving the formation and deepening of the deep Chl.

a maxima (DCM) in the open ocean (Moeller et al., 2019), and

previous studies in the inner Hauraki Gulf (Zeldis and Willis, 2015)

showed increased rates of mesozooplankton grazing between spring

and summer surveys that could add to biomass export to

deeper layers.

An important distinction of deep Chl. a maxima DCM (SCML

and/or HCL) is whether it is deep phytoplankton carbon (Cphyt)

biomass maxima (DBM) or deep photoacclimation maxima (DAM)

- Cornec et al., 2021. Although we only documented SCML on some

occasions in CTD profiles (Figure 2D), it is relevant to HCL at this

deep estuary site (or conversely, shallow continental shelf site) in

photoacclimation seasonality observed in our low Cphyt : Chl.a

ratios in early summer (Figure 8D). As highlighted above, it was

plausible that there was sufficient light (at times) to support deep

HCL phytoplankton growth and maintenance, where increasing

pigment concentration per cell in light limiting conditions is an
Frontiers in Marine Science 16
adaption to harvesting more energy for photosynthesis (Geider

et al., 1998 and MacIntyre et al., 2002). HCL at the Firth of Thames

site coincided with clear surface waters and deep euphotic zones up

to the mid-summer period of highest light intensities (Figure 10B).

In comparison to the study by Gall and Zeldis, 2011, our

investigation provided a more comprehensive understanding of

the seasonal dynamics of phytoplankton biomass in this deep

estuary site. We detected significant seasonal variations in

biomass ratios of pico-phytoplankton (mainly Prochlorococcus) in

surface waters at our site, with minimum values in winter and

maximum values in summer (Supplementary Figures 6–7). Similar

observations of larger sinusoidal variation were reported at the

Hawaii Ocean Time-series (HOT) oligotrophic site in the North

Pacific Gyre by Winn et al., 1995, as well as in satellite-based

measurements of biomass ratios in the broader area around the

HOT site (Westberry et al., 2016, c.f. Figure 2). Our research (Safi

et al., 2022) also revealed an increase in micro-sized biomass during

early summer and pronounced seasonality in deep biomass ratios,

predominantly associated with micro-phytoplankton, originating

from large centric diatoms and flagellates. The seasonal taxonomic

shifts observed at our site may indicate that large motile

phytoplankton with buoyancy control or flagella possess an

advantage in exploiting nutrient gradients and light conditions

during late spring and summer, as highlighted in studies by

Sommer et al., 2017. It is well-known that diatoms, especially

large centric diatoms, can rapidly adjust their sinking behaviors

in response to changes in nutrient concentrations, as demonstrated

by Du Clos et al., 2021.
4.3 Net primary productivity models

The mean annual Chl.a based, and deep biomass corrected,

VGPM-NPP (220-231 g C m-2 y-1 respectively) from July-2002 to

July-2018 was higher than previous estimates (Gall and Zeldis,

2011) using a similar model from 1998 and 2000 (178 g C m-2 y-1).

We attribute this difference to lower Chl.a estimates resulting from

a larger averaging area that included deeper Hauraki Gulf waters

(Figure 1 vs c.f. Figure 1; Gall and Zeldis, 2011), rather than lower

Chl.a at the Firth site.

Inour studyweusedafixedvalueofPbopt (2.9mgC(mgChl.a)-1h-1)

determined inGall and Zeldis (2011). It is important to note that Pbopt is

known to be temperature dependent according to the findings of

Harding et al. (2020). Although no seasonality was observed over the

13-23°C seasonal temperature range at the Firth monitoring site (Gall

andZeldis, 2011), this is likelydue to the limitednumberofobservations.

If a greater availability of Pbopt data, like the findings in Harding et al.

(2020) for Chesapeake Bay, had been present in our study, indicating a

Pbopt range of 2.4-5.5 mg C (mg Chl.a)-1 h-1 across the 13-23 °C

temperature range, it is likely that our analysiswouldhave revealedmore

pronounced seasonality in VGPM-NPP.

