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English Abstract -,1 ¢ ¥ " « X5 4« « ¢

The Israel National Monitoring Program in the Northern Gulf of Agaba
Funded by I srael dés Ministry of Envir

Scientific report 2012

Dr. Yonathan Shaked, Program Manager
Prof. Amatzia Genin, Scientific Director
(March, 20B)

Introduction

This report describes the work and results of the Israel National Monitoring
Programin the Gulf ofAgaba Eilat) T NMP 1 in 2012. It is divided into chapters
according to habitats and the methods employed by the monitoring program. Each
chaper includes a short description of the methods used, a detailed description of the
results including data and figures, and a discussion of the findings. A comprehensive
description of the methods used is given in the NMP annual scientific report of 2003.
Figures and figure captions this reporiare given in English.

Thiswastheninth year of standard monitoring operations by NMPwhich data
is collected using similar methods by a dedicated team. The ability to review such
consistently collected dataqvides increased analytical power and confidence in our
findings opening the possibility to detquatterns and trends. A comparison of the
preserdday state of the reef with historical data can be found in the NMP annual
scientific report o2004.

In addition, the NMP has added several new measurements and variables since its
initiation, and these are presented in the respective annual reports of their start year.

The NMP reports are available through the web site of Brisiéhistry of
Environmental BPotection: www.sviva.gov.jland on the NMP webite:
www.iui-eilat.ac.il/NMP/.

A database that includesita collected bthe NMP since 2004 is available for
public download through the NMP website.

Key findings

The coral reefs of Eilat
1. Most of the proxies used to evaluate the state of the coralireEflat
indicate stability or a slight increase over the pas¢ years. Following are
several points worth following closely are listed below:

a) Live cord cover at the reefs of Eilat has gradually increased since 2004
and particularly since 2007. This year changes in the live coral cover
were small, and on average it is similar to that of the previous year.
This is also the case for cover normalized adogrtb the available
hard substrate at the different sites.

b) At the shallow IUI sites coral cover is lowest and the fraction of small
coral colonies is largest, relative to other monitored sites. Nevertheless,
at these sites, and more so at the deepet3site, substrate utilization
has gradually increased throughout the past years of monitoring. The
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d)

f)

9)

h)

)

K)

three NR sites are still those with the highest normalized cover.

There is a good correlation between coral cover and colony density at
the reef sites. This mainly driven by the amount of available hard
substrate. There is no correlation between cover and density after
removing the sandy component at a site ("normalized cover").

Over the past nine years of monitoring a decline in the fraction of
"small" colonies has been observed at the monitored sites, and a slight
increase in that of "medium” colonies. It seems that the decrease in
"small" colonies driven by diminished recruitmef corals. However,

the availability of small colonies does not, yet, seem a limiting factor
for the live coral cover.

Non-branching stony corals vastly outnumber branching corals and
dictate thesize distributiorof coral coloniesit the monitored gsAt

the IUI sites "small” is the dominant colony size, while at other sites
"medium” or "large" is more abundant. At the shallow NR site-8)R
"large" is the dominant colony size, and that is also the site with
greatest coral cover.

The gradual declmin the "live Tissue Index" (LTI) for coral healththat
was recorded over the past few years has stopped, and this year saw a
slight increase in the value of this index.

The Shanotwiener index for coral diversity at the monitored sites has
remained stdb throughout the monitoring years, as has the species
composition for the coral community at Eilat. This year we examined
the diversity, richness and species composition in several other ways
that underline the unique characters of each site.

The reef &ble is treated separately from other reef monitoring sites that
are forereef sites, since it has a special and different set of ecological
characteristics. Live coral cover and colony density at the reef table
were lower this year than in last two ye#ns is probably due to

decline in two dominant coral taxa of the reef tdbtke branching
coralsAcroporaandStylophora This is the first time that these corals
are not dominant on the reef table. As a result, the species diversity
measured this yeait the reef table site has increased.

At the permanerphotaositesthe average stony coral cover has
multiplied by app. 1.6 since 2004. Live coral coverag at the phitds
was largest in 2009, and has dropped slightly since then.

An average growth of esiing coral colonies has been recorded over
the past year at thghoto sites However, at all sites except the KATZA
site a greater number of colonies have died than have been added
through recruitment.

The dominant coral Acropora that occupied the gstaeea at the
photasitesin the initial monitoring years have lost app. 50% of its
surface cover throughout the monitored period.

A sharp decrease in coral colony density was recorded at the nature
reserve coralagoonsince 2010, and particularly in tdensity of the
dominant corabtylophora pistillataSinceS. pistillatais by far the

most dominant coral in the lagoon changes in its population size dictate
changes in the entire community of the lagoon, and drive an observed
increase in the species diversity index.

m) The dramatic decline in coral density at the lagoon mapdeesult of
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sever southern storms that affected all areas shallower than ~4m in the
years 201€L1. This year southern storms were few in number and weak
in severity and the density 8f pistillatadid not change. The

population ofS. pistillatahas flictuated considerably in the past (prior

to the establishment of the NMP) and has been known to recuperate.
The NMP has not yet operated long enough to establish the natural
timescale or amplitude of changes in $eistillatapopulation.

2. Sea urchins arthe most important reef grazers of the invertebrate group. The
urchin specie®iadema setosuims the most abundant sea urchin in Eilat and
outnumbers all other urchins except at the lagoon (where more individuals of
other urchin species (combined) wecsicted).

3. Following the period 20091, in which a low density of sea urchins was
noted, this year urchin density increased sharply at all sites bdiONRhese
changes in sea urchin density seem to reflect natural fluctuations of the sea
urchin populatio, or are perhaps coupled with fluctuating environmental
processes.

4. The density of sea feathers was once again higher this year at all sites. The
population of sea feathers is significantly higher now than it was at the initial
years of the monitoring proam.

5. Chlorophylta concentrations on settlement plates at the 1Ul were higher this
year than in the past three years, and were only slightly lower than those of
2008. The highest Cid concentration on protected settlement plates
("potential growth") was wre than double that of the previous year. Blooms
of benthic algae also covered the slopes to a dpth of ~30 m.

6. Chlorophylta concentrations on settlement plates that were exposed to
grazing were also higher this year than those of the past three yd¢argeiu
during the months of benthic algae blooms remained about half those of the
protected plates.

7. The zooplanktivoroufish are the legestfunctional fish group among the reef
fish, comprising ~70% of the fish surveyed this year. These are smalldish th
comprise large migrating schools and therefore there is a large variance in the
numbers counted on different years. This is an important functional group as it
transfers nutrients up the aquatic food web.

8. The scond largest group of reef fish is the sammes (16%) that curb
populations of invertebrates in the reef. The herbivore fish (grazers) comprise
~4% of the reef fish population and are responsible for curbing benthic algae
growth on the reef. Thus, this group has a significant effect on cotahsetit
and recruitment. Grazers also shaut the food web through direct passage of
energy from primary producers (algae) to fish.

Coastal water

9. Winter sea surface temperature (SST) at the coastal stations was lower this
year than in the past threeaye and mixing of the water column was deep.
The seasonal cycle of mixing of the upper water column is the dominant
processn determining th&oncentrations of chemical variables measured in
the coastal waters of Eilakhis year's deep mixing resultedhigh nutrient
concentrations during the winter and strong phytoplankton blooms during
spring and early summer at all coastal stations.

10. After four years in which the number of "irregular" concentrations at coastal
stations declined, this year saw sevaragular events. High nutrient
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concentrations and low salinity was measured at the navy/Meridien Hotel
station in March. Similar irregularities with higher amplitudes were measured

in July, August and November at the FIsarm station. These are the lartges
irregular concentrations measured in the past few years. Possible sources may
be the Meridien Hotal that circulates ground water through its heating system
before dumping to the sea (this was a patrticularly cold year) and the Kinet
channel that funnelain-off from the Arava valley to the sea.

11. The number and richness of intestinal heteroxenic fish parasites as well as
their prevalence in wil&ignus rivulatugrom near the IUI has increased in the
past two years relative to the preceding two years. Aaian is the parsite
Gyliauchensp that was found in only one of the fish examined and whose
abundance declined over the past two years. An abundance of heteroxenic
parasites indicates healthy ecosystem as these parasites require several hosts to
complee their life cycle. Thus, their proliferation indicates local availability of
healthy ecological niches.

12. Of the 27 wild rabbitfish% rivulatug examined, four had nespecific
granulomas, and one had granulomas associated wilfitbbacterium
marinumpathogen, a harmful pathogen that was once common in local wild
fish. The occurrence of granulomas this year (5/27) is lower than that of the
previous year (8/21).

13. In recent years the NMP supports the monitoring of the benthic community at
the location where the fish farms used to be (at the northern beach of Eilat).
This led by Shai Oron and began as a M.Sc. research in 2008 (see Appendix
G4, in the NMP annual scigfic report 2010). This year, the number and
diversity of live specimens in the sea floor sediments continued to increase,
particularly in the immediate vicinity of the former fish cages. In addition, the
return of sea grasaeadows and their associated fauna to the region is
documented.

Thedeep seavater column

14. Annual dynamics of variability in concentrations of nutrients, dissolved
oxygen and phytoplankton population in the open waters are controlled by the
seasonal mixig cycle.The interannual dynamics are driven by the depth and
duration of the seasonal mixing, and the amount of nutrients stored in the deep
waters.Following threeyears ofshallow(300-350m) mixing of the water
column this year reached the sea floahatsampling station (~860m) for the
first time since 2008This completes a cycle of deep mixing (26871
shallow mixing (200911)1 and again deep mixing (20102).

15. Concentrations of nutrients in the deep waters have risen since the deep
mixing of 20072008, and those of dissolved oxygen have decreased. This
year's deep mixing once again reduced nutrient concentrations in the deep
waters and increased the dissolved oxygen concentrations there.

16. Low sea surface temperature this winter drove mixing tq&éhde=<ceeding
860m (sea floor depth at the March sampling station). However, at the end of
winter temperature rose rapidly and reached higher values than following the
previous deeymixing events of 2007 and 2008. The duration of mixing this
year was short

17. Temperature of the deep waters dropped in the yearsZlliF as a result of
the deep mixing and has risen slightly since then. Although this year another
deep mixing was recorded water temperature at depths greater than 500m
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hardly changed, perhaps basa mixing duration was so short.

18. Nutrient stores in the water column at the end of the year were similar to those
of previous years, even if concentrations remained lower in the deep water. It
would seem that because mixing was short this year and tatm@s high in
the upper waters during summer most nutrients were returned to the dissolved
state by the end of the year.

19. The annual cycle this year was dramatic compared to that of previous years,
with low temperatures and deep mixing during winter agth kemperatures
during summer. Peaks of productivity and biological activity appeared later in
the year: highest productivitghlorophylla concentrations and zooplankton
concentrations were measured in April and May. Maximal values of
productivity and zoplankton mass were not much higher this year than those
of the previous year, arghlorophylla concentrations were highebut not
by much.

Continuous measurements

20. Two peaks, in March and in April, were recorded this year in thewdace
chlorophyl-a concentrationmeasured daily from the Observatory pier.
Concentrations of these pedkeepresenting blooms of phytoplanktbrvere
considerably higher than the medthnual average and the highest value
recorded in the previous year. The highest cottaon measured in this time
series since the NMP was in the deeing year 2007.

21 Sea surface temperatungsre lower than average at the beginning of the year
until April, but later rose and stayed higher than average for the rest of the
year. Minimum temperature this year was 20.65C. almost a degree lower than
last year's minimum. The highest temperature this year was 28.60C, almost a
degree higher than last year's maximum. Average SST this year was 24.10C, a
full degree higher than last year's aggraespite the deep mixing of this year.
Long term warming trend of the SST continued this year.

22. The highest air temperature measured this year from the 1UI pier was 43.3C,
in June, similar to that of the previous year. The lowest temperature was
8.85C, #émost 2.5 degrees lower than last year's minimum. The low air
temperature during winter is the driving force behind this year's deep mixing.

23. Close to the sea surface long shore{8l&) currents were dominant, with a
slightly higher occurrence of curreritsthe south. Cross shore currents were
rare in the shallow waters and their velocity was low. At 20m depth the
current regime was similar, but near the seafloor at 40m currents were less
regular although here too the leslgore currents dominated.

24. Currerts at shallow depths were stronger than in deeper waters. Some 90% of
the measurements at all depths were lower than 200mm/sec, only 2% of the
measurements were higher than 300mm/sec.

25. Corcentration osuspended dust particles above theiséagh at sprig time,
relatively low in summer and rise again in autumn. This year highest dust
concentrations were measured in February and in April. These correspond to
events of large dust storms that affected the region.

General

9 This year had several climatologicharacteristics. Heavy dust storms in
February and April, rain storms and flash floods in October and November,
and scarce southerly storms. Winter temperatures were low and drove a deep
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mixing of the water column but rose rapidly to high summer valndshe

mixing was of short duration.

