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I describe predator-induced injuries in a lake population of large-bodied Gu.stero.steus uculeatus from the Queen Charlotte 
Islands, British Columbia. Injuries, which included structural damage (fractured dorsal and pelvic spines) and skin lacerations 
(scars, abrasions, and punctures), were observed on 13.4 % of the population. Bill imprints ("aviscars") from avian pisci- 
vores, including Podiceps grisegenu and Gaviu immer, occurred on one-third of the injured fish. Mean aviscar width (4.2 mm) 
was low in winter and higher in midsummer correlating with seasonal differences in the presence of avian taxa. One-half of the 
injured fish had fractured spines without any associated skin damage; sources of these injuries could not be verified although 
they probably resulted from avian piscivores and resident salmonids. Rate of spine regeneration, determined on artifically 
marked fish, was 1.09 mm over 26 months. Age of injuries, assessed by condition and regrowth of spines, included recent 
attacks (ca. 1 month or less, 6.3%) and old attacks (1 -3 years, 40%). Thirty percent of skin injuries are undetectable after 
1 year. Injuries were absent on juvenile fish ( < 50 mm) but were common on adults, reaching an incidence of 32 % on sub- 
samples of the largest fish (> 82mm). These data are consistent with theoretical predictions of increased manipulation ineffi- 
ciencies among gape-limited predators and can account in part for the evolution of large body size in this population. 
Mark-recapture studies on 12 272 adult stickleback ( > 7 0  mm) showed that the probability of incumng a predator injury as 
an adult fish (0.09lyear) is largely a consequence of total length of time in the population; this finding amplifies size-dependent 
trends in injury frequencies. 
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On trouvera ici la description de blessures causkes par des pridateurs chez une population de lac de gros Gasterosteus acule- 
atus de l'archipel de la Reine Charlotte en Colombie-Britannique. La presence de blessures profondes (ipines dorsales ou pel- 
viennes fracturees) ou superficielles (cicatrices, iraflements, entailles) a it6 observke chez 13,4% de la population. Des 
marques de becs infligkes par des oiseaux piscivores, notamment Podiceps grisegena et Gavia immer, ont it6 retrouvies chez 
un tiers des poissons blessis. La variation de la largeur moyenne de ces marques (4,2 mm), faible en hiver et plus ilevie au 
milieu de I ' i t i ,  est associie aux diffdrences saisonnikres dans la structure des communautis d'oisseaux. La moitii des poissons 
blessis avaient des ipines cassies, mais pas de blessures superficielles; la cause de ces blessures n'a pu etre virifiie, mais il est 
probable qu'elles sont dues aux oiseaux piscivores et aux salmonidis risidants. Le taux de reginiraton des ipines, ditermini 
sur des poissons marquis artificiellement, a it6 ivalui i 1,l mm en 26 mois. L'$ge des blessures, diterminie par la condition 
et la reginiraton des ipines, reflkte des attaques ricentes (environs 1 mois ou moins, 6 ,3%) ou des attaques plus anciennes 
(1 -3 ans, 40%). Trente pourcent des blessures superficielles ne sont plus dicelables apres 1 an. Les blessures itaient absentes 
chez les jeunes poissons ( < 5 0  mm), mais communes chez les adultes, atteignant une friquence de 32% dans des sous- 
ichantillons des poissons les plus gros (> 82 mm). Ces donnies sont conformes aux predictions thioriques de I'inefficaciti 
accrue des manipulations chez les poissons i petite bouche et peuvent expliquer en partie I'ivolution vers une taille plus grande 
du corps chez cette population. Les donnies accumulies par marquage - recapture de 12 272 ipinoches adultes ( > 70 mm) ont 
demontrk que la probabiliti pour un poisson adulte (0,091an) d'etre bless6 par un pridateur est en grande partie une consi- 
quence de la durie de sa prisence dans la population; cela a pour effet d'accentuer la relation qui existe entre la taille et la fri- 
quence des blessures. 

[Traduit par la revue] 

Introduction 

The evolution of defenses in prey populations is dependent 
on foraging inefficiencies in the predators. Prey may either 
evade detection, escape during pursuit, or, if captured, escape 
during manipulation. Such interactions have been examined 
experimentally and there is a relatively comprehensive litera- 
ture on theoretical aspects of predator-prey interactions 
(Curio 1976; Zaret 1980). Yet we do not have a broad frame- 
work for assessing how frequently such foraging inefficiencies 
occur in natural populations. One measure of these inefficien- 
cies is the occurrence of predator-induced injuries such as beak 
marks in butterfly wings (Carpenter 1942; Robbins 1980), tail 
loss in lizards (Schoener 1979; Jaksic and Fuentes 1980), shell 
fractures in molluscs (Vermeij et al. 1981; Reimchen 1982; 
Vermeij 1982) and brachiopods (Alexander 198 l ) ,  and spine 
fractures in cladocerans (Murtaugh 198 1). Analyses of these 
traits for a relatively limited number of taxa have yielded eco- 
logical and evolutionary insight into adaptation and there 

remain major opportunities for exploiting these traits in a broad 
diversity of taxa (Vermeij 1982). 

