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Summary

Nutrient time series from the seven IMOS NRS show no discernible trends.
The three long-term NRS (>50 years) show a decline in silica over multiple
decades (most dramatic at MAI), a decline in phosphate more recently, and
mixed responses for nitrate.
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Rationale

Marine primary producers, such as phytoplankton,
macroalgae, and seagrass, take up their nutrients for growth
from the sea. Vitally important are nitrogen (N) and phosphorus
(P) as essential building blocks of life, including DNA, proteins
and phospholipids (Canfield, Glazer, & Falkowski, 2010;
Kitadai & Maruyama, 2018; Ruttenberg, 2014). The next
most important nutrient is silicon (Si), which is essential for
phytoplankton with siliceous skeletal structures, such as
diatoms and silicoflagellates (Tréguer & Rocha, 2013). These
nutrients exist in inorganic and organic forms (Box 1), with
dissolved inorganic forms more easily accessible to plankton
organisms than complex organic forms.

In Australian coastal waters distant from urban centres and
river mouths, marine primary production is said to be chiefly
limited by availability of N (Radke et al., 2017; Thompson et al.,
2011). In practice, labile organic N (Box 1) and atmospheric
N, -fixation can offset the N deficit; trace elements can also
influence growth (Box 2). Sustained observations of N, P
and Si as part of the Integrated Marine Observing System
(IMOS) provide a circum-continental baseline for nutrients
that can be used to assess changes from climatic and other
anthropogenic pressures.

Nutrient concentrations of Australian surface waters grade
from the tropics to the cool temperate regions. They increase
with depth below the surface mixed layer as dissolved
nutrients are returned to the water column from decomposition
of sinking particulate matter and physical processes, such
as intrusions of deeper water. Beyond the estuaries and
close inshore, they can be characterised broadly into three
provinces': North-West (tropical wet/dry climate, macrotidal,
broad continental shelf) — low N and P?, high Si; North-East
(tropical wet/dry climate, mesotidal, narrower continental
shelf and barrier reef) — very low N and P, intermediate Si; and
South (temperate climate, microtidal, seasonal deep mixing)
— intermediate N and P, low Si. The transition between these
provinces is mediated by the two major, poleward currents on
the east (East Australian Current (EAC)) and west (Leeuwin
Current (LC)) coasts of Australia and their subsidiary systems.
Regional oceanographic influences can be modified by local
mechanisms, as observed at Kangaroo Island (van Ruth et al.,
2018). Seasonal variability in nutrient concentrations within
any year is generally greater than interannual variability.

Methods

Nutrients have been measured at Australia’s long-term
monitoring sites for up to 70 years. Under IMOS, the National
Reference Stations have been extended to key regions
around Australia (Lynch et al., 2014). Sampling and analysis
methods have been standardised, with discrete samples
collected throughout the water column using Niskin bottles,
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and measured using standard, segmented flow analysis with
colorimetric detection (Rees et al., 2019).

The focus of the nutrient time series presented here are the
specific forms of N, P and Si measured at the NRS—nitrate
(NO,"), dissolved reactive phosphorus (DRP) and dissolved
reactive silicon (DSi). Nutrient data are presented at each
NRS, averaged in 10-m depth bins.

Results and interpretation
IMOS National Reference Stations

For the sub-set of nutrients presented, no trends were
discernible at the Yongala (YON), North Stradbroke Island
(NSI) and Kangaroo Island (KAl) NRS through 2010-2018,
but some features are noteworthy. Peaks in DRP (Figure 1)
and DSi (Figure 2) concentrations at Yongala in 2011 and
2012 likely resulted from widespread flooding or deepwater
intrusion events caused by Tropical Cyclone Yasi (February
2011) and a deep tropical low (March 2012). NO, did not
respond similarly (Figure 3), either because its flood transport
was lower, or it was rapidly used by the biota. Higher DSi
concentrations at North Stradbroke Island in 2012 might also
have resulted from local rivers flooding in March of that year.
Kangaroo Island (KAI) had a broad peak in its time series for
NO,", DRP and DSi in 2015-17; it is most prominent for DSi
throughout the water column, but is only clear for DRP and
NO," in deeper samples, and could align with a slight decline in
salinity. The upwelling and enrichment mechanism described
by van Ruth et al. (2018; Jan—-Apr) might be responsible, but
at other times of the year storm events causing intrusion of
richer, lower salinity waters could have been active. Darwin
showed no overall trend between 2011-2018 for NO,", DRP
and DSi, but all were higher in 2014 and 2015. Although
this did not relate to overall wet-season rainfall, pulses of
high nutrients were observed during the wet season when
sampling coincided with spring tides and high rainfall events
(within preceding 1-3 days). Seasonal cycles of nutrients are
not discussed here, but have been included in supplementary
information for reference.