The 25% lower CbPM-NPP models (161-191 g C m-2 y-1) are

likely from lower growth estimates during the winter months,

approximately half of those projected by the VGPM model.

CbPM models are anticipated to better capture photoacclimation

and physiological changes in Cphyt : Chl.a (Behrenfeld et al., 2005
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and Westberry et al., 2008), rendering them more responsive to

seasonal dynamics driven by factors such as nutrients and light,

which have a significant influence on growth, supporting the larger

range in seasonality of our CbPM models (Figure 12).

Productivity models that incorporate depth-dependent

responses of phytoplankton biomass and physiology to subsurface

irradiance are generally considered more accurate in the deeper

open ocean. However, these models only explain approximately

15% more variance in in situ NPP estimates compared to surface

based VGPMs and CbPMs (Behrenfeld and Falkowski, 1997a and

references therein). In our study, we incorporated stratified biomass

and seasonality in deep Chl.a layers using mooring observations,

which supported this finding, resulting in a modest increase of

annual NPP estimates by 5% to 18% for VGPM and CbPM,

respectively. Although one represents variance explained and the

other represents an increase, we assume that these changes are

influenced by similar factors. The largest increases in NPP occurred

during the summer months (30-33%), coinciding with maximal

deep biomass stratification. Moderate increases were observed in

spring, while minimal or no increases were observed during autumn

and winter.

Deep Chl.a maxima are commonly observed in various regions

of the global ocean and as discussed above can arise due to either

deep photoacclimation maxima or deep biomass maxima (Cornec

et al., 2021), with the latter exerting a greater influence on net

primary productivity (NPP). Previous investigations have

highlighted the significant contribution of deep Chl.a maxima to

water column NPP, particularly during specific seasons. For

example, studies have shown that deep Chl.a maxima can

account for up to 37% of NPP in the summer stratified

conditions along the northern slope (30-80 m) of the Dogger

Bank in the North Sea (Weston et al., 2005), and up to 60%

during summers characterized by deep maxima in shallow coastal

ecosystems (<50 m) of the northwestern Mediterranean (Guallar

and Flos, 2017). Although these studies provide additional support

for our findings, a quantitative assessment of in-water conditions is

necessary to further validate these observations in our regions.

Different studies comparing bio-optical NPP models have

shown varying preferences for a specific models in terms of their

ability to accurately estimate NPP against in-water measurements

(Saba et al., 2011; Silsbe et al., 2016; Regaudie-de-Gioux et al., 2019;

Li et al., 2020). In our study, we employed the Chl.a based VGPM

model, which has been previously used in the Hauraki Gulf

continental shelf and Firth regions (Gall and Zeldis, 2011). This

model is widely accepted due to its simplicity and reliable

performance (Kahru et al., 2009). Additionally, we incorporated

the carbon-growth-based CbPM model (Behrenfeld et al., 2005) as

an alternative approach to evaluate the influence of biomass

stratification in a straightforward manner.

Recent advancements have proposed mechanistic improvements

for the carbon-growth-based CbPM model, utilizing a combined

Cphyt, absorption, and fluorescence euphotic-resolved (CAFÉ)

adaptive framework model (Silsbe et al., 2016). This enhanced

model has demonstrated superior performance in capturing the

highest variance and exhibiting the lowest bias when compared to

other models on global in situ data. While the application of the
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CAFÉ model was not within the scope of this paper, it is planned for

implementation as part of the NIWA-SCENZ (Sea’s Coasts and

Estuaries NZ) framework for remote sensing of coastal water

quality (Gall et al., 2022). Furthermore, it should be noted that

accounting for deep biomass should also contribute to improving the

accuracy of the CAFÉ model.
4.4 Regional perspective

The net primary productivity (NPP) at the Firth monitoring site,

adjusted for deep biomass, was estimated to be between 191-231 g C

m-2 y-1, classifying it within the mesotrophic range (100-300 g C m-2

y-1) according to Nixon, 1995 coastal marine trophic classification.