Extensive investigations of life history and morphological 
variation in populations of Gasterosteus aculeutus (threespine 
stickleback) indicate that predators are major factors in the 
evolution of morphological diversity within the species (for 
review, see Wootton 1984). Large dorsal and pelvic spines 
offer protection during predator manipulation (Hoogland et al. 
1957); individuals surviving attacks should show evidence of 
injuries. Differences between populations in types or frequen- 
cies of injuries would potentially provide information on selec- 
tive agents and on the intensity of selection. Yet, despite a 
wide diversity of studies on Gasterosteus aculeatus, the char- 
acteristics and incidence of predator-induced injuries have not 
been described for any populations. The data presented here 
provide an initial effort in this direction. 

I examined stickleback from a lake population for which 
habitat and life history were known and for which a prelimin- 
ary study had shown predator-induced injuries (Reimchen and 
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Douglas 1980, 1984a; Reimchen 1983). 'The sticklebacks in 
this locality are heavily melanistic and are characterized by 
exceptionally large body size (70 -95 mm vs. the more typical 
35 -60 mm). My purposes here are (i) to describe the different 
classes of injuries and identify their sources, (ii) examine rela- 
tionships between frequency of injury and age of fish, and 
(iii) quantify frequencies of predator-induced injuries through 
time. In a later paper, I will explore evolutionary aspects of 
unsuccessful predation among different sex, spine, and lateral 
plate phenotypes. 

Study area and methods 

The investigation was carried out at Drizzle Lake, a small bog lake 
( 1  12 ha) on the Queen Charlotte Islands, British Columbia. The lake 
has a diversity of avian and salmonid predators on the stickleback, 
including loons (Gavia immer and Gavia stellutu), grebes (Podiceps 
grisegena, Podiceps auritus) , Belted Kingfisher (Ceryle ulcyon) , and 
cutthroat trout (Salmo clurki) (Reimchen and Douglas 1980, 1 9 8 4 ~ ) .  
General morphology of these stickleback and those from surrounding 
populations are described in Moodie and Reimchen ( 1976) and Reim- 
chen et al. (1985). 

Standard mesh minnow traps were set every 4 -8  weeks over a 
3-year period ( 15 times) in a three-dimensional grid of the lake (100 
sites). In each of the 15 surveys, traps were collected after 48 h and 
the fish were scored for standard body length (SL), length of first dor- 
sal spine, and positions of lateral plates. Each fish was visually 
inspected for damage to the first and second dorsal spines, to the left 
and right pelvic spines (fracture, bend, fork), and to the integument 
(puncture, abrasion, scar); those with injuries were preserved for later 
analyses. For convenience, I will refer to the former group as struc- 
tural injuries and to the latter as skin injuries. Most uninjured fish 
were released at the site of capture; a random subset from each trap 
was retained for morphological comparison with injured fish. Over 
the 15 surveys, 87 18 stickleback were examined. 

Preserved fish were measured for 18 morphological and meristic 
traits. In this paper I deal principally with body length. Terminology 
for lateral plates and pelvic girdle follows Reimchen (1983). Distance 
of the spine fracture from the base was measured along the length of 
the spine. These data were partitioned into three groups depending on 
the relative position of the spine fracture (base, middle, tip), with base 
fractures ocurring within the proximal 30% of the spine and tip frac- 
tures occurring on the distal 30%. Spine regeneration was often pres- 
ent at the position of the fracture (Fig. 1 B). I measured the length of 
spine regrowth (f 0.1 mnl) to obtain a general index of how recently 
the spine fracture occurred. In fish with bent spines, the angle of spine 
deflection from the normal axis was measured to the nearest 10". For 
analyses, I recognized three groups: major bend ( >45") ,  minor bend 
(20-45"). and forked spines. I excluded fish with bends less than 
20". While these may also have been injuries, they were indis- 
tinguishable from natural growth variation. For example, fish with 
unusually long dorsal or pelvic spines occasionally have a 10-20" 
left or right lateral deflection of the distal 1 -2 mm of the spine. This 
deflection reduces overlap of the spine tip with the more posterior 
spine or fin. 

General characteristics of integumentary damage on each fish were 
recorded, including trunk position and type of injuries (punctures, bill 
scars and bilateral conlpression of the trunk, irregular scratches, skin 
removal, and diffuse areas of depigmentation). For most analyses, 
fish were subjectively assigned to one of four categories dependent on 
the characteristics and extent of damage: (i)  no damage, (ii) minor 
injury including diffuse areas of depigmentation and scratches on less 
than 25% of the body surface, (iii) major injury including punctures, 
multiple curvilinear stratches, skin removal, and major diffuse depig- 
mentation ( > 25 % surface area), and (iv) bill imprints or "aviscars." 
These categories were not discrete but formed a continuum. On a sub- 
sample of fish with minor injuries (N=376), I further partitioned the 
data into abrasions, vertical scratches, horizontal scratches (<45") ,  

and crescent scars. Fish occasionally exhibit scratches over a small 
region near the insertion of either the dorsal or the anal fin. These are 
the consequences of recurring abrasion from the tips of the depressed 
dorsal or pelvic spines and such fish were categorized as non- 
damaged. 