A new syndrome in fire corals of the spediéifiepora dichotomawvas

identified last year at the Gulf of Eilat by Dr. Assaf Zvulony of the Nature and
Parks Authority, in collaboration with the NMP, and was publishelen
professional literature (Zvuloni et al., 2011). The syndrome is characterized by
bleached spots scattered over the coral's suifaod was named "muifocal
bleaching". The publication drew a comment by Carlson (2012) based on
research in Hawaii @ahwas followed by continuous research (Zvuloni et al.,
2012) that found that the syndrome is caused by the blenngxXedras brevis

It is not clear why the syndrome broke out in such abundance in the past few
years. Abstracts of the relevgniblications are presented in appendix G.3.
Following a request from the NMP a summary of research into the
transformations of organicorganic nitrogen was written for this report
(appendix G.4). The summary is based on the work of Dr. Efrat Meeder
which was carried under the supervision of Prof. Boaz Lazar and Dr. Yeala
Shaked, and encompasses 11 years of research and data collectien (2000
2010). This work brings forth many new insights and combines new methods
and measurements predating the NM#hwhose collected by the NMP during
its monthly cruises.

16



|_-|YX L".S< :_lnx
{17 x s e .o

naon

DXNIW' MNM1'Tn "1 N 771 XOTHOX" WIWWODXUM' )| ITVAIR ' 7
| 2Q1T MAI"DI0O'DI0RANI M2AXNO X D OMD NI DUM [ NIN;Y
AONN 222 NiEay' ' MY NENAXNOVPIAIPTNXI PN

nio'wv
10 NY5202 V'O95I AN LOMNIBYN O'D VN AN 'YL Y P avM)
Y'PN NIUPNIOINXN NVUYIILN'QII'BNN ] NXONDNPRT

('v),_-|“ ] . X« X X7 x ., X Lx o1 von
510,15 29U306. 340556. Ul M'nNn' (MTNRWLYDIA 1|

1, 5, 1 29°30.33 34°55°.26 NR m*a1o'nmraan i
10,20 29°31°.37 34°56°.04 KATZA ' NTMWXP

Ldss s e s 4 T xx s Br¥q4ls
Table B1: Locations and depths of the reef census survey sites.

7 01X {Wyaetal. >V NNNI DY | pn 'D2NN NL'W '9H DV
T1AXM Y202 VYIODND PNILY TP YYIINXNY N'XIPN N
I YX1 20N XD PINPDAAWONNIIPIP I N AJINNAN NTI P11 WN-
TN D'DNNIND D OYDOIM'OMNNIAYITINMO0YTA 0N NA m" DUOVM
NN 2AA PLYT NY2aApde AW N'PEDAN VI NXOIOTR RO vl pp !
NNN XXN1Y an 22 5w So0'.mm IDwONN D2150'ND NMNIYIVN
'IM'NIY DNAL QIDRDP N DY 1N T0UN' VID OSW PILt T
5522 1 nwl1 ¥ O oD THM BT DTN I man 0
01 WU VDP0OTITNN VYT TORMIY HPRMM 2A2AMDRVD I D NN
')o0' Nnn mt piphnN
222 N'NN NNPIN T I NXI'" DAn ALTMO XN MIP D'IANINMY NI
LMY "03€-1 "O1 80140515405> | N 2 T1 ANMUNIXII 0p1 yWIadm M1 2L
nMNHRAA2D
NOY 5522 2wnNnnNnNna N'NN NNPIN TINXK DWW Nd2aAyvn
DONINYNI NUIMNIAI'NY IMIYI NnNNNDY NINMRD NMITRAKNKD
NY'ADMD'MIOMNMN YA D' NY NMPNEAUXNODIAMADANMIM' A1 NY
TANN A TTD'AONN M WIKUDY ' AVIT NN MY @R '9] T NIK'D] RIPpM Y 2
' NE.yvyb1r 5nd5 nNaon IX N'pPON DNDPID' TPNIYNNNAN
N21 5y N nboMINX' MY NMYOPAODY N2A' 0N TWUND I X NP
NYIAD NP0 NNpIn 11 Y'YNAYAMRAI DODWMOYM' NY X
' DO NN TMMNLvP Dssua@lhdax T T 5T “Thn"®' TINd A1 NnY K2
NOY TYPNNM M YO NYXANIT" MPMY'YDP I PN 2NN D' D%
N2 @O0ND NP2 DMMEDTATEAXINPIA N0 2NN i
117901 W NI 'NN NLavinn 22 v DhcalimdenpIn 711 N,
nT 1JTNN2
NI RYVIOMBIWYI NAVYNINAN N'XD2IN'0 NI YXNNI NNV
N1V TUUMAIMN? MAWMIPNIPMATTINAN DYWL NDIyvan Yy
3r) NHOB v'MTnN NYP' X yY19n

17



10 jed s Tx {Xs x1s 1R L

X I % -|WZ,-H g x s s *x | ,,s<<v'| s « " ;_Ls-|
s Xq)psty {1 s -I ok -IXY~"»-IX-I L
R q . xv s L, X s,go .ﬁg .|a( xs "L ‘E)X

100 q A s 7
Figure B1: An aerial photo of the northwestern shore of the gulf,
south of Eilat, showing the coral reebampling sites. The yellow
lines represent sampling sites at the 1UI (1), the Nature Reserve (2
and the oil terminal (3). Black scale line is 100 m.
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Figure B3: Top- average live coral cover (excludlng soft corals) at each site (percent of

total area). Bottom- ANOVA results (least square means) folive coral coverin the

years 2004201 2Differences between years are significant, as is the interaction between

years and sites (twewvay ANOVA, P=0.01 Bmeaning different sites changed differently
over the years.
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Figure B4: Cumulative percent cover of live corals, sand, rock and dead corals. In sites

where cover does not add up to 100% theatance comprises algae and invertebrates

such as sea anemones, clams or sponges. The presented percent cover is an average on

all transects at each site.
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Figure B5: Percent live stony coral coverage@ersusunconsolidated 6andy) seafloor in
the sites examined.
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Figure B6: Utlllzatlon of available substrate by stony coralsTop- Percent of livestony
coral coverage out of the total consolidated substrate at each siféhis indicates how

much of the potentially viable substrate is actually covered by live corals. Bottom
ANOVA results (least square means) for substrate utilization by corals in gnyears
2004201 2changes over time are significant and the interaction between years and sites
is significant (two way ANOVA, P=0.044) meaning sites differ significantly in the way
they change over time.
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Averages Average
Site Katza10 Katza20 NR5 NR10 NR20 IUI5 [UI10 IUI15| Katza NR Ul Eilat
Transects 20 12 12 23 11 14 13 11 32 46 38 116
Stony coral 24.1 29.2 51.9 10.9 27.4 14.9 13.2 16.9 26.3 255 14.9 22.3
stdev 8.0 4.8 145 5.9 10.2 4.7 2.9 7.2 7.3 19.6 5.2 14.2
SE 1.8 14 4.2 1.2 3.1 1.2 0.8 2.2 1.3 2.9 0.8 13
CcVv 0.3 0.2 0.3 0.5 0.4 0.3 0.2 0.4 0.3 0.8 0.3 0.6
Octocoral 3.4 3.2 1.0 4.5 6.9 0.1 0.5 0.4 34 4.2 0.3 2.7
stdev 25 2.6 25 4.2 4.1 0.3 0.7 0.5 25 43 0.5 35
SE 0.6 0.7 0.7 0.9 12 0.1 0.2 0.2 0.4 0.6 0.1 0.3
CcVv 0.8 0.8 25 0.9 0.6 21 15 14 0.7 1.0 1.7 13
GRV+Sand 36.3 37.0 14.0 74.2 40.1 42.2 58.2 50.4 36.1 50.4 50.1 46.3
stdev 13.7 7.6 105 115 11.0 13.0 9.8 12.8 11.7 28.1 135 211
SE 3.1 2.2 3.0 24 3.3 35 2.7 3.9 2.1 41 2.2 2.0
CcVv 0.4 0.2 0.7 0.2 0.3 0.3 0.2 0.3 0.3 0.6 0.3 0.5
Rock 29.1 24.1 20.2 8.8 20.9 36.1 23.3 13.8 27.4 147 25.3 21.6
stdev 8.7 5.9 12.0 5.1 6.6 11.8 9.6 5.1 8.1 9.7 13.1 11.9
SE 1.9 1.7 35 1.1 2.0 3.2 2.7 15 14 14 21 11
CcVv 0.3 0.2 0.6 0.6 0.3 0.3 0.4 0.4 0.3 0.7 0.5 0.5
Dead Coral 5.9 55 12.3 1.2 3.8 6.6 3.1 2.7 5.8 4.7 43 4.9
stdev 4.2 35 10.7 1.0 2.8 2.8 1.8 25 3.9 7.2 3.0 5.3
SE 0.9 1.0 3.1 0.2 0.8 0.8 0.5 0.8 0.7 1.1 0.5 0.5
Ccv 0.7 0.6 0.9 0.8 0.7 0.4 0.6 0.9 0.7 15 0.7 11
Normalized
Cover 40.5 49.8 61.1 51.9 51.7 26.7 34.6 50.0 44.2 54.2 36.2 45.6
stdev 8.9 5.8 14.0 14.6 9.4 9.6 8.9 8.6 9.0 13.7 13.0 145
SE 2.0 1.7 4.1 3.0 2.8 2.6 25 2.6 1.6 2.0 21 13
CcVv 0.2 0.1 0.2 0.3 0.2 0.4 0.3 0.2 0.2 0.3 0.4 0.3
Density 27.8 36.3 32.2 11.7 32.8 27.3 21.3 18.5 31.2 22.1 22.7 24.8
stdev 6.9 4.8 6.3 5.7 11.4 6.4 6.6 7.0 7.3 12.8 7.5 10.6
SE 15 14 1.8 1.2 3.4 1.7 1.8 2.1 1.3 1.9 12 1.0
Ccv 0.2 0.1 0.2 0.5 0.3 0.2 0.3 0.4 0.2 0.6 0.3 0.4
Normalized
Density 48.4 62.5 38.6 57.9 62.2 48.4 54.5 57.5 53.6 53.9 53.1 53.6
Stdev 13.0 11.4 9.0 19.0 8.7 11.3 115 16.4 14.1 17.3 13.3 15.1
SE 2.9 3.3 2.6 4.0 2.6 3.0 3.2 5.0 25 2.6 2.2 14
Ccv 0.3 0.2 0.2 0.3 0.1 0.2 0.2 0.3 0.3 0.3 0.2 0.3

XA s 1 s 4 x T e x e DT x s L, D2 s X s ] ]
Foos(o X X e X e e e A x D 4] D s oI s g 4 O x ] ]
X M 7. 11000 o1 hxex ox DX sl g PG IR TS s e 4 Y

~ - > v
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Table B2: Summary of cover data collected in line transects at the monitoring sites. Data
is givenas average percent cover measured in all transects at each site (combination of
location and depth) with associated standardeviation, standard error and variance
coefficientDensity is the number of colonies in a 10
hard substrate.
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Figure B10: Size frequency distribution of coral colonies in the surveyed sites. Size
classes are: Small<5 cm; 5 cm <Medium< 15 cm; 15 cm <Large< 30 cm; Huge>30 cm.
Values are percent of the total colonies of each coral type at each site.
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Figure B11: Top: Changes in the average size frequency distribution of coral colonies
between 2005 and 2@ Size groups are: Small<5 cm; 5 cm <Medium< 15 cm; 15 cm
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Figure B12: The Live Tissue Index (LTI) for corals in the surveyed sites. The LTI is the

site average of the percent area of live/healthy coral tissue for each liviaglony.
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Coral Health: Live Tissue Index
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Figure B13: Changes inthe state ofcoral coloniesover time according to the average
percentageof living coral tissue(LTI) from all sites over the period 2004201 2
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Figure Bl4: The ShanonWiener diversity index of coral taxa estimated for each site by

the EstimateS software (Colwell, 2005http://viceroy.eeb.uconn.edu/Estimatey Top-

changes in the diversity index at every sitehottom- changes to the "Eilat" average
ShannonWiener diversity.
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Figure B1 5Multi dimensional analysis (MDA) of taxa composition at the monitoring
sites in 2012, based on coral counts. (Primer v. 5.1.2 software, Clarke & Gorley 2001.
Thanks to Dr. Assaf Zvuloni, Israel's Natureand Parks Authority).
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Rarefaction curves, per sit
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Figure B16: Rarefaction curves of taxa richness based on colony counts, calculated with
the EstimateS software (Colwell, 2005http://v iceroy.eeb.uconn.edu/EstimateSTop-
curves for every monitoring site in the year 2012; middlecurves for "Eilat reefs" since
2004; bottom changes to the expected number of taxa p&500random coral colonies
since 2004 based on the rarefaction curves of the "Eilat reefs"(middle panel).
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Figure B17: The twenty most abundant coral taxa in the reefs of Eilafaccording to
their cumulative measured length in the line transects of 2004) in the years 260240 1 2
arranged according to their abundance in 20 2
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Averages Average
Katza Katza
10 20 NRS5 NR10 NR20 IUI5 IUI10 IUI15| Katza NR 1UI Eilat
Acropora 703 442 6.75 211 733 144 261 5132217 36.71 12.30 4.43
Stylophora 246 324 498 081 137 384 239 245| 509 6.57 240 2.53
Lobophyllia 0.15 142 1597 0.16 0.10 0.04 002 0.05| 232 292 243 1.88
Montipora 186 395 153 061 506 031 028 1.19| 052 6.13 0.03 1.67
Echinopora 127 232 628 045 205 000 0.27 053] 222 275 046 1.47
Goniastrea 146 097 660 089 091 083 0.04 0.08| 140 338 0.20 141
Favites 115 229 060 041 116 108 127 0.38| 1.07 343 0.28 1.00
Cyphastrea 185 139 083 039 104 112 081 0.24| 133 092 0.78 0.97
Porites 097 157 036 042 293 006 052 137| 141 095 0.63 0.92
Favia 025 041 017 090 084 246 068 0.28| 1.00 144 0.49 0.76
Pocillopora 049 005 062 056 035 082 181 1.18| 026 100 1.01 0.71
Astreopora 030 028 035 143 066 008 015 0.05| 028 0.76 1.04 0.49
Mycedium 090 037 245 000 002 000 000 0.00f 025 139 0.08 0.45
Leptastrea 076 047 042 017 029 051 032 0.06| 059 092 0.00 0.39
Plesiastrea 069 067 016 0.17 038 0.14 010 0.30| 055 0.38 0.26 0.33
Platygyra 006 0.77 078 012 032 047 000 0.27| 057 031 0.14 0.31
Pavona 039 116 009 003 0.17 0.17 015 0.04| 027 049 0.21 0.26
Psammocora 0.32 043 0.12 0.07 093 0.02 0.12 0.14| 057 0.12 0.10 0.24
Galaxea 040 079 003 016 032 001 002 0.00f 030 042 0.07 0.22
Seriatopora 022 048 115 000 000 000 000 0.09| 046 0.24 0.01 0.22
Stony Corals 24.58 29.23 51.87 10.92 27.37 14.89 13.20 16.90| 22.17 36.71 12.30| 22.27
Ll ks X X AS4 T ASK(X TP Suxd 1vwxx 7S

P IR

[ Ca RS B

1.

