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Abs t rac t  On poor soils in the Netherlands an increasing 
number of great tits, Parus major, and of other forest 
passerines produce eggs with defective shells and have 
low reproductive success as a result of calcium deficien- 
cy. A similar increase in eggshell defects has been ob- 
served in Germany and Sweden. Snail shells are the 
main calcium source for tits in forests where defective 
eggshells do not occur, but are very little taken in forests 
where tits often have eggshell defects. We investigated 
whether a decrease in snail abundance on poor soils 
could be responsible for the decline in eggshell quality, 
and if so, what caused this decrease. Snail density in for- 
ests where tits have eggshell defects was much lower 
than in forests where tits do not have such defects. Snail 
density correlated with the calcium content and to a less- 
er extent with pH of the litter layer. Liming of a calcium- 
poor forest soil with few snails resulted in snail densities 
comparable to those on calcium-rich soils after 4 years. 
Snail density has declined on calcium-poor soils over the 
last two decades, but not on calcium-rich soils. Acid de- 
position has caused a decline of soil calcium on poor 
soils. We conclude, therefore, that anthropogenic acidifi- 
cation has caused a decline in snail populations, resulting 
in an increase in eggshell defects in birds in forests on 
poor soils. 
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Introduction 

An increasing proportion of  passerines in forests on 
poor soils in the Netherlands produce eggs with thin and 
porous shells and desert their clutch (Drent and Wold- 
endorp 1989). The eggshell defects and the associated 
low reproductive success are caused by calcium defi- 
ciency (Graveland et al. 1994). Laying irregularities 
similar to those observed in Dutch forests were also re- 
ported from other European countries (Schmidt 1990; 
Smith 1990; Winkel and Hudde 1990; Carlsson et al. 
1991). 

Insectivorous and granivorous birds need calcium-rich 
material for eggshell formation, in addition to their nor- 
mal food (Jones 1976; Turner 1982; Graveland and Van 
Gijzen 1994). In forests where eggshell defects are not 
found tits, Parus spp., mainly use snail shells as calcium 
source (Graveland 1995). However, in forests with high 
rates of eggshell defects, the tits took few snail shells. In- 
stead, they mainly used anthropogenic calcium sources 
such as chicken eggshells and mortar that they obtained 
outside the forest at farms and picnic sites. 

We examined whether the high rates of eggshell de- 
fects were caused by a scarcity of snails and whether the 
scarcity of snails was caused by the low calcium content 
of the soil. Laboratory studies have shown that in land 
snails differences in calcium availability, either in the 
food or in mineral form, affect reproduction and growth 
(Schmidt 1955; Voelker 1959; W~ireborn 1970, 1979, 
1992; Crowell 1973; Oosterhoff 1977; Gomot et al. 
1989; Ireland 1991). Many studies report a positive rela- 
tionship between snail density, number of snail species 
and the calcium content of litter and soil (Burch 1955; 
M6rzer Bruyns et al. 1959; W/ireborn 1969, 1970; Cro- 
well 1973; Dunger 1983; G~irdenfors 1987, 1992). 

A causal relationship between the calcium content of 
the soils and snail density might explain the increase in 
calcium deficiency in tits observed on poor soils. Acid 
deposition has caused a decrease in calcium content of 
soil, vegetation and litter layer on ill-buffered soils (Ul- 
rich 1986; Van Den Burg and Kiewiet 1988; Tamm and 
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Hallbacken 1988; Hanson et al. 1990; Verstraten et al. 
1990). This could have resulted in a decline in snail den- 
sity. We therefore examined whether the increased calci- 
um deficiency in tits could be caused by a decline of 
snails on calcium-poor soils. 

Methods 

Eggshell quality and breeding success 

Breeding data for great tits, Parus major, were collected in seven 
forests in 1991 (Fig. 1). Two forests were located on nutrient-rich 
clay and loam soil, one on dune sand and four on nutrient-poor, 
podzolic soil. Pedunculate oak, Quercus robur, Red oak, Q. rubra, 
Scots pine, Pinus sylvestris and Corsican pine, P. nigra, were the 
predominant tree species. Van Balen (1973) and Graveland and Van 
Gijzen (1994) give more detailed descriptions of the study areas. 

Each forest contained 100 or more nestboxes with at least 25 
pairs of great tits. Nestboxes were checked once or twice a week 
to determine breeding parameters such as clutch size and hatching 
success. In addition, eggshell quality was assessed by visual ex- 
amination of the eggshell during the egg-laying period. Defective 
eggshells can easily be recognized at this stage by their rough and 
dull shell surface and aberrant pigmentation (J. Graveland, unpub- 
lished work). Shells of normal eggs have well-defined pigmenta- 
tion spots that are in most cases evenly distributed over the shell 
surface. Defective eggshells are characterized by the powdered ap- 
pearance of the pigmentation and the concentration of pigment 
around the blunt end of the egg. We have previously shown that 
the deviant eggshells are thinner (0.077 versus 0.085 mm) and 
contain less calcium (22.1 versus 30.6 rag) than normal shells 
(Graveland et al. 1994). Only 3% of the eggs with defective shells 
hatch, compared to 95% of the eggs with normal shells. 

