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Abstract:

The nutrient dynamics and biogeochemical properties of the Pelagic Eastern
Mediterranean (EMS), an inland sea with many of the characteristics of a mid-ocean
gyre, has been well studied. By contrast there are few studies designed to understand
these processes on the coastal shelves of the EMS. In this study the nutrient dynamics
were determined using ultra-sensitive analytical procedures together with Primary
Productivity (PP) and Chlorophyll across the Israeli Coastal shelf (ICS). This includes 12
monthly cruises over a seasonal cycle at an outer shelf station and several transects
from the coast to 100 m depth. Sample preservation tests were carried out for nutrients
at the ultra-low concentrations found on the ICS, which found that filtered fresh
samples were optimal while confirming that using unfiltered frozen samples gave
results for Dissolved Inorganic Phosphorus (DIP) that were too high and NO3- and NO2-

(N&N) were too low. The extra DIP released from frozen unfiltered samples may be due
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to DIP stored in the periplasm of cyano- and other bacteria (Kamennaya et al., 2020).
Nutrient data for the ICS showed moderate concentrations of N&N (~300-500 nM)
throughout the water column in winter, which decreased to less than 50 nM in mid-late
summer. DIP was depleted (<10nM) throughout the year. Net PP at the outer shelf
station (120 m) was 30 gC m? y-1. The seasonality and concentration of nutrient
concentrations and Net PP as well as the observed seasonal signal of Chlorophyll from
remote sensing were similar to that found in the pelagic EMS. The ICS is ultra-
oligotrophic and is very different from the eutrophied coastal shelves found in many

locations globally because of the unusual anti-estuarine circulation.

Keywords:
Nutrient Dynamics, Coastal Shelf, Seasonal Nitrate Depletion, Phosphate Depletion,
Oligotrophic Shelf, Nitrogen Budget

1. Introduction:

The Eastern Mediterranean (EMS) is a highly unusual inland sea which has many
characteristics of an ocean gyre (Powley et al., 2017). It has been used as a natural
laboratory for globally important biogeochemical processes particularly related to P
depleted oceanic systems (Krom et al., 1991). While there has been considerable
research to understand nutrient cycling and biogeochemical changes in the pelagic
Eastern Mediterranean sea (EMS) (e.g. Ben Ezra et al., 2021; Djaoudi et al., 2018; Kress
and Herut, 2001; Powley et al,, 2017; Pujo-Pay et al., 2011; Thingstad et al., 2005), there
have been very few studies to understand controls on nutrient cycling on EMS coastal
shelves in general (Balkis, 2009; Dogan-Saglamtimur and Tugrul, 2004; Ignatiades et al,,
2002; Ounissi et al., 2018; Psarra et al., 2000; Souvermezoglou et al.,, 2014; Zaafrane et
al., 2019) and the Israeli coastal shelf (ICS) in particular (Berman et al., 1986;
Christensen et al., 1988; Townsend et al., 1988). Most of the limited studies which do
exist on the EMS coastal shelves, have examined the nature and magnitude of specific
point sources of pollution such as fish cages, river outflows (Kress and Herut, 1998;

Varkitzi et al.,, 2018) or factory and/or sewage outfalls (Rekik et al., 2020) or to set
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eutrophication standards for sections of the coastal shelf (Kress et al., 2019; Simboura

etal, 2014).

In most parts of the global ocean, the coastal zone is drastically different from the
pelagic offshore. Typically, the coastal zone has higher levels of dissolved nutrient
supply and concentration, which in turn results in high levels of primary productivity
often to the level of eutrophication (e.g. Blog et al. 2009; Berner and Berner 2012 and
many others). The nutrients are derived from adjacent rivers discharging natural and
anthropogenically derived nutrients, atmospheric inputs and nutrients recycled from
labile organic matter deposited in the underlying sediments, which are shallow enough
to be in direct contact with overlying biologically active photic zone. There have been a
number of studies of nutrient distribution in the ICS, mainly restricted to shallow water
(often less than 15-20 m) generally associated with monitoring studies at pollution “hot
spots” (Rahav et al. 2018, 2020; Kress et al. 2019 and others). These studies and the
more limited studies from the outer ICS (Azov, 1986; Berman et al., 1984; Christensen et
al,, 1988; Townsend et al., 1988) suggest that the ICS is very different from this global

norm in many important characteristics.

In this study we have carried out seasonal and spatial sampling of the water column at
an outer shelf station (THEMO1) and in transects across the ICS, to understand the key
changes in nutrient concentration and how they relate to biogeochemical characteristics
such as chlorophyll-a and primary productivity across the shelf. We aimed to determine
to what extent these processes are similar and/or different from the EMS pelagic system
and from coastal shelf systems elsewhere. In order to obtain robust measurements of
inorganic nutrients at the low levels found in the ICS, we first carried out a series of

sample preservation experiments on ICS and EMS.

2. Sampling and methods:
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Figure 1: Location of sampling stations across the Israeli coastal shelf in the S.E.Levantine
basin of the Eastern Mediterranean Sea. Station THEMO1, the outer coastal shelf station,
was at a bottom depth of 135 m. The ICS was sampled in a transect from 10 m to 100 m
bottom depth off the coast of Maagan Michael. In addition THEMO?2, at a bottom depth of
1450 m, was the pelagic station used for comparative purposes, and N800, was the pelagic
station used during the preservation experiment. Isobaths are represented by colors; 10-30 m
bottom depth in pink, 30-85 m bottom depth in light yellow, 85-150 m in light blue, Darker
shades of blue for over 150 m bottom depth.

2.1 Sampling and analysis:

During monthly cruises from February 2018 until January 2019, samples were collected
close to the THEMO1 mooring between midnight and 3AM on board the R/V
Mediterranean Explorer or R/V Bat Galim, at a depth of 135 m bottom depth; our
sampling station at the edge of the ICS (see Supplementary Files for our definition of the
extent of the ICS). These samples are compared to data from a pelagic station at a depth
of 1450 m (THEMOZ2), collected from midday to late afternoon on the same day (Ben
Ezraetal, 2021; Reich et al,, 2022). In addition, a series of cruises were carried outin a
transect off Maagan Michael (MMT; Figure 1) using the R/V Mediterranean Explorer.
Samples were taken at 10, 25, 45, 70 and 100 m bottom depth stations on most cruises
on Feb 20th, May 29, Sept 12th and Nov 28t 2018. In all cases the samples were

collected using a Seabird carousel system with 12 or 13 Niskin bottles.
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A set of samples for the preservation experiment were taken in February 2021. 3
samples (6 replicates) were sampled from the N800 pelagic station (832 m bottom
depth) at depths of 10, 50 and 100 m (Figure 1) and 3 samples (6 replicates) were taken
from the MMT coastal transect (MMT_100; bottom depth of 100 m), at depths of 10, 50
and 100 m.