Table B3: The twenty most abundant corals (% cover) in the monitored area and their
average ceoer in each site as a percent of the total transect lengtt each site.
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Figure B18: Cumulative percent cover of live corals, sand, rock and dead coralalues
are averages of line transect values.
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Figure B19: Percent cover of live corals and density of coral colonies on the reef table
since 2007.
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Figure B20: Topi ShanonWienr diversity of st5ny corals in the years since 2007
bottom 1 rarefaction furves for coral gerus diversity on the reef table since 2007
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Rank | Reef Front Reef Table
1 Acropora Hydnophora
2 Stylophora Platygyra
3 Lobophyllia Favia
4 Montipora Acropora
5 Echinopora Stylophora
6 Goniastrea Favites
7 Favites Lobophylia
8 Cyphastrea Cyphastrea
9 Porites Porites
10 Favia Pocillopora
11 Pocillopora Millepora
12 Astreopora Echinopora
13 Mycedium Seriatopora
14 Leptastrea | Acanthastrea
15 Plesiastrea Astreopora
16 Platygyra Galaxea
17 Pavona Goniastrea
18 Psammocora Goniopora
19 Galaxea Echinophyllia
20 Seriatopora Gyrosmilia

AT s T T X OXx (X F R s X T s LY | X ds ],

Table B4: The twenty most abundant corals iy cover percentage) at the reef table and
the reef front sites
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Figure B21: Top- the number of small coral colonies (normalized to a 160m1>ng
transect) versus the percent coral cover (normalized for hard substrate); middiedensity
of small corals at all sites since 2005; bottonthe fraction of small corals at all sites since
2005
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Figure B22: Top—vdensity of small coral colonies at the monitored sites vs. the available
substrate a year earlier; bottom time series of the density of small coral colonies vs. the
available substrate a year earlier at all sites
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Figure B2 3Sites of the photesurvey of coral reefsalong the Eilat coastline (green
markers).
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Figure B2 4A set of photographs from one of the photeurvey sites in the
nature reserve reef (2004 top, 2005 bottom). Among the observed changes are
partial mortality of the massive coral Platygyral (top center), and growth of

two colonies of the branching coralAcroporal and 2, (center and top right
respectively). In addition, a few colonies are missing from the bottom picture
(2005), and some are new settlers that appear only in 2005.
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Figure B25: Eight years of documentation at permanent photo site Nature Reserve,
point A, looking west.
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Site No. of Branching stony | Nonbranching stony| All colonies (stony, soft
Pictures corals corals and others)
No. of Area No. of Area No. of Area
colonies colonies colonies
NB 12 13 508 136 14,341 155 16,305
Dekel 14 31 4,794 117 19,595 172 27,393
Katzaa 24 99 9,525 329 16,584 496 29,399
NR 24 120 12,451 313 20,115 564 43,491
UI 20 71 3,737 404 9,540 543 13,764
Taba 18 30 4,847 236 16,110 372 23,756
Total 112 364 35,863 1,535 96,284 2,302 154,108
Site No. of Branching stony Nonbranching stony| Allcolonies (stony, soft
Pictures corals corals and others)
No. of Area No. of Area No. of Area
colonies colonies colonies
NB 12 5 75 83 5,091 92 5,861
Dekel 14 9 1,283 56 3,058 78 4,720
Katzaa 24 61 3,920 212 5,702 316 10,785
NR 24 68 4,758 179 10,045 316 18,937
UI 20 38 1,372 293 6,267 378 8,072
Taba 18 18 1,461 135 6,764 216 9,603
Total 112 199 12,869 958 36,927 1,396 57,978
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Table B5: Summary of the areas anchumber of corals surveyed in the 2012 photo
survey session. The fareao of-peelsdmdsarey i s its

4 8



given in pixels to allow for interrannual comparisons and to avoid inaccuracies of
calibration to #fr theadataforalucoldnies; Bottoarthre aata fof o p :
colonies considered in figrowtho calcul ations.
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Figure B2 6Top i Changes to the stony average number of stony coral per picture
recorded in the permanent phae-sites since 2004. Bottori the changes in stony coral
number per measuring unit in the linetransect survey (red) and the permanent photo

site survey (blue).
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Figure B2 7Distribution of the main taxa groups comprising reefs at the permanent

photo-sites in 2012, according to the relative (percent) area which they occupy.
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Figure B2 8Colony recruitment and death for all corals (top) andfor stony corals only
(bottom) at the photo-survey sites in 2012. To allow a comparison between sites the data
are presented as percent of the total number of colonies at each site.
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Figure B2 9Coral growth in the past year: changes are calculated as the difference in
area of corals fully present in the photos takenttis year and the previous year.
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Figure B3 OTop i Chanées to the average area of stony corals per picture at the
permanent photo-sites since 2004. Bottorm changes in the average stony coral area per
picture in the "Eilat Reefs", measured since 2004 in the permanent photsites.
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Figure B3 2The sampling design in the lagoon. 1 fiquadrates (red circles) were placed
5 m apart along a measuring tapdaid cross shore, 9 m from the "shore line" to the reef
table. Each cross shore line included 5 or 6 quadrates (though in this figure only 4 are

depicted). I¥ crossshore lines were evenly spread to cover the lagoon area (totalingl10
guadrates).
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Figure B3 3The average density (colonies/square meter) tiie dominant coral genera

found in the lagoon in 2004 201 1Top: the dominant coral taxa, bottom year to year
changes are statistically significant (ANOVA).
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Figure B34: Relative abundance (by colony number) of the 10 most abundant coral

genera in the lagoon (these total 95%).

Species N Relative abundance (%) N/m?
Stylophora | 51 34.69 0.52
Millepora | 30 20.41 0.31
Favia 28 19.05 0.29
Rhytisma | 15 10.20 0.15
Acropora 4 2.72 0.04
porites 4 2.72 0.04
Favites 2 1.36 0.02
Montipora 2 1.36 0.02
Nephthea 2 1.36 0.02
Platygyra 2 1.36 0.02
Sinularia 2 1.36 0.02
Galxea 1 0.68 0.01
Goniastrea 1 0.68 0.01
Lobophyllia | 1 0.68 0.01
Seriatopora | 1 0.68 0.01
Xenia 1 0.68 0.01
1Y X (XX ~1_ 0 ): s DX {0  xio e Y os

_s”’i(xy\l_“l:’q}xvl_\s
Table B6: The number of colonies, relative abundance andverage density (colonies
per square meter) ofthe coral taxa found in the lagoon.
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Figure B35: Changes in coral diversity in the lagoon since 2004, according to the

ShanonWiener index, estimated usig the EstimateS software.
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Figure B36: Belttransect survey of motile invertebrates: a diver holding a Ishaped

stick passes along a measuring measuring tape counting the individuals found under the
crossarm. This makes a sampliig unit whose length is defined by the measuring tape
and whose width by the 1 meter long crosarm. Photo: Tomer Shaulov
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71 NO20D'NNKN1I D22 D'AIDAYIMDND' O N
IUI-5 IUI-10 NR-5 NR-10 Lagoon
Density Number | Density Number | Density Number | Density Number | Density Number
Diadema 2.75 550 1.26 251 1.28 512 0.52 209 0.48 190
Other Urchins 0.44 88 0.27 53 0.52 207 0.11 45 0.62 246
Total Urchins 3.19 638 1.52 304 1.80 719 0.64 254 1.09 436
Starfish 0.02 4 0.00 0 0.01 3 0.03 13 0.00 1
Feather star 1.01 201 1.61 322 0.81 322 0.54 217 0.02 8
Sea Cucumber 0.04 7 0.07 13 0.11 44 0.11 44 0.05 19
M? surveyed 200 200 400 400 400
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Table B7: Total abundance and average density (number per 1¥hof mobile
invertebrates at the monitored sites.
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Photo: Ruti Reef.
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Figure B4 4Distribution of reef fish according to trophic’level since 2007.
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Taxa Dweller*  Tropic level** Occurrence

Amphiprion Z 9
Chromis dimidiata VA 15
Chromis viridis Z 829
Dascyllus aruanus z 3
Dascyllus marginatus 0 z 160
Gobiidae/Blenniidae 3 C 35
Neopomacentrus miryae S z 552
Pomacentrus trichourus (0] 111
Pseudanthias squamipinnis z 356
Pseudochromidae C 36
Synodontidae C 5
Acanthuridae H 33
Balistidae C 32
Bodianus sp. C 10
Caesionidae Z 494
Chaetodontidae Co 43
Coris sp. C 10
Gomphosuse caeruleus C 3
Labroides dimidiatus 9 C 10
lethrinidae & C 3
Mullidae & C 64
Ostraciidae C 3
Pomacanthidae C 1
Scaridae H 16
Serranidae C 3
Tetraodontidae C 2
Thalassoma sp. C 71
Variola louti P 3
Zebrasoma sp. H 33
others 18
Total 2963
* Cryptic - close to/hides within coral/rock
Pelagic - away from coral/rock
*x C Carnivorous
Co Coralivorous
H Herbivorous
(0] Omnivorous
P Piscivorous
Y4 Zooplanktivorous
Yoxo oo~ ox 1 L xx L, bs s BE L XAy

Table B8: Fish abundance of at the southern part of the Coral Beach Nate
Reserve
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Figure C2: Monthly pH values at all coastal water monitoring stations since October
2006.
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Figure C3: Monthly alkalinity at the coastal water sampling stations since 2004
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Figure C4: Monthly concentrations of total oxidized nitrogen (TON at the coastal water
sampling stations since 2004.
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Figure C5: Monthly concentrations of ammonia (NH) at the coastal water sampling

stations since 2004.
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Figure C6: Phosphate concentrations (PQ) at coastalwater sampling stations since
2004.
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Figure C7: Monthly concentrations of silicate (3(OH),) at the coastal water sampling

stations since 2004.
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Figure C8: Monthly concentrations of dlssolvecbxygenat the coastal water sampllng
stations since 2004.

D'Y5pro'o 0T

nirn'oSn
s ox X 14 s x 1X11L2@190<>“1[1 CXdosox o
NI 1 D G I | x 20x11|_"x.| ’Ixxy]xxl -||_I'|‘s"x.| ‘_x Y oooxx | x~'|
DXa A X X L s A1 T XD XS ST Xt X Isq Ty
]_,,x-|-|"s R I :A‘x .o 1 x x 4 s 1 x ., <

N11 YN NI 720800 NIDN'YIONMI 0 MDD MIOmMiTn
| NDTHY A ' N NINN2 NTTNn) OMIMERR G7D' ¥ WInNHONND pm'i
D'N 'M DY N2 NN ITDIY"2¥XN M2 wIMNWTODMAO TN
NON D'WYTIIN] D'Aa"INN DO'OQNI"IT@DIMINMTNTAM

2 Salinity

41 -

408

406

404

40.2

20420420$20$20420$201201201
DX 1AL s TNl 420047 0 S IxXTIsx Jpdxpy_@ylisx{l Lixl Y
LT o4 T T X204 LXOIROsxL, XX L 1 sl x ] ]

Figure C9: Salinity at the coastal water sampllng stations since 200Mleasurements
dating February2010 July 2011were removetbecausanstrumentd analytica errors

were identified
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Figure C1 OTemperature at the coastal water sampling stations since 2004.

