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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 from the atmosphere on a coastal 
maquis ecosystem was studied over a 12-mouth 
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 kgha-'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 ecosystems (Bor- 
lnann and Likens 1967; Guthrie et al. 1978; Scliles- 
inger and Hasey 1980; Feller 1981; Schlesinger 
et al. 1982; Brown et al. 1984). Mediterranean- 
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 (southern California, central Chile, 
Mediterranean Basin) limit soil development and 
fertility. In general, soil nutrient deficiencies have 
been noted in most mediterrauean-climate areas 
(Rundel 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- 
eastern 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vopoulos, unpublished data), and aims to give 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 (rainfall 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 ofThessaloniki, Greece). The veg- 
etation is maquis and the soil is alluvial on biotitic- 
gneiss amphibolitic metamorphic rocks, up to 1 In 
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 is 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 Pllillyrea media L., Erica 
arborea L., Quercus ilex L. and Cistus sp. The av- 
erage canopy height is 2.G2.5 m and the area has 
a mediterranean climate. 

Materials and methods 

Rainfall was collected at regular 20- to 30-day intervals from 
two rain-gauges which were maintained at lixed opcnings 
throughout the experimental period. Rainwater as throughhll 
underneath the canopy was also collected from six rain-gauges 
placed in groups of three under the dominant shrubs A .  uncdo 
and Q. coccfera chosen at random. 

The rain-gauges (200 cmZ in surface area) were set 0.5 rn 
above ground-level. They were covered with fibreglass mesh 
(1 mm2) to prevent contamination from birds, insects and fallen 
leavcs. Each rain-gauge funnel was attached to a stainless steel 
collecting bottle. A preservative (0.5 cm3 0.05% HgCI,/I N 



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 kg h a L  year-' for phosphorus to 
30.31 kg h a 1  year-' for calcium (Table I).  

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 (Table 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 
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Fig. I .  Total annua l  precipitation, by season, a t  Slavros during 
1981-1982. WI, winter; SP, spring; SU, summer; AU autumn 

HCI) was ;~dded to  each collecting vesscl. The funnels and  the 
bottles wcre wztshcd with chloroform and double deionized 
w;ltcr after e;~ch collection. 

The water samples were stored below 4" C until analysis. 
They were analysed for czition (K, Na, Mg and Ca) concentr;l- 
Lions by ;~tomic absorption spectrophotometry. Total dissolved 
phosphorus was determined by predigesting all solutions with 
HNO, and then determining the resulting orthophosphate in 
a Technicon Auto;lnalyser according to the method of Varley 
(1966). Total nitrogen U'IIS considcrcd to  be the sum or nitrate, 
nitrite ;lnd ;in,rnoniurn nitrogen. After Kjeldahl digestion, tot;~l 
nitrogcn w;~s dctcrminal ;~otom;~tic;~lly using ;I Tcchnicon Au- 
toanalyser (Varlcy 1966). 

Table I. Monthly deposition o r  nutrients from precipitation at Stavros, northeastern Greece. The annual deposition of each 
element is given a t  the bottom of each respective column 

Collection date Precipitation Nutrient deposition (kg ha- ' )  
(mm) 

N I' Ca Mg Na K 

1981 : 
December 16 
1982: 
January 19 
February I I 
March 3 
M;irch 17 
April 6 
May 18 
June 23 
August 23 
September 23 
October 23 
November I 
December 20 

ND, not dctcct;tble: SC, s:tmplc not collcclcil 



Tsble 2. Monthly nutrient :wnconlriltion in the prccipit;itian at Stavros, northeastern Greece. The mean annual conccntretion 
of each element and the relqtive SE are given at (he bollom of each respeclive column 

Collcction date Precipitation Nulrlent conccnlrallon (mg I-') 
(mm) 

N P Ca Mg Na K 

I981 : 
I)ccembcr 16 
1982: 
January 19 
February 11 
March 3 
March 17 
April 6 
May I8 
June 23 
August 23 
September 23 
October 20 
Novcmber 1 
December 20 

Table 3. Correlation between monthly precipitiition nutrient inputs and m o ~ ~ t h l y  precipitation volumes. The modcl 01 rcgressiot~ 
applied is shown in parenthesis 

Correlation Correlation coeficicnl (r) 

Input-precipitation volume 0.76 0.38 0.15 0.71 0.62 0.76 
(Linear) (Linear) (Multiplicstivc) (Linear) (Exponential) (Linear) 

'I'ablc 4. Monkhly deposition of nulrieols in 1h1-oughlhll of Arhurirs unedo (AU) and Qurvcirs cocri/i.ro (QC) al Stiivros, eurll~e;~slcrn 
Greece 

