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Atmospheric deposition of nutrients
in a coastal maquis ecosystem of northeastern Greece
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Abstract. The deposition of nutrients N, P, Ca,
Mg, Na and K {rom the atmosphere on a coastal
maquis ecosystem was studied over a 12-month
period (1981-1982). The annual precipitation dur-
ing that period was 1065 mm. Nutrient input was
estimated as 5.72, 0.24, 30.31, 3.40, 23.99 and
1616 kg ha~! year™! for N, P, Ca, Mg, Na and
K, respectively. Chemical analysis of throughfall
showed enrichment for all the nutrients studied.
It was concluded that nutrient input from bulk
precipitation is an important contribution to nu-
trient cycling of the Greek maquis ecosystem.
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Introduction

Although the atmosphere has long been recognized
as a source of chemicals (Tamm 1958), only re-
cently have biologists stressed its role in the bio-
geochemical cycles of terrestrial ccosystems (Bor-
mann and Likens 1967 ; Guthrie et al. 1978 ; Schles-
inger and Hasey 1980; Feller 1981; Schlesinger
et al. 1982; Brown et al. i984). Medilerranean-
type ecosystems usually occur on nutrient-poor
soils. The low plant productivity, the steep or dis-
sected topography and the relatively high erosion
rates in most of the areas with mediterranean-type
ecosystems (scuthern California, central Chile,
Mediterranean Basin) limit soil development and
fertility. In general, soil nutrient deficiencies have
been noted in most mediterranean-climate areas
(Runde! 1979, among others}. Although the depo-
sition of nutrients from the atmosphere is small
compared to the annual uptake by the plant com-
munity, it is of equal importance if the low soil
fertility is considered.

This study deals with nutrient input from pre-
cipitation to an area of coastal maquis (evergreen
sclerophyllous tall shrub communities) of north-
castern Greece. It is part of a broader study on
nutrient cycling in this mediterranean-type ecosys-
tem (Arianoutsou 1989; Arianoutsou and Paraske-
vopoulos, unpublished data), and aims to give
some estimation of the geochemical cycle of nu-
trient imports to the ecosystem.

Study area

Bulk precipitation (rainfali plus dry fallout) was
collected at Stavros, the experimental site
(40°39' N, 23°43°'E, ca. 20 m above sea-level,
60 km northeast of Thessaloniki, Greece). The veg-
etation is maquis and the soil is alluvial on biotitic-
gneiss amphibolitic metamorphic rocks, up to 1 m
deep with pH of 5.5-6.0 and an organic matter
content of 7.5% (0-2 cm depth). The vegetation
is 20-25 years old and s dominated by Quercus
coccifera L. (32% in biomass) and Arbutus un-
edo L. (15% in biomass). Other woody species oc-
curring in the area are Phillyrea media L., Erica
arborea L., Quercus ilex L. and Cistus sp. The av-
erage canopy height is 2.0-2.5 m and the area has
a mediterranean climate.

Materials and methods

Rainfail was collected at regular 20- to 30-day intervals from
two rain-gauges which were maintained at fixed openings
throughout the experimental period. Rainwater as throughfall
underneath the canopy was also collected from six rain-gauges
placed in grouwps of three under the dominant shrubs A. unedo
and Q. coccifera chosen at random.

The rain-gauges (200 cm? in surface area) were set 0.5 m
above ground-level. They were covered with breglass mesh
(1 mm?) to prevent contamination from birds, insects and fallen
fleaves, Each rain-gauge funnel was attached to a stainless steel
collecting bottle. A preservative (¢.5cm? 0.05% HgCl,/1 N
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Fig, [, Total annual precipitation, by season, at Stavros during
1981-1982. WI, winter; SP, spring; SU, summer; AU autumn

HC was added to each collecting vessel. The funnels and the
bottles were washed with chloroform and double deionized
waler after each collection,

The water samples were stored below 4° C until analysis.
They were analysed for cation (K, Na, Mg and Ca) concentra-
tions by atomic absorption spectrophotometry. Total dissolved
phosphorus was determined by predigesting all solutions with
HNQO; and then determining the resulting orthophosphate in
a Technicon Autoanalyser according 1o the method of Varley
{1966). Total nitrogen was considered to be the sum of nitrate,
nitrite and ammonium nitrogen. After Kjeldahl digestion, total
nitrogen was determined automatically using a Technicon Au-
toanalyser (Varley 1966).