NN 'N2 N1 2Aa)Secchf NppPprpmmMyT M 'NBU vN' Wyl 0D'nn T
NOYMWIMm)Y2ax D' 2 D' N0 Xn N IAD DWW naloA
NIINN | '2 D'22yY Y¥ Nron' OMT2mMMA S v mn opl

D21 VYN 222 NI I OOTIWS DT TV TWVIINT
NI NPD PNl ya 0O' "2AN2ND DWNTT'NIAMNIL TYRImpnn 91 T

DONINI ' DV N'2VIE NIXX NN 15950 MM I AT XX a1 2
D'2A1 D'MNMAT YTLVwnNni D'DN N'YpPIp A1 0 |1aAd 0O
IDN D2 ' P'POM MMM NN MODAI NNIVN'NAD VIO JNYWOIN 1M'O>N 0N Ml

NI '"219DXN NI1INN2 TOFTOAY Y WD ITAM DM VIMnNN TTVI 00
NN D'NYt1tan TNX 22n

NNTI PN NHYA Twx 2wl ' Yyrn pniy NI nNon 0
CORRYNI2ZL,ON WTINM OTNIYI DPMD N XN MMY M5 Dy
7,21 0PI N WTI N2 NI NN NIYNMMSOMIVY D wn 10w iK1 NT
NANlI22a NII*'>2vYyY nDl1al no'Y vin' 10 D'

78



Secchi depth

20&20&20&20&20420&201]201201|
2004 ™ _ S x T s EAEY A ) as 00 1Y s K ] o

Figure C11: Secchi depth measurementat the coastal water sampling stations since
2004.
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Figure C1 2Monthly concentrations of chlorophylla at the coastal water sampling
stations since 2004.
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Parasite
N . weight | length fork . .

0. location ) (cm) I?Qr?qt)h sex | Scler. | Gyliauc. | Proc. | Cucul. | Opist. | Hexan. date
66121sr 9] 258.3 25 7 F 1 0 6 0 0 1 6/6/12
66122sr 9] 261.1 26 7.5 nd 4 0 5 0 0 2 6/6/12
66123sr 9] 308.1 26.5 8 nd 5 0 3 0 0 2 6/6/12
210121sr 9] 311 26.5 8 M 0 0 3 0 0 0 2/10/12
210122sr 9] 208 25 7.5 M 12 0 5 0 0 3 2/10/12
210123sr 9] 147 23 7 nd 12 6 10 0 0 6 2/10/12
210124sr Ul 211 26.5 8 nd 2 0 1 0 0 0 2/10/12
210125sr UI 186 25 8 F 12 0 2 0 0 1 2/10/12
1610121 Ul 189 27 8 M 13 0 0 0 0 0 16/10/12
1610122 Ul 138 22.5 6.5 nd 1 0 0 0 0 0 16/10/12
1610123 UI 133 21 7 nd 17 0 0 0 0 7 16/10/12
1610124 Ul 130 21 7 M 9 0 1 0 0 6 16/10/12
1610125 Ul 111 24.5 6.5 nd 4 0 2 0 0 1 16/10/12

1710121sa Ul 175 22.5 7 nd 7 0 0 0 4 0 17/10/12
1710122sr 9] 242 27 10 nd 0 0 1 0 42 2 17/10/12
1710123sr Ul 126 21 6.5 nd 4 0 2 0 0 1 17/10/12
1012121sr 9] 209 25 8.5 nd 1 0 2 0 0 3 10/12/12
1012122sr 9] 208 25 8.5 nd 2 0 0 0 0 1 10/12/12
1012123sr Ul 138 21 7 nd 4 0 1 0 0 2 10/12/12
1912121sr Ul 222 27.5 7 F 0 0 1 0 5 1 19/12/12
2412122sa Ul 183 22 8 nd 12 0 0 0 7 0 24/12/12
2412122sr Ul 174 22.5 7 nd 0 0 0 0 0 0 24/12/12
2412123sr Ul 158 23 7 nd 0 0 2 0 0 3 24/12/12
2512121sr Ul 187 24 7.5 nd 8 0 3 0 0 1 25/12/12
2512122sr 9] 160 23 9.5 nd 9 0 1 0 34 3 25/12/12
2512123sr 9] 154 23 6.5 nd 0 0 2 0 0 1 25/12/12
2512124sr Ul 147 22 6.5 nd 3 0 1 0 1 4 25/12/12

A1, X7 x4 Xs T x| s L, xAs | X X
Table C2: Parasites found inSiganus rivulatusfrom near the 1UI.
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examined inS. rivulatus
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sediment sediment Halophila
Total Live Live (stained)
>150 pm (stained) >150 pm
>150 um
Suborder ROTALIINA 54% 98% T7%
Family ACERVULINIDAE Planogypsina acervalis + +
Family ALFREDINIDAE Epistomaroides punctatus +
Family AMMONIIDAE Ammoniaspp + +
Family AMPHISTEGINIDAE Amphistegina lessonii + (14%) + + (32%)
Amphistegina lobifera +
Amphistegina papillosa +
Family BOLIVINIDAE Bolivinasp + +
Brizalina sp +
Family BOLIVINELLIDAE Bolivinella elegans +
Family CIBICIDIDAE Cibicides mayof? +
Lobatula lobatula + +
Paracibicides edomica + +
Family CYMBALOPORIDAE Cymbaloporettasp +
Family DISCORBINELLIDAE Discorbinella rhodiensis? +
Family ELPHDIDAE ElphidiumspC +
Elphidium jenseni + +
Elphidium williamsoni +
Elphidiumcf.E.limbatum + ?
Family NONIONIDAE Nonionspp + +
Family NUMMULITIDAE Assilina ammonoides + + (86%) +
Family REUSSELLIDAE Reussellasp + + +
Family ROSALINIDAE Rosalinasp + + +
Family UVIGERINIDAE Siphouvigerinagsp +
Suborder MILIOLINA 43% ? 22%
Family ALVEOLINIDAE Borelis schlumbergeri + +
Family FISCHERINIDAE Vetebralina striata + +
Family HAUERINIDAE Agglutinellaspp +
Articulina pacifica + +
Articulina antilarum + +
Hauerina diversa + +
Lachlanella subpolygona +
LachlanellaspA +
Miliolinella spp +
Pseudomassilina pacifiensis +
Pseudomassilnap.B +
Pseudomassilingeticulata +
PseudotriloculinaspB +
Pyrgo striolata +
Quinqueloculinacf.Q.mosharrafai +
Siphonaperta distorqueata +
Triloculina affinis +
Triloculina serrulata +
Triloculina tricarinata + +
Triloculina trigonula +
Family MILIOLIDAE " Quinqueloculina 'sp. A? +
Family PENEROPLIDAE Monalysidium acicularis +
Peneroplis planatus + + +
Family SORITIDAE Amphisorus hemprichii + +
Sorites orbiculus + +
Family SOIROLOCULINIDAE Spiroloculina attenuata +
Spiroloculinaaff. S.communis +
Suborder TEXTULARIINA 3% 2% <1%
Family HAPLOPHRAGMOIDIDAE Labrospira jeffreysii +
Family SACCAMINIDAE Lagenamminaf.L.atlantica +
Family TEXTULARIIDAE Textulariaspp + + +
FAY o448 49X T4 B8, % Ios, XX o« % F1 T4 s 3s L X1

T AN O RN S T B
Table C3: Toxonomy of species found in the live assemblage in sediment and on sea

grass. Percents represent relative abundance of each group in the assemblage
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Figure D1: Temperature profiles measuredusing a CTDduring the monthly monitoring
cruises. Station B is the southernmost and deepest, Station A is on the
Israeli/Jordanian/Egyptian border at ca. 700 meters depth, and the Fish Farms station is
close to the northern shore of the Gulf at ca. 50 meters depth.
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Flgure D2: Changes in water temperature at Station A since 2004. Black dots represent
the sampling depths.
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Figure D3: Changes in water temperature at depth (400m to 700m) at Station A since
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Figure D4: Salinity profiles measured during the monthly monitoring cruises. Station A

T AN

|

is the southern station on the Israeli/Jordanian/Egyptian border at ca. 700 meters depth,
and the Fish Farms station is the close to the northern shore of the Gulf at ca. 50 meters

depth.
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Figure D5: Changes in salinity at Station A since 2004. Black dots represent the
sampling depths.
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Figure D6: Dissolved oxygen concentration profiles measured during the monthly
monitoring cruises. Station B is the southernmost and deepest, Station A is on the
Israeli/Jordanian/Egyptian border at ca. 700 meters dept, and the Fish Farms station is

close to the northern shore of the Gulf at ca. 50 meters depth.
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Station A since 2004. Black dots represent the sampling depths.
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Figure D10: Depth profiles of pH values neasured during the monthly monitoring
cruises. Station B is the southernmost and deepest, Station A is on the
Israeli/Jordanian/Egyptian border at ca. 700 meters depth, ad the Fish Farms station is
close to the northern shore of the Gulf at ca. 50 meters depth.
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Figure D12: Alkalinity profiles measured during the monthly monitoring cruises.
Station B is the southernmost and deepest and Station A is on the

Israeli/Jordanian/Egyptian border at ca. 700meters depth.
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Figure D14: Nitrite (NO,) concentration profiles measured during the monthly
monitoring cruises. Station B is tle southernmost and deepest, Station A is on the
Israeli/Jordanian/Egyptian border at ca. 700 meters depth, and the Fish Farms station is
close to the northern shore of the Gulf at ca. 50 meters depth.
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Figure D15: Nitrate (NO3) concentration profiles measured during the monthly
monitoring cruises. Station B is the southernmost and deepest, Station A is on the
Israeli/Jordanian/Egyptian border at ca. 700 meters depth, and the Fish Farms station is
close to the northern shore othe Gulf at ca. 50 meters depth.
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in the water column at Station A since 2004. Black dots represent the sampling depths.

NOgzinventory
3000 -
e 2500
)
— 2000
o
51500
g
o
& 1000
500 .
TSRO RTTRIBREE g 8
=] =0 S0P =0 =] S0 =}
200| 200| 200 200 200| 200 201

108



Annual Average NO
3
25
— 2-
£
© 15 -
IS
E
1_
0.5 -~
0' T T T T T T T T
200 200 200 200 200 200 201 201 201
Dx sl 2004« x A4S TR X L NO Ail.xi 4 "% LA X% ] 4 x4
107 osigxnyx {1
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Figure D18: Changesin nitrate concentration water depth of 400m to 700m at Station A
since 2000. Data from the years 2008002 were collectedluring the Peace Park Project
and are provided courtesy of Prof. J. Erez and Prof. B. Lazar.
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Figure D1 9Phosphate (PQ?) concentration profiles measured during the monthly
monitoring cruises. Station B is the southernmost and deepest, Station A is on the
Israeli/Jordanian/Egyptian border at ca. 700 meters depth, and the Fish Farms station is
close to the northern shore of the Gulf aca. 50 meters depth.
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Figure D20: Changes in the concentration of phosphate in the water column at Station A
since2004. Black dots represent the sampling depths.
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Figure D21: Changes in the phosphate inventory in the water column at Station A since
2004.Top: monthly inventories, Bottom: annual average
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Figure D22: Silicate (Si(OH),) concentration profiles measured during the monthly
monitoring cruises. Station B is the southernmost and deepest, Station A is on the
Israeli/Jordanian/Egyptian border at ca. 700 meters depth, and the Fish Farms station is
close to the northern shore of tb Gulf at ca. 50 meters depth.
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Figure D23: Changes in the concentration of silicate in the water column at Station A
since 2004. Black dotsepresent the sampling depths.
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Figure D24: Changes in the silica inventory in the water column at Station A since 2004.

Top: monthly inventories, Bottom: annual average
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Figure D25: Chlorophyll -a concentration profiles measured during the monthly
monitoring cruises. Station A is the southern station othe Israeli/Jordanian/Egyptian

border at ca. 700 meters dejft.
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Figure D26: Fluorescence profiles measured during the monthly monitoring cruises.
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Figure D2 7Chlorophyll-a concentration profiles measured during the monthly
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Figure D28: Changes in the concentrdon of chlorophyll-a in the water column
at Station A since 2004. Black dots represent the sampling depths.
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Figure D3 OMonthly primary productivity and Chl -a concentrations at the upper water
column.
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Figure D31: Integrated values of pimary productivity in the upper 100m of the water
column, based on the monthly produdvity profiles presented in Figure D30.
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Figure D32: Monthly concentrations of prokaryote Synechococcuand Prochlorococcus
eukaryotes and hetrotrophic bacteria in the water column at Station A.
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Figure D34: Monthly zooplankton concentrations at the upper 100m of the deep sea.
Top 1 all zooplankton, bottomi divided to size fractionsfiltered on 1000, 500 and 200
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Figure E1:Chlorophyll a concentrations sampled daily at the Underwater Observatory
jetty in 201 Zred line) and the longterm average (198&01 l1green line). Black lines
mark the 90% of all accumulated data.
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Description Manufacturer | Model
Wind monitor MA (speed & direction) Young 05106
Air temperature ancelative humidity Campbell HMP45C
Casing for temp & RH Campbell 41003
Barometric pressure Young 61202
Barometric pressure port (to minimize wind effec; Young 61002
Global radiation Kipp&Zonen CM11B
UV radiation Apogee SU-100
PAR radiation Li-Cor LI-190SA
Water pressure Campbell CS45
Water temperature Campbell 108

Data logger Campbell CR1000

1«14 S F9exix | s 10 s s o0 DY X Ass XY s s T ]
Table E1: Setup of the meteorological station at the end of the 1UI pier, list of sensors.
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Figure E5: Top- Maximum daily wind speed (m/sec). BottommMaximum daily wind
speed and directionsincd anuary 2007. This yeardés wind meas

red squares.
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Figure E6: Maximum and minimum (red and blue, respectively) daily air temperature
above the sea.
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Figure E7: Maximum daily global radiation (top), ultraviolet radiation (middle) and
photosynthetically available radiation (bottom).
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Figure E8: Maximum and minimum (red and blue, respectively) daily values of relative

humidity over the sea.
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Figure E9: Maximum and minimum (red and blue, respectively) daily water
temperature at ~2.5m depth.
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period, given by the size of petals. Current speeds are color coded and the area of each
color within a petal represents the frequency of occurrence for that speed.
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Table G1: List of stony corals and the number of colonief each taxafound in the coral
reef line-transect survey, 202

Eilat
Genus UI Katza NR Total
Acanthastrea 21 7 16 44
Acropora 69 148 153 370
Agariciella 1 1 2
Alveopora 4 3 7
Astreopora 8 13 21 42
Balanophyllia 1 3 2 6
Balastomussa 3 2 5
Coscinaraea 16 4 5 25
Ctenactis 1 1
Cynarina 2 1 3
Cyphastrea 78 65 38 181
Echinophyllia 2 7 3 12
Echinopora 7 56 110 173
Favia 114 22 48 184
Favites 80 99 51 230
Fungia 1 2 3 6
Galaxea 2 17 9 28
Goniastrea 26 54 103 183
Goniopora 8 6 14 28
Gyrosmilia 32 4 8 44
Herpolitha 1 4 2 7
Hydnophora 1 4 8 13
Leptastrea 34 32 21 87
Leptoria 1 1
Leptoseris 4 1 5
Lobophyllia 3 18 44 65
Millepora 53 4 4 61
Montipora 28 117 97 242
Mycedium 13 12 25
Oxipora 1 1 2
Pavona 9 44 7 60
Platygyra 11 6 13 30
Plerogyra 2 2
Plesiastrea 10 24 9 43
Pacillopora 45 12 18 75
Porites 35 57 58 150
Psammocora 6 20 24 50
Seriatopora 1 20 11 32
Siderastrea 24 24
Stylophora 132 93 94 319
Tubipora 2 2
Turbinaria 2 3 3 8
Total 863 997 1017 2877
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Table G2: list of cdonies(of all types) that were recognized in all permanent photgites
in 2012.