Use of snail shells by great tits 

The calcium source was investigated by examining the nest mate- 
rial. Nestlings require calcium-rich material in addition to their 
normal food for the growth of their skeletons (Graveland and Van 
Gijzen 1994). Some items that are fed to the nestlings end up in 
the nest material. The presence of calcium-rich items in the nest 
material correlates well with the presence of such items in drop- 
pings and pellets of nestlings and can thus be used as an index for 
the consumption (Graveland 1995). Nests were collected from the 
same forests as where the breeding data were collected at the end 
of the breeding season in 1990-1992. Only nests with juveniles at 
least 1 week old were used in the analyses since the consumption 
of calcium-rich material mainly takes place in the 2nd and 3rd 
weeks of the nestling period. Females often desert clutches with 
defective eggshells before the eggs hatch (Graveland et al. 1994). 
Thus, in forests with high rates of eggshell defects only a small 
number of nests could be searched and data from several locations 
had to be lumped. 

Snail density 

In most studies on snail abundance only the number of live snails 
is determined. To birds however, empty snail shells may be more 
important as calcium source than live snails. Empty shells are eas- 
ier to obtain, have often partly decayed and may therefore be more 
digestible, and lack the toxic compounds that live snails some- 
times contain (B. Baur, personal communication). We therefore 
did not discriminate between live snails and empty shells and snail 
densities mentioned in this paper include both categories. 

Throughout this paper, snail densities are expressed as the 
number of snails per unit surface area. Expressing the snail density 
as number of snails per litter volume would have led to the intro- 

E 

peat soils 

Fig. 1 Study sites. Soil parameters and snail density were deter- 
mined in all forests (see text), breeding data of tits in seven forests 
(closed cimIes). See Appendix 1 for soil and snail data 

duction of the thickness of the litter layer as a confounding factor. 
On calcium-rich soils the litter layer is thinner than on calcium- 
poor soils, since the litter decays more rapidly. As will be shown 
below, using snails/m 2 instead of snails/1 of litter did not affect the 
conclusions. 

Data on snail shell density, soil pH and soil calcium content 
were collected in the forests for which breeding data for tits were 
available. In addition, data on snail density were collected in seven 
other forests for which data on the soil chemistry were available. 
To confirm the observational data, experimental data on the rela- 
tion between soil calcium and density were obtained by investigat- 
ing the snail density in forest plots that had been limed 4 years 
previously. All data refer to forests dominated by pedunculate oak. 

To allow a comparison of past and present snail density on rich 
and poor soils, data on snail density were collected in forests that 
had been investigated in the past. 

Snail density and soil calcium: observational data 

The snail density was determined by counting the number of snail 
shells in litter samples collected from late April to early June 
1992. Samples were collected at one or two sites per forest, the 
number of sites depending on the availability of breeding data for 
tits, on the availability of chemical soil parameters, and on the size 
of the forest. The sites in a forest were several hundred meters 
apart. Ten randomly chosen samples of 25x25 cm were collected 
per site. The samples contained the litter layer plus the top 2 cm of 
the mineral soil. 

To avoid bias, the sample labels were replaced by random 
numbers before further processing. The samples were dried at 65 
~ fractioned with five sieves with meshes of 0.5-5 mm and 
searched by eye for snail shells. The searching time per sample 
was about 55 rain. Only snail shells of which at least 50% was left 
were counted as individuals. After counting, the shells were rinsed 
to remove the adhering soil. The snail shells were then pooled by 
site and weighed. The shells were dried at 65 ~ for 48 hours and 
weighed to the nearest rag. 



Shell fragments of large Cepaea sp. (mainly C. nemoralis) and 
Arianta arbustorum snails were an important calcium source for 
tits (Graveland 1995). These snails are scarce in most forests, but 
common in verges of roads or in other open areas with a well de- 
veloped herb layer. These snails occur in low densities, compared 
to the small litter-dwelling species of the forest floor, but are easi- 
ly spotted because of their large size. Therefore, the density of 
these snails was estimated as the number of snails counted in one 
to three lx l0  m transects in herb-rich road verges adjacent to the 
forest. Each transect was searched for 0.5 h and the density of the 
snails was classified into three categories: 0, 1-5, or more than 10 
snails found per 10 m 2. 

Snail density and soil calcium: experimental data 

A liming experiment was performed in two oak stands on poor 
sandy soil at Sint Anthonis (51 ~ 35' N, 5 ~ 50'W, location 15 in 
Fig. 1). One stand, planted in 1953, consisted of oaks (height c. 20 
m) and had a sparse ground cover (5-10%) of wavy hai>grass, 
Deschampsia flexuosa. The other stand was planted in 1980 and 
consisted of oaks (4 m), and some birch, BetuIa pendula, Scots 
pine and mountain ash Sorbus aueuparia. The forest floor was 
covered (45-80%) with mosses (mainly Hypnum cupressiforme), 
grasses (mainly D. flexuosa) and some herbs (Corydalis clavicul- 
ata, Urtica dioica). 

Both stands had been limed with dolomite (CaMgCO3) in the 
spring of 1988. Plots of 20x20 m (young stand) or 30x30 m (old 
stand) had been limed doses of 0, 0.3, 0.6 and 0.9 kg per m 2, re- 
spectively, in two series of four plots per stand. Litter samples 
were collected as described above in May 1992. The number of 
litter samples collected in the unlimed plots was higher (10 versus 
5 per plot) than in the limed plots since the snail density was ex- 
pected to be lower and more variable in the unlimed plots. 