These productivity levels are similar to other estuarine-coastal

ecosystems such as Delaware Bay and San Francisco Bay and close

to the median of 181 g C m-2 y-1 in a worldwide compilation across

131 ecosystems in a comprehensive study by Cloern et al., 2014.

Our analysis of NPP data for the Firth site identified substantial

interannual anomalies (-10% to 10%) (Table 2). The monitoring site

at the outer Firth should be equally impacted by nutrient inputs from

both the seaward Hauraki Gulf to the north and its main river

catchments to the south, as suggested in recent modelling scenarios

(H. Macdonald, NIWA, pers. comm). This indicates that both sources

play an important role in driving NPP variations at the site. In the

Hauraki Gulf, the influence of wind-driven upwelling/downwelling

events and mixing-driven nutrient fluxes along the shelf edge, has

been described in studies by Sharples and Greig, 1998; Zeldis et al.,

2004; Stevens et al., 2019). On the other hand, as highlighted

previously, the nutrient concentrations within the Firth waters are

predominantly influenced by catchment loading, as evidenced by the

research of Zeldis and Swaney, 2018; Zeldis et al., 2022.

In their study, Safi et al. (2022) conducted trend analyses and

utilized multivariate general additive modeling at our research site,

revealing that micro-phytoplankton biomass demonstrated a primary

response to elevated levels of dissolved inorganic nitrogen (DIN)

and a secondary response to variations in physical stratification.

These findings align with the observed seasonal responses in the

biomass Cphyt : Chl.a ratio, which tend to be higher for smaller

picophytoplankton when DIN concentrations are low. Similar

patterns and correlations have been documented in more detailed

investigations of nutrient conditions in the Baltic Sea transition zone

(Jakobsen and Markager, 2016), where the ratios show a clear decrease

with increasing nitrogen concentrations. The results of Safi et al. (2022)

also suggest that physical stratification plays a role in driving variations

in net primary productivity (NPP) at shorter temporal scales, such as

seasonal fluctuations. Consequently, we anticipate that differences in

the timing and intensity of nutrient loading and physical stratification

across different years have contributed to the observed interannual

variations in NPP at our monitoring site. However, further research is

necessary to attain a comprehensive understanding and untangle the

complexities associated with these processes.

Interannual variations in NPP, consideringmodels adjusted for deep

Chl.a (see Table 2), ranged from a low in 2008 (166-207 g Cm-2 y-1) to a

high in 2017 (215-259 g C m-2 y-1). Notably, the period between 2012

and 2016 exhibited consistently low annual NPP (~200 g C m-2 y-1),
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underscoring the challenges in interpreting long-term linear trends

within specific multi-decade timeframes. An analysis of a longer time

series of monthly mean Chl.a (used as a proxy for NPP) in the

subtropical waters west of the North Island, spanning from 1997 to

2018 and combining data from SeaWiFS, MODIS-Aqua, and MERIS,

revealed similar interannual variability. Their analysis highlighted non-

linear multi-year fluctuations in Chl.a biomass and anomalies without

any discernible trends (Pinkerton et al., 2019: c.f. Figures 3, 4, 5D). Due

to the small and varying trends observed over different time periods, as

well as the need for a broader regional analysis encompassing the entire

continental shelf from deep to shallow coastal margins, a comprehensive

trend analysis for the region is being deferred to a future publication.