Nutrient samples were collected in acid washed 500 ml plastic containers and
immediately filtered through 0.22 um Nalgene rapid-flow filter units. The first two
filtrates were discarded and the final samples for filtered fresh (n = 6) were collected in
new 50 ml falcon tubes and stored in 4°C in racks. The samples were transported to the

lab at Sdot Yam and analyzed for dissolved nutrients within 12-15 hours of sampling.

For the preservation experiments, in addition to filtered fresh samples analyzed within
12-15 hours, a set of filtered samples (n=6) in new 50 ml falcon tubes were placed
immediately in -20°C freezer in racks. A further set of unfiltered samples (n = 6) were
also collected in 50 ml falcon tubes and put immediately into the freezer in racks at -
20°C. The frozen samples were stored at -20°C for 2 to 3 weeks. They were thawed in a

37°C water bath and shaken thoroughly prior to analysis.

2.1.1.Sample Preservation experiments:

The results of the sample preservation experiments are plotted in Figure 2 and shown
in detail in Table S2. The statistical significance of the data in the preservation
experiments was assessed using 2 sample paired T-test (Hammer et al.,, 2001). The
results from the filtered frozen samples and the unfiltered frozen samples were
compared to the fresh filtered samples analyzed with 12-15 hours of collection (Ben

Ezraetal., 2021).
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Figure 2: Figure showing the mean * 1 s.d. of fresh filtered samples, frozen filtered samples
and frozen unfiltered samples collected at an N800 pelagic station at a depth of 10m, 50m &
100m (3 samples & 6 replicates) and at the 100m station on the MMT at a depth of 10m, 50m
and 100m (MMT; 3 samples & 6 replicates). The samples marked with asterisk are
statistically significantly different from the corresponding filtered fresh samples (2 sample
paired T-test, p<0.05).

2.1.1.a Filtered frozen vs filtered fresh samples:

In the samples collected from the pelagic station, the frozen filtered sample DIP values
were not statistically different from the fresh filtered (i.e. good preservation). Even for
the samples collected from the MMT stations, the filtered frozen samples were only a
few nanomoles lower than the filtered fresh samples and as long as differences of
<10nM are not being interpreted as important, this preservation technique was
considered acceptable. Frozen filtered also gave adequate results for silicate and N&N
(adequate preservation but only if used to interpret relatively large changes (<50nM for
N&N & <15% for silicate). This method (Filtered frozen samples) has been used
previously for Mediterranean surface samples by Pulido-Villena et al. (2010) and others
and is used in our lab as a potential back up if there were problems with the fresh

filtered samples on the day when analysis was carried out.
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2.1.1.b Unfiltered frozen vs filtered fresh samples:

By contrast, the unfiltered frozen samples gave values for DIP which were consistently
significantly higher and for N&N were significantly lower than filtered fresh samples
(Figure 2). This agrees with the results presented previously during the CYCLOPS
addition experiment which concluded that this method of preservation was only
acceptable for samples with values of >400nM N&N and >50 nM DIP, (Krom et al,,
2005). Thus unfiltered frozen samples works for samples below the nutricline in the
EMS. This is particularly problematic when Nitrate:Phosphate ratios are used to identify

the limiting nutrient within the photic zone (e.g. Herut et al., 2000; Rahav et al., 2018).

It is hypothesized that the reason for the higher DIP values with unfiltered frozen
samples for DIP, is the presence of luxury’ consumption and storage of phosphate in the
periplasm of cyano and other bacteria (e.g. SAR-11) as has been found in P depleted
areas of the N.Atlantic (Kamennaya et al., 2020; Zubkov et al., 2015).

2.1.2. Chemical analysis of dissolved nutrients:

Dissolved nutrients were determined using a 4 channel SEAL AA-3 autoanalyzer.

In order to minimize cross contamination in the laboratory, ammonium was analysed
first, using an automated o-phthaltaldehyde (OPA) fluorescence method (SEAL
Analytical, 2011a). Samples were placed in the sample trays and only opened
immediately before the sample probe took the sample. The baseline used for
ammonium determination was freshly prepared ultrapure (type 1; Synergy UV, by
Merck; MQ) water. The next parameters to be determined were dissolved Nitrate &
Nitrite (N&N) and Silicate. The methods used were Cd reduction for N&N and an oxalic
acid/molybdate blue method for silicate (SEAL Analytical, 2011b). The baseline used for
these determinations was MQ water. Finally a 374 run was carried out using an ultra-low
level phosphate method involving using a 100 cm long flow cell (LWCC) and molybdate
blue determination based on Murphy and Riley (1962). The blank used for phosphate
determination was surface open-sea water, whose DIP value was determined by either a
previous experiment involving determination of refractive index correction by
removing the ascorbic acid reagent or measurement of the DIP value using MAGIC (Karl

and Tien, 1992). [t was not possible to use a MQ water as the blank because the



203  deionizing system in the lab produced MQ water with ~20 nM DIP. This may be because
204  of the use of desalinated water in Israel which uses phosphonate as a descaler (Kress et
205 al, 2020). The precision and limits of detection for these determinations are given in
206  Table 1.

207

208 Table 1: Analytical performance charecteristics for nutrient analysis

Determinand Usual range Precision (nM)  Limit of detection Detector device used
(nM) (nM)
DIP 0-125 2 6 LWCC
Nitrate (N&N) 0-1000 20 13 1cm cell spectrophotometer
Ammonium 0-500 6 5 JASCO fluorometer
Silicate  0-2000 7 11 1cm cell spectrophotometer

209  Table 1. Analytical performance characteristics for the nutrient analyses carried out in this
210  study. Precision was 2 x standard deviation of 6 replicate low-level samples. The limit of

211  detection was determined as 3 x the standard deviation of the blank. LWCC is a WPI Liquid

212 wave guide (see text).