Maximum widths of aviscars (distance between parallel scars at 
midpoint of the scar) were recorded to distinguish avian piscivores 
with different bill sizes. Video recordings were made (Sony Portable 
VTR with 1000-mn1 lens) of the foraging and prey manipulation 
behaviour of  Red-necked Grebe and Common Loon, the two domi- 
nant avian piscivores on the lake (Reimchen and Douglas 1 9 8 4 ~ ) .  On 
43 sequences in which the bill was held perpendicular to the axis of 
the television lens, I recorded the position of the fish (usually held 
crosswise in the bill) along the length of the bill. Mean relative dis- 
tance from the bill tip was calculated. Bill diameters along the bill 
were measured on skeletal material (P. grisegenu, five specimens, 
G. immer, three specimens, University of Alberta Museum of 
Zoology) to provide a general comparison with aviscars. Data on pre- 
dation efficiency and nlanipulation technique are not analyzed here 
and will be treated in a separate paper (T. E. Reimchen, unpublished 
data). 

I carried out a mark-release experiment of 12 272 adult fish to 
estimate the rate at which new injuries appeared in the population. 
Traps were set throughout the lake in March, April, and May, 1985, 
and all uninjured adult fish were marked (transverse clip at the mid- 
point of the second dorsal spine) and released at the site of capture. SL 
was recorded on a random subset of this sample. From 1985 to 1987, I 
resampled the population on 10 occasions and recorded the presence 
or absence of predator-induced injuries on all recaptured fish. Amo~lnt 
of spine regrowth at the apex of the clipped spine was measured (with 
ocular micrometer) on 39 fish recaptured in July 1987 to estimate the 
rate of spine regeneration. Artificial injuries (transverse spine clips) 
were easily distinguishable from predator-induced injuries by the 
smooth and perpendicular surface of the fracture in contrast to the 
angular and rough profile of natural fractures. 

Results 
Representative structural injuries are shown in Fig. 1. 

Broken spines, usually with transverse but occasionally with 
oblique fractures, were the most frequently observed injury, 
occurring in 9.9% of the fish. Although spines become pro- 
gressively narrow and weak distally, the number of fractures 
was greatest in the middle region of the spine rather than at the 
end. Injuries could be roughly aged (recent vs. old) based on 
the amount of repair and regrowth. Among the 759 fish with 
fractured spines, 48 (6.3%) were judged to have been injured 
recently because the distal spine fragments were still attached 
to the basal portion of the spines with damaged membranes. A 
total of 381 (50.2%) fish had slightly older injuries, as 
assessed by melanistic tissue overgrowing the distal edge of 
the fracture. Regrowth of the spines, indicating substantially 
older injuries, was observed on the remaining fish: 224 had up 
to 1 mm regrowth, 79 had 1-2 mm regrowth while 27 had 
2-4 mm of regrowth. Mean spine regrowth after 26 months 
on adult fish with artificially clipped spines was 1.09 mm 
(range 0.10-2.47 mrrr). 

Bent spines, which occurred on 2.6% of the fish, included 
major bends (0.65%), minor bends (1.40%), and forks 
(0.55%) (Figs. 1E- 1G). Spines on adult stickleback are rigid 
and cannot be bent with pressure (Reimchen 1983); therefore, 
bends result either from growth anomalies or from lateral 
forces applied to the less rigid spines of juvenile fish. Forks 
result from disn~ption to the normal growth of the spine during 
ontogeny. In some instances, the disruption is a fracture; two 
diagonal apices of regrowth on artificially clipped spines were 
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FIG. 1 .  Classes of structural injuries on stickleback. (A) Uninjured spine. (B) Base fracture with representative spine regeneration on fracture 
surface. (C) Intermediate fracture. (D) Tip fracture. (E) Major bend. (F) Minor bend. (G) Fork. (H) Ventral plate fracture of the pelvic girdle. (I) 
Ascending process fracture of the pelvic girdle. (J) Lateral plate fracture. Sample size (N)  shows total number of fish with each injury. A single 
fish (category J) with two broken plates is not shown. 

observed on some of the recaptured fish. Forks also may be 
developmental in origin; several fish had symmetrical forks on 
each spine with the same point of bifurcation, suggesting a 
growth anomaly rather than an injury. 

There were several additional structural injuries observed on 
the fish (Figs. 1H- 1J). The ventral plate of the pelvic girdle 
was transversely fractured in five tish (0.06%) and the ascend- 
ing process was fractured in one fish (0.01 %). In two individ- 
uals, some or all of the major lateral plates (positions 5, 6, 7) 
were horizontally fractured near their midpoint. 

Skin injuries occurred on 11.3% of the fish (Table 1). The 
most frequent (4.5%) and distinctive of these injuries were avi- 
scars, which are generally vertical in orientation (Fig. 2A) and 
symmetrical on both sides of the body. They varied in number 
from single to multiple overlapping sets per individual (Fig. 
2B), differed in size (Fig. 2C), and regularly occurred amid 
other diffuse abrasions or scratches on the trunk. These scars 
were the consequences of attacks from avian piscivores (Fig. 
2D). Contact between the bill and the trunk results in two 
widely spaced linear scars. Examination of museum specimens 
(Podiceps, Gavia, and Ceryle) showed that the edge of the bill 
that is the principal contact zone with the fish is ridged. Avi- 
scars occurred over most of the body but they were more diffi- 
cult to detect in the anterior region since this area is encased in 
body armour. Erect dorsal and pelvic spines restrict symme- 
trical contact of the bill with the body, producing atypical 
scratches and diffuse abrasions. Among the 391 fish with avi- 
scars, 78 (19.9%) also exhibited bilateral compression of the 
trurtk musculature directly beneath the scars. Extent of this 
compression was highly variable, from slight depressions of 
the body surface to major compression in which the body 
diameter was reduced by approximately half its original width. 