Soil chemistry 

Litter and soil samples were collected for chemical analyses in the 
seven forests from which tit breeding data and data on snail densi- 
ty were obtained. Litter samples consisted of all litter from a 
25x25 cm 2 plot excluding intact leaves. The soil samples were 
core samples (diameter 3 cm) of the top 30 cm of the soil exclud- 
ing leaves. Ten litter samples and ten soil samples were collected 
at each location where snails were sampled in autumn 1992. The 
samples were pooled by site, dried and the snails were removed. 
Total calcium content was determined after destruction with 
H2SO 4 and H202, the exchangable calcium fraction after extrac- 
tion with 1 M ammonium acetate at pH 7. The pH(KC1) and 
pH(H20) were determined in a soil:water suspension 1:7.5 for the 
litter samples and 1:2.5 for the soil samples. 

Comparison of past and present snail density 

Historical data were tracked by interviewing malacologists and ex- 
amining excursion reports. The number of locations suitable for 
resampling was restricted because of inadequate descriptions of 
historical sampling locations, procedures or results and manmade 
changes in the vegetation, Suitable data sets were found of three 
ash, Fraxinus excelsior, forests on clay (one forest) or loam soils 
(Reinink 1979; K. Reinink unpublished work; locations 18-20 in 
Fig. 1), and of two forests on poor sandy soil, with oak, birch and 
Scots pine (Zoer 1971; locations 16 and 17 in Fig. 1). Reinink col- 
lected ten 25x25 cm 2 litter samples per forest in September 1973 
and we repeated this in September 1992. The two forests on poor 
soil were sampled in November 1970. Zoer took five (Zuurlander 
Esch) or four (De Nul) 0.5 m 2 samples several hundred meters 
apart. He presented the numbers per species per site in five density 
classes (0, 1-5, 6-15, 16-25, 26-55 or 56-125 individuals per 
m2); the original counts are no longer available. New samples of 
0.5 m 2 were collected in November 1992. The sample was thor- 
oughly mixed, and one half of each sample was searched for 
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snails. The presentation of snail density by classes did not allow 
the data for separate species in 1970 to be lumped for statistical 
analyses. Therefore, we used the median of each class as repre- 
senting the number of individuals in 1970. 

Results 

Relat ion be tween eggshell  quali ty and snail  density 

The incidence  of eggshell  defects was inversely related 
to the use of snail  shells as est imated by  the presence of 
snail  shells in the nest  material  (Fig. 2a). There were also 
signif icant  inverse relat ionship be tween the proport ion of 
clutches with defective eggshells and the densi ty of 
small  l i t ter-dwell ing snails in  the forest (r~=0.67, Fig. 2b) 
or large Cepaea spp. and A. arbustorum snails in the 
vegetat ion of road verges outside the forest (Mann-Whi t -  
ney U-test, locations w i t h > 1 0  snai ls /m 2 versus 0 -5  
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Fig. 2 Relation between eggshell quality in great tits and a the 
utilization (rs=-0.75, n=8, P=0.03) and b the density of shells of 
litter-dwelling snails (rs=-0.67, n---12, P=0.02) in oak forests. 
Number of great tit nests per forest of which the nest material was 
searched varied between 19 and 104. The data in b are divided in- 
to three categories, according to the number of larger snail species 
found along roads just outside the forest. The outlier marked * re- 
fers to a sampling location in a calcium-poor forest where the soil 
had been limed locally and the data on eggshell quality was col- 
lected from a much larger area 
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snails/m 2, P=0.005). On four forest locations without 
snail shells in or outside the forest, 38-63% of the great 
tit females produced eggs with defective shells (Fig. 2b). 
On a location without snails in the forest, but with 1-5 
large snails/10 m 2 outside the forest, 10% of the females 
produced eggs with defective shells. In one location, we 
found 1-5 large snails/m 2 outside the forest and more 
than 400 litter-dwelling snails/m 2 in the forest, but the 
forest snails only occured under a few beech, Fagus syl- 
vatica, trees where the soil had been limed in the 3 years 
before sampling. Among the great tit females nesting in 
an area of 250 m radius around these trees, 13% pro- 
duced eggs with defective shells. In six locations where 
the density of forest snails varied between 17 and 416 
snails/m 2, and the density of large snails outside the for- 
est was higher than 10 snails/10 m 2, none of  the females 
produced eggs with defective shells. 

It was not possible to separate the effect of the pres- 
ence of small litter snails in the forest from the effect of 
the presence of large Cepaea and A. arbustorum snails 
outside the forest, since the densities of these snails were 
highly correlated. 

Snail species used as calcium sources by great tits 

Fragments of Cepaea and A. arbustorum shells, obtained 
outside the forest, were the main calcium source of great 
tits in forests where they produced few eggs with defec- 
tive shells (Graveland 1995). However, in forests with a 
high proportion of defective eggshells complete shells of 
small litter-dwelling species were more often taken than 
fragments of large snail shells. 