Results

During 1981-1982, total annual precipitation was
1065 mm and was unevenly distributed in time
(Fig. 1). There were two peaks in spring and
autumn and two lows in winter and summer.
Nutrient inputs during this period ranged
from 0.24 kgha 'year™' for phosphorus to
30.31 kg ha~! year™! for calcium (Table 1).

‘There was variation with time in nutrient depo-
sition (Table 1) and concentration (Table 2) which
did not show any clear seasonal pattern. Monthly
nutrient inputs from rainfall were correlated with
monthly precipitation volumes in the case of nitro-
gen, magnesium, sodium and potassium but not
in the case of phosphorus and calcium (Table 3).

The comparison of concentrations of nutrients
in rainfall (Table 2) with those in throughfall (Ta-
ble 5) shows that the rainwater was enriched by
its passage through the stand canopy. This enrich-
ment is shown better when using the ratio of
throughfall to bulk precipitation inputs based on
the concentrations of the nutrients (Table 7). On
the other hand, when comparing the deposition
of nutrients from rainfall (Table 1) with those from
throughfall (Tabie 4) no such evidence can be seen
(see also Table 8). The reason for this difference
is that the final volume of rainwater reaching the
ground after passing through the canopy is usually
less than that in the open. Therefore, even if the
concentration of an element in throughfall is high-
er than that in rainfall, the overall amount of the

Table 1. Monthly deposition of nutrients from precipitation at Stavres, northeastern Greece. The annual deposition of each

element is given at the bottom of each respective column

Collection date Precipitation

Nutrient deposition (kg ha™*)

(mm)

N r Ca Mg Na K
1981:
December 16 20.55 0.042 0.00006 0.234 0.028 0.148 0.120
1982;
January 19 123.30 0.295 0.1100 1.530 0.339 ' 3.436 0.308
February 11 26.71 0.204 0.0010 0.412 0.065 0.286 SC
March 3 80.70 0.617 0.0056 2.794 0.199 ©0.930 0.424
March 17 40.54 0.310 0.0020 0.719 0.276 0.428 0.214
April 6 55.98 0.264 0.0006 1.762 0.177 1.104 0.157
May 18 120.80 0.930 0.0902 3.820 0.678 2.219 2.527
June 23 34.21 0.370 0.0034 1.504 0.129 - 0.683 0.446
August 23 18.75 0.555 0.0104 0.619 0.074 0.298 0.262
September 23 19.41 0.336 0.0110 1.138 0.079 0.243 0.249
October 23 155.08 0.744 ND 0.140 SC SC SC
November 1 184.12 0.898 0.0038 5.258 0.753 5.000 10.525
December 20 185.00 0.152 0.0018 10.383 0.605 9.220 1.316
Dec. 16, 1981-Dec. 20, 1982 1065.15 5.72 0.24 30.31 3.40 23.99 16.16

ND, not deteclable; SC, sumple not collected
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Table 2. Monthly nutrient concentration in the precipitation at Stavros, northeastern Greece. The mean annual concentration
of each element and the relative SE are given at the boltom of each respective column

Collection date Precipitation  Nutrient concentration {mg ™)
{mm}

N P Ca Mg Na K
1981:
December 16 20.55 0.209 0.003 1.14 0.43 0.72 0.58
1982:
January 19 ¢ 123.30 0.240 0.092 1.24 0.27 2.80 0.30
February 11 2671 0.768 0.004 1.53 0.24 1.07 SC
March 3 80.70 0.768 0.007 3.58 0.25 1.17 0.53
March 17 40.54 0.768 0.005 1.78 0.68 1.06 0.53
April 6 55.98 0.475 0.001 3.15 0.31 1.98 0.28
May 18 120.80 0.770 0.075 3.20 0.56 1.82 2.06
June 23 34.21 1.080 0.010 4.43 0.92 2.01 1.32
August 23 18.75 2.970 0.056 3.38 1.16 1.58 1.40
September 23 19.41 1.650 0.054 5.60 0.39 1.19 1.22
October 20 155.08 0.490 ND 1.88 1.18 SC SC
November 1 184.12 0.490 0.002 2.99 0.43 2.75 5.17
Decermnber 20 185.00 0.823 0.010 4.97 0.33 5.49 0.63
Dec. 16, 1981-Dec. 20, 1982 1065.15 0.88+0.20 0.0244+0.009 2994040 0474009 1.974+0.37 1.2740.40

(n=13) (n=13) (n=13) (n=13) (n=12) (n=11)

Table 3. Correlation between monthly precipitation nutrient inputs and monthly precipitation volumes, The model of regression
applied is shown in parenthesis