Genus NB Dekel | Katzaa NR 1UI Taba | Total
Acanthastrea 0 0 4 2 2 2 10
Acropora 0 25 56 74 14 7 176
Algea 0 0 12 9 14 40 75
Alveopora 1 1 3 3 0 11 19
Anemone 0 5 7 0 1 0 13
Astreopora 1 1 0 5 1 1 9
Balanophyllia 0 0 2 0 1 1 4
branch sp. 4 0 11 3 4 2 24
Coral sp. 0 0 0 0 2 1 3
Coscinaraea 1 1 0 1 2 3 8
Ctenactis 0 0 0 5 0 0 5
Cyphastrea 2 6 26 27 54 21 136
Echinophyllia 0 2 2 1 3 7 15
Echinopora 7 11 45 56 12 5 136
Favia 9 8 24 13 69 34 157
Favites 18 12 51 29 51 20 181
Fungia 0 1 1 2 1 3 8
Galaxea 3 0 6 0 0 0 9
Goniastrea 16 18 31 70 86 46 267
Goniopora 0 1 0 3 0 0 4
Gyrosmilia 0 0 0 0 0 1 1
Herpolitha 0 1 1 2 0 0 4
Hydnophora 2 0 0 0 0 5 7
Leptastrea 9 1 14 6 38 14 82
Leptoria 0 0 0 0 3 1 4
Lithophyton 0 0 0 1 0 0 1
Lobophyllia 12 5 3 9 8 0 37
Millepora 0 6 2 2 38 44 92
Montipora 2 13 50 27 5 9 106
Mycedium 2 2 12 4 0 0 20
non branch sp. 3 3 15 11 34 15 81
Oxipora 2 1 1 0 0 0 4
Palythoa 1 1 0 4 0 3 9
Pavona 4 3 18 10 3 3 41
Platygyra 13 2 1 9 14 13 52
Plerogyra 2 0 1 0 0 0 3
Plesiastrea 0 0 3 3 6 0 12
Pocillopora 1 1 4 11 14 9 40
Porites 17 24 14 14 9 19 97
Psammocora 4 0 1 0 1 2 8
Rhytisma 0 2 8 19 3 3 35
Sabellidae 1 0 0 0 0 0 1
Sarcophyton 0 0 2 0 1 1 4
Seriatopora 0 2 2 12 1 2 19
Shell 0 0 1 0 0 0 1
Sinularia 0 0 1 0 0 1 2
soft sp. 0 0 0 0 0 3 3
Sponge 2 0 3 9 3 8 25
Stylophora 8 3 26 20 38 10 105
Tridacna 0 0 0 1 4 1 6
Tubipora 0 0 0 1 0 0 1
Tunicate 0 0 0 0 1 1 2
Turbinaria 6 0 0 1 1 0 8
Xenia 2 10 32 85 1 0 130
Total 155 172 496 564 543 372 2302
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Multifocal bleaching of Millepora dichotoma in the
Guli of Agaba (Eilat), Red Sea
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ABSTRACT: The zooxanthellste hydrocoral Millepora dichotoma s an important framework
builder of shallow reefs in the Gulf of Agaba (Red Sea). In this study, we document and character-
ize the emergence of multifocal bleaching (MFB), a new syndrome in M, dichotoma. MFB is char-
acterized by bleached spots scattered over the colony. The establishment of MFB in M. dichotoma
al the study site was surprisingly rapid. We first noticed this ph and d its preva-
lence in February 2010, and re-assessed it 1 yr later, in February 2011, The prevalence of MFB
along the reef crest at a depth of 0.5 m is extremely high (63 and 67 % in 2010 and 2011, respec-
tvely), significantly higher than along the fore-reef at & depth of 2.5 m (16 and 31% In 2010 and
2011, respectively). Spatial analyses were used to characterize the distribution of MFB across 2
spatial scales on the reel: among-transects scale (<BDD m) and within-transact scale (<60 m). The
results clearly show that the affected hydrocorals are aggregated over these 2 scales. While sev-
eral factors may contribute to the observed pattern, the aggregated spatial distribution of the
affected hydrocorals suggests that local and inter-colonial transmission play a significant role in
the spread of MFB,

KEY WORDS: Multifocal bleaching « Millepara - Hydrocoral - Gulf of Aqaba - Elat - Spatial pattern
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INTRODUCTION

Coral bleaching and infectious discases have
emerged worldwide as dominant drivers of reef coral
population decline (Harvell et al, 2002). During the
past few decades, bloaching and disease outbroaks
have not only resulted in coral loss and severe
decline in coral cover, but have also caused sig-
nificant changes in coral community structure and
reef-associsted organisms (Hughes 1994, Aranson &
Precht 2001, Loya et al. 2001, Porter at al. 2001,
Sutherland et al. 2004, van Woesik et al, 2011), Until
recently, the intensively monitored coral reef of Elat
(narthern tip of the Gull of Aqabe, Red Sea) had been
relatively free of bleaching and signs of coral dis-
eases (Barash et al. 2005), However, in the past

*Email: zvuloni@opa org it

decade some of these diseases, including black-band
disease (e.g. Zvulon! et al. 2009) and white-plague-
like disoase (e.g. Barash ot al. 2005), have appeared
in the Gulf. The Eilat coral reef, where most of the
present research was conducted, s an intensively
studiod reef, Scientists from the adjacent Interuniver-
sity Institute for Marine Sciences continuously use
this reef for, among other things, study of vanous
aspects of coral and reef ecology (e.g. Loya & Slobod-
kin 1971, Loya 1972, Riegl & Piller 1999, Glassom et
al. 2004, Abelson et al. 2005, Zvuloni et al. 20084, b,c,
2009), A comprehensive reef itoring program
has been In place since 2003: the Israel National
Monitoring Program at the northern Gulf of Agaba
{soa INMP annual Scientific reports 2003-2010 at
www.iui-ellat ac \VNMP).

© Inter-Research 2011 - www.int.res.com
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Feeding activity by the blenny Exallias brevis
causes multifocal bleaching in corals:
Comment on Zvuloni et al. (2011)

Bruce A, Carlson*

Gerorghs Ageariam, 275 Baker Street, Atlansa, Georghs 10010, 1758

ABSTRACT: The shortbodied blenoy Exalliss breviss oo obhigote corallivore. Studios on Hawatian
reefs and comual obsesvotions on other Pacific reefs roveal that £ hrevis feeds on o wide vanety of
scloractinkan corals, Including the hydrocoral Milepora spp. This blenoy produces distinctive
circular foeding marks of cn. 2 am’ on corels: the maorks can pursist for 50 d or moew, 5 brevis is
indigenows o the Red Ses and may be respocsible for the multdocsl bisaching syndroene In Red
Sea Millepore dichofors described by Zyuloni et al (2011, Mar Ecol Prog Ser 441°.25-32).

KEY WORDS: Exallies drevis - Shortbodied hlenny < Corallivere « Millepara spp - Multifocal

blearhing - Red Sos

INTRODUCTION

The shostbhediod blonny Exallias brovis (Kner) s a
combivoth blemny tn the tribe Salariics (Hastings &
Springes 2008) Combtooth biennkes are charactos.
weed by & single row ol elongate incisdorm teeth in
vach paw that are used like brushos while grazing on
rocky surfaces, The majority of these hlennies foed
on algae and delritus, bul o few species such as Eoge-
nfus sp.bave boen observed foeding on coral tissue
(Randall «1 ol. 1547, Carlson & Awor 2005),

Hiatt & Strasburg | 196U reparied that Exallias e
vis at Enowelak Atoll is an berbivore, but Hobson
(1074 stated that @ the Hawadian Istands it feeds on
coral polyps. Carison (1578] and Sano ot al, (1984)
confirmed Flobson's condusions that 5 brevie s a
corallivore. Cazison [1992) obtalned quantizative data
o the diet and feusding behavior of E breviy, ardd
these previously unpublished data form the basis of
this Comment,

Zvulomi =t al (2013) described an opparently new
‘muititecal hicaching” [MFB} syndrome in hydro-

* Email: boarhaniiy 0

Bl or mpelloation noe Semaitiod wEBoa! witen coctaa! of e publnter

corals Millepora dicotoma askd M. platyphyilis in
shollow waters off Eilat i the Gulf of Agaba, Red
Sea. Photographs and descniptions pubilshed by Zvi-
Jomi ot al (2011, their Fig. 1c) bear o remarzable
yesemblance to the spots on Hawatian corals result.
g from the feeding activity of E hrevis

OBSERVATIONS AT THE HAWAIIAN ISLANDS

Feodiog was recorded over 53 b Jor 15 Lagged male
and § tacged female Exallias brovis oo Hawadlan
cural reefs ot Hanoumas Bay and Kabe Poant on the is-
fund of Ow'hus from Oclober 21, 1960 through May 8,
1562 (Table 1), Feeding was exclusively on Uving
corals, ot rates of 13.9 and 28 4 bites b for makes and
females, respectively. A total af 10 feeding marks
wete photographed and measured. Feeding bites on
Ponites intwats produced circular marks 204 = .42 o’
{mean = 5D) in area {ca. 1.6 cm diameter) (Fig. lad),
Maoro-photographs reveabed that superfical coenc-
sare tissue was removed while the polyps remained

© =ter-Rovesrth D012 - www int-com cuts:
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ABSTRACT: We previously repurted the suckien vmerpence of a dissase-Eke syndroene in which
numerous clrcular white spots were abserved I Millepors dichotoma colonics n the Gulf of
Agaba {Zvuload 1 al. 2011; Mar Ecal Prog Sor 441:25-32) and termed this phenomencn Mulifocal
Hleaching (MFD) Carlsoe (2012 Mar Bool Prog Ser 463:207-299) based on his observations from
Hawauan coral reefs, suggests thet the MFR s cawsed through foraging by the blenny Sxaibias
brevis. Carison's seogestion Jed us to perfarm new ficld and laboratoey studles to confirm or dis-
count this possiility, We were unable to document béting of the hydrocorals by £. brevis in the
field. but our aquarium expesizmt domonstrated that the white spots are mdeed & direct result of
the blenoy’s biting. In addition, we found a strong linkage betweon the presence of E bvevis and
the peesence of MFPB in M. dichotama colonies. We accept Carison’s suggestion, which leads to the
following questions: (1) Is the sudden emergence of MFB in the Red Sea caused by o sudden surge
i tbe population of & brevst (2) Has o change & envicorouental conditions prompled £ breviyio
suddenly begin feeding on M. dichodama? (3] What will be ihe long-tere lpact of E Brevis an

populaticns aof M. dichatoma, an tmportant component of shallow reefs in the Red Sea?

KEY WORDS: Exaltfas brevis - Multilocsl bleaching - Feeding scars « Red Soa - Eilat

INTRODUCTION

Since Fobroary 2010 we have ohserved a sadden
widpsposad emergence of croular whiite spots on
many Millepora dichotama colonses in the Gulf of
Aqoba see Zvulomi et al. 2011) Following the frame-
woek provided by Work & Achy (2004) to systemat-
cally describe and name disesases in carals, this pecu-
Bar pattern it which codonles seem fo Sose thele
syrubéatic algae in discrete focal points was termed
Multifocal Rleaching IMFB), We charscterized s
cccurrence, prevalence and spatsal patiern, and saqg-

* Ematl: xvulosiSnpaceg |l

Pocale or 200085000 00¢ perrzidiond waBens! wakten cocunent of (0 pubivber

gested that MPB behaves' in o woy remaniscent of
coral Sseases, but concluded that it is not poassitie to
sdentify the nature of these Bleached spots withoul
further investigation into their charocter and micro-
niclogical attridutes.