Width of aviscars varied from 2 to 8 mm (X = 4.2, N = 339) 
with a positively skewed distribution (Fig. 3). Examination of 
video tapes of foraging Red-necked Grebe indicated that the 

relative positions of stickleback in their bills ranged from 9 to 
50% (1 = 21.2%, N = 48) along the length of the bill 
measured from the tip. Bill diameters over these positions 
increased from 1.5 to 7.0 mm, respectively, with a mean width 
of 3.4 mm at the average fish position along the bill. Similar 
data could not be obtained for the Common Loon since the bill 
was generally held partially submerged during manipulation, 
obscuring the view of the exact fish position. I reexamined 
video tapes taken during a previous study on foraging in Red- 
throated Loon (Reimchen and Douglas 1984b) and determined 
the position of fish (Ammodytes and Clupea) along the length 
of the bill. This position ranged from 9 to 45 % ( 1  = 26.3 %, 
N = 18) indicating similar handling techniques to those 
observed in the grebe. Bill widths over these distances in 
Common Loon, assuming comparable prey handling to Red- 
throated Loon, ranges from 2 to 12 mm ( 1  = 5.8 mm). These 
values, therefore, are congruent with the mean and range of 
aviscar widths observed on the fish. 

Seasonal effects in mean aviscar width were present, with 
fish collected during winter months having narrower scars than 
those taken in midsummer (Fig. 4). Although width is highly 
variable within each season, mean differences appear to be real 
(F = 3.1, P<0.03,  ANOVA). 

Major damage to the skin occurred on 219 fish (2.5%). 
Within this group, small punctures in the integument, each 
generally less than 1 mm2, occurred on five fish and appeared 
to be the result of tooth penetration by cutthroat trout, the 
major tooth-bearing predator in the lake. Ripped skin (Fig. 5A), 
which may be an extension of multiple punctures or intense 
abrasion from bill contact, occurred on eight fish. The remain- 
ing tish had diffuse trunk abrasions (Fig. 5B), which probably 
result from frictional damage during bill manipulation by birds 
because comparable abrasions were also observed on fish with 
aviscars . 

Among fish with minor skin damage (4.3%), weak vertical 
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TABLE 1 .  Raw data matrix of interactions between structural injuries and integunien- 
tary abrasions (values in parentheses are row percentages to the right and column per- 

centages below) 

Spine condition 

No damage Bend Break Total 

Integument 
No abrasions 7243 (93.7) 

(93.2) 
Minor 172 (46.1) 

(2.2) 
Major 107 (48.0) 

( 1.4) 
Aviscar 253 (64.7) 

(3.3) 
Total 7775 (89.2) 

FIG. 2. Representative aviscars (A -C) from Gasterosteus at Drizzle Lake. Figure 2B shows multiple overlapping sets of scars on a single fish 
and Fig. 2C illustrates different sizes of scars on one fish. (D) Modal position of fish in bill of Podiceps grisegenu. 

scars occurred on 2.02 % , horizontal scars on 1.08%, abra- 
sions on 0.86 % , and crescent-shaped scars on 0.09 % . Some of 
these scars (Fig. 5C) probably resulted from superficial raking 
by trout teeth, while abrasions may have been caused by mani- 
pulation by birds. Not all of the injuries were predator induced. 
Crescent-shaped scars (Fig. 5D) in six fish closely resembled 
the gape of an adult stickleback; these injuries were pre- 
sumably incurred during courtship and territorial biting. Other 
reproductive activities such as nest construction (glueing) and 
nest entry, which involve contact with abrasive substrata, 

could contribute to the minor injuries in this group. The trap- 
ping and collecting process are also a possible source of injur- 
ies. For example, during occasional storms, midwater traps 
suspended with surface i'loats oscillated vertically with the 
passage of wave crests and fish in the traps were killed (N = 
272) from recurrent abrasion against the traps. However, fre- 
quencies of spine fractures and skin injuries of these fish were 
not significantly different from those in stationary traps ( x 2  = 
1.2, 1 df, ns). A regression of the incidence of storm-killed 
fish against frequency of fish with skin injuries (excluding avi- 
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scars) among the 15 surveys was not significant (F-ratio = 
1.6, P = 0.24, ANOVA). 

Nonrandom associations occur between structural injuries 
and skin injuries (xZ = 1558.3, P<0.001), which provide 
information on the injury-producing process (Table 1). Among 
the 1475 injured fish, 31 % had both structural and skin injur- 
ies, 34% had only structural injuries while 36% had only skin 
injuries. An additional category of attacked fish, lacking both 
structural and skin injuries, is probable, although its propor- 
tions cannot be reliably predicted with the current data. Fish 
with bent spines, which are equivocal in origin, had intermedi- 
ate frequencies of skin injuries when compared with fish that 
had no spine damage and those with broken spines. This result 
suggests that the injuries result from developmental anomalies 
in some cases and from predator activity in others. Minor skin 
injuries, also equivocal in origin, occurred on 2.2% of all fish 
without structural injuries, yet occurred on 22% of fish with 
fractured spines, indicating that the majority of minor skin 
abrasions were the consequence of predator manipulation. If 
such abrasions were primarily from agonistic encounters with 
conspecifics, nest construction, and abrasion with the sub- 
strate, frequencies of minor skin injuries should be indepen- 
dent of structural injuries. 

