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Abstract- To assess the importance of the atmospheric deposition of nutrients on
the productivity of the Eastern Mediterranean Sea, measurements of both wet and
dry deposition of dissolved inorganic nitrogen (DIN) and dissolved inorganic
phosphorus (DIP) have been performed at a remote coastal area on the island of
Crete (Finokalia). The results of the wet and dry deposition of DIN obtained at
Finokalia have been compared with data of particulate organic nitrogen (PON)
obtained in the Cretan Sea by using sediment traps deployed at 200 and 500m
depth. Our results show that the atmospheric deposition of DIN can account for up
to 370% of the measured PON in the sediment traps indicating that atmospheric
pathway alone can sufficiently account for the measured new nitrogen production.
On the other hand even during the summer and autumn period, i.e when water
stratification attains is maximum, atmospheric deposition of dissolved inorganic
phosphorus (DIP) could account for only up to 40% of the observed new
production. Thus atmospheric inputs of bioavailable N and P represent an
imbalanced contribution to the new production which could account for the
anomalous N/P ratio observed in surface seawater and P limitation in the SE
Mediterranean.

Keywords-Atmospheric deposition, nitrogen, phosphorus, Eastern Mediterranean,
seawater productivity.

Introduction

Atmospheric deposition is recognised as a potential source of nutrients to many
ecosystems and especially in coastal areas and enclosed seas where terrestrial
inputs (rivers plus atmospheric deposition) have been proposed to play a crucial
role in regulating the productivity of sea water (Jickells, 1998 and references
therein). Nitrogen is usually considered as the limiting nutrient in the oceans,
although phosphate or even trace metals may also play a role in regulating
phytoplankton growth.
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The aim of this paper is to assess the importance of atmospheric pathway as a
source of nutrients (DIN and DIP) in the Eastern Mediterranean. The oligotrophic
properties of the Mediterranean Sea and especially its Eastern basin have attracted
the attention of many investigators who have characterized this area as one of the
Jess productive of the world on the basis of its low nutrient levels and poor
productivity (Krom et al., 1992; Ignatiades, 1998; Tselepides et al., 2000). The
' Eastern Mediterranean basin is located at the Southern edge of Europe receiving
during most of the year (at least 70% of the time) air masses from Central and
Eastern Europe. Atmospheric input of anthropogenic nutrients to areas located
downwind of populated and urbanized regions can lead to or shift toward greater
phosphorus limitation (Fanning, 1989). However, to our knowledge no attempt has
been made so far to understand the role of the atmospheric input of nutrients on the
productivity of the Eastern Mediterranean even though this pathway could be the
most effective external source since riverine inflow is very low in this area (Martin
et al., 1989). Therefore, measurements of both wet and dry deposition of DIN and
DIP have been performed in a remote site on the island of Crete (Finokalia). The
results of both wet and dry deposition of DIN obtained at Finokalia have been
compared to data of particulate organic nitrogen (PON) obtained in the Cretan Sea
using sediment traps deployed at 200 or 500m

Experimental

Wet deposition: Rain water was collected on an event basis using a wet-only
collector installed at Finokalia (25°60’E, 35°24°N) a small village on the northern
coast of Crete (Fig. 1). Details about Finokalia can be found elsewhere
(Mihalopoulos et al., 1997; Kouvarakis et al, 2000).

Dry deposition: Dry deposition was estimated based on the collection of
particles on a flat surface covered by glass beads, positioned on a funnel and
situated 3m above the ground. The deposition measured using this technique
corresponds to the total deposition. However since from May to September no rain
events occur, the measured total deposition during that period corresponds to the
dry one. The glass-bed system was exposed to the atmosphere for a week and after
that period it was washed with ultra pure water, which was then filtered and
proceeded as the rainwater sample.

Chemical analysis: Analysis of DIN was performed by ion chromatography. A
Dionex AS4A-SC column with ASRS-I suppressor in autosuppression mode of
operation was used for the analysis of NO5". For NH," a CS10-SC column was used
with a CSRS-I suppressor. Analysis of DIP was performed using the stannous
chloride method.

Sediment traps: Sediment traps have been deployed during two yearly surveys
performed in the frame work of European funded project MATER (from 4/1997-
3/1998 at both sites MST1 and MST2 (Fig. 1).

All moorings were deployed in the open sea. The sampling interval was 15 to 16
days, ie the Ist and the 16th of every month. Details about the sediment trap
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preparation, deployment, and laboratory processing of the samples are given at
Stavrakakis et al., (2000).
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Fig. 1. Map indicating the location of the sampling sites referenced in the text.

Results and Discussion

Wet deposition of DIN "

Wet deposition of DIN ranges from 0.018-1.946 mmol/m {event (0.0—3.7.7
mmol/m® /15days, Fig. 2a). The yearly wet deposition of DIN estimated frqm this
work ranges from 12.8-18.2 mmol/m”. These Fig.s are in good agreement with the
values of 15-20 mmol/m? reported by Le Bolloch and Guerzoni (19925) for the
island of Sardinia (central Mediterranean) and the value of 22 mmol/m® estimated
by Herut and Krom (1996) for the Israeli coast (Eastern Mediteqangap). Notf: also
that very few studies have been performed in sites far from big cities, as 1s our
work at Finokalia.