Collcction 
datc 

Nutrient deposition (kg ha-') 

January 19 
February I I 
March 3 
March 17 
April 6 
May 18 
June 23 
Augusl 23 
September 23 
October 20 
November 1 
December 20 

Dec.16,1981- 457.03 356.83 2.81 2.38 0.140 0.325 43.12 16.45 5.21 4.43 19.91 9.51 47.65 11.69 
Dec. 20,1982 



Table 5. Monthly nulrient concenlration in throughfall underneath A. unerlo (AU) and Q. coccifern (QC) a1 Stavros, northeastern 
Grecce 

Collection Throt~glifi~II Nutrient deposition (mg I-') 
date (mm) 

N P C s  Mg ~ a '  K 

AU QC AU QC AU QC AU QC AU QC AU QC AU QC 

1982: 
Jtlnuclry 19 
Fchchmitry 1 I 
Mctrcli 3 
March 17 
April 6 
May 18 
June 23 
Augt~sl 23 
Seplembcr 23 
October 20 
Navembcr 1 

Tahlc 6. Correle~tion between monthly throughfall nutrient inpols ztnd monthly through~cill volumes for A. unedo (AU) and Q. cocci- 
/i,r<~ (QC) 

Correl;~tioti Correlation coefficient (r) 

N P Ca Mg Na K 

Input-lhroughlall voltlme (AU) 0.80 0.48 -0.57 0.63 0.44 -0.65 
(Linear) (Exponenthl) (Reciprocal) (Exponential) (Exponential) (Reciprocctl) 

(QC) 0.83 0.79 0.57 0.82 -0.75 0.90 
(Linear) (Linear) (Linear) (Exponential) (Reciprocal) (Linear) , 

Tahlc 7. Ratios ofthroughfall to bulk precipilalion inpuls based 
on the mean monthly values of the relative nulrients 

Species ThroughFall/precipililtion ralio 
(based on mg I- ' )  

N P Cs Mg Na K 

Arbulzw rt~rrlo 1.02 1.58 2.23 1.96 1.59 2.73 
Quero,.scorci/ero 1.09 4.42 2.42 2.40 1.76 2.83 
Mean 1.05 3.00 2.32 2.18 1.67 2.78 

Table 8. Ratios ofthroughl'all to bulk precipilation inputs based 
on annual values o f the  relative nutrients 

Species Throughf;tll/precipiti~tion ratio 
(based on kg  ha- '  year-') 

Arbutus unedo 0.49 0.58 1.42 1.53 0.83 2.95 
Qrrercuscocriftra 0.42 1.35 0.54 1.30 0.40 0.72 
Mean 0.45 0.96 0.98 0.41 0.61 1.83 

element finally deposited on the ground under- Discussion 
neath the canopy will be lower. There was a tight 
correlation between monthly nutrient inputs in The location of mediterranean-type ecosystems 
throughfall with monthly throughfall volumes for near the coast of the continents means that these 
most of the nutrients (Table 6). systems are subject to relatively high deposition 



I Table 9.  Annut11 atmospheric nutrient deposilion in bulk precipitalion in several ecosystems 

Locale and reference Annual Dislance Nulrictil dcposition (kg h;t"' yc;lr- ') 
precipitation from tlie sea 
(mm) (ka) N P Ca ~g NII K 

Mediterranean-type ecosystems: 
Calilornia chaparral 
(Schlesinger and Hasey 1980) 

California chaparral 
(Schlesinger ct al. 1982) 
Calilornia coasral scrub 
(Clayton 1972) 
France garrigue 
(Lossaint and Rapp 1971; Lossaint 1973) 770 20 14.60 1.00 10.50 1.50 22.60 2.00 

South Auslrslia eucalyptus open forcst 
(Guthrie e l  al. 1978) 1295 ? - 1.27 1.40 17.93 4.20 

South Alrica coastal lynbos 
(Brown el al. 1984) 381 ? - 0.19 - - - - 

Northeast Greece lnaquis 
(Present study) 1065 < 1  5.72 0.24 30.31 3.40 23.99 16.60 

Other forests: 

O'rcgon coniferous forest 
(Tsrrant et al. 1968) 2286 10 1.50 - - - - 

New Hampshire temperate rorest 
(Likens et al. 1977) 1250 116 20.70 0.04 2.20 0.60 1.60 0 . Y O  

of ions such as sodium, which are plentiful in sca- 
water (Junge 1963; Art et al. 1974). In the present 
study, approximately 24 kg ha- '  of sodium werc 
dcposited annually, indicating the relative impor- 
tance of the sea as a source of this element. Therc 
is considerable evidence that rnagnesiu~n is also 
derived from marine sources (Schlesingcr and Ha- 
sey 1980). Our data show that 3.4 kg ha-' were 
deposited annually on the site. The values given 
in tlie bibliography for several illediterrancan-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 cornniunity (Clay- 
ton 1972) (Table 9). The value obscrved for our 
site is closer to that for the coastal shrub cornmun- 
ity than to tliat for the chaparral and the rcilson 
probably is that both sites are typically "coastal". 