Some injuries will not be visible if there are effective repair 
processes that mask the injury over time. For structural injur- 
ies, such processes seems unlikely because spines that have 
fused and regrown are visually distinct from undamaged 
spines. However, skin injuries might be less evident after 
repair. To test this possibility, I compared the extent of skin 
damage on fish attacked recently with that of fish with progres- 
sively older attacks (judged by amount of spine regrowth). I 
assumed that spine and skin injury were incurred during the 
same attack. The data (Fig. 6) indicate that many skin injuries 
are as persistent as spine injuries over time. However, there is 
an approximately 30% loss of major injuries (including avi- 
scars) for each 1 mm spine regrowth (possibly 1 year) and a 
corresponding increase in the percentage of fish without detec- 
table skin injuries. This loss of major skin injuries could also 
reflect increased mortality from trauma as I observed that 
several of these fish had extensive edema in the region of the 
injury. 

Total incidence of injuries was 16.9% in the population. As 
a conservative classification, I include spine fractures, avi- 
scars, and major skin damage as predator induced, excluding 
forked spines, bent spines, and minor skin injuries. This defi- 
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FIG. 3. Width of aviscars found on Gasterosteus. Raw data 
measured to + 0.1 mm. Graph shows three-point moving average. 

JAN-MAR. APR.-JUNE JULY-SEPT. 0CT.-DEC. 

TIME PERIOD 

Fic. 4. Seasonal effects on mean aviscar width (+ 1 SE). Multiple 
means comparisons (Student - Newman - Keuls test) show signifi- 
cance (P < 0.05) only for differences between January -March and 
July -September. 

nition reduces the incidence to 13.4 % for predator-induced 
injuries. The proportion of attacked fish will be underestimated 
by this value since it does not include fish that escaped without 
injuries or fish with fully repaired (not detectable) injuries. 

Body size and frequency of injury are strongly correlated. 
Injuries were absent among juvenile fish ( < 5 0  mm), rare 
among subadult fish (50-70 mm), and common among 
adults, with frequencies increasing among progressively larger 
adult fish. In the largest length group (84 -95 mm), an average 
of 16 % (range 6 - 32 %) of the fish were injured. Partitioning 
the data between years indicated a similar pattern in 1981, 
1982, and 1983 (Fig. 7). 

Average injury frequencies fluctuated from a low of 6 %  to a 
high of 18 % over the study period (Fig. 8). Minimum values, 
which occurred in early summer, were followed by a doubling 
of the frequencies during late summer and early fall. These 
values remained elevated until late spring. Differences in mean 
body size among the 15 surveys accounted for some of the 
temporal fluctuations; for example, reduced injury frequencies 
coincided with smaller standard length in 1982 (Fig. 8). To 
estimate temporal patterns of injuries, independent of body 
size, I regressed injury frequency against body length for each 
of the 15 surveys and calculated the incidence for the average 
adult body size (x = 80 mm). However, seasonal trends in 
adjusted frequencies were similar to the unadjusted data. 

Stickleback marked and released as adults incurred predator 
irljuries during their subsequent 2 or 3 years of life. Linear 
regression of injury frequency of recaptured fish against time 
shows that the probability of incurring a predator-induced 
injury as an adult was 0.09lyear (Fig. 9). Rates were not con- 
stant, since in both 1986 and 1987 there was an approximate 
doubling of the incidence of injuries during the month of July. 
This increase coincided with the major seasonal incursion of 
foraging Common Loon onto the lake (Reimchen and Douglas 
1980). 

Discussion 
A general conclusion emerging from evolutionary studies of 

Gasterosteus aculeatus is that predation exerts a major effect 
on morphological differentiation among populations (Hagen 
and Gilbertson 1972; Moodie 1972; Moodie and Reimchen 
1976; Reimchen 1983; Bell 1984a; Wootton 1984). Results of 
the present study provide some of the first empirical evidence 
that substantial numbers of stickleback escape during predator 
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FIG. 5 .  Representative skin injuries on Drizzle Lake Gasterosteus. (A) Ripped skin. (B) General abrasion. (C) Curvilinear scratches. (D) Cres- 
cent scars. 

manipulation, recover from injuries, and retain a record of the 
attack. 

External spines provide diverse advantages to prey. They 
increase effective body size, which is known to prolong 
manipulation time for gape-limited predators (Werner 1974; 
Zaret 1980; Hoyle and Keast 1987); they pierce the mouthparts 
of the predator causing temporary release of the prey 
(Hoogland et al. 1957). The prevalence of spine fractures 
among survivors of predator attacks attests to the effectiveness 
of spines in these stickleback as a defense against predator 
manipulation. That many of the fish with fractures had no skin 
injuries suggests that another function of spines is to minimize 
injurious contact between the mouthparts of the predator and 
the body of the prey. This factor would be particularly impor- 
tant against a tooth-bearing predator from which skin punc- 
tures, with resultant infection or osmotic shock, could 
potentially reduce survivorship. 