After publicatbon, & photo of 4 ssmilar observation
from Marss Shagra ([Egyptian Red Sea) was posted
by S Molézio on the "Caral-List’ (www,corslres!
noas.gov). This kod to contat btween HA. Carlson
and A Z Hased on his ohservations at Hawalsan cogal
reeds, Carlson 2012, this volume) sugoesty that bites
by the dleony Exallias hravis are the cause of the
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Organic-inorganic nitrogen transformations in
the Gulf of Agaba

Efrat Meeder, Yeala Shaked andBoaz Lazar

Introduction

The marine nitrogen cycle i remineralization reactions

In most oceans, nitrogen is considered the major limiting nutrient on short spatial and
temporal scalefSarmiento and Gruber 2006 plays a central role in ocean
biogeochemistrgxerting a significant influence on cycles of many other elements, in
particular carbonand phosphorougGruber 2008) Although it is a widespread
element in the sea, it is mostly in the form of Which is unavailable to most life
forms. On the other hand, the concentration ofasailable nitrogen, consisting of
nitrate, nitrite, ammonium araimides, are relatively small in seawater and often limit
biological productivity.

In the marine environment, nitrogen has 5 relatively stable oxidation dtates. be
found as nitrate, N® (with an oxidation state of +V), nitrite, NO(+l1ll), nitrous
oxide, NO (+1), molecular nitrogen, NO), and ammonium, NH (-I11). In addition,

there is a myriad of organic compounds containing nitrogen, most often in the form of
aminagroups in thelll oxidation state. As a result, tigtrogencycle is composed of
oxidationreduction reactions, many of which are used m ¢nergy metabam of
microbes:

Nitrogen Fixation is the process that fixes molecular nitrogen, by reducing
ammonium and provides a primary input of usatileogento the biosphere.
Ammonification is the release of ammonium accompanying the breakdown of
organic mater containing nitrogen, carried out mostly by ammonifi@disuimonium
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efflux from cells has also been observed following urea uptake in a number of culture
experiments(e.g. Rees and Bekheet 1982; Price and Harrison 198&zing of
phytoplankton, mainly by micraooplankton also release ammonium as a primary
nitrogenous excretory produ@Carpenter andCapone 1983; Le Corre et al. 1996)

The significance of ammonification is that it returns nitrogen to the dissolved
inorganic pool. In the ocean, the process of ammonification makes the amnmenium
606r egener atnirodenio theplwticzoneskecaude it is produced in situ.
Assimilation of nitrogen by primary producers is the major sink of dissolved
inorganic nitrogen (DIN)in the photic layer. The end products of assimilation
processes are reduced organic compoyktigligan et al. 1997)The assimilation of
nitrate or ammonium into organic nitrogen by marine phytoplankton, in order to
satisfy thei nitrogen demand for growth, is the process that quantitatively dominates
the marine nitrogen cycléGruber 2008) Regading the source of nitrogen, the
concepts of "new" and "regenerated" production were established, where wasate
considered the primary source of nitrogen
was the dominant regeneratadrogen source.Recent upta& measurements have
shown that there are more nitrogen substrates for primary production such as N
(Carpenter et al. 1999; Capone et al. 1988) DON(Bronk et al. 2007)hatcall into
guestiont h e traditional 0 a s s tegeperated preddctiorn f t he
paradigms.

Nitrification is an important process that links the most oxidized and most reduced
forms of nitrogen and helps determine their overall distribufiward 2008) In this
process ammonium @xidized to nitrite and then to nitrate in the presence of oxygen
by nitrifiers bacteria andrchaegSchleper etl. 2005) The process of nitrification is
carried out in two steps by two functionally distinct groups of nitrifiehese that
oxidize ammonium to nitrite @mmonium oxidizing bacteria and archpead those

that oxidize nitrite to nitraténitrite-oxidizing bacteria)Most of the nitrification is
considered to be aerobic and performed by chemolithoautotrophs, with no source of
energy other than ammonium or nitrite and no net source of cellular carbon other than
carbon dioxidgWard 2008) There are few reports on heterotrophic nitrification but
not from the marine environmefivVard 2008) Recently,an anaerobic oxidation of
ammoniumreferred to as anammolas been elucidatgulder et al. 1995; van de
Graaf et al. 1995)This process however is releasing nitrogen gas, and therefore is
more like denitrificabn in the sense that it loses nitrogen to the atmosphere.
Denitrification carried out by bacteria, archaea and some fijKgowles 1996;
Zumft and Ko'rner 1997is any process that results in a loss of combined nitrogen
from the biosphere (that includes anammofanonical denitrification is a
heterotrophic process in wihicnitrogen oxides (nitrate or nitrite) that serve as the
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terminal electron acceptare reduced mainly to nitrogen (some nitrous oxide may be
formed) for organic carbon metabolisifCodispoti et al. 2001)It is an anaerobic
process and in the oceans takes place in areas of very low oxygen concentrations (< 5
p1M; Devol, 2008)

Bioavailability of nitrogen Compounds

The abundance distributions andresidencetimes of the different nitrogen
compounds in the ocearare almost entirely dictated by the activity of
microorganisms, e.g. phytoplankton and bact@vialholland & Lomas, 2008)
Ammonium (NH4") rarely occurs at significant cometrations in oxygenated
habitats. It is recycled rapidly between heterotrophs which rel@aseoniumby
ammonification, N fixing organisms which excretammonium directly or release
organicnitrogenthat is microbially degraded tmmmonium and many heterotrophic,
chemoautotrophicand photosynthetic plankton which utilizammonium as a
nitrogensource Ammoniumis considered the most dominartrogen taken up in a
variety of marine and estuarine systertsis readily used by cells becaust is
already reducedo the same oxidation state gsoteins (Syrett 1981) In the
oxygenated photic zone, phytoplankton assimilation is often in competition with
nitrifying bacteria.In deep waters, ammonium is solely oxidized enekleased to the
water colunm by the process of ammonificatiolhe high demand for ammonium
results in a rapid turnover times of relatively small standing g@tkert 1993)

A sub-surface maximum of ammonium concentration is often observed in the ocean
with concentations of about 100.000nmol L™ (Sanio et al. 1983; Ward et al. 1984;
Brzezinski 1988) especially during the spring bloom(Lipschultz et al. 1996;
Woodward & Rees 2001)

Nitrate (NOg3) is the most abundant dissolved inorganic form of nitrogen in the sea,
but its assimilation is more energetically demanding thamrmonium; itrequires the
reduction ofitrateto nitrite and then tammonium Nitrateis depleted in mosif the
oligotrophico ¢ e a n 6 s except forf areasewhereon limits primary production
(high nutrient and low chlorophyll concentratiphartin and Fitzwater 1988; Martin

et al. 1989; Timmermans et al. 1998, 2004)e regeneration of nitrate occurs via the
oxidative decompositions of organic matter by the process of nitrificatiodeep
water, where there is no ml@nd for inorganic nitrogen by phytoplankton, nitrate
accumulates as it is the end product of ammonium and nitrite oxid@ard 2000)

In anaerobic conditions, nitrate can be reduced to nitrous oxide or dinitrogen by
denitrification(Madigan et al. 1997)

Nitrite (NOy), like ammonium,rarely accumulates in the marine water column
although its uptake is by far less regular thmimate and ammonium Nitrite is a
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commonintermediate in severalx@ation and reduction processes in the nitrogen
cycle resulting in its fast turnovem oxygenated seawater. Nevertheless, nitrite
accumuates in the oceanic watergh two settings The first, commonlyseenin
stratified water bodiess a peak of nitrite at the base of the photic zone, known as the
primary nitrite maximum (PNM) ranging from 0.01 to 0.4 pumol* lwith virtually
undetectable ancentrationgelow or above that peakomas & Lipschultz 2006)

The second, less studied but common nonetheless, is thewdatamof nitritebelow

the photic zone during periods adnvective mixing/Al-Qutobet al. 2002, Lomas &
Lipschultz 2006)

Dissolved organic nitrogen (DON)s an abundant pool in the nitrogen cycle and the
largest reservoir of fixed nitrogen in the sea. Yet its bulk composition and the role it is
playing in the nitrogen cycle are pbpunderstoodAluwihare & Meador 2008)The
concentrations of DON in the oceare relatively high in the photic zone and
decrease to a low and constant value deeper in the water c¢lemsell et al., 1993;
reviewed in Bronk & Ward 2005; Bronk 2002Jhis is due to phytoplankton activity

in the upper water column that directly release DON to the environ(Beobhk

2002) Bacteria are generally thought as DON consumers, but theyalsanbe
important producers and remineralizers (Berman et1809, Smith et al.1992).
Other pathways that produce DON are gramediated release and excretion and
release via cell lses (both viral and bacteriafiarlson 2002). The consumption of
DON has been thought to be significant only by bacteria, thereby phytoplankton were
neglected as potential consumdecent works, however, indicate that phytoplankton
may obtain a substantial part of their nitrogen nutrition from organic compounds
(Carlson 2002, Bronk et al, 2007, Burkholder et al., 2008)e bioavailability of

DON has a majoimpact on the nitrogen budget. There is a growing agreement that it
is an important flux of nitrogen that supports primary production and its assessment is
essentibin order to fully understand the marine nitrogen cycle.

The bioavailability of DON molecules is conventionally characterized by the order of
their turnover time. The majority of the DON pool is constituted of refractory
components, which persig&ir monihs to hundreds of yeaesnd are not available to

the biota in the time scale of this stu@@ronk et al, 20®). The more labile fraction

of the DON is normally divided into labilmoieties, which turn over in the order of
days to weeks ansemtlabile DONthat remineralize within months to years (Bronk
2002). This fraction is thought to be important as it can escape microbial degradation
in the surface waters long enough to be entrained to depth via convective mixing.
Until recently, estimates of the framt of labile and refractory DON were done by
using size fractionationHowever, accumulating evidence has shown thatn
compounds such as humic substances, considered to be highly refractory because of
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their large size, can be labil&de et al., 2006 Other studies have used laboratory
short term bioassays for estimating the fraction of labile and-lsdmie DON.
Reports vary between 120% of the DON being bioavailable in orders of days to
weeks, although only-%2% of the DON was identified as onétbe highly labile
DON compounds (reviewed in Bronk, 2007).

Study area 1 Northern Gulf of Agaba

The Gulf of Agaba (GOA) is a very unique area for situ studying of
biogeochemical processes. Its geological structure formed a deep (average depth of
800 m) and narrow water body with chemical and biological characteristic similar to
those found in the centre of ocean gyres. The thermohaline current reginbeiriigs

only Red Sea nutrierdepleted surface water through the Straits of Tiran, together
with the absence of freshwater input, considerably simplify the understanding of the
nutrient fluxes. In addition, every winter, convective mixing of the watkmao, at

times, all the way to bottom, resets the mixed layer. As a result, the buildup of a new
chemical steady state, which developpidly at the exceptionality high temperature

of GOA's deep waters (above@0in 800 m), can then be tracked and examhin

In this study of nitrogen dynamics, we use an apprdhahobserves changes and
fluctuations in the various nitrogen pools in the sea. We carried out time series
sampling of vertical profiles of DIN (nitrate and nitrite), chlorophyll, particulate
organic nitrogen (PON), total dissolved nitrogen (TDN) and DON (see methods for
sample collection and analytics chapter 2). Using these data, we calculated the
inventories of the dissolved and particulate organic and inorganic nitrogen reservoirs
and make amattempt to determine the nitrogen budget of GOA and further apply it in
the study of nitrogen transformations, DON dynamics and the estimation of primary
production.
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Methods

Water samples were collected at sampl8tgtionA , Gulf of Aqgdaba,
3 4 A 5 50nR0)062010,during monthly cruises aboard tBea SurveyoQueen of
ShebaSea BellandSamRothberg The water were sampled as described in the NMP
report.

DIN (nitrate, nitrite and ammonium) and chlorophyll
Sampled and analyzed dsscribed in the NMP report.

Total dissolved nitrogen (TDN) and DON

Sampling: Samples were collected directly from the niskins using gloves into EPA
vials. Prior to sampling, the vials were rinsed with ethanol, soaked in 20% HCI for 24
hours and washed with high purity water system composed offdtereultrafilter

and Milli-Q Academic unit, 18.2 M. Samples were not filtered prior to the analysis
because particulate organic matter concentration is a very small fraction of the total
organic nitrogen in the oligotrophic waters of GOA5%; Meeder 2012)Since the
particles are generally small and homogeneously distributed in the samples, the
analysis of unfiltered water yields a good measure of DON

Preservation: Samples were kept i@ until analysis Storage times never exceeded
onemonth.

Analysis: TDN was determined by the high temperature combustion technique using
the Shimadzu TO&/CPH analyzer that was found to give greater yields for DON
than the established wet chemical oxidat8harp 2004)In this procedure, described

by El-Sayed et al. (2003samples (typically 150 ul, not acidified because here DOC
was not measured) were injected onto the combustion coamdntheTDN was
oxidized to NO and HO at 680 in thepresence of a catalyst (platinum on aluminium
oxide). The combusted gases were dried and purified (halogens are scrubbed) and
pulled into a chemoluminescence detecttiere they reacted with ozone to produce
NO«. The signal from thedetector was recorded (voltage) using a data
acquisition/integration system and pemkea measurement was used for the
guantification of concentration$he Instrument conditionare presented ihablel.