Dry deposition of DIN ' '

Dry deposition has been estimated based on the collection of particles on 2;
surface covered by glass beads. Although this approach cgqld ha\_re s'everaf
limitations, it could provide useful information for total deposition c?stxmatlon 1(1)
gases and aerosols. Note also the absence of well-established techr}lques for the
direct determination of dry deposition. Fig. 2a reports the variation of dry
deposition of DIN. To facilitate the comparison with the. sediment trap dgta, ifl};
deposition is reported on a 15-day basis. The dry deposition calculated using t g
procedure ranges between 0.11 — 4.71 mmol/m*/15days anq presents a dlStlll .
seasonal variation with high values during summer. From April to September totd
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dry deposition is estimated to be of the order of 26 mmol/m?, i.e. a factor of 1.3-2
higher than the annual wet deposition.

Particulate Organic Nitrogen (PON) flux estimation using sediment trap
ployments (exported N).

Sediment traps were deployed to estimate new production in the area. New
production is defined as the phytoplankton growth supported by nutrients supplied
from outside the euphotic zone (Dugdale and Goering, 1967). Fig. 2a presents the
flux of particulate organic N (PON). Flux of PON ranges from 0.055 to 1.204
mmol/m*/15days with distinct seasonal variation, of higher values occurring during
the end of winter, beginning of spring.

On a yearly basis the PON flux was estimated to vary between 10.44 — 11.87

mmol/m’, i.e. a factor of 1.5 to 2 lower compared to wet deposition and up to a
factor of 2 lower compared to dry deposition. To stress the important role of wet
deposition, which although sporadic can bring considerable amounts of DIN to the
sea surface, in more than 95% of the rain events the DIN wet deposition equaled
the sinking particulate N flux and in 70% of the events this value was 5-times the
corresponding PON value.
Figs 2a and b compare the atmospheric inputs of DIN to the PON fluxes
measured using the sediment traps. Fig. 2a compares the DON fluxes with both the
dry and wet deposition measured at Finokalia and Fig. 2b, averages the above data
on a monthly basis. Dry deposition alone accounts for about a factor of two of the
collected PON and both dry and wet deposition account for about 370% of the
PON. Thus airborne DIN alone is more than sufficient to explain new production in
the Eastern Mediterranean Sea.

Atmospheric DIN and DIP deposition and seawater productivity

Based on the data obtained from Finokalia we estimated an annual deposition
of DIN (both wet and dry) equivalent to 45.25 mmol/m. If we assume that all of
this DIN is available to the phytoplankton for new production we can convert this
nitrogen flux into carbon uptake using a Redfield C:N ratio of 6.625. Atmospheric
nitrogen can therefore fix on a yearly basis 30 molC/m”. The seasonal variation in
the amount of C that could be fixed by converting DIN flux into carbon uptake is
‘determined according to the procedure described above and reported at Table 1.
The seasonal variation of primary production deduced from measurements
performed by Ignatiades (1998) in this area during 1994, in four stations during
four seasons and integrated at the level of the thermocline (20-50meters
'dependingon season), is also reported in Table 1. From these two datasets a (f) ratio
due to external input DIN at these depths can be deduced by dividing the PP due to
N to the PP estimated form the “in situ” measurements. The thus calculated (f)
Tatio has a mean value of 0.29, i.e. significantly higher than the value assigned to
O!igotrophic areas (0.05-0.2; Eppley and Petterson, 1979). Thus from N point of
View the E. Mediterranean is not oligotrophic. This result does not necessarily

Imply that other processes such as advection and or nitrogen fixation proposed by
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a0y & 7 S Al and P represent an imbalanced contribution to the new production and reinforce the
iment traps . o G 5 . 5
38 1 SESD R Eposition ‘ unusual N/P ratios and possible P limitation in the SE Mediterranean.
= 3.0 —O— Wet deposition
= : | - 5 e g ;
| zﬂ Table 1. Seasonal variation of primary productivity deduced from “in situ” measurements, primary
“5 sl 1 Eroductivity estimated from atmospheric DIN deposition and () ratio.
Sgls | Season PP-“in situ” PP- (N) (f) ratio
| g . ; mng'zd'l mng'zd'1
| s Winter 76.8 433 0.06
. : ‘ Spring 50.4 10.47 0.21
! 08/96 11/96 02/97 05/97 08/97 11/97 02/98 05/98 08/98 11/98 01/99 04/99 07/99 lO/”i Summer 276 1665 060
| ate |
i = S Autumn 264 7.79 0.29
o |
i = Annual average 453 9.81 0.29
| —e—Sediment traps |
30 —¥— Dry deposition |
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Fig. 2. Comparison between PON fluxes with both dry and wet deposition at Finokalia (a) and
monthly averaged PON and deposition data (b).

several authors as possible sources of N are of minor importance. It simply shows
that the atmosphere alone through DIN deposition can supply the entire required N,
in 100% bioavailable form.

Other elements (like P) should be responsible for the oligotrophic status of the
Eastern Mediterranean. To assess the spatial and temporal variation as well as the
importance of the atmospheric deposition of inorganic phosphorus (IP) on the
productivity, measurements of phosphorus (total and dissolved) were performed
both in rain water and aerosols. Particle size distribution of P, as well as total
deposition measurements were also performed at the Cretan site. The results of the
wet and dry deposition of dissolved inorganic phosphorus (DIP) obtained from
Crete are compared with data of dissolved inorganic nitrogen (DIN) obtained
simultaneously and with productivity data from the literature. Our results show
that: i) the DIN/DIP molar ratio in both wet and dry deposition ranges between 63
and 349, therefore exceeding by a factor of up to 22 the N/P ratio observed in
seawater (ranging from 25 to 28) and ii) the atmospheric deposition of DIP could
reasonably account for a significant part of the new production (up to 38%)
observed during the summer and autumn period, i.e. when water stratification is at
its maximum (Markaki et al., submitted manuscript). This result confirms the
observations made by Herut et al. (1999) that amospheric input of bioavailable N