Force exerted on Gasterosteus spines by a predator is trans- 
ferred initially to the central condyles of the basal plates,. from 
central regions of the plates to the lateral flanges, and from the 
flanges to the lateral plates (Reimchen 1983). Each of the com- 
ponents is theoretically capable of mechanical failure. How- 
ever, the vast majority of failures occurred on the spine rather 
than on the condyle, flange, and lateral plates; this pattern 
emphasizes the efficiency of these support structures in the 
redistribution of forces applied to the spines. 

Recognizing the source of injuries remains problematic in 
most studies, since the manipulation event is rarely observed. 
At least one-third of the injuries in the present study were the 
result of attacks by avian piscivores as evidenced by aviscars. 
These highly characteristic scars are regularly observed in 
other populations of Gasterosteus (T. E. Reimchen, personal 

observation) and in other taxa including Pimephales (Smith 
and Lemley 1986) and Oncorhynchus (R. Le Brasseur, per- 
sonal communication). Since manipulation failures of avian 
piscivores are generally greater than 25% (for review, see 
Vermeij 1982), populations subjected to these predators could 
be expected to exhibit aviscars. Prefledged Red-throated 
Loons have a 20% failure rate in manipulating relatively small 
prey and a 100% failure rate in manipulating large-bodied prey 
(Reimchen and Douglas 1984b). Approximately 20% of the 
stickleback escape from adult Red-necked Grebes (Reimchen 
1983), while subadult and inexperienced grebes have about 
80% manipulation failure (T. E. Reimchen, personal observa- 
tion). Width of the aviscar provides clues to species, although 
extensive variability in position of the fish in the bill constrains 
any simple association between aviscar width, bill width, and 
species. In the present study, Red-necked Grebes and Common 
Loons were the dominant avian species that foraged regularly 
on the lake, the former from September to May and the latter in 
mid-July (Reimchen and Douglas 1980, 1984a), a distribution 
which is consistent with the seasonal changes in mean aviscar 
width. 

An unresolved issue in this study is identification of the 
sources of those injuries not associated with aviscars (skin 
lacerations, spine fractures). Some of these injuries were likely 
from avian subjugation in which bill contact was asymmetrial 
and irregular, or in which there was only contact with the 
spines. Among all fish with aviscars, 72.1 % lacked fractured 
spines, indicating that fractures are not the usual consequence 
of an unsuccessful attack by avian piscivores. Therefore, some 
other predator is implicated. Piscivorous fish are major causes 
of mortality of stickleback (for review, see Wootton 1984) and 
large-bodied predatory fish (Esox, Perca, Salmo) have diffi- 
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FIG. 8. Incidence of predator-induced injuries over time. Square, 
frequencies adjusted to standard length of 80 mm; triangle, unadjus- 
ted frequencies; dotted line shows mean body length (SL) for each 
survey. 
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FIG. 6. Relationship between skin injuries and age of fracture as 
assessed by spine regrowth. 
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FIG. 7. Incidence of predator-induced injuries at different body 
lengths (SL) of fish. 
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FIG. 9. Rate of injury formation among recaptured adult stickle- 
back. Data points represent frequencies of predator-induced injuries 
among stickleback recaptured at increasing time intervals from release 
date (March -May 1985). The number of uninjured fish marked was 
12 272. The regression line was calculated for data points extending 
from date of first recapture (April 1985). 

culty in subjugating relatively large-bodied stickleback 
(Hoogland et al. 1957; Moodie et al. 1973). In the present 
study, Salmo clarki could be the principal source of spine 
injuries; it is a major predator in this population and is capable 
of producing the forces required for spine fracture (Reimchen 
1983). If it is also assumed that the minor and major curvi- 
linear scratches are the consequence of raking of vomerine 
teeth (e.g., Reist et al. 1987), this predator could account for 
up to 50% of total injuries. However, its actual contribution 
cannot be resolved without further information on manipula- 
tion techniques and efficiencies. 

Frequencies of predator-induced injuries represent a com- 
plex of interacting factors including predation rate, predator 
inefficiency, age structure of the prey population, and sur- 
vivorship of injured individuals (Edmunds 1974; Schoener 
1979; Schoener and Schoener 1980). Consequently, differ- 
ences in injury frequency between seasons, populations, or 
species may result from fundamentally different causes. The 
reduction and subsequent increase in injuries during summer 
months observed in the present study is multifactorial. 
Although adjusting mean frequencies to a standard body length 
did not substantially reduce these seasonal shifts relative to 
unadjusted values, I suspect that there is an age effect that is 
not reflected in these length measurements. During late spring 
there was a major increase in the numbers of prereproductive 
adults entering the traps (T. E. Reimchen, unpublished data). 
These individuals, which would not breed until the following 
year, could be distinguished frorn older adults of the same size 
in part by their retention of pigmentation patterns (counter- 

shading) characteristically found on subadult and juvenile fish. 
Since younger fish had very low incidences of injuries, this 
could produce the observed seasonal reduction in injury fre- 
quencies. The trend could also be accentuated since old fish 
(which have the highest injury frequencies) tended to be found 
close to shore (Reimchen and Nelson 1987) and as such were 
not equally represented in the full-lake collections. As well, 
old fish die after their final spring spawning season (Wootton 
1976), which would be expected to further reduce the propor- 
tion of injured fish during late spring. In contrast, the rapid 
increase in injury rate following this initial reduction was prob- 
ably largely due to increased predation rate resulting from the 
major incursion of foraging Common Loon onto the lake in 
July (Reimchen and Douglas 1980). 