Correlation Correlation coefficient (#)
N P Ca Mg Na K
Input-precipitation volume  0.76 0.38 0.15 0.71 0.62 0.76
(Linear) {Linear) (Multiplicative)  (Linear) (Exponential)  {Linear)

‘Table 4. Monthly deposition of nutrients in throughtall of Arbutis unedo (AU) and Quercus coceifera (QC) at Stavros, northeastern
Greece

Collection Throughfall Nutrient deposition (kg ha™")
date (mm)
N P Ca Mg Na K

AU QC AU QC AU QC AU QC AU QC AU QC AU QC
1981:
December 16 872 7.18 0.058 0.027  0.0022 0.0004 0.316 0211  0.042 0.108 0.134 0.178 0.248 0.451
1982:
January 19 60.02 43.81 0.581 0.239  0.0816 0.0250 2.352 0.658  0.865 0.142 2228 1.524 2909 0.861
February 11 10,15 5.88 0.087 0.063 0.0063 0.0013 0.630 0.110 0.115 0.115 035 0.310 0.661 0.134
March 3 34.48 22.50 0.038 0.099  0.0051 00007 2.152 2.510 0.152 0.354  0.787 0969 0.736 0.604
March 17 2310 17.93 0.124 0.072  0.0037 0.0030 0,942 0797 0.183 0.115 0.876 0427 0.394 0.547
April 6 25.68 16.87 0.102 0.082  0.0008 0.0148 1.734 1.078 0.223 0.149  1.186 0948 0.377 0.558
May 18 73.75 5295 0.356 0.158  0.0442 0.0111 2883 1.554 0434 0.259 1.575 1.084 1342 1.404
June 23 12.57 10.39 0.204 0.190  0.0006 0.0054 0.500 1.488 0.046 0.195 0.175 0.137 0300 0.142
August 23 9.55  6.07 0.202 0.183  0.0071 0.0078 0.796 0.868 0.143 0.205 0.365 0.199  0.462 0.460
September 23 7.85 987 0.137 ND 0.0103 0.0317 1.019 1.710  0.063 0.132 0.141 0.187 0.273 0.370
October 20 7147 62.20 0.319 0449 0.0714 0.0882 4306 3.645 0.379 0.641 1.591 1.082 2.626 2.415
November 1 113.33  97.50 0.520 0.721  0.0102 0.1268 4487 1.822 1.163 2.017 3.733 2466 1917 3.080
December 20 636 3.68 0.080 0.093  0.0004 0.0086 2.100 SC 1.397 SC 6.763 SC 8.393 SC

Dec. 16, 1981— 457,03 356.83 281 238 0.140 0.325 4312 16.45 521 443 1991 951 47.65 11.69
Dec. 20, 1982




Table 5. Monthty nulrient concentration in throughfall underneath 4. unedo (AUY and Q. coccifera (Q

C} at Stavros, northeastern

Greece
Collection Throughfall Nutrient deposition (mg1™")
date (mm) : |
N P Ca Mg Na. K

AU QC AU QC AU QC AU QC AU QC AU QC AL QC
1981: .
December 16 872 T.18 0.661 0.380  0.025 0.006 411 279 051 1.18 1.72 3.28 290 6.78
1982: ‘
January 19 60.02  43.81 0.969 0.546  0.136 0.057 416 149 155 033 379 3.68 487  2.01
Fehruary 11 10.15  5.88 0.855 1.073  0.062 0.022 1.58 322 110 1.62 339 5.56 6.30 296
March 3 3448 22.50 0.112 0441 0.016 0.003 6.28 1087 0.58 1.39 225 49 1.99 341
March 17 2310 17.93 0.537 0.399  0.016 0.017 420 476 078 09 370 194 1.79  3.89
April 6 25.68 16.87 0.398 0.487 0.003 0.088 7.23 651 091 0.92 473 5.69 138 3.15
May 18 73.75 5295 0.483 0.299  0.006 0.021 400 284 058 049 207 221 1.80 271
June 23 12.57 10.39 1.621 1.823  0.005 0.052 8.12 1572 0.75 2.06 285 3.06 487 1.50
August 23 9.55 6.07 2113 3.008  0.074 0.128 8.08 1287 1.53 0.37 4.03 297 498 5.05
September 23 785 9.87 1.749 ND 0.132 0481  10.57 17.29 098 1.34 1.49 1.89 3.00 3.74
October 20 71.47 62.20 0.447 0.739  0.010 0.145 578 640  0.53 118 219 2.23 277 453
MNovember 1 113.33 97.50 0.459 0.739  0.009 0.130 6.54 228 1.06  1.82 331 412 1.94 347
December 20 6.36  3.68 1.258 2530 0.006 0.233  16.24 497 1.08 033 523 SC 6.49  0.63
Dec. 16, 1981—  457.03 356.83 0.897 0958 0.038 0.106 6.68 725 092 113 313 346 3.47 3.60
Dec. 20, 1982 + T t + + + + + + + t t

