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Introduction
A  number o f suggestions have been made in recent years for developing several o f the 

larger British estuaries for a variety o f industrial purposes. Examples are provided by 
the proposals to build bunded reservoirs for storing fresh-water on the Wash and Dee 
estuaries and to construct a barrage across the Severn for generating electricity. Such 
schemes may remove substantial parts o f the feeding areas used by large numbers o f 
wading birds in w inter and on passage. Studies on the Wash indicate that a reduction 
in feeding area on the scale envisaged could increase m ortality outside the breeding 
season in several species (G o s s - C u s t a r d  1977a, G o s s - C u s t a r d  et al 1977). However it is 
d ifficu lt at present to predict the effect o f an increase in m ortality on the overall num­
bers o f birds because the factors determ ining population size are so poorly under- 
stood. This paper summarises recent research on the population ecology o f the more 
common British waders. The conclusions from  this review  form  the assumptions in a 
simple population model which is used to explore the role of m ortality on British estua­
ries in determ ining overall numbers. The main conclusion is that, even i f  m ortality 
outside the breeding season is low  at present and the population is regulated by densi- 
ty-dependent production of young in the summer, a small increase in w inter m ortality 
could cause a considerable reduction in population size. Therefore we must be cau- 
tious when evaluating the effect o f a loss o f w inter habitat on wader numbers.

There are two main review  sections. The first considers factors affecting produc­
tion, defined as the numbers o f chicks raised to fledging. Factors which lim it the 
number o f pairs breeding and those which influence the number o f young produced per 
pair are discussed separately. The second section examines the subsequent m ortality 
of juveniles and adults. It considers how much m ortality occurs on the passage and 
w intering areas in British estuaries and evaluates the importance o f the food  supplies. 
W ithin each section, the possibility that factors are density-dependent or density-in- 
dependent is considered because this is important in understanding their role in de­
term ining numbers. Density-independent factors contribute to population fluctua- 
tions while density-dependent factors, according to their strength, may be either 
weakly or strongly regulatory or generate oscillations and fluctuations ( V a r l e y  et al
1973, M a y  1976).
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Production of young
M ost o f the studies mentioned in this review  refer to species which are common on 

British estuaries in winter, although the particular group of birds studied may not ac- 
tually v is it there. Some re f erence is also made to species which do not norm ally occur 
in the British Isles.

N u m b e r  o f b r e e d i n g  pa i r s

Most species occupy territories on the breeding grounds, at least before the eggs 
hatch (e. g. Haematopus ostralegus, H arris 1967; Charadrius hiaticula, Ferns &mudge 
1976; Arenaria  interpres, N ettleship 1973; Tringa totanus, G rosskopf 1959; Calidris 
canutus, N ettleship 1974; C. alpina, Soikkeli 1967; C. alba, Parmalee 1970). Territoria l 
behaviour may prevent potential breeders from nesting, as occurs in a variety of bird 
species. Several authors have noticed parties of non-breeding waders on the breeding 
grounds (Grosskopf 1959, Holmes 1966, H arris 1967, Parmalee 1970, N ettleship 1973,
1974, Ferns & M udge 1976), but it is difficult by observation alone to distinguish non- 
breeders from failed breeders. However, removal experiments with H. ostralegus in 
Wales (Harris 1970) and C. alpina  in the Arctic (Holmes 1970) indicate that breeding 
birds in these study areas were quickly replaced, suggesting that territoriality did limit 
breeding density, at least locally. This may account for the relatively stable numbers 
of breeding birds recorded in several species, sometimes over many years (Fig. 1). In 
the case of H. ostralegus on Skokholm, breeding density remained unchanged when 
the numbers in an important wintering area for adults, the Burry Inlet, were experi- 
mentally reduced by almost half (Harris 1975). Similar territorial activity and the 
presence of non-breeding birds has been noted in island populations of H. bachmani in 
Canada (Hartwick 1974) and H. m oqu in i in South Africa (Summers & Cooper 1977).

Fig. 1.
Number of breeding pairs (BP) in successive years in three study areas: (•*■) C. alpina in Finland 
(S o ik k e l i  1970), (■ ) H. ostralegus in Wales (H a r r is  1975), ( • )  T. totanus in Germany (G r o s s k o pf

1970).
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Table 
1. Clutch 

size, hatching 
success 

and 
m

ain 
m

ortality 
agen

ts.

per pair

H. ostralegus Wales 15 2.5 — 3.3 44 — 82 1.2 — 2.1 Predation,
failure to
hatch, human
interference

Scotland: Predation, humai
(R iver valley) 3 2.9 — 2.9 36 —  75 0.7 — 1.2 interference

failure to hatch
(Sand dunes) 3 2.4 —  2.7 32 —  75 0.6 —  1.5
(fields) 2 2.6 — 2.8 38 —  53 0.6
Germany 1 3.0 79 2.4
Finland 1 2.9 92 2.7