The snail shells in 29 nests of great tit and blue tit, P. 
caeruleus, collected from two forests with high rates of 
eggshell defects in 1991 (sites no. 11-1, 11-2, 2-2 and 2- 
3 in Appendix 1) were identified to species (Table 1). 
Seven small snail species were identified, with Nesovit- 
tea hammonis and Trichia hispida both representing 
about 30% of the shells. N. hammonis was the most 
abundant species in the litter samples (Appendix 1). T. 
hispida, Oxychilus sp. and Discus rotundatus were pres- 
ent in the nests but were not detected in the litter samples 
collected in these forests. These species, in particular T. 
hispida, are species of more calcium-rich soils (A.J. de 
Winter, personal communication). D. rotundatus was ac- 
cidentally found on a nutrient-rich site beside an arable 
field in one forest and all three species were presumably 
present along road verges and in gardens outside the for- 
est, together with Cepaea. 

Snail density and correlations 
with chemical soil parameters 

There was a strong correlation between the number of 
snail shells and the total calcium content of the litter 
(Fig. 3). The snail shell density in the 14 oak forests (21 
sites) varied between 0 and 1580 individuals/m 2. Snails 

Table 1 Remains of snail shells in the nest material of 46 nests 
(identified shells from 29 nests) of great tit and blue tit in two for- 
ests on calcium-poor soils (locations 11-1, 11-2, 2-2 and 2-3 in 
Appendix 1); n and % refer to number of shell fragments and com- 
plete shells (see text) 

Snail species n % 

Cepaea/Arianta fragments 33 38 
Complete shells of small species 55 62 

Complete shells (identified) 
Total 48 100 
Nesovitrea hammonis 15 31 
Trichia hispida 13 27 
Discus rotundatus 7 15 
OxychiIus sp. 5 10 
Euconulus fulvus 4 8 
Cochlicopa lubrica/lubricella 2 4 
Vitrina sp. 2 4 
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Fig. 3 Relation between the total calcium content of the litter and 
the snail density (rs=0.80, n=21, P<0.001). Snail density is ex- 
pressed as the number of snails in the litter layer and the top 2 cm 
of the soil. The number of sampling plots per location varied be- 
tween 5 and 20 

did not occur in forests with a litter Ca content under 1.9 
mg/g. Snail were always present at litter calcium con- 
tents higher than 2.8 mg/g. The highest density, 1580 in- 
dividuals/m 2, was found in a young mixed deciduous for- 
est on clay soil containing sub-fossil sea shells. IV. ham- 
monis, and to a lesser extent EuconulusfuIvus were often 
virtually the only species on calcium-poor soils, but they 
were less dominant in samples collected in forests on 
calcium-rich soils (Appendix 1). Ca-rich soils had up to 
five species per plot (25x25 cm2). 

The snail density correlated more strongly with the 
chemical characteristics of the litter layer than with char- 
acteristics of the mineral soil (0-30 cm, Table 2, data are 
listed in Appendix 1). Snail density showed a much 
higher correlation with total calcium or exchangable 
calcium than with pH-H20 or pH-KC1, in particular in 
the mineral soil. A multiple regression analysis with both 



Table 2 Spearman rank correlations between snail density and 
soil parameters in litter layer and in top 30 cm of soil (including 
titter). The data are listed in Appendix 1 

Number of snails Snail mass N 

Litter 
Ca total 0.80"** 
Ca exchangable 0.75*** 
pH-H~O 0.62** 
pH-KC1 0.65** 

Litter+mineral soil 
Ca total 0.71 ** 
Ca exchangable 0.80*** 
pH-HaO 0.39 ns 
pH-KC1 0.13 ns 

0.80*** 21 
0.78*** 19 
0.61"* 21 
0.64** 21 

0.70** 14 
0.78*** 14 
0.38 ns 14 
0.11 ns 14 

*** P<0.001, ** P<0.01, * P<0.05, n~ P>0.05 

the calcium content and the pH als dependent variables 
showed a significant effect of  the calcium content 
(FEl,lSl=26.0, P<0.001) but not of  the pH (F[1,181=2.40, 
P=0.14) on the snail density. 

The number of  snail species counted on calcium-poor 
soils was lower than on calcium-rich soils (Appendix 1). 
However, this might be caused by a reduced sampling ef- 
fort, since fewer snail shells were counted on poor than 
on rich soils. 

Effect of  liming on snail density 

The liming of the soil caused an increase in exchangable 
calcium (Table 3). pH(KC1) had hardly increased by the 
liming. Total calcium content and pH-H20 were not 
measured since the results are misleading, because of the 
presence of lime concretions in the top soil and the sen- 
sitivity of pH-H20 to evaporation. The number of snails 
on the limed plots 4 years after liming was much higher 
than on the unlimed plots (Fig. 4). The number of  snails 
in the young stand (planted in 1980) was about 20 times 
higher than in the old stand. The snail density in limed 
plots of  the young stand was similar to the snail density 
in forests on calcium-rich soils (Fig. 3). 