213

214 2.2 Primary productivity (PP) and Total Chlorophyll
215

216  Net daily photosynthetic carbon fixation rates at the THEMO stations were estimated
217  using the *C incorporation method (Nielsen, 1952), with several modifications (Hazan
218 etal, 2018). Triplicate 50 ml samples were taken from each depth within the photic
219  zone and from one aphotic depth using sterile vials and kept at surface light and

220  temperature conditions in an onboard tank with running sea water until the following
221  morning. The ‘dark’ sample served as blank and was kept under the same temperature
222 asthe ‘light’ samples. Radioactive spiking was done at ~08:00 AM the day following of
223  thecruise in order to start a 24 h incubation (Reich et al., 2022) at the same time. Early
224  work by Letelier et al. (1996) at station HOT showed that prolonged on-deck

225  incubations, similar to the protocol used in this study, may result in underestimated PP

226  rates as it cannot precisely mimic the temperature and illumination levels in-situ. Our
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preliminary tests concur with this conclusion and found that ashore incubations
underestimate PP rates by up to ~20% compared to incubations on a mooring rope tied
to the ship (Reich et al., 2022). Samples were spiked with 50 pl (5 pCi) of NaH*CO3
tracer and were incubated for 24 h under 3 light regimes: surface illumination (upper
mixed layer samples), 50% illumination (samples from below the mixing depth to the
DCM) and ~1% illumination (samples from the DCM and below). Shading was
performed using neutral density nets, thus changing light intensity but not spectral
properties. Water samples were then filtered through GF/F filters (0.7 pm nominal pore
size, 25 mm diameter) using low vacuum pressure (< 50 mmHg) and rinsed 3 times
with filtered sea water. Filters from each sample were then put in scintillation vials
where 50 pl of 32% HCI solution was immediately added in order to remove excess 14C-
bicarbonate and kept overnight for incubation. After incubation 5 ml scintillation
cocktail (ULTIMA-GOLD) was added to the samples and counted using TRI-CARB 2100
TR (PACKARD) scintillation counter. Three 50 puL random aliquots were taken from
each sample batch and counted immediately after the addition of the radiotracer
(without incubation) with ethanolamine to serve as added activity measurements of the

reagents.

During the MMT transects, one liter of seawater was collected from all sample depths
and was filtered onto GF/F filters (0.7 pm nominal pore size, 25 mm diameter,
Whatman) using a vacuum pump. Filters were frozen in vials in a -20°C freezer until

extracted for 24 h in 4 ml buffered acetone and read in Turner instruments fluorometer.

2.3. Satellite data

Time series of sea surface chlorophyll concentrations and temperatures were extracted
by averaging satellite data over two regions of interest overlapping the locations of
THEMO1 and THEMO2. The satellite dataset consisted of 1km daily Level 3 products
extracted from Copernicus Marine Environment Monitoring Service (CMEMS,
https://marine.copernicus.eu/) (D’Alimonte et al., 2003; Volpe et al., 2018). The CMEMS
chlorophyll product uses merged remote sensing reluctance data from multiple
available ocean color sensors (MODIS-AQUA, NOAA20-VIIRS, NPP-VIIRS and Sentinel
3A-0OLCI), produced by the Plymouth Marine Laboratory (PML) using the OC-CCI

processor version 3. The chlorophyll retrieval algorithm specifically tuned for the
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Mediterranean region by using the MedOC4 algorithm (Volpe et al., 2019) for Case |
waters, and the AD4 algorithm (Berthon and Zibordi, 2004) for Case Il waters.

3. Results:

3.1 Physical structure of the water column

(a) Temperature [°C] (b) Temperature [C]
0 - o . -
l\
-§. 50 50
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Figure 3: Shows a 12 month time series plots of the Temperature (a, b) and Salinity (c, d)
measured over the upper 150 m at THEMOI (a, c) at the edge of the ICS and THEMO?2 (b, d)
the pelagic station, sampled from February 2018 to Jan 2019. Data points (binned every I m)
are shown as black lines; contouring was obtained using Ocean Data View (ODV) weighted

average gridding.

The water column at THEMO1 in February and March 2018 was physically mixed to a
depth below the 100 m shown in Figure 3. By April there was the start of a seasonal
thermocline seen in the temperature signal, which strengthened through the summer
months (May-September) when there was a strong pycnocline at 50-60 m depth. This
began to weaken in October, with a deeper mixed layer to 100 m in November and a

fully mixed cooler water column in January 2019.

10
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Figure 4: Salinity (left panels) and Temperature (right panels) across the MMT sampled in
2018 on (a, b) Feb 20th (c, d) May 29th, (e, f), Sept 12th and (g, h) Nov 28th. Data points
(binned every 1 m) are shown as black lines; contouring was obtained using Ocean Data

View (ODV) weighted average gridding.

The physical characteristics of the water column obtained across the shelf (MMT)
during 4 seasonally spaced cruises (Figure 4) shows similar patterns to that observed at
THEMO1 on the edge of the shelf with some specific differences. In February (mid-
winter) most of the water column was vertically homogeneous in salinity. An exception
was the layer of fresher water (lower salinity & lower temperature) in the uppermost
layers close to shore (10 and 25 m depth). By May (Figure 4d) seasonal stratification
had been established with a thermocline starting at ~25 m and a similar but rather less
clear vertical structure in salinity. The surface layers had somewhat higher salinity than
in February. By September both the seasonal pycnocline and the increase in salinity for
the shallower water were much clearer with a noticeable increase in salinity towards
the shore. In November the water column was mixed above 60m and there was a clear
increase in salinity over all of the transect. Note that in temperate parts of the world,
November is considered already autumn while here, the physical structure of the water

column was a continuation of the summer seasonal pycnocline.

11
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3.2 Seasonal changes in Nutrient distribution across the shelf;

(a) DIP [nM] (b) DIP [nM]
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Figure 5: Time series at THEMOI (a, c) of DIP (top) and N&N (bottom) during the 12
months of sampling over the entire water column on the edge of the ICS and for comparison
the same time series from pelagic THEMO? station (b, d; 2018-2019; Ben-Ezra et al., 2021)
over the upper 150 m. Data points are shown as black dots; contouring was obtained using

ODV weighted average gridding.