Long-term stations

The full records of temperature and salinity at Maria Island,
Port Hacking and Rottnest Island® (see State and Trends
of Australia’s Ocean Report 1.1: Long-term changes in
temperature around Australia) reveal long-term variability and
changes in oceanographic conditions. In south-east Australia,
over the past 70 years the EAC extension has transported
more water characteristic of subtropical Australian waters to
Tasmania (Maria Island). Whereas, off south-western Australia
(Rottnest Island), the LC has waxed and waned under the
influence of global climate drivers such as the El Nifo-
Southern Oscillation.

1 This excludes the Gulf of Carpentaria, which remains to be differentiated better for nutrient distributions.
2 Coastal waters adjacent to the Kimberley coast are possibly intermediate in P concentration (Hayes et al., 2005)
3Initiated mid-last century by Rochford and colleagues, before subsequent incorporation into NRS network, see Overall Methods section.
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Figure 1. Time series of dissolved reactive phosphorus (DRP) in different depth layers at the 7 IMOS National Reference Stations. Dots represent observed data
and the trends are represented by blue lines with grey shaded areas defining 95% confidence intervals of those trends.

NO," concentrations (Figure 4) in Maria Island surface waters
look to have been rising from the 1970s with temperature
and salinity. This is counter to their increased subtropical
nature that would imply decreased NO," levels. Instead, rising
mean NO_- concentrations (now ~1.7 uM) suggest enhanced
replenishment over time with winter mixing and incursion
of sub-Antarctic surface waters, the latter supported by
seasonally declining salinity at Maria Island—autumn to early
spring—for all sampled depths (related to higher nutrient
levels, see Harris et al. (1987)). Over 70 years, NO, levels
at the surface at Port Hacking (100-m station, off Sydney)
have declined from 1.25 to 0.75 pM, but increased at 40-50
m depth, which could be linked with increased stratification.
While the Rottnest Island NO, record shows no long-term
trend, a broad peak (0.30-0.50 pM) from 1975 to 1995
suggests a period of diminished LC influence. At 40-50 m
depth, all three stations show a similar NO,~ time series; which
might reflect a region-wide oceanographic influence.

DRP concentrations (Figure 5) show different behaviour
interannually to NO,~, which could arise from differences in
their supply and assimilation with fluctuating composition
of the phytoplankton community. Interpretation of the DRP
time series is constrained by data gaps. Maria and Rottnest
Islands have similar trends over the full depth range: an initial
rise to a peak and a decline to the present. The peak for Maria
Island (~0.55 pM at the surface) was in the 1970s; that for
Rottnest Island (~0.20 pM at the surface) in the early 1990s.
Port Hacking appears to have declined in DRP concentration
from a plateau in the mid-1950s to mid-1980s until the last
decade (0.20-0.15 pM at the surface). Similar profiles for all
three stations are seen at depth (40-50 m) for DRP, as also
noted above for NO,™.

DSi has a shorter record than NO,- and DRP (1970 until now),
although relatively unbroken (Figure 6). Its concentration has

doi: 10.26198/5e16a2ff49e77

declined at all three long-term stations, most markedly at Maria
Island, declining at the surface from >3 pM in 1970 to 1 pM
now (unlike for NO,~, sub-Antarctic waters are depleted in DSi).
Port Hacking appears to have declined over the same period
from concentrations generally >1 pM to levels < 1 uM now.
Apart from an initial anomaly, Rottnest Island has also declined
from ~2.5 uM in surface waters to ~2 pM, which could be a
consequence of reduced LC flow. Declines in DSi could also
plausibly be linked with a mix of other factors—e.g. changes
in composition of the phytoplankton community (diatoms
have become more active), decrease in supply to coastal
waters from terrestrial runoff, and decline in remineralisation
rates of biogenic silica.