0.17 0.25 0.01 0.04 1.02 1.60 010 016 0.32 0.39 0.50 0.40
(n=13)

Table 6. Correlation between monthly throughfall nutrient inputs and monthly throughfall volumes for A. uredo (AU) and Q. ceeci-

Sfera (QQ)

Correlation Correlation coefficient (r)
N P Cu Mg Na K

Input-throughfall volume (AU} 0.80 .48 —0.57 0.63 0.44 —0.65
{Linear) (Exponential)  (Reciprocal) {Exponential)  (Exponential)  {Reciprocal)
(QC)0.83 0.79 0.57 0.82 —0.75 0.90
(Lincar) (Lincar) {Linear) {Exponential)  (Reciprocal) (Lincar)

Table 7. Ratios of throughfall to bulk precipitalion inputs based
on the mean monthly values of the relative nutrients

Table 8. Ratios of throughfall to bulk precipitation inputs based
on annual values of the relative nutrients

Species

Throughfall/precipitation ratio

Species

(based onmg 1™ ")

Throughfall/precipitation ratio

(based on kg ha~! year™")

N P Mg Na K N P Ca Mg Na K
Arbutus unedo 1.02 1.58 223 196 159 273 Arbutus unedo 049 058 142 153 083 295
Quercus coccifera  1.09 442 242 240 176 283 Quercus coccifera 042 135 054 130 040 (.72
Mean 1.05 300 232 218 167 278 Mean 045 056 098 041 061 183
element finally deposited on the ground under- Discussion

neath the canopy will be lower. There was a tight

correlation between monthly nutrient inputs in
throughfall with monthly throughfall volumes for
most of the nutrients (Table 6).

The location of mediterranean-type ecosystems
near the coast of the continents means that these
systems are subject to relatively high deposition



Table 9. Annual atmospheric nutrient deposition in bulk precipitation in several ecosystems

Nutrient deposition (kg ha™" year™ ")

Lacale and reference Annual Distance

precipitation from the sea

{mm) {ka) N P Ca Mg Na K
Mediterranean-type ecosystems:
California chaparral
(Schlesinger and Hasey 1980) 450-770 5-10 1.00 1.40  0.80 6.10 (.40
California chaparral
(Schlesinger ct ai. 1982) 756 .50 - 1.90  1.00 — 0.60
California coastal scrub
(Clayton 1972) 635 - - 7.60  3.80 68.60 14.90
France garrigue
(Lossaint and Rapp 1971; Lossaint 1973) 770 20 1460  1.00 10.50  1.50 22.60 2.00
South Australia eucalyptus open forest
{Guthrie et al. 1978) 1295 - - 1.27 140 17.93 4.20
South Africa coastal fynbos
(Brown et al. 1984) 381 - 0.19 - - - -
Northeast Greece maquis
(Present study) 1063 <1 572 024 30,31 3.40 2399  16.60

Other forests:

Otegon coniferous forest _
(Tarrant et al. 1968) 2286

New Hampshire temperate lorest

(Likens et al. 1977) 1250 116

20,70 0.04 220 0.60 1.60 0.90

of ions such as sodium, which are plentiful in sea-
water (Junge 1963; Art et al. 1974). In the present
study, approximately 24 kg ha~" of sodium werc
deposited annually, indicating the relative impor-
tance of the sea as a source of this element. There
is considerable evidence that magnesium is also
derived from marine sources (Schiesinger and Ha-
sey 1980). Qur data show that 3.4 kg ha™! were
deposited annually on the site. The values given
in the bibliography for several mediterranean-type
ecosystems vary from 0.80 kg ha™* for a Califor-
nian chaparral (Schlesinger and Hasey 1980) to
3.80 kg ha ™! for a coastal scrub community (Clay-
ton 1972) (Table 9). The value observed for our
site is closer 1o that for the coastal shrub commun-
ity than to that for the chaparral and the recason
probably is that both sites are typically **coastal .