There were major seasonal changes in the nutrient distribution at THEMO1 (135 m;
Figures 4). The concentration of N&N was relatively high in the water column above 80
m in winter (February and March; 350-400 nM). This decreased to 140-170 nM in April
and May and reached low levels of N&N (8-16 nM) from August until November. The
values increased again in winter (December-January) to 220-340 nM. The only
exception to this relatively simple seasonal pattern was the increased N&N (360 nM)
during the July sampling, which was shown to have sampled a coastal filament
confirmed by remote sensing (Lehahn unpublished data). In addition, in all the monthly
cruises at THEMO1 (except possibly Jan 2019; Figure 5), there was a substantial
increase in N&N at the deepest depth sampled (usually 120 m) at this outer shelf station
and at the deepest sample of the 100 m sample of the MMT transect (Figure 6) but not
at any of the shallower depths across the shelf.

By contrast DIP remained at less than 10 nM in the upper water column (80 m and
above) throughout the entire year. In addition, for all monthly cruises the lowest sample
(100-120 m) was somewhat higher than the average of the rest of the water column (by

a few nM), though only in May, September, November and December this increase was

12
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somewhat greater (17-33 nM). The ammonium and silicate measurements at THEMO1

showed no systematic seasonal or vertical trends (see Supplementary Files).
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Figure 6: Dissolved inorganic phosphorus (DIP; nM) and Nitrate+Nitrite (N&N; nM) across
the MMT, sampled in 2018 on (a & b) Feb 20th; (¢ & d) May 29th, (e & f) Sept 12th and (g
& h) Nov 28th. Data points (binned every I m) are shown as black lines; contouring was

obtained using Ocean Data View (ODV) weighted average gridding.

In the samples taken across the MMT (Figure 6) there was much higher (and relatively
constant) N&N and low nM DIP throughout the water column in February except at the
shallowest station where there was layer of higher N&N and DIP, which coincided with
a layer of fresher water (Figure 4). In May, after the seasonal thermocline had been
established, there was a decrease in N&N to 170-260 nM while DIP remained depleted
at low nM concentrations. There was also higher N&N found in the uppermost samples
above the seasonal thermocline across the transect. By September the water column
across the ICS was depleted in both N&N and DIP. In November the layer depleted in
N&N had shrunk and was only observed at the 40 m station in lower depths. There was
in addition higher N&N in surface waters at 75 and 100 m and also at the 10 m station.

As in all other sampling the DIP remained at extremely low concentrations (5-9 nM)

13
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though there was slightly more DIP in the outer stations than towards the shore (16-62
nM). The ammonium and silicate measured across the MMT showed no systematic
seasonal trends though there were occasional patches with higher concentrations

particularly in winter (see supplementary files).

3.3 Seasonal changes in Primary Productivity:
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Figure 7: Plot showing monthly changes in potential primary productivity at THEMOI (a;
coastal station) and for comparison at THEMO?2 (b; pelagic station; Reich et al., 2022)
during 2018-2019.

The net primary productivity (PP) measured at the coastal station was highest in Feb-
May 2018, with most of the PP in the upper 50 m of the water column (Figure 7). PP
then decreased in magnitude and was restricted mainly to the upper 30 m during the
seasonally stratified layer until November, when deeper mixing was reestablished and
increased PP reached a depth of ~100 m. The pattern in the pelagic station (THEMO02)
was similar with the maximum PP found in the upper 50 m between February and
March. There was a decrease and shallowing of the measured PP such that by
midsummer, the PP was mainly restricted to the upper 30 m and was considerably
reduced from that observed in winter. At THEMO2 (pelagic) there was an increase in PP
in November and December but it was mainly restricted to 75 m depth. In total, the
annual integrated potential PP in the coastal site was 30 g€ m2 y-1 at THEMO1,
compared with 28 g€C m-2 y-1at THEMOZ, the pelagic station.

Satellite remote sensing data provided a measure of the chlorophyll concentrations in

the uppermost part of the water column. These data show a chlorophyll-a maximum in

late winter (March) in both 2018 and 2019 at the outer-shelf station (Figure 8), which
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was interpreted as the annual phytoplankton increase, followed by a decrease reaching
a minimum in late summer. Overall, the satellite chlorophyll followed a similar seasonal

cycle at the pelagic station (THEMOZ2) though with less scatter.
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Figure 8: Seasonal changes in satellite-derived temperature (blue) and Chlorophyll-a the
outer coastal station (135 m; THEMO1) and for comparison at the pelagic (1450 m:
THEMGO?2) station over a period of three years. The sampling period of 2018-2019 is marked
as light brown shading.

4, Discussion:

4.1 Nutrient dynamics across the Israeli Coastal shelf (ICS):
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The seasonal changes in dissolved nutrients (especially N&N and DIP) were similar at
the edge of the ICS (THEMO1), across the shelf (MMT transects) and at the pelagic
station (THEMOZ; Figure 5 & 6). In the pelagic station (THEMOZ2), there are higher
values for N&N in winter decreasing in summer such that by September 2018 there was
essentially no measurable N&N in the photic zone (Figure 5; Ben Ezra et al. 2021).
Simultaneously during the entire year DIP remained at or close to the limit of detection.
These seasonal changes in the pelagic waters are driven by physical oceanographic
processes (deep mixing) and biological uptake, and not by external nutrient supply (e.g.
from rivers or atmospheric supply; Ben Ezra et al. 2021). The coastal waters on the edge
of the ICS (THEMO1) also had excess N&N compared to DIP during the winter of 2018
(Febuary and March) and again as the winter of 2019 started (December and January;
Figure 5). As the seasonal thermocline developed in April, N&N decreased reaching
almost complete depletion in September and October at the end of the seasonally
stratified period. This pattern was also seen across the MMT coastal shelf transect. The
N&N:DIP was >>16:1 during winter mixing and decreased during the seasonal stratified
period such that by late summer the N&N:DIP ratio was <16:1(Figure S2) . Although the
nutrient pattern of higher N&N in winter decreasing during the seasonal stratification
period at THEMO1 and across the shelf was similar to that at the pelagic station, it was
rather more complex in detail. There are patches of nutrients on the shelf, such as the
patch of low salinity in Feb 2018 in the shallowest depths (Figure 4) caused by local
river and/or atmospheric inputs, which spatially and temporarly result in increased
nutrients which rapidly are taken up by the microbial community and/or diluted by

mixing.