H. bachmani Canada 3 2.0 — 2.1 25 —  46 0.5 — 1.1 Predation,
weather

C. alpina Finland 8 3.0 — 4.0 56 — 84 1.7 — 3.4 Predation
Canada 1 3.9 98 3.8 Predation
Alaska 5 ? 58 —  97 ? Predation

failure to hatch
C. canutus Canada 1 4.0 38 3.3

Canada 1 3.7 54 2 Predation
T. totanus Germany ? 4.0 86 3.4 Predation, flood

failure to hatch
A. interpres Canada 4.0 78 3.1

Canada 1 3.5 53 1.9
Finland 1 4.0 85 3.4
Finland 1 4.0 72 2.9

Footnote: the follow ing studies note main mortality agents, without recording hatching success:

H. ostralegus England Predation H a r r is o n  1967
British Isles predation, human H arr is  1967

interference, floods
C. alpina Canada predation, weather B a k e r  &  B a k e r  1973
C. alba Canada Predation P a r m a l e e  1970
C. alba Greenland Predation P ie n k o w s k i &  G r e e n  1976

H arr is  1967

H e p pl e s t o n  1972

H e p pl e s t o n  1972 

H e p pl e s t o n  1972 

D ik c k se n  1932 

N ord berg  1950 

H a r t w ic k  1974

S o ik k e l i 1967, 1970 

J e h l  1971 

N o r to n  1973

P a r m a l e e  &  

M a c D o n a l d  1960 

N e t t l e s h ip  1974 

G rosskopf 1958, 

1959, 1970 

P a r m a l e e  &  

M a c D o n a l d  1960 

N e t t l e s h ip  1973 

N ord berg  1950 

B e r g m a n  1946
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Com petition for space may also be intense in high Arctic waders where a late snow melt 
may restrict the area available fo r breeding.

C l u t c h  s i z e  and  h a t c h i n g  success

Mean annual clutch size varies by a relatively  small amount both w ith in  and between 
d ifferent populations (Table 1). Clutch-size in H. ostralegus on Skokholm  declines
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Fig. 2.

Number of chicks hatched per breeding pair (C/P) in relation to breeding density in (A) H. ostrale­
gus (H arris 1967, 1970), (B) C. alpina (S o ik k e l i 1967, 1970) and (C) H. moquini (H ar tw ic k  1974), 

where fledgling production (Cf/p) is also shown.
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during the breeding season, perhaps because the females find it increasingly difficult 
to obtain food to form eggs as the season progresses (Harris 1969).

Hatching success is much more variable and may vary by a factor o f tw o in different 
years in the same place (Table 1). The numbers o f chicks hatched per pair may vary 
even more and even larger differences occur between areas.

Human interference, bad weather, tidal flooding and failure to hatch are frequently 
mentioned as important causes o f egg loss but most authors suggest predation is the 
main factor (see Table 1, also C. m auri [Holmes 1971,1972], C. m inu tilla  [Baker &  Baker 
1973], C. baird ii and C. melanotus [N orton 1973] in North  Am erica). However, the 
possibility that the investigator himself increases the risk from  predation cannot 
usually be ruled out.

The mortality from several of these factors is potentially density-dependent. Preda- 
tors may concentrate their attention on the more common species and so destroy a 
greater proportion when nests are numerous. Alternatively, the proportion of clut- 
ches vulnerable to bad weather and flooding may be highest when many pairs are bree­
ding and birds are forced into the less favourable areas. However, there is no indica- 
tion that hatching success is related to nest density in H. ostralegus, H. bachmani or C. 
alpina (Fig. 2), though the ränge in breeding densities studied is very limited. Jehl 
(1971) came to the same conclusion for a variety of North American shorebirds and 
G rosskopf (1959), H olmes (1966), N orton (1973) and Soikkeli (1967) have noted that the 
intensity of predation on wader nests depends on factors quite unrelated to nest densi­
ty; for instance, the abundance of an alternative, more preferred prey or on the num­
bers of the predators themselves. It seems that the production of chicks is variable but 
unlikely to be density-dependent.

F l e d g i n g  success

Most data are from  Haematopus spp (Table 2 & 3) which may be untypical because 
parents feed their young. F ledging success is less variable than hatching success but 
has been measured over few er years. Although d ifficu lt to study, most authors again 
stress the importance o f predation. The risk o f young Haematopus spp being taken 
may be higher when food  is scarce (H arris 1967, S afr iel  1967). Bad weather may also 
k ill many chicks, especially in the first few  days when they are most vulnerable to chil- 
ling and disappear at the fastest rate (P arm alee  1970, H epplesto n  1972, S o ik k e l i 1967). 
Bad weather may also reduce the availab ility o f food to chicks and so reduce their sur- 
vival (H olmes  1966, H olmes &  P it e lk a  1968). P rater  (1975) has suggested that greater 
annual differences in weather may make the production o f young in the Arctic  more 
variable than in the temperate zone and argues that this accounts for the greater Varia­
tion in the numbers o f A rctic  breeding waders overw intering in Britain.