Although calcium and potassium may also be
derived from maritime sources, their amount in
the precipitation comes mainly from clay minerals
in soil dust and increases with continental influence
(Gorham 1961). A bigh amount of these two nu-
trients was deposited at the Stavros site (30.31 and
16.60 kg ha™! for calcium and potassium, respec-
tively). Whether or not these amounts were of mar-
itime origin cannot be directly answered by using
the data on hand. However, we can postlulate that
during the year of this study there was no dry peri-

od long enough to be considered a period of
drought (Fig. 1) that could be sufficient to cause
complete drying of the surface soil s0 as Lo render
it erodible by wind. Furthermore most of the
ground is covered by litter, so that it is not dircctly
subjected to wind erosion. Thercfore it is reason-
abte to hypothesize that most of these elements
derive from seawater.

Published data for other mediterranean-type
ecosystems of the world give various values of nu-
trient deposition (Table 9). Although the amount
of potassium deposited in the 1-vear study at Stav-
ros is quite similar to that deposited at the coastal
scrub community of California (16.60 and
14.90 kg ha ™!, respectively), calcium deposition is
much higher (30.31 versus 7.60 kg ha™'). The
value for annual nitrogen deposition may be con-
sidered high (5.72kgha™ !, and is much higher
than the amount reported for Californian chapar-
raf (cited in Table 9: Schlesinger and Hasey 1980
Schlesinger et al. 1982) but lower than that of the
French maquis (also cited in Table 9: Lossaint and
Rapp 1971; Lossaint 1973). Although there is
some evidence that much of the nitrale nitrogen
in bulk precipitation in southern Califorma  may
also be derived from soil dust (Schlesinger and Ha-
sey 1980), no such evidence is available for the
French garrigue or for the Greek maquis mostly



because of fack of data on dry deposition. Consid-
ering that the available soil phosphorus at the
Stavros site is very low (0.0011% for the top 2 cm
and 0.00033% for the lower 2-20 cm (Arianoutsou
and Paraskevopoulos, unpublished data), the de-
position of 0.24 kg ha ™' of phosphorus by rainfall
is rather important. Brown et al. (1984) estimated
that 4.5% of the soluble soil phosphorus of a
coastal fynbos ecosystem ariginates from precipita-
tion, by which 0.19 kg ha ™' of phosphorus are an-
nually deposited on the ecosystem (Table 9).

Chemical analysis of throughfall showed en-
richment lor all the nutrients studied, as water
passes through the canopy (Tables 5, 7). It has
been shown (Attiwill 1966; Nihigard and Lindgren
1977) that the major source of enrichment is foliar
leaching. Quantities of all the nutrients reaching
the soil surface will not be increased because of
the lower water volume containing an otherwise
increased nutrient concentration. Other investiga-
lors have observed similar chemical changes in
throughfall compared to precipitation (Guthrie
et al. 1978; Rolfe et al. 1978; Carlisle et al. 1966).
Some of these chemical fluxes can be attributed
to leaching from plant tissue. For example, the
presence of sodium and potassium in the cell sap
accounts for their being leached readily by rain-
water. Guthrie et al. (1978) [ound that foliar leach-
ing accounts for 66% of the total return of sodium
from biomass to soil and lor 56% of the total re-
turn of potassium. Additions of nutrients by foliar
leaching should not be considered as being directly
of atmospheric origin, but only indirectly, since
leaching would not happen without rain.

The nutrient cycling processes in any ccosys-
tem, namely (i} the geochemical cycles of import
1o and cxport from the ecosystem (precipitation,
dry deposition, stream flow), (ii) the biogeochemi-
cal cycles between plant and soil within the ecosys-
term (decomposition, leaching) and (iii) the bio-
chemical cycles of internal transfer within the bio-
mass (Switzer and Nelson 1972) define the vigour
and the stability of the ecosystem. The balance be-
tween the inputs of nutrients to any ecosystem in
rainwaler and the output of nutrients from the eco-
system will define its productivity, and furthermore
will be the basis for any management plan for that
ecosystem. The evergreen sclerophyllous ecosys-
tems of Greece, known as maquis, are threatened
from fire and overgrazing, The result of both fire
and overgrazing are one of the causes of consider-
able nutrient losses {Arianoutsou-Faraggitaki and
Margaris 1981, 1982; Ananoutsou-Faraggitaki
1985). The understanding of the phenomena men-
tioned above as a source of nutrients in the medi-

terranean-type ecosystems (not only in Greece) is
therefore of major importance and needs further
investigation,
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