4.2 Seasonal changes in primary productivity on the ICS;

The monthly potential primary productivity at the outer shelf station (THEMO1) was
highest in February-March 2018 during winter mixing, decreased during the period of
seasonal stratification (April-November), and then increased again as deeper water
column mixing began in December (Figure 7; Reich et al. 2022). This pattern was
consistent with observed seasonal nutrient dynamics. The integrated annual PP at the
outer shelf station (30 gC m-2 y-1) was very similar to the integrated PP at the pelagic
station (28 g€C m2 y-1) determined on the same sampling day at the pelagic station, and

both were similar to previous PP data of 10-20 gC m-2 y-! from ICS (Berman et al., 1986).
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These PP values are similar, if not even lower than annual PP determined in the pelagic
EMS and the Cretan Sea (59 gC m2 y-1 and 25 gC m y-1, respectively) and the Ionian Sea
(62 g€Cm-2y1) as reviewed by Siokou-Frangou et al. (2010). These data confirm that in
general the degree of oligotrophy on the ICS was similar to that observed in the EMS

pelagic system and much lower than a typical coastal shelf.

However, in detail there are some local observations which suggested higher
productivity on the ICS particularly during winter when there was higher nutrient
supply from the coast. Thus, the limited chlorophyll data measured in the MMT (see
Figure S4; Supplementary files) showed there was an increase during the winter
sampling (February 2018) towards the shore, while the May 2018 transect showed only
minor changes towards the shore. This coincided with increases in nutrients and was
likely due to the effect of storms which caused a plume of fresher water containing
nutrients to be input from the coast. Overall the greater scatter of chlorophyll in the
coastal system (Figure 8) is because the ICS is both spatially and temporally more

inhomogeneous than the pelagic system even though the average total PP is similar.

There is only very limited available data on the nature and seasonal variability of the
phytoplankton community on the ICS (Azov, 1986; Berman et al., 1986; Raveh et al.,
2015). In general, the autotrophic community on the ICS is dominated by nano and
picoplankton (Synococchus and Prochlorococcus) with a limited fraction of eukaryotes
(Reich, unpubl. data). There have been no systematic studies on the important (but
minor quantitively) eukaryote communities comparing the shelf to the offshore. Keuter
et al,, (2022) found somewhat different coccolith community at THEMO1 (Shelf)
compared to THEMOZ2 (pelagic) while Kress et al. (2005) sampled a coastal filament and
found somewhat higher concentrations of larger eukaryotes (3.5-11 cells ml-1) than
found in the pelagic waters. Azov (1986) showed that the relative fraction of PP from
microplankton at the neritic station (30 m) was 2-20% while at the pelagic station it

varied from 5-40% though generally it was ~10% or less.
In addition to these regional differences, there are also local differences in both space

and time. For example, Rahav et al. (2020) found higher autotrophic activity in a

location on the ICS affected directly by submarine groundwater discharge (SGD). It is
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considered highly likely that pulses of nutrients from storms flushing out the micro-

estuaries will also result in increased local PP.

5.1 Why is the seasonality of nutrient dynamics on the ICS similar to the Pelagic?
The seasonality of the shelf is driven by a combination of advection of waters from the
offshore and external sources to the shelf. In the original study on nutrient dynamics on
the Israeli shelf, Townsend et al., (1988) estimated that advection from offshore
supplied 90% of the nutrients onto the shelf. However, their calculation did not include
SGD, atmospheric inputs or riverine inputs as potential sources to the ICS. In addition
they assumed that measurements of net PP represented the entire sink for externally
supplied N without taking into account that such measurements include recycled PP

which is an unknown quantity on the ICS.

The external inputs of nutrients from atmospheric inputs (Ben-Ezra et al. 2021) and
from riverine input (Herut et al., 2000; Suari et al.,, 2019) to the ICS are higher in winter.
Thus the pelagic and ICS have similar atmospheric inputs, which are higher in winter
(57%) compared with summer (Ben Ezra et al.,, 2021). As is typical of a Mediterranean
climate area, the rivers and streams tend to flow with much greater volume and
nutrient flux in winter (Suari et al., 2019). Although there is no direct evidence it is
likely that both SGD and domestic waste discharge would be higher in winter than in
summer. While there is no data available to quantify the seasonal flux of water onto the
shelf, it has been shown based on the increased nutrients at the deepest waters of
THEMO 1 and 100m of MMT have got to have come from the offshore, since there is no
increase in nutrients neaqr the sediment-water interface in shallower water. This
source of water carries a similar nutrient signal to the pelagic waters, being relatively
nitrate rich in winter and a decreasing flux of N (mainly nitrate) in summer (Ben-Ezra et

al,, 2021, Figure 5 and 6).

In many coastal shelves sedimentation processes are a sink for organic matter. This is
also occurring in the ICS (Christensen et al., 1988). But in addition and unusually there
is also Benthic Productivity which removes nutrients both from the water column and
reduces N fluxes from sediment back into the overlying water. The sediment is within

the photic zone and is a sink rather than a source of dissolved nutrients (Christensen et
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al,, 1988). Direct evidence for the presence of autotrophic organisms on the ICS but not
in deeper water has been provided by Rubin-Blum et al. (2022). Understanding the
magnitude and seasonality of this bacterial productivity as a key process on the ICS and

needs further investigation.