One of the clear patterns to emerge in the present study was 
the absence of injuries among juvenile fish ( < 50 mm). This 
observation is puzzling because these size classes are subject to 
predation by small-bodied avian piscivores (Podiceps auritus) 
(Reimchen and Douglas 1984a) and by a broad size range of 
Salmo clarki (16 -42 cm) (T. E. Reimchen, unpublished data). 
Repair processes are probably rapid and efficient during early 
ontogeny and, consequently, if injuries were incurred, they 
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may not have been detectable, a characteristic recently 
described in coral reef fish (Foster 1985). Bent and forked 
spines on adult fish possibly represent these juvenile injuries. 
Alternatively, if the absence of injuries among juveniles is 
real, there is a threshold near 50 mm under which manipulation 
efficiencies are very high in the complex of predators at this 
locality. 

Among subadult and adult sticklebacks, injury frequency 
was strongly correlated with body size. Increased size is 
known to provide a refuge against predation since most preda- 
tors are limited by gape (Werner 1974; Zaret 1980). Thus, 
manipulation efficiency is high when prey are well within the 
gape capabilities but declines rapidly as maximum gape is 
approached (Hoyle and Keast 1987). Observations on foraging 
behaviour of Red-necked Grebe (see methods) show that adult 
stickleback from this locality clearly approach the gape limita- 
tions of the bird since fish are regularly rejected after pro- 
longed bouts of manipulation. While experimental observa- 
tions have not been carried out, it is highly plausible that the 
rise in injury rate on fish between 70 and 90 mm is a direct 
result of increasing manipulation inefficiency of predators. 

Yet injury frequencies among adults will show a similar 
increase, independent of body size, if the likelihood of preda- 
tor escape is constant over time (for example, Schoener and 
Schoener 1980). Recapture data, which are consistent with this 
process, showed that adult sticklebacks ( > 70 mm) had a 9 %  
chancelyear of incurring an injury. Since sticklebacks in this 
population reach maturity at ca. 24 months of age and can sur- 
vive for at least 2 - 3 years as adults, one would expect at least 
18% injury frequencies among the largest adults; this is close 
to the observed value (see Fig. 7). Therefore, the relationship 
between body size and injury frequency may be fundamentally 
a consequence of increased manipulation inefficiencies accen- 
tuated by the longevity of individuals in the population. 

Large body size ( > 80 mm) in Gasterosteus is exceptionally 
uncommon, being recorded only from six localities on the 
Queen Charlotte Islands (Moodie and Reimchen 1976; T . E. 
Reimchen, unpublished data) and at least one locality in 
Alaska (Bell 19846). In the detailed study of one of these 
populations (Mayer Lake, Queen Charlotte Islands), Moodie 
(1972) concluded that large body size was an adaptation to 
extensive vertebrate predation although the actual mechanism 
could not be identified. Numerous factors could be involved in 
selection for large body size including longevity, gravidity, and 
swimming speed. The present study shows that manipulation 
inefficiencies would contribute an additional and perhaps 
major component to the evolution of gigantism. 

In conclusion, the current data on classes of injuries and 
their size-dependent frequencies establish a framework for 
examining these traits in other populations. The prevalence of 
manipulation failures provides unique opportunities for analys- 
ing components of fitness among diverse phenotypes. Since 
different predators are suspected of producing opposing selec- 
tive pressures on the morphology of Gasterosteus (Reimchen 
1980, 1983), characterizing injuries produced by each predator 
is critical to further investigation of these phenomena. 

Acknowledgments 
I am grateful to Sheila Douglas for field assistance, to Jeff 

Westly for technical help, and to M.  A. Bell, S. D. Douglas, 
S. A. Foster, and J. S. Nelson for comments on the manu- 
script. Ths work was supported through Natural Sciences and 

Engineering Research Council of Canada grants to the author 
and to J .  S. Nelson, University of Alberta, with additional sup- 
port from the Ecological Reserves Unit, Lands Branch, 
Government of British Columbia. 

ALEXANDER, R .  R .  1981. Predation scars preserved in chesterian 
brachiopods: probable culprits and evolutionary consequences for 
the articulates. J. Paleontol. 55: 192 - 203. 

BELL, M. A. 1984c:. Evolutionary phenetics and genetics. The three- 
spine stickleback, Gastrosteus aculeutus, and related species. In 
Evolutionary genetics of fishes. Edited by B. J. Turner. Plenum 
Press, New York. pp. 43 1 -528. 

1984b. Gigantism in threespine sticklebacks: implications for 
causation of body size evolution. Copeia, 1985: 530 -534. 

CARPENTER, G. D. H. 1942. The relative frequency of beak-marks on 
butterflies of different edibility to birds. Proc. Zool. Soc. London 
A, 111: 223-231. 

CURIO, E. 1976. The ethology of predation. Springer-Verlag, Berlin. 
EDMUNDS, M. 1974. Significance of beak marks on butterfly wings. 

Oikos, 25: 117- 118. 
FOSTER, S. A. 1985. Wound healing: a possible role of cleaning sta- 

tions. Copeia, 1985: 875 - 880. 
HAGEN, D. W., and GILBERTSON, L. G. 1972. Geographical variation 

and environmental selection in Gasterosteus aculeatus L. in the 
Pacific Northwest, America. Evolution (Lawrence. Kans.), 26: 
32-51. 