Although calcium and potassium may also be 
derived frorn tnariti~nc sources. their aliiount in 
tlie prccipitalion corncstnainly fioni clay minerals 
in soil dust and increases with continental influence 
(Gorham 1961). A high aiuourit of these two nu- 
trients was dcposited a t  the Stavros site (30.31 and 
16.60 kg ha-I for calciuni and potassium, respec- 
tively). Whether or not these amounts were of mar- 
itime origin cannot be directly answered by using 
the data on hand. Howevcr, we can postulate 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 surficient to cause 
complete drying of the surface soil so 21s to render 
it erodible by wind. Furthermore most of thc 
ground is covered by litter, so that it is not dircctly 
subjected to wind erosion. Tliercfore it is rcason- 
ablc to hypothesize thaL most of thcsc clcnic~its 
derive from seawater. 

Published data Sor other tnediterranean-type 
ecosystenis of the world give various valucs or nu- 
trient deposition (Table 9). Although the aniou~it 
of potassii~tn deposited in the 1-year study at Stav- 
ros is quite similar to that deposited at the coastal 
scrub co~nlnunity of California (16.60 ;uid 
14.90 kg ha-' ,  respectively), calcitnii deposition is 
much higher (30.31 versus 7.60 kg ha-'). Thc 
value for annual nitrogen deposition niay be con- 
sidered high (5.72 kg ha- ' ,  and is niuch highcr 
than tlie amount reported for CaliTornian chapar- 
ral (citcd in Table 9: Schlcsingcr and Hasey 1980: 
Schlesinger et al. 1982) but lower than that of the 
French tnaquis (also cited in Table 9: Losseint and 
Rapp 1971; Lossailit 1973). Although thcrc is 
some evidence tliat much of tlie ni11-alc nitrogen 
in bulk precipitation in southern California ]nay 
also be derived rrom soil dust (Schlesinge~.antl Ha- 
sey 1980), no such evidence is available for the 
French garrigt~e or for the Greek maqr~is riiostly 



because of lack 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 originates from precipita- 
tion, by which 0.19 kg ha- '  of phosphorus are an- 
nually deposiled on the ecosystem (Table 9). 

Chemical analysis of throughfall showed en- 
richliient for all the nutrients studied, as water 
passes through the canopy (Tables 5,7). It has 
been shown (Attiwill 1966; Nihlgard and Lindgren 
1977) that the major sourcc of enrichment is foliar 
le:icliing. Quantities of all the nutrients reaching 
the soil surface will not he increased because of 
the lower watel- volume containing an otherwise 
increased nutrient concentration. Other investiga- 
tors have observed similar chemical changes in 
throughfall compared to precipitation (Guthrie 
et al. 1978; Rolfc et al. 1978; Carlisle et al. 1966). 
Some of  these chemical fluxes can be attributed 
to lcacliing Trom p l a n t  tissue. For example, thc 
presence of sodit~ni and potassium in the cell sap 
accounts for their being leached readily hy rain- 
water. Giltlirieet al. (1978) found that foliar leach- 
ing accounts for 66% oT the total return of sodium 
from biomass to soil and ibr 56% of the total re- 
ttlrn or potassium. Additions or nutrients by foliar 
leaching should not be considered as being directly 
of atmospheric origin, but only indirectly, since 
leaching would not happen without rain. 

Thc n~ttricnt cycling processes in any ecosys- 
tem, namely (i) the geochemical cycles of import 
to and cxport from the ecosystem (precipitation, 
dry deposition, stream flow), (ii) the biogeochemi- 
ci l l  cycles between plant and soil within the ecosys- 
tem (decomposition, leaching) and (iii) the bio- 
chemical cycles or  internal transfer within the bio- 
niass (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 
rainwater and the output of nutrients from the eco- 
systelii will define its productivity, and furthermore 
will be the basis for any management plan for that 
ecosystcm. The evcrgl-cen sclcropliyllous ecosys- 
tellis of Grcece, known as maquis, are threatened 
rrom fire and ovcrgrazing. The result of both fire 
and overgrazing are one of the causes ofconsider- 
able nutrient losses (Arianoutsou-Faraggitaki and 
Margaris 1981, 1982; Arianoutsou-Faraggitaki 
1985). The understanding of the phenomena men- 
tioned ahovc ;IS 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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