5.2 The unusual nutrient dynamics and oligotrophic status of the ICS:

Most coastal shelves typically have higher nutrient supply and concentrations than
offshore waters. This gives rise to much higher PP and chlorophyll values which can
cause eutrophic conditions in the water column and sometimes even hypoxic conditions
(Andersen et al. 2017; Chen et al. 2019 and many others). For comparison, the range of
chlorophyll values in the Baltic coast area, which has a similar external nutrient input
per unit area to the EMS (Powley et al,, 2017), is 2-15 mg m-3 (Wasmund et al., 2001) or
4-25 mg m-3 (Babin et al.,, 2003) i.e. 10-100 times higher values than the ICS. An
underlying reason for the typical biogeochemical processes of the coastal shelf is the
basic circulation pattern which is in general estuarine, with fresher surface waters
derived from rainfall and/or river inputs moving away from the coast to be replaced by
deeper upwelling nutrient rich waters. In addition, there is commonly abundant direct
input of nutrients from rivers often with additional significant atmospheric input from
the adjacent land mass (Berner and Berner, 2012; Chester et al., 1993). Some or indeed
most of these inputs nowadays are anthropogenic, even when direct discharge of
wastewater onto the coastal shelf is limited. Finally, the sediments in many coastal
regions are high in labile organic matter both derived from the adjacent coastal regions
and/or produced in the overlying water column and are thus sources of recycled
nutrients into the shallow overlying waters. Typically, a consequence of this high
primary productivity of coastal waters is high turbidity in the water column which
means the sediments are below the photic zone and are dominantly a source of
nutrients as respiration and bioturbation processes dominate.

The ICS is a very different coastal shelf. This study shows for the first time that the
entire ICS (from the outer shelf to 10 m) has low concentrations of dissolved nutrients
generally at similar concentrations to that found in the ultra-oligotrophic pelagic waters
(Figure 5 & 6). DIP is consistently less than 10 nM. N&N sampled in 2018-2019 varied
seasonally, with moderate levels (~200-500 nM) during winter months while

essentially depleted during the late summer stratified period. The PP at the outer shelf
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station was approximately equal to the PP of the ultra-oligotrophic pelagic station and
well within the range of oligotrophic to ultra-oligotrophic values (Siokou-Frangou et al,,
2010). Even using the higher estimate for PP calculated for the ICS (section 4.4.2), the
net PP is only ~30% higher than the pelagic values. This generalizes and confirms
previous studies on the ICS which identify the ICS as oligotrophic to ultra-oligotrophic
(Azov, 1986; Berman et al.,, 1986; Kress et al.,, 2019). On the ICS there are no areas of
hypoxia and no eutrophication present except possibly close to pollution hot spots in
very shallow water (Kress et al., 2019). This implies that the nutrients supplied to the
ICS from the rivers, SGD and sewage are not sufficient to change the dominant
phytoplankton distribution of pico and nanoplankton which is characteristic of this
nutrient depleted systems (Berman et al., 1986; Reich et al., 2022). However although
this is true in general, it may not be true in all situations and all times (e.g. Kress and
Herut, 1998; Rahav et al., 2020). This system is characterized by patchiness in both
space and time indeed that maybe a crucial characteristic of how the higher trophic
levels in this nutrient depleted part of the EMS survive.

The fundamental reason for this unusual state is the circulation on the ICS like the
pelagic, is antiestuarine. There are limited natural freshwater inputs, which has been
further reduced by the critical need and use of essentially all potable freshwater for
human uses. This reduces the flux of nutrients from the land. As was found in the MMT,
even at a local level the waters across the shelf become more saline as the summer
progresses. This suggests that the regional antiestuarine circulation, which is an
important characteristic of the EMS (Krom et al., 2014), also applies to the ICS locally. It
is hypothesized that like the offshore, even when nutrients are supplied to the photic
zone by SGD, rivers or atmospheric supply, most are taken up rapidly by microbial
uptake and those small patches of residual nutrients are rapidly mixed and then
advected away from the shore. Most studies on coastal shelves elsewhere in the EMS
deal with specific pollution hot spots (e.g. Kress and Herut 1998; Neofitou and
Klaoudatos 2008; Varkitzi et al. 2018; Rekik et al. 2020). However, in such studies the
background nutrients and or chlorophyll/PP are typically low and similar to the values
found in the adjacent pelagic EMS. It is suggested here that these general properties of
the ICS applies to many coastal shelves in the EMS.
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Supplementary files:

Nutrient Dynamics Across the Israeli Coastal Shelf: an Unusual Oligotrophic

Coastal System

Ben-Ezra, T, Reich, T, Tsemel, A, Berman-Frank, 1., Lehahn, Y., Sher, D., Suari, Y and
Krom M.D.

Definition of the Israeli Coastal shelf:

The Mediterranean shoreline of Israel is made up mainly of Nile sand eroded from the
delta and transported by long-shore drift. Offshore there is a rather wide continental
shelf with gradually decreasing grain size from the coarse sand near the shoreline to silt
at the shelf break, which is generally at a depth of 100-130m (Kanari et al., 2020).
Berman and co-workers in their studies of biogeochemical processes on the ICS
measured transects to a depth of 150m (Berman et al., 1984; Christensen et al., 1988;
Townsend et al., 1988). Haifa University in collaboration with Texas A&M university has
recently set up two ocean observatory systems, one coastal and the other pelagic.
THEMO1 is located off the northern Israeli coast at 130m while THEMOZ2 is located at
1450m (Figure 1). In this study we consider the monthly sampling at THEMO1 (130m)
to represent the outer coastal shelf and the transects from 10-100m off the coast from

Maagan Michael (MMT) to represent the rest of the ICS (Figure 1).

Station Depth [m] Lat °N Long °E
Maagan Michael Transect TSY 10 10 32.550 34.896
Maagan Michael Transect TSY 25 25 32.557 34.884
Maagan Michael Transect TSY 45 45 32.562 34.860
Maagan Michael Transect TSY 70 70 32.559 34.804
Maagan Michael Transect TSY 100 100 32.561 34.786
THEMO1 135 32.820 34.950
THEMO2 1450 32.790 34.380
N800 Pelagic station 832 32.560 34.790

Table S1: The location of sampling stations used in this study. The designation of TSY and
the name of the stations as Maagan Michael transect (MMT) is that used in (https://med-
lter.haifa.ac.il/index.php/en/data-base) where the data is available for use.