Implications for people and
ecosystems

Human activity influences both the concentration and the
relative forms of inorganic and organic nutrients in marine
systems directly (e.g. inflow of fertilisers and wastewaters)
or indirectly through changes in global climate influencing
oceanography, flowing through to primary producers at
the base of marine food webs. IMOS NRS data suggest it
is mostly meso-scale oceanography that is controlling the
patterns in offshore coastal waters around Australia. Time
series of annual mean concentrations at long-term stations
depict shifts in N, P and Si; they are not in unison one with
the other, nor between locations. Nutrient concentrations and
proportions of N, P and Si control fertility, the balance of the
planktonic and benthic primary producers, and ultimately the
composition of marine food webs. Whether changes in nutrient
distributions in coastal waters are already causing changes
in these food webs, or the nutrients reflect changes caused
by other factors (e.g. temperature, stratification) is not clear.
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For instance, in surface seawaters of Maria Island, increasing
NO, and decreasing DSi could favour a shift in phytoplankton
from diatoms to dinoflagellates, or it could ensue from
DSi removed from seawater by increasing proportions of
diatoms stimulated by greater NO,~ supplies. The former

scenario is preferred by Thompson et al. (2009), albeit with
DSi in subtropical waters removed upstream by diatoms.
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We therefore recommend that a future assessment of the
impact of these changes should focus on close integration
of the poorly constrained biogeochemical processes with
changes in plankton and other primary producer communities,
and the repercussions for higher-order consumers.
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Figure 2. Time series of dissolved reactive silicon (DSi) in different depth layers at the 7 IMOS National Reference Stations. Dots
the trends are represented by blue lines with grey shaded areas defining 95% confidence intervals of those trends.
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Figure 3 Time series of nitrate (NO,-) in different depth layers at the 7 IMOS National Reference Stations. Dots represent observed data and the trends are
represented by blue lines with grey shaded areas defining 95% confidence intervals of those trends.
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Figure 4 Annual time series of nitrate (NO,") in different depth layers at the three long-term, Australian coastal stations—Port Hacking (100-m station; PHB),
Rottnest Island (ROT) and Maria Island (MAI). Dots represent observed data and the trends are represented by blue lines with grey shaded areas defining 95%
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Box 1: The importance of
organic nutrients

In marine systems, nitrogen and phosphorus are found in
both inorganic and organic forms. Inorganic nutrients are
non-living and are present in relatively few chemical forms,
with dissolved inorganic N (DIN) found as ammonium (NH,),
nitrate (NO,) and nitrite (NO,?), with NO,~ being the most
stable and dominant form (Wada & Hattori, 1991). Inorganic
P is mostly found as orthophosphate (HPO,*) (Cembella,
Antia, Harrison, & Rhee, 1984). Dissolved reactive Si exists
overwhelmingly as orthosilicate Si(OH), or Si(OH), O~ (Isshiki,
Sohrin, & Nakayama, 1991).

By contrast, organic nutrients are contained in a complex
mix of molecules from simple amino acids to highly complex
chemical compounds. While inorganic nutrients and a small
part of organic nutrients can be directly used for biological
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growth, most organic nutrients must first be degraded (either
biologically by enzymes or abiotically by sunlight) to smaller
compounds or inorganic nutrients before they can be used
by marine life. These differences in processing steps impact
how fast compounds are cycled in the environment. Generally
inorganic nutrients are used at short timescales (hours to
days), while the organic nutrients are used over a broader
range of timescales (hours to years).

Few studies have accounted for the relative importance of
both inorganic and organic nutrients. In oligotrophic tropical
coastal waters of the Great Barrier Reef where inorganic
nutrient levels are low, Lenborg et al. (2018) found that 95% of
the nitrogen and 75% of the phosphorus used by marine life
were in the organic fraction. This suggests that to understand
and manage nutrients in coastal waters, it is important that
future work measure and account for both inorganic and
organic fractions (Figure B 1).

Inorganic and organic nutrients

Organic nutrients

Open ocean Yy

3 -..;- .