Blank determination and detection limit: Blank was determined using 18.2Vi

high purity water system composed of a-piter, ultrafilter and Milli-Q Academic

unit. The blank was 0.7 pM. The detectionlimt i s 1.5 OM (20 of
Calibration: Sea water and high purity MHQ water were used for conducting
standard curved=(gurel). Slopes wereimiilar in both media, therefodilli -Q water

was used for calibratiorStandard curves were sampled for every 40 sangpldsat
thebeginning and end of each run.
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Combustion temperature
Carrier gas

Carrier flow rate

Ozone generation gas
Ozone flow rate

Sample sparge time

Minimum number of injections

Maximum number of injections

Number of washes

Standard deviation maximum

CV maximum

Injection volume

680°C

UHP Oxygen 99.999%
150 ml/min

Zero Air from Whatman TOC Gas Generator
500 mi/min

2.0 minutes

3

5

5

0.1000

2.00%

1504l

Tablel: Shimadzu TOG/CPH analyzer Instrument conditions

20
] 4 DDI 300
BsSW ]
] DDI 150ul
15 y=0.74x[+ 56
T M y=0.72x +0.§
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<
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Figure 1. Standard curves of DON iseawatered), DDI with 300 pl injected into the instrument

(blue) and DDI with 150 pl injected into the instrument (green)

Certified reference material (CRM; Dafner et al. 2002) During 2008low TDN

157



water and deep ocediDN CRMs have been implemented for every 40 samples and
at thebeginning and end of each run. The [6@N CRMs produced values similar to

the blank€0.6t0.5 pM and the deep watd8iDN CRMs produced an average value of
36¢1.7 pM, 8% higher than th&DN determined by thé&'he Hansell and Ogawa
laboratories.Samples were not corrected to the CRMs results due to the fact that not
all samples were compared with these standards.

Phytoplankton cells

1.8 ml of seawater was collectddr phytoplankton countms sterile 1.8ml cryotubes.

The sample$rom 20002002were fixed with 0.075 ml of % paraformaldehyde pH

7, andsamples were later fixed with 20 pl 25% glutaraldehyde (SigriB&2). Al
samples were quickly frozen in liquid nitrogen and kept at 80°C until analysis about
two months later.

Synechococcuy®rochlorococcusand piceeukaryotecell numbers were estimated by
flow cytometric analysis using a FACScan instrument (Beckton Diokiyendwith

a 15 mW NeorArgon laser witha 488 nm excitation lightBefore being analyzed the
samples were thawed quickly foriZ2 min at 37°C Samples were run at
approxi mat €1 and 1® @00 &ventsrmwera acquired in log mode. Yellow
greenlatexbads (0. 93 ¢&m, Polysciences) wer e
standard.

Biomass estimationCell numbers, enumerated by flow cytometry, were converted to
carbon following Campbell et al. (1998) using conversion factors of 51 fg Efoell
Prochlorococcus 193 fg C cell for Synechococcuand 2100fg C cell* for pico-
eukaryotes. Carbon content wagsequentlgonverted to nitrogebhasedon Redfield

N:C ratio of 1:6.6Redfield 1958)
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Figure 2: Extracted chlorophyll inventory (800 m) as a photosyrdtic cell inventory (counted by
FACS). The regression lines represent the linear fit of samples from2B@0(blue diamonds) and
samples from 2008007 (red squares). The two sets of samples were measured by different FACS
counters.

Most of the chlorophylk in the water column of GOA is attributed to phytoplankton
< 5 pym, a size that can be measured by flow cytonfetngdell and Post 1995; David
2002) It was also suggested for other oligotroptonditions wherewaterbodiesdo

not support large standing stocks of other phytoplankton size fra¢tatigan et al.
1997) In this study oligotrophic conditions were prevalent throughout most of the
year, apart from the deep winter mixing evéitus biomass estimated based on flow
cytometry analyses accounted for the bulk of photosynthetic biomass over most of the
year In this study the cell counts are limited to the years 2l and several
cruises during 2002008. Therefore the chlorophylamples were calibrated to
biomassFigure2 shows that the integrated chlorophgitontent is linearly related to
the total bi omatetal phit@lartkion carlboon pdmask? n=H).

Particulate Organic Nitrogen (PON)

6 liters of seawater were filtered on mmembusted GF/F filters for PON analysis.
Nitrogen was measured using continuous flow Element AnalyzetIdRi Mass
Spectroneter Delta plus XL.

Calculations
Water column inventories were calculated from the integrals of the averaged
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duplicates of the measured samples. The data was smoothedhasfagction spline
and error was determined by the difference between the integrals of the duplicates.
Average errors for DIN, TDN and DON integrals were estimated to be 2, 4 and 4.5 %.

Results and Discussion

Changes in the vertical distribution of the DIN in GOA during 2000-

2010

The vertical distribution of DIN concentrations in GOA is controlled by the annual
mixing-stratificationcycle During mixing, the mixed layer DIN concentrations are
uniform and when mixing exceeds 200 m they increase with the deepening of the
mixed layer (Figure 3). When water column is stratified the DIN is consumed by the
phytoplankton in the photic zoreupper 100 m(Stambler 2006)creating a nutrient
depleted layer. From tHease of this layer unti#200 mdepth, the DIN concentrations
start raising sharply, a gradient referred to asnibtr@cline The nitracline connects

the photic zone with the deep water DIN reservoir thahade ofnitrate the end
member product of orgéc matterdegradationThroughout this study, the deep water
reservoir showed two distinct profilegt) From 20062007, as described by David
(2002), the DIN concentration increased with deptth two slopes and reached
maximum value> 6 umol L™ nearthe bottom at the end of the stratification periods
(Figurel). (2) From summer 2007 and on, the deep water increase of the DIN stopped
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Figure 1: Representativ®IN vettical distribution at station A

at 400 m and stayed constant and even decreased with depth towards the sediment.
This phenomenon was clearly reflected by the DIN concentration at 700 m throughout
thestudy period Figure?2).

What drives the seasonality of the DIN?

The water column DIN inventory {800 m) showed a clear sewmnual cycle with
average amplitude of 1.0 + 0.2 mol N?rthat are fluctuations of 40% of the total
nitrogen inventory (average of 2.5 + 0.2 mol N,nfrigure 3). The ON inventory
started decreasing in the beginning of the mixing, and continued until reaching a
minimum at the same time of the deepest mixing. At the onset of stratification, the
DIN inventory started rising sharply and then gradually leveled off.
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The disappearance of the DIN during the mixingse®m in GOA and its appearance
during stratification was first noticed by David (2002) and has raised the question of
what the sources and sinks of nitrogen are in GOA. Using data from22020)
David (2002) suggested that microorganisms drive the sdadgmamics of the DIN

by shifting it to the organic pool during winter and oxidizing it back in deep water
during summer. However, phytoplankton counts and PON measurements could be
accounted for only 50 % of the DIN drawn down in the winter, and DON
measwuements were not available.

Further observations on phytoplankton biomass and PON duringZl@revealed
similar patterns and estimations to those reported by David (2002):

Phytoplankton (20002010} The seasonal fluctuations of the chlorophyll invento
showed a reverse trend to that of the DIN inventory. During mixing, the total
chlorophyll (which stands for phytoplankton biomasge methodsFigure 2)
increased with the deepening of the mixed layer, reaching its highest values when the
mixing depth was maximalFigure 3). When stratification @mmenced, the
chlorophyll inventory started to decrease until it reached relatively stable and low
level values of 28+fngm™. The decrease in DIN inventories, accompanied by an
increase in phytoplankton biomass, as reported by David (2002), possiliténttiat
phytoplankton assimilate the DIN that was mixed up during winter to the surface
layers. Nevertheless, the average amount of nitrogen stored in phytoplankton during
winters could be accounted for only15% of the winter nitrogerdrawn down for

eat year between 206010 {Tablel1). While phytoplankton biomass is small, their
fast growth and high turnover rates, including processes suaboptanktongrazing

and fecal pallet formatiqrviral lysis and effluxmay generate high fluxes of organic
nitrogen in the form oPON and DON

PON (20002010): New measurements of suspended PON from ZUlB showed

an average inventory 0d.1 mol N n¥ (Meeder 2012) During 20082010, the
National Monitoring Program (NMP) measured particulate organic carndon
0.65+0.17 pmol C M. Using GOA's POC:PON ratio of Figure4), this value can

be modified to 0.09+0.02 pmol N i similar to the direct nitrogen measurements.
Consequently, the PON contributesly 10% to the nitrogemrawdown However,

PON includes phytoplankton and not bactrioplankton, thus we have nwagsti of
nonphotosynthetic bacterioplankton. However, it is unlikely that bactrioplankton
biomass exceeds that of the phytoplank{@no and Azam 1988)We therefore
average all of the above to estimate that suspended PON duringg@D0@oes not
exceed 25 10 % of the winter nitrogen drawdown.
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Figure 4. Carbon versus nitrogen jparticulate matter collected from station A during spring 2006.
Except for one profile (orange diamond) that was exceptionally reach in particulate matter, all samples
fell on a line with a slope of 7.

Sinking PON can play a significant role in the nitneadeudget of GOA. Although
known to be negligible in oligotrophic oceans, large sinking particles can have a high
flux to the sediment (see an example of an exceptionally high POM concentrations
shown as higlcarbonand nitrogenvalues inFigure 4 that were observed in deep
water on March 21)Therefore an estimation of the flux from the sediment can imply
the sinkingflux to the sediment. During the ysa20002001, rare conditions were
established for estimating the turbulence diffusion of deep water and thus the
evaluation of the flux of nitrogen from the sedimé@avid 2002) The average flux
estimated was 1.0+0.4xfamol mi? d* supplying 0.17+0.01 mol N fto the water
column. Similar fluxes (0.5xIdmol m? d) were estimated from cores sampled
during 1999 using chamber incubati@Rasheed et al. 20063ince the years prior to
2007 were characteed by highproductivity due to an activity of fish farms in the
gulf, we consider these fluxes as maximal estimatighscordingly, the winter
sinking particle flux to the sediment can explain the maximum of 0.17+0.01 mol N m
2 which contributesanother20% to the 'missing' winter sink.

In summary, all new estimations of PON inventories e.g. live biomass, suspended
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particles and sinking particles are in accordance with previous evaluations (David
2002) and can account for half (ca-3®%) of the DIN fuctuation. Furthermore, in
an attempt to find the missing nitrogen we started measuring DON (as well as TDN).

Date of Maximal %
Minimal Maximal Date of Winter Winter Winter
minimal biomass Biomass
DIN DIN maximal DIN Primary Primary
Year DIN Inventory of
inventory Inventory DIN decrease production production
inventory (mol N m DIN
(mol m?) (mol m?) inventory (mol m?) (molNm?  (mol C m?
(mol m?) 2 decrease
2.60 223119¢
2000 1.22 0A0Q20C 2.36 1p1@0¢C 1.4 0.18 13 .010 0.07
2001 1.29 26020C 2.38 1A1Q@00¢C 1.1 0.07 6 . 006 0.04
2002 1.76 10020C 2.50 1p1@00¢C 0.6 . 004 0.03
2003 1.72 20020C¢C 2.85 161R20C 0.8 0.08 11 . 005 0.03
20014 2.08 160=20¢C 2.64 2p1@0C 0.8 0.08 11 . 004 0.03
2005 1.40 2p0020C 2.24 3p1@0cC 1.2 0.09 7 . 008 0.05
2006 1.54 20020C 2.70 180200¢C 0.7 0.08 12 . 005 0.03
2007 1.21 16020C 2.07 18B1®2O0C 1.5 0.24 16 .007 0.05
2008 1.61 12020C 2.24 16020C¢C 0.5 0.11 24 . 005 0.03
2009 1.82 120®RO0C 2.49 1A020C¢C 0. 4 0.06 14 .004 0.02
2010 2.23 260201 0.3 0.08 31 . 002 0.01
Average 0.84 0.11 14 . 006 0.04
Deviation 0.41 0.06 8 . 002 0.01

Table 1. Primary production calculated by the differences between maximal and

minimal DIN and phytoplanktonitrogeninventories.

TDN and DON

Annual variation of TDN

TDN and DON were measured over a period of two years (2007/8) together with the
other nitrogen sgcies to investigate the role of DON in the nitrogen dynamic in the
gulf. The water column TDN inventories showed insignificant annual fluctuation in
comparison to the DIN annual fluctuatidfigure5). These findings indicate that the
nitrogen is constant throughout an annual cycle, making
remineralization within the water column a rational explanation for the annual
fluctuations of theDIN. The missing sink of DIN, in that case, should be found as
organic nitrogen. Above, we showed that the organic particles contribute up to 50% of

total reservoir
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the DIN dynamics. Next we examine the contribution of the DON.
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Figure 5: 0-700 m total nitrogen (TDN) inventory (squares), dissolved organic nitrogen (DON)
inventory (triangles) and DIN inventory (diamonds) at station A during 200®.

Estimation of the semi-labile fraction of DON

As the DON pool of GOA (ca. 3.5 mol N'mFigure5) is larger than the DIN pool

and its annual variations (1 mol N-2), it can potentially account for the missing
nitrogen. The large pool of ganic nitrogen contains both a refractory fraction that
will not be accessiblannually(Knapp et al. 2005; Bronk et al. 2007; Meador et al.
2007) and a labile poolhat is likely to play a role in the annual variation of the
nitrogen mass baland@luwihare and Meador 2008)n this section we attempt to
determine the fraction of the labile DON and estimate its role in the nitrogen budget
of GOA.