Sample Preservation experiments:
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The results of the sample preservation experiments are plotted in Figure S1 and shown

in detail in Table S2. The statistical significance of the data in the preservation

experiments was assessed using 2 sample paired T-test (Hammer et al., 2001). The

results from the filtered frozen samples and the unfiltered frozen samples were

compared to the fresh filtered samples analyzed with 12-15 hours of collection (Ben

Ezraetal, 2021).
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Figure S1: Figure showing the mean % 1 s.d. of fresh filtered samples, frozen filtered samples

and frozen unfiltered samples collected at an N800 pelagic station at a depth of 10m, 50m &

100m (3 samples & 6 replicates) and at the 100m station on the MMT at a depth of 10m, 50m

and 100m (MMT; 3 samples & 6 replicates). The samples marked with asterisk are

statistically significantly different from the corresponding filtered fresh samples (2 sample

paired T-test, p<0.05).

In the samples collected from the pelagic station the frozen filtered sample DIP values

were not statistically different from the fresh filtered (i.e. good preservation). Even for

the samples collected from the MMT stations, the preserved samples were only a few

nanomoles lower than the fresh samples and as long as differences of <10nM are not

being interpreted as important, this preservation technique was considered acceptable.
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Frozen filtered also gave adequate results for silicate and N&N (adequate preservation
but only if used to interpret relatively large changes (<50nM for N&N & <15% for
silicate). This method (Filtered frozen samples) has been used previously for
Mediterranean surface samples by Pulido-Villena et al. (2010) and others and is used in
our lab as a potential back up if there were problems with the fresh filtered samples on

the day when analysis was carried out.

The unfiltered frozen samples gave values for DIP which were consistently significantly
high and for N&N which were significantly low (Figure 2). This agrees with the results
presented previously during the CYCLOPS addition experiment which concluded that
this method of preservation was only acceptable for samples with values of >400nM
N&N and >50 nM DIP, (Krom et al., 2005) which means for samples below the nutricline
in the EMS. This is particularly problematic when Nitrate:Phosphate ratios are used to
identify the limiting nutrient within the photic zone (e.g. Herut et al., 2000; Rahav et al,,
2018).

It is hypothesized that the reason for the higher DIP values with unfiltered frozen
samples for DIP, is the presence of ‘luxury’ consumption and storage of phosphate
within microbial cells. This process is well known from eutrophied waters (Davies and
Morales, 1998; Thingstad et al., 1993). It is less well known but present in the P starved
waters of the EMS (Ediger et al., 2005; Thingstad et al., 2005) though it is logical that in
an environment where there might be occasional pulses of DIP, that organisms will be

adapted to accumulate whatever they can.

DIP (nM) N&N (nM) Silicate (uM)
Location Depth | Fresh | Froze | Frozen Fresh | Froze | Frozen Fresh | Froze | Frozen
Filtere | n unfiltere | Filtere | n unfiltere | Filtere | n unfiltere
d Filtere | d d Filtere | d d Filtere | d
d d d
800m 10m | -1 1 14
station 0.777 | 0.694 | 0.658
-1 0 13 0.715 | 0.658 | 0.640
-1 0 10 0.691 | 0.621 | 0.655
-1 3 12 0.683 | 0.649 | 0.634
0 10 0.683 | 0.656 | 0.629
1 11 0.683 | 0.645 | 0.648
Average -1 1 12
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2*Stdev. 049 | 211 |2.63
P
50m | -1 2 8 0.66 | 0.60
1 9 0.637
-1 0 12 0.65 | 0.61
5 6 0.619
5 3 9 0.65 | 0.61
3 5 0.606
-1 1 6 0.66 | 0.62
3 0 0.609
-1 4 11 0.65 | 0.61
4 0
0 4 21 0.65 | 0.62
3 1
Average 0.1 2.3 11.2
2*Stdev. 4.3 2.7 9.2
P
100 |9 4 33
m
3 4 42
2 2 30
7 3 27
2 4 28
2 6 29
Average 4.4 3.8 31.4
2*Stdev. 58 2.7 10.5
Y
Maagan | 10m
Michael
transect 9 -3 14 0.16 0.14 0.03 0.65 0.98 0.66
7 -3 13 0.17 0.16 0.02 0.58 0.82 0.63
8 0 10 0.15 0.16 0.05 0.60 0.80 0.59
7 -2 12 0.16 0.18 0.58 0.79 0.71
6 -2 10 0.15 0.18 0.03 0.57 0.78 0.71
10 -2 11 0.20 0.18 0.01 0.56 0.75
Average 8 -2 12 0.17 0.17 0.03 0.59 0.82 0.66
2*Stdev.
p 2.3 2.0 2.6 0.03 0.03 0.02 0.06 0.15 0.09
50m | 12 -2 8 0.09 0.06 0.03 0.55 0.71 0.68
19 -3 12 0.18 0.05 0.02 0.55 0.70 0.73
13 0 9 0.08 0.05 0.02 0.55 0.68 0.63
8 -2 6 0.06 0.03 0.01 0.56 0.70 0.69
6 1 11 0.06 0.05 -0.01 0.57 0.67 0.61
7 2 21 0.06 0.04 0.07 0.57 0.68 0.61
Average 11 -1 11 0.09 0.05 |0.02 0.56 | 0.69 | 0.66
2*Stdev.
p 9 3 9 0.09 0.02 0.05 0.02 0.03 0.09
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100

m 6 1 33 0.25 0.26 0.70 0.77 0.83
7 2 42 0.26 0.27 0.69 0.77 0.83
13 2 30 0.21 0.26 0.08 0.68 0.84 0.76
8 2 27 0.25 0.26 0.07 0.68 0.81 0.75
8 2 28 0.26 0.26 0.07 0.68 0.83
6 4 29 0.24 0.34 0.27 0.68 0.79
Average 8 2 31 0.24 0.28 0.12 0.69 0.80 0.79
2*Stdev.
p 5 2 11 0.04 0.06 0.17 0.01 0.05 0.08

Table S2: Showing the results of the sample preservation experiment in which frozen filtered

and frozen unfiltered are being compared with fresh filtered samples (6 samples of each)

using 2 sample paired T-test (using past statistics). The results in pale orange as samples in

which the preserved samples are significantly higher than the fresh filtered and the samples

in pale blue are the samples which are significantly lower than the fresh filtered samples (see

Figure S1).
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876 Ammonium and Silicate measured at THEMO1 and across the ICS:
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878  Figure S2: Time series at THEMOI of (a) Ammonium, (b) Silicate (Si) and (c) N:P ratio
879  (N&N [nM]:DIP [nM]) during the 12 months of sampling over the entire water column on
880  the edge of the ICS. Data points are shown as black dots; contouring was obtained using
881  ODV weighted average gridding.