C o n c l us i o n s

The data are few  and come from  a lim ited ränge of species so any conclusions are ne- 
cessarily provisional. But for the purposes o f developing a work ing hypothesis, it is 
concluded that (i) territoria lity  lim ited the density o f breeding pairs in tw o very d iffe-
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Table 
2. M

ortality 
of 

chicks 
before 

fled
gin

g.

Species Area Year Percent Main mortality agents Authority
mortality

H. ostralegus Wales 1963 66 Predation in relation H arr is  1967,

1964 41 to food shortage S a f r ie l  1967

1965 58

Scotland:
R iver valley 1966 83 H e p ple s t o n  1972

1967 67 Predation
1968 73

Sand dunes 1966 55 Predation H e p ple s t o n  1972

1967 65

1968 59

Fields 1966 46 Predation H e p pl e s t o n  1972

1967 52

H. bachmani Canada 1970 38 Predation weather
1971 37 H a r t w ic k  1974

1972 28

C. alpina Finland 1963 36 C as e n  &  H il d e n  in
S o ik k e l i 1967

Footnote: the follow ing studies note main mortality agents, without recording fledging success.

C. alpina Finland Predation and weather S o ik k e l i 1967

Alaska Weather, predation, food H o lm es  1966

Canada Predation B ak e r  &  B a k e r  1973

C. canutus Canada Predation N e t t l e s h ip  1974

C. alba Canada Predation and weather P a r m a l e e  1970

T. totanus Germany Predation G ro sskopf 1963

A. interpres Canada Predation N e t t l e s h ip 1973

Several species Green] and Weather F erns &  M u d ge  1976

Greenland Predation L arso n  1960

Canada Predation J e h l  1971
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Table 3. Fledged young produced per pair.

S p ec ie s

H. ostralegus

Area

Wales

H. bachmani

Scotland: 
R iver valley

Sand dunes

Fields

Canada

Year

1963
1964
1965

1966
1967
1968
1966
1967
1968
1966
1967
1970
1971
1972

Fledged 
young per 

pair 

0.9 
1.5 
0.8

0.45
0.71
0.64
0.13
0.44
0.50
0.65
0.85
0.27
0.19
0.31

Authority

H arris  1967, 
S a f r ie l  1967

H e p pl e s t o n  1972

H e p pl e s t o n  1972 

H e p ple s t o n  1972

H a r t w ic k  1974

rent species, and (ii) the numbers o f young produced per breeding pair varied consider- 
ably, though independently o f breeding density. Despite the second conclusion, pre- 
venting some birds from  breeding by territoria lity  gives rise to density-dependent pro­
duction when this is expressed as a function o f the whole population o f both breeders 
and non-breeders. Therefore it is assumed in the model that the production o f young is 
density-dependent because o f the territoria l behaviour o f nesting birds.

Annual mortality
M a g n i t u d e

B oyd (1962) estimated mean annual m ortality o f adult waders from  ringing returns o f 
long-distance migrants. G rosskopf (1964), H arris (1967), S o ik k e l i (1967), and B o tkin  &  

M ille r  (1974) suggested that, through ring loss, these estimates may be too high and ar- 
gued that the annual retum  rate o f adults to their nest areas may be a more accurate 
measure. Even this w ill overestimate m ortality i f  some adults do not breed every year, 
as is- the case in H. ostralegus (H arris  1975) or if birds breed outside the immediate 
study area. Therefore there is some doubt about the magnitude o f annual mortality, 
although both methods o f calculation indicate that the rate decreases w ith  body size 
(Fig. 3).

The m ortality o f H. ostralegus and C. alpina  varies by up to three-fold  in d ifferent 
years (Table 4) but whether it is density-dependent or density-independent has not 
been examined. The m ortality rate o f juveniles in the first year after fledging is higher 
than in adults (Table 5) but annual variations have not been measured.
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Fig. 3.
Annual adult mortality (m) in relation to body size: (o) data from Boyd (1962), •  data from G ross­

ko pf  (1964), So ik k e l i (1967), H arris  (1975). Body weight V3 = G V3

Table 4. Annual variations in adult mortality.