N. hammonis and E. fuIvus accounted for more than 
99% of all individuals and were the only species present 
in the unlimed plots. One Oxychilus sp., one Cochlicopa 
Iubrica and four �89 pellucida individuals were found 

Table 3 Effect of liming with 
dolomitic lime in June 1988 on 
soil parameters in March 1991 
and number of snails (x_+SD) in 
June 1992 

a Other snail species occurred 
only sporadically 
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Fig. 4 Effect of a single dose of dolomitic lime on the snail densi- 
ty in two oak forests on calcium-poor soil 4 years after liming. 
Young stand: F[3a61=17.03, P<0.001; old stand Fr3461=5.29, 
P<0.01. Snail numbei-s log(x+l) transformed to obtain e~iual vari- 
ances. Mean values _+1 SD are given, with n=10 per treatment (uu- 
limed plots n=20) 

in the 30 samples in the limed plots in the young stand, 
corresponding with 0.5, 0.5 and 2.1 individuals/m 2, re- 
spectively. Limed plots tended to have a higher propor- 
tion of young individuals of N. hammonis and E. fulvus 
than unlimed plots. This is best illustrated by the size of 
the snails, but it was not feasible to measure all the 
snails. Instead, individuals were weighed and a subsam- 
ple was also measured. Size differences explained 85% 
of the variance in mass in N. hammonis (correlation be- 
tween mass (log-transformed) and size r=-0.92, n=35, 
P<0.001). The presence of juvenile snails was apparent 
by the slightly bimodal distribution in shell mass in both 
species at the higher lime doses. N. hammonis individu- 
als in the 0.6-0.9 kg/m 2 plots were on average lighter 
than individuals in the 0-0.3 kg plots (2.0_+1.5 versus 
3.0_+1.2 mg, Mann-Whitney U-test, n=180, P=0.02), and 
E. fulvus individuals in the 0.9 kg plots were lighter than 
in 0-0.6 kg plots (1.0_0.5 versus 1.3___0.6 rag, Mann- 
Whitney U-test, n=156, P=0.007). 

Young stand 
pH-KCL litter 3.3 3.4 3.3 3.5 
Exchangable calcium litter (mg/kg) 0.10 0.90 1.01 0.59 

Nesovitrea hammonis a 1.6_+7.2 12.8_+23.6 169.6_+257.7 214.4_+268.7 
Euconulusfulvus a 2.4_+7.8 24.0_+33.9 198.4_+128.9 227.2_+248.2 

Old stand 
pH-KCL litter 3.7 3.7 3.5 3.7 
Exchangable calcium litter (mg/kg) 0.16 0.75 1.02 1.30 

Nesovitrea hammonis 0 0 0 0 
Euconulus fulvus 0 9.6+3.5 17.6_+26.6 14.4+24.4 

Lime dose (kg per m 2) 0 0.3 0.6 0.9 
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Table 4 Comparison of snail 
density and number of snail 
species between 1970/1973 and 
1992 for a two forests on calci- 
um-poor soil, b three forests on 
calcium-rich soil. Snail density 
on poor soils is given as density 
classes (-0,  1 1-5, 2 6-15,3 
16-25, 4 26-55, 5 56-125, 6 
126-375 snails per m 2) 
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De Nul 

Species 1970 1992 

Nesovitrea hammonis 4 3 3 2 2 3 2 1 - - 
Euconulus fulvus 1 2 1 1 1 
Columella aspera 1 - 2 1 1 
Cochlicopa lubrica 
Vitrina pellucida 3 
Puncture pygmeum l 
Vallonia sp. - 1 

Zuurlanderesch 

1970 1992 

5 4 2 1  5 4 2 -  
4 3 4 -  - - 2 -  
4 2 2 -  
1 - 2 1  

Total 

Individuals/m 2 34-+22 7-+9 * 81_+70 39+45 ns 0.08 
Species per sample 3.4_+0.9 0.6-+0.5 ** 3.3_+1.0 1.0_+1.0 * *** 

Without N. hammonis 
Individuals/m 2 14_+10 0 ** 45_+35 3_+5 0.06 *** 
Species per sample 2.4_+0.9 0 ** 2.1_+1.0 0.5_+0.6 0.06 *** 

b Rich soil 

Hierden Oldenaller Voorst Total 

*** P<0.001, ** P<0.01, 
* P<0.05, ns P>0.05 

1973 1992 1973 1992 1973 1992 

Individuals/m 2 1 1 2 + 8 8  120+76 ns 35_+22 72+57 ns 304+178 206_+101 ns ns 
Species per sample 3.3+1.2 3.4+1.6 ns 1.1_+0.3 2.5+1.8 ns 3.4+1.6 4.8_+1.8 0.05 0.06 

Comparison of past and present snail density 

Snails declined in the two forests on calcium-poor soils, 
both in density and in number of  species (Table 4a). The 
number of  individuals per square meter declined from 34 
in De Nul and 81 in Zuurlanderesch in 1970 to 7 and 39 
in 1992. N. h a m m o n i s  and E. f u l v u s  were the most abun- 
dant species. N. h a m m o n i s  was most numerous (60% and 
45% of snails in the two forests in 1970) and declined 
much less than the other six species present in 1970. N. 
h a m m o n i s  tended to decline from 21 to 7 in De Nul 
(Mann-Whitney U-test, P=0.09), but remained constant 
in Zuurlander Esch (36+40 versus 35__41, P=0.44). Of  
the six other species present in 1970, five were not found 
again in 1992. E. f u l v u s  remained present in only one out 
of  nine sites, compared t O eight out of  nine sites in 1970. 
In none of the three forests on nutrient-rich soils did the 
snail density decline between 1973 and 1992 (Table 4b, 
Appendix 2). The number of species tended to be higher 
in 1992 than in 1973. In contrast to the two forests on 
poor soils, N. h a m m o n i s  and E. f u l v u s  composed only a 
small fraction of the total number of  individuals (approx- 
imately 25% for N. h a m m o n i s  and 2% for E. fu Ivus ) .  