HOOGLAND, R.  D., MORRIS, D., and TINBERGEN, N. 1957. The 
spines of sticklebacks (Gasterosteus and Pygosteus) as a means of 
defence against predators (Perca and Esox). Behaviour, 10: 
205 - 237. 

HOY LE, J. A., and KEAST, A. 1987. The effect of prey morphology 
and size on handling time in a piscivore, the largemouth bass 
(Micropterus salmoides). Can. J . Zool . 65: 1972 - 1977. 

JAKSIC, F. M., and FUENTES, E. R. 1980. Correlates of tail losses in 
twelve species of Liolaemus lizards. J. Herpetol. 14: 137 - 141. 

MOOD~E, G. E. E. 1972. Predation, natural selection and adaptation 
in an unusual threespine stickleback. Heredity, 28: 155 - 167. 

MOOD~E, G. E. E., and REIMCHEN, T. E. 1976. Phenetic variation 
and habitat differences in Gasterosteus populations of the Queen 
Charlotte Islands. Syst. Zool. 25: 49-61. 

MOODIE, G. E. E., MCPHAIL, J .  D., and HAGEN, D. W. 1973. 
Experimental demonstration of selective predation in Gasterosteus 
acu1eatu.s. Behaviour, 47: 95 - 105. 

MURTAUGH, P. A. 198 1. Infemng properties of mysid predation from 
injuries to Daphnia. Limnol. Oceanogr. 26: 8 1 1 -82 1. 

REIMCHEN, T. E. 1980. Spine deficiency and polymorphism in a 
population of Gasterosteus aculeatus; an adaptation to predators? 
Can. J. Zool. 58: 1232-1244. 

1982. Shell size divergence in Littorina mariae and L. obtu- 
sata and predation by crabs. Can. J. Zool. 60: 687 -695. 

1983. Structural relationships between spines and lateral 
plates in threespine stickleback (Gasterosteus aculeatus). Evolu- 
tion (Lawrence, Kans.), 37: 93 1 -946. 

REIMCHEN, T. E., and DOUGLAS, S. D. 1980. Observations of loons 
(Gavia immer and G. stellata) at a bog lake on the Queen Charlotte 
Islands. Can. Field-Nat. 94: 398-404. 

1984a. Seasonal and diurnal abundance of aquatic birds on 
the Drizzle Lake Reserve, Queen Charlotte Islands, British Colum- 
bia. Can. Field-Nat. 98: 22-28. 

1984b. Feeding schedule and daily food consumption in Red- 
throated Loons (Gavia stellata) over the prefledging period. Auk, 
101: 593-599. 

REIMCHEN, T. E., and NELSON, J. S. 1987. Habitat and morphologi- 
cal correlates to vertebral number as shown in a teleost, Gasteros- 
teus aculeatus. Copeia, 1987: 868 - 874. 

REIMCHEN, T. E., STINSON, E. M., and NELSON, J. S. 1985. Multi- 
variate differentiation on parapatric and allopatric populations of 
threespine stickleback in the Sangan River watershed, Queen 
Charlotte Islands. Can. J. Zool. 63: 2944 -295 1. 



2044 CAN. J .  ZOOL. VOL. 66. 1988 

REIST, J .  D., BODALY, R. A., FUDGE, R. J .  P., CASH, K. J . ,  and 
STEVENS, T. V. 1987. External scarring of whitefish, Coregonus 
nusus and C. clupeuformis complex, from the western Northwest 
Territories, Canada. Can. J .  Zool. 65: 1230- 1239. 

ROBBINS, R. K. 1980. The lycaenid "false head" hypothesis: preda- 
tion and wing pattern of lycaenid butterflies. Am. Nat. 118: 
779 - 785. 

SCHOENER, T. W. 1979. Inferring the properties of predation and 
other injury-producing agents from injury frequencies. Ecology, 
60: 1 1  10- 1 1  15. 

SCHOENER, T. W., and SCHOENER, A. 1980. Ecological and demo- 
graphic correlates of injury rates in some Bahamian Anolis lizards. 
Copeia, 1980: 839 - 850. 

SMITH,  R. J .  F., and LEMLEY, A. D. 1986. Survival of fathead min- 
nows after injury by predators and its possible role in the evolution 

of alarm signals. Environ. Biol. Fishes, 15: 147 - 149. 
VERMEIJ, G .  J .  1982. Unsuccessful predation and evolution. Am. 

Nat. 120: 701 -720. 
VERMEIJ, G .  J . ,  SCHINDEL, D. E . ,  and ZIPSER, E. 1981. Predation 

through geological time: evidence from gastropod shell repair. 
Science (Washington, D.C.),  214: 1024 - 1026. 

WERNER,  E. E. 1974. The fish size, prey size and handling time rela- 
tion in several sunfishes and some implications. J .  Fish Res. Board 
Can. 31: 1531 - 1536. 

Woo-r . ro~,  R. J .  1976. The biology of the sticklebacks. Academic 
Press, London. 

1984. A functional biology of stickleback. University of 
California Press, Berkeley. 

ZARET, T. M. 1980. Predation in freshwater communities. Yale Uni- 
versity Press, New Haven, CT. 