Species

H. ostralegus

C. alpina

T. totanus

Area

Wales
Germany
Finland
Finland

Germany

Years

studied

10
5 
7
6

Annual
percentage
mortality

4.2 —  14.1
2.5 —  11.0 

12.1 —  37.0 
30 —  65

25 —  31

Authority

H arr is  1975 
G rosskopf  1964 
S o ik k e l i 1970 
H e l d t  ( f r o m  

S o ik k e l i 1967) 
G ro ssko pf  1959

Table 5. Mortality rates of adults and juveniles after fledging. Only estimates consi 
dered reliable by the original author are given.

Species Adult Immature Authority

H. ostralegus 16 36 B o yd  1962
11 40 H arr is  1967, 1975

C. hiaticula 42 61 B o yd  1962
N. arquata 25 62 B oyd  1962
C. alpina 38 75 B o yd  1962

26 72* S o ik k e l i 1970
30 70 H o lm es  1966

* N. B. from shortly after hatching, not fledging.
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M o r t a l i t y  in the  b r e e d i n g  ar eas

Adults die on the breeding grounds from  a number o f causes. M orta lity  may be 
heavy at the start, especially i f  the weather is bad and food short (P edersen  1942, S o ik ­

keli 1967, M a cL e an  1969, M orrison 1975). There may be a premium on early breeding 
(H olmes 1966, S afr ie l  1967, S o ik k e l i 1967, M acL e an  1969, H arris 1969, G rosskopf 1970) 
and much energy and time is expended during a lim ited period on defending a territory 
(M ercer 1968) and in producing eggs (G rosskopf 1958, M ercer 1968, H arris  1969, M ac 

L ean  1969, S ummers &  C ooper 1977). Birds are taken by predators during incubation, 
(G rosskopf 1959, 1963, D are 1966, S o ik k e l i 1967), but how severe the m ortality is sub- 
sequently on the breeding grounds and during migration, in both adult and juvenile 
birds, has been d ifficu lt to establish. S o ik k e l i (1967) calculated that 27 % of the adult 
annual m ortality o f C. alpina  took place during incubation, but it is notyet possible for 
any population to estimate the proportion o f deaths which occur during the breeding 
season as a whole.

M o r t a l i t y  on B r i t i s h  e s t u a r i e s

Noticeable m ortalities occur in prolonged periods o f severe frost (D obinson &  

R ichards  1964, P ilch er  1964, H epplesto n  1971, Piicher e ta l 1974, G oss-C ustard  et al 1977), 
especially amongst the smaller species C. alpina, C. canutus and T. totanus ( A sh 1963, 
P ilcher et al 1974). Birds are found in an emaciated condition apparently having died 
from starvation, perhaps exacerbated by disease (P ilcher  et al 1974, but c f A sh &  

S harpe 1964). Cold weather has this effect (i) by reducing the time available for fee ­
ding on the shore by covering w ith  ice the top levels o f the beach, which are the first to 
be uncovered and last to be covered by the tide, (ii) by reducing the availab ility o f prey 
on those areas of the shore that are not covered by ice (G oss-C ustard  1969, S m ith  1975, 
G oss-C u stard  et al 1977), (iii) by k illing the prey and so eventually reducing their ab- 
undance (H auser  1973), (iv) perhaps by increasing the density o f birds in the reduced 
feeding area, so increasing interference between them (G oss-C ustard  1976,1977a), (v) 
by preventing birds from  supplementing their diet in the fields at high water (D are

1966, G oss-C ustard  1969, H epplesto n  1971), and (vi) by increasing energy demand. 
H epplesto n  (1971) estimated that 25 % o f H. ostralegus on the Ythan estuary died du­
ring a cold spell lasting 22 days. Juveniles were much more like ly  to die than adults, 
perhaps because they were less effective at feeding or because they were forced by the 
adults to feed in the less profitab le parts o f the shore (O ’Connor & Brown 1977).

Mortalities from  cold weather do not appear to have a serious long-term  effect on the 
populations o f most species because severe winters do not occur sufficiently often 
(W ill iam s o n  1972). Dead birds are usually found after three days o f hard frost (R. 
B erry pers. comm., H epplesto n  1971) and cold spells, even o f this short length, have 
been uncommon in the last decade. The populations o f most species which are thought 
to have suffered heavy m ortalities during the 1962/63 freeze-up recovered w ith in  a few  
years (P ilcher  et al 1974, T ubbs 1977).

It is more important to evaluate the magnitude o f mortalities occurring in typical 
winters, but this is not easy to do. Even when population counts are sufficiently accu- 
rate to detect a change in numbers, decreases due to death, em igration or increased
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feeding in adjacent fields cannot be separated. Sim ilarly, the absence o f a decline in 
numbers does not necessarily mean that few  birds are dying because birds that die may 
simply be replaced by immigrants from  uncounted areas (G oss-C ustard  1969). H ow ­
ever, very few  corpses are found on the shore in normal winters, even in north Scotland 
(G oss-C ustard  1969, H epplesto n  1971). Waders on the Wash were, on average, ten t i­
mes less like ly  to be found dead during four m ild winters than during the w inter of 
1968/69, when there was a cold spell lasting several days (Table 6). The m ortality in 
this area must norm ally be w ell below  10 % otherwise a ten-fold increase during a mo- 
derately cold w inter would have w iped out the entire population unless considerable 
movement occurred. The data suggest, then, that w inter m ortality is usually rather 

slight.