Discussion 

Snail density and soil calcium 

This study showed that scarcity of snails was responsible 
for the limited use of  snail shells by tits and thus for the 

calcium deficiency and eggshell defects in tits on calci- 
um-poor soils. Snail density correlated better with calci- 
um content than with the pH in the observational data 
(Table 2). Applying 0.3 kg/m 2 dolomitic lime of the soil 
greatly increased the exchangable calcium content and 
the number of  snails but hardly affected the pH (Table 
3). Higher doses of lime did not lead to higher numbers 
of  snails. This is probably due to the fact that the higher 
doses did not lead to a further increase in exchangable 
calcium (Table 3). Moreover, the presence of lime con- 
cretions in the limed plots may have outweighed the ef- 
fects of  differences in the size of the original lime doses. 
The low correlation, in comparison with calcium, be- 
tween pH and snail density is in line with findings else- 
where (G~irdenfors 1987, 1992; Wfireborn 1992). In 
W~ireborn's data set f rom 20 forests in southern Sweden 
snail density correlated better with the litter calcium con- 
tent (1965, rs=0.86 and 1987, r,=0.80) than with the pH 
(rs=0.62 and rs=0.70; in all cases P<0.01). Thus, litter 
calcium seems more important than pH in explaining 
variation in snail density among sites. 

The normal food of snails, live or decaying plant ma- 
terial, often does not contain sufficient calcium for egg- 
laying and shell growth, and snails obtain additional cal- 
cium by scraping from rock, ingesting soil and possibly 
by absorption through their foot (Schmidt 1955; Voelker 
1959; Crowell 1973; Fourni6 and Ch6tail 1982; G~irden- 
fors 1987; Gomot  et al. 1989). Feeding experiments with 
snails showed that the calcium content of  the food, and 
the availability of  additional calcium, affect the egg pro- 
duction, hatching success and the growth and thickness 



of the shell (Voelker 1955; Crowell 1973; Hunter 1988, 
1990; Ireland 1991). A low pH may have a specific ef- 
fect independent of that of a low soil calcium content, by 
the direct effect of acid on the skin (W~ireborn 1970). 
However, snail density seems mainly to be determined 
by the calcium content of the soil. 

Acid deposition, decline of snail populations 
and avian reproduction 

At low calcium levels only N. hammonis and, in smaller 
numbers, E. fulvus, were present (Appendix 1). N. ham- 
monis declined less than other snail species (Table 4a) 
and laboratory experiments showed that N. hammonis 
tolerated lower pH values and calcium levels than D. ro- 
tundatus or T. hispida (W~ireborn 1970). D. rotundatus 
and T. hispida were limited to soils with a high calcium 
content in this study (Appendix 1) and were restricted to 
limed plots in both Swedish (G~irdenfors 1992) and our 
own liming experiments. However, even N. hammonis, 
the species that appeared most tolerant to low soil calci- 
um, declined on calcium-poor soils and showed a consid- 
erable increase in response to liming. 

Decline in snail populations seems to be a general 
phenomenon on ill-buffered soils in Europe. M6rzer 
Bruyns et al. (1959) reported a snail density of 70 live 
individuals/m 2 as characteristic of oak-birch forests on 
poor sandy soil in the Netherlands in the 1950s, a density 
of 100-400 for richer soils and more than 1000 for Ca- 
rich soils. Their figures for calcium-poor soils are in 
close agreement with the densities of live snails reported 
by Zoer (1971) in three forests on poor soils (Table 4). 
We measured a density of less than 10 live snails/m 2 in 
the same forest types in 1992 (Appendix 1). W~ireborn 
(1992) in Sweden collected the most extensive set of da- 
ta in this respect. He measured snail density and soil pa- 
rameters in 20 oak and spruce forests on poor soils in 
1965 and 1987 (Wfireborn 1969, 1992). The snail density 
decreased in almost all forests and most on soils with the 
lowest calcium content (Fig. 5a). The relation between 
snail decline and the original soil calcium content, and 
the relation between the soil calcium content and the re- 
production, growth and density of snails, suggest that the 
decline in snail density is mainly caused by a decline in 
soil calcium. 

Leaching of calcium from the top soil is a natural pro- 
cess in soils in temperate and boreal areas where the pre- 
cipitation exceeds the evaporation (Ulrich 1986; van 
Breemen et al. 1983). However, in large parts of Europe 
and North America atmospheric deposition of acidifying 
compounds (SO2, NO x and NH3) has greatly accelerated 
this process (Ulrich 1986; Tamm and Hallbacken 1988; 
Hanson et al. 1990; Heij and Schneider 1991). Another 
common air pollutant, ozone (03) may have an addition- 
al effect since it damages the leaves, thus causing direct 
leaching of cations from the leaves (Heij and Schneider 
1991). However, acid deposition is now considered the 
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Fig. S Decline in snail density in 20 forests on poor soils in 
southern Sweden between 1965 and 1987 (after W~ireborn 1992). 
The percentage of snails left in the plots in 1987, relative to 1965, 
was positively correlated with the litter calcium content in 1965 
(r~=0.57, P=0.009; calcium content in mg Ca/g ash free dry mass) 

chief causal factor for a decrease in calcium content of 
ill-buffered soils in the Netherlands, Northern Europe 
and elsewhere (Verstraten et al. 1990; Heij and Schneider 
1991; de Vries 1994). 