882

883  The ammonium levels at THEMO1, the outer shelf station (130m) for most of the year
884  were relatively low (<100nM) and showed no clear depth related trend (Figure S2) The
885  exception was in October and November where there was a major peak at 25m

886  supported by increased ammonium values above and below. The Silicate profiles at
887 THEMO1 (Figure S2) showed no systematic vertical or seasonal trends. The average
888  concentration was 1.06+0.25uM (range 0.57-1.71uM).

889
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Figure S3: Ammonium (nM) and Silicate (uM) across the MMT, sampled in 2018 on Feb 20™
(a, b); May 29" (¢, d), Sept 12th (e, f) and Nov 28th (g, h). Data points binned every Im are
shown as black lines; contouring was obtained using Ocean Data View (ODV) weighted

average gridding.

In February (which was not sampled at 75m station) there was higher silicate at the
100m station compared to shallower water (Figure S3). As with N&N and DIP, there was
a layer of much increased silicate and increased ammonium in the surface layers at the
10 and 25m station. In May there was excess ammonium in the upper layers. In
September there was high concentration of silicate as a pulse starting at the coast and
floating out as layer near the surface at or beyond the 40m station. The ammonium was
relatively low and homogeneous throughout the water column in both September and

November.
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Extracted Chlorophyll measured across the MMT:

(a) Extracted Chl [ug/L]
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Figure S4: Extracted Chlorophyll a across the MMT from Febuary 2018 (top) and May 2018

(bottom) in ug/L.

The extracted chlorophyll-a during the February cruise decreased from the coast to the

offshore (100m). In addition the uppermost samples had higher chlorophyll than

deeper samples. For the May cruise there was essentially no trend in chlorophyll from

the coast to the offshore and a minor increase in chlorophyll with depth.

Annual nutrient flux from Israeli streams to the sea as determined by IOLR:

Year Soreq Lachish Yarkon
Phosphate | Nitrate | Ammon. | Phosphate | Nitrate | Ammon. | Phosphate | Nitrate | Amn
2007 0.45 5.43 5.07 0.81 1.14 8.36 4.19 2.29 62.0
2008 0.32 3.14 6.21 1.13 4.29 12.79 0.94 0.29 17.2
2009 0.10 0.07 3.36 0.10 0.21 0.04 3.71 0.07 64.4
2010 0.42 3.79 3.36 0.02 0.01 0.02 0.84 10.29 10.6
2011 0.42 0.00 1.00 0.35 0.50 0.79 1.26 2.71 13.2
2012 1.06 23.14 7.36 1.23 0.79 7.79 0.71 6.71 14.51
2013 2.23 0.86 55.00 0.00 0.14 0.07 0.97 20.50 | 13.8
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2014 0.39 11.00 4.43 3.58 9.50 21.29 1.42 16.50 19.2
2015 1.23 21.07 6.93 0.94 2.00 2.79 2.45 15.14 37.9
2017 0.13 0.57 1.29 0.03 0.07 0.07 3.71 5.21 61.1
10 year
average | 0.67 6.91 9.40 0.82 1.87 5.40 2.02 7.97 31.4
Year Alexander Hadera Tananim
Phosphate | Nitrate | Ammon. | Phosphate | Nitrate | Ammon. | Phosphate | Nitrate | Amn
2007 0.68 7.14 1.43 0.32 4.07 8.43 0.00 7.14 0.02
2008 0.68 8.00 2.57 1.32 0.01 20.00 0.00 3.00 0.04
2009 0.35 5.07 0.07 1.39 1.21 16.14 0.00 3.57 0.01
2010 0.26 3.29 2.07 0.32 6.21 3.43 0.06 5.36 0.14
2011 0.03 3.50 2.64 0.65 3.64 32.50 0.00 2.86 0.93
2012 0.26 3.64 11.21 0.58 8.21 10.21 0.00 6.43 0.00
2013 0.32 10.14 | 25.36 2.35 33.50 |9.14 0.00 5.79 0.07
2014 0.03 3.14 0.00 0.06 0.14 1.57 0.00 4.64 0.07
2015 0.03 1.14 0.00 0.16 0.57 1.21 0.00 1.93 0.07
2017 0.35 1.64 4.93 0.02 0.07 0.64 0.01 3.07 0.07
10 year
average | 0.30 4.67 5.03 0.72 5.77 10.33 0.01 4.38 0.14
Year Kishon Naaman Total Sum
Phosphate | Nitrate | Ammon. | Phosphate | Nitrate | Ammon. | Phosphate | Nitrate | Amn
2007 0.65 8.36 4.79 0.35 0.50 1.79 7.46 36.07 | 91.9!
2008 0.29 7.43 2.21 0.35 0.18 1.14 5.03 26.33 | 62.1
2009 0.32 17.93 |1.71 0.45 0.86 1.36 6.42 29.00 | 87.1
2010 0.61 16.43 | 14.71 0.10 2.71 0.79 2.63 48.08 | 35.1
2011 0.16 1143 |1.93 0.13 2.29 1.64 3.00 26.93 | 54.6
2012 0.42 22.86 | 3.07 0.06 1.86 4.79 4.32 73.64 | 58.9:
2013 1.74 51.00 8.86 0.10 4.21 4.43 7.71 126.14 | 116.
2014 0.13 5.93 1.21 0.03 1.93 0.57 5.65 52.79 | 48.4
2015 0.10 7.64 0.50 0.13 0.43 2.64 5.03 49.93 | 52.0
2017 0.16 9.64 0.43 0.32 0.21 7.43 4.74 20.50 | 76.0
10 year
average | 0.46 15.86 3.94 0.20 1.52 2.66 5.20 48.94 68.3

Table S3: Annual nutrient flux (moles x 106 per year) to the sea from the major Israeli

streams (data from Herut, 2015) for the years 2007-2017. The flux is calculated by

multiplying the concentration measured at the outflow of the stream in March by the total

annual discharge as reported by the Israeli Water Authority. Note that the annual discharge

includes both baseflow and storm water discharge. The annual total flux of N & N and NH4
are shown to the right. The total DIN discharged is 117.2 x 106 MolesN y™.
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