Table 6. Risk* of waders being found dead along a 5.63 km section of the Wash in
winter (November — March) and at other times of year (August —  October 
and April —  May). Adapted from G oss- C u stard  et al (1977).

1969 1970-1974

Winter Autumn/
Spring

Winter Autumn/
Spring

H. ostralegus 0.21 0.07 0.08 0.05
C. alpina 0.16 0 0.02 0.01
C. canutus 0.15 0.02 0.04 0.02
T. totanus 9.37 0.05 0.34 0.04
A. interpres 1.35 0 0.34 0.07
N. arquata 0.72 0 0.22 0.08
L. lapponica 0.15 0 0.08 0.02
P. squatarola 0 0.19 0.07 0.05

Mean 1.51 0.05 0.15 0.04

Number of corpses found per period
* N. B. Risk was calculated a s :------------------------------------------------------------ x 1000

Total numbers of birds present on the Wash

W i n t e r  f o o d  s up p l i e s

W h ile  i t  is  o b v io u s  th a t m a n y  b ird s  d ie  in  c o ld  w in te rs  f r o m  s ta rva tio n , th e  c o n tr ib u -  

t io n  w h ic h  fo o d  sh o rta g e  m akes  to  m o r ta l i t y  in  m ild e r  yea rs  is u n c lea r. H o w e v e r  a 

w in t e r  an d  e a r ly  s p r in g  p ea k  o f  m o r ta l i t y  in  s e v e ra l spec ies  on  th e  W a s h  (T a b le  6) and  

o f  H. ostralegus in  w e s t  B r ita in  (F ig  4) in d ic a te s  th a t fo o d  sh o rta ge  m a y  b e  in v o lv e d , 

e ith e r  d ir e c t ly  o r  b y  re d u c in g  th e ir  re s is ta n ce  to  d isea se  an d  p red a t io n . F o o d  m a y  be 

m o re  d i f f ic u lt  to  o b ta in  a t th a t t im e  o f  y e a r  b ecau se  (i )  d a y le n g th  is short, a n d  fe e d in g  

a t n ig h t  m a y  b e  less p r o f i t a b le  (P r a t e r  1972, G reen h a lp h  1976), ( i i )  th e  fo o d  v a lu e  (H a n ­

cock  &  F ra n k lin  1972, Beukema 1974, Chambers & M i ln e  1975a, b, D a re  &  E dwards 1975, 
G oss -C u sta rd  e t  a l 1977) an d  ab u n d an ce  (D a le s  1951, G oss-C u sta rd  1969, H u ghes 1970, 
H an cock  1971, Beukema 1974, Chambers &  M iln e  1975a, b, G oss -C u sta rd  e t  a l 1975, 
M c G r o r t y  &  R ead in g in  p rep .) o f  th e  p r e y  m a y  d e c lin e  s u b s ta n tia lly  fr o m  au tu m n  to  

s p r in g  b ecau se  l i t t le  g r o w th  an d  re c ru itm e n t occu rs, an d  ( i i i )  th e  p r e y  m a y  b u r ro w
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Fig. 4.
The risk that adult H. ostralegus along the west coast of England and Wales will be found dead at 
different times of year. Risk is calculated by dividing the total numbers of corpses found per 
month prior to 1973 (P. J. D are  pers. comm.) by the numbers of birds recorded each month from 

1970-1974 by Estuaries Enquiry counters (P rater  1975).

deeper in the mud in w inter (R ead in g  &  M cG rorty 1978) and also be less accessible to 
waders at low  temperatures (G oss-C ustard  1969, S m ith  1975, G oss-C ustard  et al 1977). 
Compared w ith  autumn and spring, many waders spend a very high proportion o f their 
time feeding in w inter, especially the smaller species (G oss-C u stard  et al 1977). Thus 
food shortage may be at least a contributory factor to normal w in ter mortality.