Chiswell et al., 2013 also conducted a study examining the

climatology of surface Chl.a in the southwest Pacific Ocean

surrounding New Zealand, focusing on the main water masses and

fronts. Their research documented the phenology of phytoplankton

bloom dynamics in the region. Specifically, they found that waters

adjacent to the Hauraki Gulf typically exhibit short-lived mid-spring

blooms, which occur when mixed layers shoal due to the relief of

wind stress (Chiswell et al., 2013: c.f. Figure 5). These blooms occur

for a brief period of less than one month and follow the

replenishment of nutrients into surface waters during late autumn

and winter mixing, providing sufficient light and nutrients to sustain

phytoplankton growth. Gall and Zeldis, 2011 further explored these

dynamics over the northeast continental shelf (at a water depth of 150

m) seaward of the Hauraki Gulf. They utilized SeaWIFS and moored

surface INF Chl.a observations and detected a mid-late spring bloom

in that area. In contrast, at the Firth monitoring site, where SeaWIFS

and INF sampling were also conducted, a mixture of autumn, winter,

and spring peaks was observed, but with earlier peaks occurring

around winter and lower values during the summer period,

consistent with the findings of the present study.

As the continental shelf nears the coastline, the depth available

for biomass stratification decreases. We suggest that instead of the

deeper chlorophyll maximum (DCM) or subsurface chlorophyll

maximum (SCML) observed in open ocean waters, a high

chlorophyll lower layer (HCL) forms in shallower waters, typically

in less than 50 meters. This HCL is only found when surface waters

are clear, when enough light can reach the lower layers for

productivity. This transition is documented across a number of

overseas studies in different regions, including: the Dogger Bank in

the North Sea (c.f. Figure 2, Fernand et al., 2013); the Australian

continental shelf (c.f. Figure 8, Mahjabin et al., 2020); the South

Brazilian Bight (c.f. Figure 5, Brandini et al., 2014); in NW

Mediterranean coastal ecosystem (c.f. Figure 3, Guallar and Flos,

2017); and summer glider transects across the continental shelf in the

Mid-Atlantic Bight (Wright-Fairbanks et al., 2020). We have also

observed similar transitions in Tasman and Golden Bays, New

Zealand (Zeldis and Gall, 2005 and MacKenzie and Adamson,

2004), as well as across the northeastern New Zealand continental

shelf into the Hauraki Gulf and Firth of Thames (c.f. Figure 2; Bury

et al., 2012 and c.f. Figure 9; Safi et al., 2022). Additional investigation

is necessary to understand, verify, and quantify the potential

productivity of the high chlorophyll lower layer (HCL) and its

correlation with areal net primary productivity (NPP).
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5 Conclusion and recommendations

Our study provides valuable insights based on decadal-scale

observations. Firstly, we validate the accuracy of satellite (MODIS-

Aqua) Case1/Case2 blended products processed by NIWA for the

Firth monitoring site. This finding enhances our confidence in

using satellite data for further analysis. Secondly, we identify clear

patterns and seasonal predictability in water column phytoplankton

biomass and its stratification, shedding light on the dynamics of

primary productivity in this coastal region. Lastly, by incorporating

deep biomass corrections, in a simple two-layered approach, we

significantly improve the accuracy of NPP estimates derived from

satellite data, emphasizing the importance of considering the entire

water column for more precise assessments, particularly in some

seasons. Overall, our study advances the understanding of

phytoplankton biomass-stratification relationships and their

impact on NPP, providing valuable insights that can be applied to

similar coastal regions with comparable seasonal characteristics.

To enhance NPP estimates for the New Zealand continental shelf

and coastal ocean, we recommend the integration of a high-resolution

coastal ocean model, as demonstrated in Chiswell et al. (2013), in

conjunction with moderate-resolution satellite data (500 m). This

combined approach should incorporate predictions of mixed layer

depth and pycnocline widths, allowing for more accurate

representation of biomass-stratification dynamics in NPP models. To

validate and inventory water column biomass-stratification, we

propose the deployment of moored profilers, towed undulators, and

glider transects at strategic locations across the continental shelf. These

observational techniques will provide valuable data to confirm and

quantify the distribution of biomass within the water column.

Additionally, gaining a deeper understanding of the seasonality of

photosynthetic rates in deep biomass layers within the euphotic zone,

and their relationship with surface observations, is crucial for

improving the precision of NPP estimates.

By implementing these recommendations, we can advance our

understanding of regional primary productivity and enhance the

accuracy of NPP assessments in coastal and shelf ecosystems across

New Zealand.
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