Atmosphere

Temperature

Inorganic nutrients L

Sunlight
\

"'-Oc'
.-f/ |. \“\
Acidification

WiE - GBRERER
P

Alkaline
—_—

Biotic and abiotic degradation

Figure B 1. Schematic overview showing the 1) main external sources, 2) interplay between inorganic and organic nutrients, and 3) some of the main environmental

factors impacting this interplay.
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Box 2: Micronutrients as
modulators

The availability of N, P and Si is not the only nutritional
requirement of marine primary producers. Trace elements,
especially transition metals of the first row in the Periodic
Table, influence productivity at the base of marine ecosystems.
These trace elements are characterised as micronutrients. Iron
(Fe) is universally recognised as the most critical, and can be
limiting by itself or limiting jointly with a macronutrient such
as N (Tagliabue et al., 2017) . Apart from Fe, micronutrients
rarely, if ever, limit primary production (Moore et al., 2013) .
More commonly, micronutrients (copper, zinc, cobalt, nickel,
manganese, cadmium, selenium, etc.) influence pelagic
primary productivity by favouring certain phytoplankton
classes, which in turn impact the composition of higher
trophic levels.

The influence of micronutrients is manifest among the
different classes of phytoplankton, right down to their
cellular physiology (Figure B2, Morel and Price (2003). Fe
is the micronutrient in most demand because it is pivotal in
photosynthesis (as a metal centre in photosystems (PSI and
PSIl) and ferredoxin), an integral component of cytochromes,
and specific cellular processes involving the handling of N
(e.g. N, fixation, nitrate/nitrite reduction). Other micronutrients
play more specific roles. Zinc mediates two critical pathways

1.5 | Trends in nutrient concentrations

as a metal centre for the enzymes carbonic anhydrase and
alkaline phosphatase. Copper is active as a cofactor in
photosynthesis and nitrogen cycling (e.g. denitrification,
ammonium oxidation). Some micronutrients have a specific
role: cobalt is the metal cofactor in Vitamin B, ,, an important
agent for biomethylation; whereas nickel is the metal centre in
the enzyme urease, responsible for the decomposition of urea
to ammonia and CO,,

The requirement by phytoplankton for micronutrients is
adaptable to prevailing conditions. For example, Zn can
be replaced by Co or Cd in carbonic anhydrase (Morel
& Price, 2003). The substitution may distinguish different
phytoplankton taxa, or it may be a strategy to retain
functionality during severe deficiency of the favoured metal
at the expense of decreased efficiency. Other physiological
strategies involve the substitution by a main-group metal
(e.g. alkaline phosphatase variant, with Ca replacing Zn —
Sebastian & Ammerman, 2009) or the avoidance of a metal
centre altogether (e.g. flavodoxin for ferredoxin — Roche,
Murray, Orellana, & Newton, 1995).

Extracellular processes can also favour the acquisition of
micronutrients through the excretion of organic compounds
(ligands) to sequester essential metals. These ligands (e.g.
siderophores) are exuded by some micro-organisms, which
have mechanisms to transport the bound metals intracellularly
(Vraspir & Butler, 2009).

HCO5~

Zn(Co)(Cd)

Phytoplankton Cell

Fe...

/

[CH20]

H,PO,
H,PO,~

Zn

DOP

BIOMASS

CO(NH,),

N5

Figure B 2. Micronutrients in key carbon, nitrogen and phosphorus pathways. An ellipsis (e.g. Fe...) indicates other metals of lesser prominence are also
cofactors in the pathway. Metals in parenthesis (e.g. (Co)) denote less preferred or less efficient cofactors. A forward slash separates metals active in different
steps in a pathway, operating in combination, or having a different function as a cofactor. Modified from original in Morel & Price 2003.
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Figure S1. Seasonal cycle of salinity levels in different depth layers at the 7 IMOS National Reference Stations.

represented by blue lines with grey shaded areas defining 95% confidence intervals of those trends.
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Figure S2. Seasonal cycle of nitrate (NO,") in different depth layers at the 7 IMOS National Reference Stations. Dots represent observed data and the trends
are represented by blue lines with grey shaded areas defining 95% confidence intervals of those trends. Time-span of observations presented varies for each

NRS, see Overall Methods.
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Figure S3. Seasonal cycle of dissolved reactive phosphorus (DRP) in different depth layers at the 7 IMOS National Reference Stations. Dots represent observed
data and the trends are represented by blue lines with grey shaded areas defining 95% confidence intervals of those trends. Time-span of observations

presented varies for each NRS, see Overall Methods.
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Figure S4. Seasonal cycle of dissolved reactive silicate (DSi) in different depth layers at the IMOS National Reference Stations. Dots represent observed data
and the trends are represented by blue lines with grey shaded areas defining 95% confidence intervals of those trends. Time-span of observations presented

varies for each NRS, see Overall Methods.
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