Unless birds are able to expand their w intering ränge, the e ffect o f more industrial 
development o f feeding areas w ill be to increase the density of birds on our estuaries. 
Even i f  food-linked m ortality is slight at present, such an increase in density could in- 
troduce density-dependent m ortality for the fo llow ing  reasons: (i) The proportion o f 
birds feeding in the most preferred parts o f the shore may decline as total numbers in ­
crease, apparently because o f social interactions between birds ( Z w arts 1974, Goss- 
Custard  1977a, b). Consequently, more birds w ill feed in the less preferred areas 
where the ingestion rate is like ly  to be relatively low  (G oss- C ustard  1970,1977a, b). An  
increasing proportion o f birds would be expected to feed at relatively low  rates as bird 
numbers increase, so exacerbating any period o f food shortage. (ii) Waders may al- 
ready consume a large proportion o f their food supply during the winter, expecially in 
those areas where food is most abundant in itia lly  and the birds congregate (Goss- 
C ustard  1969, 1977, H ughes 1970, H orwood &  G oss-C ustard  1977). An  increase in the 
density o f birds and other predators such as fish, w ill further deplete the food supply 
and so reduce the ease w ith  which food is collected. This applies even when food shor­
tage results mainly from  the reduced availab ility o f prey at low  temperatures, for in- 
stance, since it is presumably the interaction between actual abundance and availab i­
lity which determines the effective food density to the birds. (iii) The feeding rate o f 
some birds may decrease when bird densities rise either because there are more con- 
tests over food items (G oss- C ustard  1977a) or because more subtle forms o f inter­
ference increase in intensity (G oss-C ustard  1976).
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C o n c l u s i o n s

There is no evidence that a considerable proportion o f the annual m ortality o f wa- 
ders normally occurs when they are on British estuaries, although many may die of 
starvation during occasional severe winters. H owever some birds die there, particu- 
larly in winter, and this may be linked to the relatively poor feeding conditions occur- 
ring at that time of year. There seems to be a risk that the continuous rem oval o f fee­
ding areas for industrial development would increase w inter m ortality from  f  ood shor- 
tage because it may be density-dependent.

Winter food supply and subsequent production
The w inter food  supply may influence the subsequent production o f young through 

its e ffect on the condition o f adults. M acL e a n  (1969) suggests that the breeding densi- 
ties o f C. melanotus in Alaska depend on the feeding conditions encountered in w inter 
and on passage. The idea is d ifficu lt to test but data from  H arris (1967,1975) and H or- 

wood &  G oss-C ustard  (1977) suggest that the fledging production (Table 7) o f H. ostra- 
legus on Skokholm was unrelated to the abundance o f their main food  Cerastoderma 
edule in the Burry In let where many adults spend the w inter (H arris  1975).

Table 7. Production of fledging H. ostralegus on Skokholm in relation to the food 
supply in the Burry Inlet in the preceeding winters (from H arr is  1967, S a f f r ie l

1967, H an c o c k  1971).

Year Clutch size Chicks fledged Abundance of 2nd
per pair & 3rd winter

cockles in precee­
ding winter*

1963 3.0 0.9 358
1964 3.0 1.5 35
1965 2.8 0.8 860

* N. B. Expressed in “cockle units” where, based on weight, 2nd winter cockle =  1 
unit and a 3rd winter cockle =  1.9 units (H a n c o c k  &  F r a n k l in  1972).

Population model
Simulation experiments w ith  mathematical models o f populations can yield  valua- 

ble insights into the w ay in which population fluctuations and mean levels are deter- 
m ined (W ill ia m s o n  1972, V ar le y  et al 1973, M a y  1976). Such models are best construc- 
ted from  fie ld  data, but this is not possible for waders due to lack o f information. The 
properties o f a simple theoretical model are explored here in an attempt to understand 
the effect of an increase in w inter m ortality on population size. The main assumptions 
in the m odel are derived from  the review  and are (i) territoria lity lim its breeding densi- 
ty, (ii) annual production per breeding pair varies two or three fold, but independently 
o f nesting density and w inter feeding conditions, (iii) annual m ortality may be as high
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as 35 % , an(  ̂(iv ) w in ter m ortality is usually low. These are taken to be the most likely 
possibilities given the lim ited data available. For simplicity, I also assume that bree- 
ding starts at one year, although many waders may breed in their second ( S o ik k e l i  1967, 
G r o s s k o pf  1959) or even fourth or fifth  years (H a r r is  1970). Sex ratio is assumed to be 
e q u a l, although little  is published on this.

S t r e n g t h  o f  t e r r i t o r i a l i t y

Territoria lity is strongly density-dependent if  the number o f pairs breeding is 
roughly constant despite w ide variations in the total number available to breed. H owe- 
ver the numbers trying to settle may influence breeding density ( P a t t e r s o n  1965, K rebs  

1970), even though some are always preventedfrom  getting in. For example, breeding 
density o f C. alpina  in Southern Finland was affected by the numbers o f young produ- 
ced two years previously ( S o ik k e l i  1970), suggesting that the numbers of potential 
breeders influenced density. Therefore, if  territoria lity lim ited breeding density in 
Finland as it seemed to in this species in A laska (H o lm e s  1970), its effect on production 
may not be strongly density-dependent. The possibility the number available to breed 
affects breeding density is included in the model. This is done by expressing the num­
ber excluded by territoria lity  (Nb) in the same w ay that m ortality is defined in key-fac- 
tor analysis (V a r l e y  &  G r a d w e l l  1960), i. e.:

N b =  lo g10N - lo g 10B

where N  is the number o f potential breeders and B is the number allowed to breed. I f  a 
constant number o f birds breeds each year and Nb is plotted against log N, the slope (b) 
is 1. The slope o f the line is reduced if the numbers attempting to breed influences the 
numbers establishing territories (F ig  5). The numbers breeding and the proportion 
not breeding at d ifferen t population levels are shown in F ig  6 for several values o f b.

l og N

Fig. 5.
The way in which the numbers of birds prevented from breeding by territoriality is expressed in 

the model. Two theoretical examples, with different slopes (b), are shown.
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Fig. 6.
Numbers of birds breeding, and the proportion prevented from breeding, in relation to total popu­

lation size for different values of b.

This is a convenient w ay to quantify the effect o f territoria lity on breeding density 
and, therefore, the production o f young by the whole population. The higher the value 
for b, the stronger is the density-dependent restriction on breeding density. F ig  7 
compares the main characteristics o f two theoretical populations in which the slope o f 
Nb against lo g N  is either 0.4 or 1. In both cases, the production o f young per breeding 
pair varies randomly between 0.5 and 1.5 and a 25% density-independent m ortality 
acts on the combined numbers o f breeding and non-breeding adults and juveniles so- 
metime after the young have fledged. Both populations are regulated by territoria lity  
and eventually reach stable levels whether large or smaller numbers are present at the 
start, though this is only shown for one population. When b =  1, production is con- 
stant at 5 young because only 10 birds are able to breed. When b =  0.4, m ore birds 
breed but the population still stabilises, though at a higher and more variable level. 
Stable population size is o f course reached when the percentage m ortality o f the whole 
population is equivalent to the average number fledged, which is itself fixed  by the 
number o f pairs allowed to breed.

A lthough regulation by strong or weak territoria lity  may occur only during the bree­
ding season, the magnitude o f a density-independent m ortality (M ) operating at other 
times o f year has a considerable effect on the size o f the stable population. F ig  8 shows 
the stable population fo r different values o f M  and b: production per breeding pair (P) 
is 1.2 in a ll cases.

F ig  9 shows the number o f non-breeding adults to be expected w ith  various values of 
M  (b =  1). A  high proportion are non-breeders when m ortality is low. This may ap-
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G e n e r a t i o n a

Fig. 7.
Two theoretical populations regulated by territoriality but with different values of b. The popu­
lation with b = 1 starts at either a high or low point but reaches the same level. Only the stable po­
pulation is showninthe other case. •  = pro-breeding population; O = post-breedingpopulation.
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Fig. 8.
Stable population size in populations regulated by territoriality (b = 1 to 0.6) and subject to diffe­

rent density-independent annual mortalities.
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proxim ate the Situation in Haematopus spp where M  is less than 15 % and non-bree- 
ders make up a large part o f the population (e. g. 63 % in the population o f H. m oqu in i 
studied by S u m m e r s  &  C o o per  [1977]). The proportion o f non-breeders decreases, of 
course, as M  increases and quite low  numbers o f non-breeders are found when m orta­
lity  is at the typical rate for small waders o f 2 5 %. Therefore a population may be regu- 
lated entirely by territoria l behaviour, even though only a few  non-breeding adults are 
seen e. g. C. alpina  in the Arctic  (H o l m e s  1966).

M o r t a l i t y  

F ig . 9.

Th e  p ro p o r t io n  o f  n on -b reed ers  in  a t e r r ito r ia l p o p u la t io n  (b =  1) w ith  d if fe re n t  va lu es  o f  annu al

m o rta lity .

T h e  r o l e  o f  w i n t e r  m o r t a l i t y

F ig  10 explores the effect o f apportioning d ifferent amounts o f a density-indepen- 
dent annual m ortality between summer and winter. Summer m ortality (m) is set at 10 
or 20% and occurs after the young have fledged; perhaps most deaths are o f inexpe- 
rienced young birds either prior to or during m igration. W inter m ortality is between 0 
and 15 % o f the birds arriving in the w intering area, and the populations are regulated 
by territoria lity  on the breeding grounds (b =  1). Stable population size is reduced by 
64% (m =  10) or 47%  (m =  20) as w inter m ortality increases from  0 to 15 per cent.