Snail shells are the main calcium source for eggshell 
formation in many species of birds (Creutz 1953; Schiff- 
erli 1977; Graveland 1995). Scarcity of snail shells causes 
eggshell defects in tits in forests in the Netherlands. 
Many tits managed to compensate for the lack of snail 
shells by using anthropogenic calcium sources, such as 
chicken eggshells and mortar (Graveland 1995). Howev- 
er, we think that the lack of snails and the associated low 
reproductive success among passerines are common fea- 
tures of less densely populated and more natural acidified 
areas elsewhere in Europe and North America. The rela- 
tion between soil calcium and snail density applies in par- 
ticular to soils with a low calcium content (W~reborn 
1992) and small differences in calcium content can result 
in large differences in snail density (Fig. 3). An increase 
in eggshell defects in forest birds is therefore to be ex- 
pected for the near future. 
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Appendix 2 Number of live snails (per m 2, +SD) in three forests on nutrient-rich soil in 1973 and 1992. Based on ten samples per year 
and per forest 

Hierden Oldenaller Voorst 

1973 1992 1973 1992 1973 1992 

Arianta arbustorum 8.0+11.3 0 0 0 0 1.6+5.1 
Carychium tridentatum 0 25.6_+43.5 0 0 0 20.8_+ 18.6 
Cochlicopa lubrica 1.6-+5.1 17.6-+25.5 0 0 %..0+43.3 27.2_+22.7 
Discus rotundatus 8.0-+17.3 3.2-+5.7 0 28.8-+21.1 105.6-+I39.5 43~2+37.8 
Euconulusfulvus 4.8_+10.8 0 0 1.6-+5.1 0 O 
Nesovitrea hammonis 11.2-+20.0 4 9 . 6 - + 2 4 . 2  25: .6-+22.9  20.8-+26.2 0 6.4_+11.2 
Oxychilus sp. 6.4_+15.5 1.6-+5.1 0 0 67.2+48.8 24.0_+15.5 
Punctum pygmeum 0 3.2_+6.7 0 6.4_+ 11.2 0 0 
Succinea sp. 0 1.6_+5.1 0 0 0 0 
Trichia hispida 41.6-+76.6 6.4-8.3 3..2_+6.7 0 20.8+_31.1 72.0-+64.1 
ValIonia excentrica 0 0 0 0 0 3.2+6.7 
Vitrea crystallina 9.6+13.5 0 0 0 0 0 
Vitrina pellucida 0 1.6-+5. l 6.4-+20.2 6.4-+ 11.2 4.8-+ 10.8 0 
Zonitiodes nitidus 20.8-+32.9 8.0_+17.3 3.2_+10.1 0 11.2_+26.2 8.0_+17.3 
Unidentified 0 1.6-+5.1 0 1.6-+5.1 0 0 

References 

Balen JH van (1973) A comparative study of the breeding ecology 
of the Great tit Parus major in different habitats. Ardea 
61:1-93 

Breemen N van, Mulder J, Driscoll CT (1983) Acidification and 
alkalinization of soils. Plant Soil 75:283-308 

Burcb JB (1955) Some ecological factors of the soil affecting the 
distribution and abundance of land snails in eastern Virginia. 
Nautilus 69:62-69 

Burg J van den, Kiewiet HP (1989) Veebezetting en naaldsamen- 
stelling van Grove Den, Douglas en Corsicaanse Den in het 
Peelgebied (Rapport 559). IBN, Wageningen, The Netherlands 

Carlsson H, Carlsson L, Wallin C, Wallin N-E (1991) Great tits in- 
cubating empty nest cups. Ornis Svec 1:51-53 

Creutz G (1953) Schnecken als Nahrung von Singv6geln. Vogel- 
welt 74:52-54 

Crowell HH (1973) Laboratory experiments of calcium require- 
ments of the brown garden snail, Helix aspersa Mtiller. Proc 
Malacol Soc 40:491-503 

Drent PJ, Woldendorp JW (1989) Acid rain and eggshells. Nature 
339:431 

Dunger W (1983) Tiere im Boden. Ziemsen, Wittenberg Luther- 
stadt 

Fourni6 J, Chdtail J (1982) Evidence for a mobilization of calcium 
reserves for reproduction requirements in Deroceras reticula- 
turn. Malacologia 22:285-291 

G~irdenfors U (1987) The impact of airborne pollution on terrestri- 
al invertebrates with particular reference to molluscs (Report 
3362). National Swedish Environmental Protection Board, 
Solna 

G~irdenfors U (1992) Effects of artificial liming on land snail pop- 
ulations. J Appl Ecol 29:50-54 

