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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. 
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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 