Table 8 shows the size o f populations strongly regulated by territoria lity in the bree­
ding season (b =  0.6, 0.8 or 1) but also w eakly by density-dependent m ortality from  
food shortage in winter. Population size w ithout any w inter m ortality is also shown.
P is 1.2 and there is a 20 % density-independent m ortality between fledging and arrival 
on the w intering grounds. Again, the introduction o f a relatively small w in ter m orta­
lity  can have a large effect on stable population size, especially when b on the breeding 
grounds is smal 1.
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w in te r  m o r t a l i t y  

Fig. 10.
Stable population size in populations regulated by territoriality (b = 1) but with different den­

sity-independent summer (m) and winter mortalities.

Table 8. Stable population size under different amounts of summer and winter regu- 
lation.

Stable population size

Strength of territoriality No winter Winter regula- Mean winter
on the breeding grounds mortality tion (b =  0.1)* mortality %

0.6 42 23 9
0.8 30 20 7
1.0 24 18 6

* N. B. Winter mortality is expressed as k values (V a r l e y  &  G r a d w e l l  1960) where
k =  log Nio —  log10N+t 

and N and N+i are the population sizes before and after the mortality acts.
Mortality is density-independent if  k varies independently of log N  but is density- 
dependent when k increases as log N  increases. The slope of the line (b) defines the 
strength of a density-dependent factor (V a r l e y  et al 1973) and in this example it is 
very weak (b =  0.1).
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Conclusions
M ajor gaps exist in our knowledge o f the size and Variation in the m ortalities occur- 

ring in most stages o f the annual cycle o f w ading birds and o f the extent to which any of 
them is density-dependent. H ow ever it is clear that all the population processes, i. e. 
m ortality as w ell as natality, do not occur solely on the breeding grounds. Therefore, 
in order to understand the effect o f reduced habitat on numbers, we need to consider 
the role which mortalities outside the breeding season play in determ ining population 

size.
The main finding is the degree o f caution we should exercise in dismissing even small 

increases in w inter m ortality as unimportant. L ow  m ortalities in w inter can have dis- 
proportionately large effects on stable population size even if the strongest regulation 
occurs when the birds are on the breeding grounds, as the present very lim ited data 
suggest is likely. T ubbs ’ (1977) suggestion that a relaxation in shooting pressure has 
resulted in a considerable increase in wader numbers is consistent w ith  this point. S i- 
m ilarly, the introduction by loss o f habitat o f even a weak density-dependent m ortality 
factor in w inter could have a large e ffect on bird numbers. The population is still se- 
cure because it is mainly regulated on the breeding grounds, but people in Europe 
would see far few er birds.

Finally, more research is required, particularly on the role territoria lity  may play in 
determ ining breeding density and making production density-dependent. Only two 
species have been studied and most work has been done on island populations where 
the capacity for ränge extension and occupation o f sub-optimal habitats is lim ited. 
Studies on the size, annual Variation and density-dependence in m ortality rates expe- 
rienced at d ifferent times o f year and in d ifferent parts o f species’ ranges are also 
h ighly desirable. It is important that more precise estimates are obtained so that, by 
modelling, we are able to obtain a better understanding o f the effects o f increased mor­
ta lity  rates in winter.

Summary

There are many threats to the feeding areas of wading birds overwintering on British estuaries. 
This paper discusses the role of these areas in determining population size. The factors affecting 
the production of young in the summer and the subsequent mortality of post-fledglings at diffe­
rent times of year are reviewed. The possible role of winter mortality in determining population 
size is then explored with the aid of a simple population model.

Waders which are common on British estuaries in winter are territorial on the breeding 
grounds. Removal experiments with two contrasting species suggest that territoriality limits 
breeding density, at least locally. The numbers of chicks or fledged young produced per pair va- 
ries by a factor of two or three in different years. Although there is no evidence that production 
per pair is related to breeding density, the exclusion of potential breeders by territorial behaviour 
may cause overall production to be density-dependent.

Annual adult mortality varies between species and years and is highest in separate juveniles. It 
is not known whether mortality is density-dependent. Many waders die in very cold winters but 
present evidence suggests mortality in less severe years may only be slight. Birds are more likely 
to die in winter than in autumn and spring and this mortality may be related to food shortage. 
The removal of feeding areas by industrial development could increase winter mortality.

The limited data available suggest that winter food supplies do not influence subsequent bree­
ding success in H. ostralegus.
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These findings provided the assumptions in a simple population model whose properties were 
explored. Although the population may only be regulated by territoriality in the breeding sea­
son, the magnitude of density-independent mortality operating at other times of year has a consi- 
derable effect on population size. With a mortality on the breeding grounds of 10 or 20 %, an in­
crease in winter mortality from only 0 to 15 % decreases stable population size by 64 and 47 % re- 
spectively. The introduction of a weak density-dependent mortality by removal of winter fee­
ding areas would also have a large effect. It is concluded that we must be cautious before dismis- 
sing even small increases in winter mortalities as unimportant.
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