Gomot A, Gomot L, Boukraa S, Bruckert S (1989) Influence of 
soil on the growth of the land snail Helix aspersa. An experi- 
mental study of the absorption route for the stimulating fac- 
tors. J Mollusc Stud 55:1-7 

Graveland J (1995) The quest for calcium. Ph.D. thesis, University 
of Groningen, The Netherlands 

Graveland J, Van Der Wal R, Van Balen JH, Van Noordwijk AJ 
(1994) Poor reproduction in forest passerines from decline of 
snail abundance on acidified soils. Nature 368:446-448 

Graveland J, Van Gijzen T (1994) Arthropods and seeds are not 
sufficient as calcium sources for shell formation and skeletal 
growth in passerines. Ardea 82:299-314 

Hanson DW, Norton SA, Williams JS (1990) Modern and pale- 
olimnological evidence for accelerated leaching and metal a c -  

cumulation in soils in New England, caused by atmospheric 
deposition. Water Air Soil Pollut 18:227-239 

Heij GJ, Schneider T (eds) (1991) Acidification research in the 
Netherlands (Final report of the Dutch priority programme on 
acidification, Studies in environmental science vol 46). Else- 
vier; Amsterdam 

Hunter RD (1988)Effects of acid water on shells, embryos, and 
the juvenile survival of Planorbella trivoIvis (Gastropoda: Pul- 
monata): a laboratory study. J Freshwater Ecot 4:315-327 

Hunter RD (1990) Effects of low pH and low calcium concentra- 
tion on the pulmonate snails Planorbella trivolvis: a laboratory 
study. Can J Zool 68:1578-1583 

Ireland MP (1991) The effect of dietary calcium on growth, shell 
thickness and tissue calcium distribution in the snail Achatina 
fulica. Comp biochem physiol 98A: 111-116 

Jones PJ (1976) The utilization of calcareous grit by laying Que- 
lea quelea. Ibis 118:575-576 

MOrzer Bruyns MF, Regteren Altena CO van, Butot LJM (1959) 
The Netherlands as an environment for land molluscs. Basteria 
23:132-164 

Oosterhoff L (1977) Variation in growth rate as an ecological fac- 
tor in the landsnail Cepaea nemoralis. Ph.D. thesis, Groningen 
University, The Netherlands 

Reinink K (1979) Observation on the distribution of land snails in 
the woods of the IJsselmeer polders. Basteria 43:33-45 

Schifferli L (1977) Bruchstficke von Schneckenh~iuschen als Cal- 
ciumquelle ffir die Bildung der Eischale beim Haussperling 
Passer domesticus. Ornithol Beob 74:71-74 

Schmidt HA (1955) Zur Abh~ingigkeit der Entwicklung von 
Geh~iuseschnecken vom Kalkgehalt des Bodens. Dargestellt 
bei Oxychilus draparnaldi. Arch Mollusc 84:167-177 

Schmidt K-H (1990) Sprunghafter Anstieg von Brutst6rungen bei 
H6hlenbrtitern. J Ornithol 131 : 172-174 

Smith J (1990) Acid rain and defective eggshells. Anser 29:158 
Tamm CO, Hallbacken L (1988) Changes in soil acidity in two 

forest areas with different acid deposition: 1920s to 1980s. 
Ambio 17:56-6I 

Turner AK (1982) Timing of laying by swallows (Hirundo rustica) 
and sand martins (Riparia riparia). J Anita Ecol 51:29-46 

Ulrich B (1986) Natural and anthropogenic components of soil ac- 
idification. Z Pflanzenern~ihr Bodenk 149:702-717 

Verstraten JM, Dopbeide JCR, Duysings JJHM, Tietema A, 
Bouten W (1990). The proton cycle of a deciduous forest eco- 
system in the Netherlands and its implications for soil acidifi- 
cation. Plant Soil 127:61-69 

Voelker J (1959) Der chemische Einflug von Katziumkarbonat auf 
Wachstum, Entwicklung und Geh~iusebau von Achatinafulica. 
Mitt Hamburg Zool Mus Inst 57:37-78 



360 OECOLOGIA I05 (1996) �9 Springer-Verlag 

Vries W de (1994) Soil response to acid deposition at different re- 
gional scales. PhD thesis, Agricultural University Wagenin- 
gem The Netherlands 

W~ireborn 1 (1969) Land molluscs and their environments in an 
oligotrophic area in southern Sweden. Oikos 20:461-479 

W~reborn I (1970) Environmental factors influencing the distribu- 
tion of land molluscs of an oligotrophic m'ea in southern Swe- 
den. Oikos 21:285-291 

Wfireborn I (1979) Reproduction of two species of land snails in 
relation to calcium salts in the foerna layer. Malacologia 18: 
177-180 

W~ireborn I (1992) Changes in the land mollusc fauna and soil 
chemistry in an inland district in southern Sweden. Ecography 
15:62-69 

Winkel W, Hudde H (1990) Zum vermehrten Auftreten yon 
,,Braten in Ieerem Nest": Befunde am Meisen (Parus) und 
andere H6hlenbratern aus verschiedenen Untersuchungsr~u- 
men Norddeutschlands. Vogelwarte 35:341-350 

Zoer JA (1971) Molluskenfauna van het Drenthse District (deel I). 
Corresp Ned Malakol Ver 43:30-34 