The vertical DON distribution in the water column maintained similar patterns
throughout theyear, with the exception of anncrease in surface waters during
stratificatian that was most prominent the spring bloonfFigure6). This pattern ha

been well described by several studies and was mainly related to DON excretion by
phytoplankton(Bronk 2002; Bronk et al. 200.7Analytically, the detection of the
labile fractionof DON is difficult since it cannot be efficiently sepa@tfrom the

total DON and its fraction in the DON pool is too small. Using GOA special
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conditions, the labile fraction of the DON can be estimated. Since no major input of
DON is known to the gulf, together with the fact that the entire water column was
reset due to deep mixing during winters 2007 and 2008, it can be assumed that the
DON rise in surface water directly after mixing was produced by the thriving
phytoplankton. Later, this DON was consumed and remineralized, observed by its
decrease throughostratification. Using this argument, we can define the fraction of
the labile DON that affects the annual nitrogen cycle as the part of DON that
decreases throughout the stratification season. The subtraction of the total amount of
DON found at the end othe stratified season from the total DON found at the
beginning of stratificationHigure 7) gives an average reduction of ca. 0.4 mol R m

in the DQON inventory for each of the 2 year§able 2). Thereby, the fraction of the
labile part of the DON varied betweenl4% of the DON reservoir in the water
column of GOA. As far as we know, this estimation, based on observational nitrogen
pools dynamics, provides a new approach for assessing the fraction of bioavailable
DON that may support primary production during summer stratification (see
discussion ahead).
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Figure 6: Distribution of DIN (blue diamondsPON (green triangles) and TDN (red
squares) at station A. a) Spring beginning of stratification. b) Summer
stratification. c) Fall- beginning of mixing. d) Wintemixing

Closing the nitrogen budget of GOA

The labile fraction of the DON that takearpin the annual nitrogen dynamics of
GOA was estimated above to be ca. 0.4 mdl ffhis is 50% of the average DIN
winter drawdown. Given the above approximation for the PON (50% of the DIN
winter drawdown), we can conclude that the DIN decrease obsdurety winter

time is consumed by primary producers that release organic compounds to the water
column.
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In contrast towinters, during summer stratification, the DIN inventory increased,
implying an existence of a source that either supplies DIN or pesdii within the

water column. There are several possibilities for explaining the observed increase,
among are: 1) Atmospheric input; a recent study suggested that atmospheric
deposition is an important source of nitrogen that significantly contribut@ear
production(Wankel et al. 2010R) Advection;severaltudieshave demonstrated the

Stratification 2007 Stratification 2008
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200 9.5 .
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=-DIN 145.07 =e-DIN 22.10.07 =-DIN 14.4.08 =e=DIN 27.10.08
=0-DON14.5.07 -©~DON 22.10.07 —-DON 14.4.08 -=—DON 27.10.08
-#-TDN 14.5.07 -=-TDN 22.10.07 -8-TDN 14.4.08 -=TDN 27.10.08

Figure 7. comparison of the distribution of Nitrate (diamond), dissolved organic
nitrogen (circles) and total nitrogen (squares) at siatiA between the beginning of
stratification (filled marks) to the end of stratification (clear marks). a) summer 2007
b) summer 2008The shadedareas in b represent the integrals. The light red areas
mark the transformation of TDN between shallow angdeaters. The light blue and
light yellow areas represent the ratios between DON and DIN reduction in the depths
of phytoplankton consumption activity.
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Date DON Inventory Annua}I % of reduption from
mol m2  Reductior the DON inventory
Stratification ~ 14/05/2007 3.7
2007 22/10/2007 3.2 0.5 14
Stratification ~ 14/04/2008 4.3
2008 27/10/2008 4.0 0.3 7

Table2: The decrease of the DON inventory throughout the stratification season of 2007 and 2008 as
presented ifFigure 7.

importance of horizontal transport to the Giwolf-Vecht et al. 1992; Silverman and
Gildor 2008; Biton and Gildor 2011; Carlson et al. 2012t mayeither supply or
remove nitrogen 3) Nitrogen remineralization; here we suggest that during
stratification the remains of the winter DON is remineralized back to DIN in deep
water. Above we shwed that throughout the summer, the DON in the surface layer is
decreasing due to its oxidation. Moreover, examination of the vertical distribution of
the TDN during stratification reveals that the drawdown of surface TDN throughout
the summer (340 and 536nol m?in 2007 and 2008 respectively) equals its increase
in deep water (340 and 570 pmol’rim 2007 and 2008 respectively, demonstrated in
Figure 7b). These findings suggest that during stratification the deep water DIN
inventory increase is balanced by the surface decrease in TDN inventory (mainly
decrease in DON).

Despite the seasonal fluctuations invstical distribution,The TDN water colmn
inventory is almost constant suggesting that the water column of GOA nearly a closed
system on a single annual cycle. It means that almost all the nutrients consumed by
the phytoplankton during winter are remineralized during the summer. This
conclusionis not inconsistent with other conclusions demonstrating the importance of
external nitrogen input. However, it implies tlzaitnually, nitrogen sources (if exists)

are nearly balanced by its sinkstherwisea measuredgccumulation ordeficit of
nitrogenwould occur.lt should be noted that intannual increase in the DIN budgets
were documented in GOA during the operation of the fish farms, which provided a
source of AlLazmwebdal. BODEEVen dueng these years the difference in
the DIN budget btween two consecutive years was small and could be verified only
after several years of continuous monitoring. With regard to advection, it has been
shown that there were no significant differences in the vertical praofilel relevant
within 150 km dstance south to station (&.g.RV Meteor- data not published). Thus
even if horizontal transport is significgnit carries water with the same chemical
signature with respect to nitrogen.
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Primary production in GOA - estimation from nitrogen transformations

Winter net primary production: Nitrogen is considered a limiting nutrient in GOA
(Al-Qutob et al. 2002)¥hus on an annual scale this system fully regenerates its
limiting nutrients providing a unique tool for studying processes of primary
production and decompositions of orgamnatter. During winters, when the mixed
layer deepens, DIN from under the thermocline is introduced to layers where
phytoplankton can utilize it. As a result the total DIN in the water column is depleted.
In a closed system, with no significant sourcewd asinks for nitrogen, the
phytoplankton, which are the direct consumers, drive the DIN dynamics. The nitrogen
depletion can therefore be a proxy for phytoplankton uptake, and hence for primary
production (using Redfield C:N mol ratio of 6.6:1). The priynproductionrate is in

fact the decrease in DIN with time. Productivity rates of the mixing period as
presented irFigure 7 were calculated by taking the difference in the DIN inventory
between two following sampling dates. The nitrogen differences were then transferred
to carbon using the Redfield ratio. The average primary productivity for the winters in
the GOA is 0.04 + @1 mol C n¥ (Tablel).

Summernet primary production: From the onset of stratification and throughout the
summer, the TDN decreased in the upper 800This decrease was equal to the
increase in TDN in deep water during the same summgure 7). The increase of

TDN in deep water was probably asuét of organic nitrogen that sank from the upper
layers to depth where it regenerated back to DIN (nitrd&t®).increase in nitrate can
then be a proxy for the export production, which is conventionally equal to the new
production of the photic zonfDugdale and Goering 1967; Eppley and Peterson
1979) Presented ifrigure8 are the calculations of summer new primary production
based on the differences in deep nitrate reservoirs between two following sampling
dates. Using the Redfield Ratithe average primary productivity for the summers in
the GOA is 0.03 mol C i

It is generally believed that th®C method gives a good estimation of primary
production. Nevertheless, it cannot be known whethetbé¢echnique measure the

rate of gross production, net production, or some intermediate ({@hamde et al.

1989 and ref. withi). The estimates of primary production presented here are
calculated from the nitrogen dynamics (from uptake and remineralization processes)
and represent the net nitrogen uptake. Although the two methods are measuring
different values of productivity, the results of this study were found to be in
agreement with measurements of productivity using‘¥6enethod Figure8 marked

in red circles). It should be noticed that th@ measurements are limited in GOA and
most of the measurements relevant to the time frame of this study were conducted
during 20002001. The productivity fluxes reported for the winters of these years are
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0.05 mol C rf (lluz et al. 2011) similar values to the estimated productivity using
nitrogen transformations. The fact that the methods compare so well is odd and
requires more research t@ufy.
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Figure 8: Primary productivity 1) calculated from DIN transformations and transferred to C by
Redfield Ratio (diamonds); 2) Measured by 14C techn{foen lluz et al. 2011)

Long term changes in deep water nitrate reservoir and the state of
eutrophication in northern GOA

The long term trends of nitrate accumulation at depth were used here to follow
changes in nutrients supply to northern GOA and their effect on the primary
production. he approach of using the rate of deep water nitrate accumulation as a
proxy for primary production in the upper water is well known and have been applied
over several decadés.g.Eppley and Peterson 1979)

Since the development of the cities of Eilat (Isreal) and Agaba (Jordam)gemort
GOA received significant amounts of nutrients from anthropogenic nitrogen sources
such as sewage and aquaculture. It was argued that nitrogen (most probably) from
anthropogenic origin was accumulated in the deep water of northern GOA during the
last cecade, leading to a state of eutrophicaijbazar and Erez 2004; Lazar et al.
2008)

The pattern of deep water nitrate distribution has significantly chandediftg the
mixing event of 2007 and 2008 (Figure 3 and 4). These two mixing events occurred
after several years with relatively shallow mixing that enabled nitrate to accumulate in
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depth. Yet, the pattern of the deep water nitrate accumulation in the esamm
following the 2000 and 2007 deep mixing events was significantly different (Figure 3
and 4) During very deep mixing event (down to the bottom in station A), deep water
nitrate concentrations decrease as it is mixed up to the photic voee it is
consumed by phytoplankton population. During stratification, the deep water nitrate
reservoir is being replenished as organic matter degradation takes place.

The deep mixing event of 2000prior to mixing,the deep nitrate concentrations was
ca 7 umol L%, during mixing it dropped down to 2 pmol*land by August 2000 it
returned already to 6.5 puMFigure 3. The deep water nitrate kept increasing until
reaching 7 umol ! in summer 2003, and stayed constant until the next deep mixing
in 2007.

The deep mixing of 20072008 during mixing of 2007 the deep water nitrate
dropped to ca. 2 pmolt, similarly to that of 2000. In the following summer (August
2007), however, the deep water nitrate concentration reached only 3.7 Jimwodi lat

the endof the stratified season it raised to 4.5 umdl 1At the end of the deeper
mixing event of winter 2008, deep water nitrate dropped again to ca. 2 jifol L
however, by the end of the summer it increased only to ca. 4 pmolThe
accumulation of the @p nitrate continued over the following years but slower. While
after the deep mixing event of 2000, deep water nitrate reached the maximum level
within 3 years, after the mixing of 2008, the deep water nitrate did not exceed 6 pmol
L, even after the ftdwing 4 years.The slower rates of deep water nitrate
accumulation may imply that the surface primary productias decreased. As
nutrients are the limiting factor for primary production in GOA, one potential cause
for this decrease in primary producti® the reduction of anthropogenic nutrients
emissions into northern GOAazar et al. 2008; lluz et al. 2011)
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Figure 9: Schematic presentation of theasonal(lower bar) transformations of
nitrogen in the photic zone and the deep water (left bar)G@A. The total N
inventories (per unit area) are in black the relative abundance of inorganic (DIN) and
organic (DON) N reservoirs are in white.

The fish farms (operated between 1Z9M8) were suggested as a major source for
"new" nutrients and iereased primary production in northern GQ#&kinson et al.

2004; Lazar et al. 2008; lluz et al. 201These farms were removed completely in
June 2008 (removal started on June 2006). It seems that 3 years after the deep mixing
event of 2008, deep water nitrate was significantly lowan tthe deep water nitrate

after the deep mixing event of 2000 (Figure 4). This may indicate that during the
years of operations, nutrients emitted from the fish farms contributed significant
amounts of Nspecies into GOA, increasing its primary productioi hence the flux

of PON (export production) to the deep water.

Summary

This study shows that the nitrogen budget of GOA can be explained almost

exclusively by seasonal transformations between the organic and inorganic nitrogen

pools and thapractically all the nitrogen of GOA isecycled(estimation error of

95t10%) by microorganism®n an annual time scal@~igure 9). The primary
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producton and remineralization rates were estimated by the annual dynamics of
nitrogen transformations between the different reservoirs. A cartoon summarizing the
nitrogen fluxes in the water column of northern GOA during summer stratification is
presented irrigure 10. The phytoplankton drive the regeneration cycle by consuming
most of the DIN during winter mixing periods and transferring it to PON and DON.
When stratification commences, the photic zone is separated from the deep water and
phytoplankton biomass decreases sharply. As indicated by water column DON and
TDN dynamics, phytoplankton consume the leftover nitrogen from winter and spring
in the uppe water column and transport it to deep water where it oxidized back to
DIN. Using these transformations we estimated an average winter productivity of 0.04
mol C mi? and average summer productivity 0.03 mol €, mhich are in agreement

with **C measurenms conducted in the gulf.

Photic Zone : : DON
Primary production
Phytoplankto 0.002mol m2 d-t % DIN

Organic matter degradation

P [0WENO0
uonINPoId MaN

DO 0.002mol m2 g DIN

uononpouduodx3

Export Production
0.003mol d?

New production

Intermediate Waters
400m

Deep Water

Z00m
Sediment

Figure 10. A summary of the nitrogen fluxes (blue arrows) between the different
reservoirsduring stratificationin the water column of northei@OA.
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