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We measured relative gut length and mass and calculated Zihler’s index (relating gut length to body mass) for four species of prickleback fishes and determined the effects of ontogeny, diet, and phylogeny on these gut dimensions. Of the four species, Cebidichthys violaceus and Xiphister mucosus shift to herbivory with growth (>45 mm SL), whereas X. atropurpureus and Anoplarchus purpurescens remain carnivores. A. purpurescens belongs to a carnivorous clade, and the three other species belong to an adjacent, herbivorous clade. 

Gut dimensions were compared in three categories of the four species: (1) small, wild-caught juveniles representing the natural diet condition of the two carnivores and the two species that have shifted to herbivory; (2) larger, wild-caught juveniles representing the natural diet condition of the two carnivores and the two species that have shifted to herbivory; and (3) laboratory-raised juveniles produced by feeding a high-protein animal diet to small juveniles until they had reached the size of the larger, wild-caught juveniles. Comparisons of gut dimensions in categories (1) vs. (2) tested for an ontogenetic effect, in (2) vs. (3) for a dietary effect, and within each of the categories (1), (2), and (3) for a phylogenetic effect. 

All three members of the herbivorous clade, C. violaceus, X. atropurpureus, and X. mucosus, significantly increased gut dimensions with increase in body size (Table 1). In contrast, A. purpurescens, the sole representative of the carnivorous clade, showed only one significant change, a decrease in ZI, with increase in body size (Table 1). These results demonstrate a strong, clade-specific ontogenetic effect suggesting that members of each clade are genetically programmed to develop relatively large guts if in the herbivorous clade and smaller guts if in the carnivorous clade. The strength of the phylogenetic signal is indicated further in that the sister taxa, X. atropurpureus and X. mucosus, responded similarly despite their different natural diets.

Table 1. Within-species comparisons for relative gut length (RGL), Zihler’s index (ZI), and relative gut mass (RGM) from the ontogenetic (w30-40 vs. W60-75) and dietary (W60-75 vs. L60-75) perspectives in the four species of prickleback fishes. Values (means ± SEM, n = 20) were compared with a two-tailed t test with family error rate of P ≤ 0.05. DF = 18 for all comparisons. S = significant, NS = non-significant. Positive sign (+) indicates an increase in the gut dimension, negative (-) indicates a decrease. See Table 2 for the RGL, ZI, and RGM values.

Species
RGL
ZI
RGM

Ontogenetic effect (w30-40 vs. W60-75)

C. violaceus
S (+)
S (+)
S (+)

X. mucosus
S (+)
S (+)
NS

X. atropurpureus
S (+)
S (+)
S (+)

A. purpurescens
NS
S (-)
NS






Dietary effect  (W60-75 vs. L60-75)

C. violaceus
S (-)
S (-)
S (-)

X. mucosus
NS
S (+)
NS

X. atropurpureus
S (-)
S (-)
S (-)

A. purpurescens
S (+)
S (+)
NS

The two clades differed in the majority of gut size measures and, in each case, the members of the herbivorous clade contained significantly larger guts than did A. purpurescens in the carnivorous clade (Table 2). None of the differences was seen in the small wild (w30-40) category. These results provide evidence for a strong phylogenetic effect, with members of the herbivorous clade increasing in gut size with ontogeny more than A. purpurescens, which showed a slight decrease in gut size with increase in body size. Nevertheless, marked divergence also was detected in that the herbivorous X. mucosus had a larger gut in most instances than the carnivorous X. atropurpureus. 

Overall, despite mixed dietary effects suggesting some degree of phenotypic plasticity, our study showed a clear, clade-specific ontogenetic effect and a phylogenetic effect supporting the hypothesis that X. atropurpureus evolved in an herbivorous clade despite its carnivorous diet.
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Table 2. Among-species comparisons of body mass (BM), relative gut length (RGL), Zihler’s index (ZI), and relative gut mass (RGM) in each of the three feeding categories (w30-40, W60-75, and L60-75, ) in the four species of prickleback fishes. Standard lengths (SL) are provided for reference and were not analyzed. Values (mean ± SEM, n = 20) within each category were compared with one-way ANOVA and Tukey’s pairwise comparison test with a family error rate of P = 0.05. P < 0.001 in all cases. Values that share the same letter (in each column) are not significantly different.

Species
SL
BM
RGL
ZI
RGM

Small wild-caught (w30-40)

C. violaceus
37.90 ± 0.35 
0.321 ± 0.010 c
0.77 ± 0.01 b
4.27 ± 0.06 c
0.056 ± 0.005 b

X. mucosus
34.90 ± 0.47 
0.169 ± 0.009 a
0.59 ± 0.01 a
3.75 ± 0.10 b
0.062 ± 0.003 c

X. atropurpureus
38.60 ± 0.35 
0.266 ± 0.007 b
0.55 ± 0.01 a
3.33 ± 0.04 a
0.043 ± 0.004 a

A. purpurescens
37.60 ± 0.41 
0.323 ± 0.011 c
0.57 ± 0.01 a
3.11 ± 0.05 a
0.035 ± 0.002 a



F3, 76 = 59.57
F3, 76 = 61.47
F3, 76 = 56.49
F3, 76 = 18.50

Large wild-caught (W60-75)

C. violaceus
69.93 ± 0.75 
1.982 ± 0.064 c
0.98 ± 0.02 c
5.46 ± 0.10 c
0.065 ± 0.003 c

X. mucosus
69.73 ± 0.61 
1.308 ± 0.034 a
0.73 ± 0.01 b
4.63 ± 0.09 b
0.064 ± 0.003 c

X. atropurpureus
71.78 ± 0.86 
1.337 ± 0.052 a
0.71 ± 0.01 b
4.66 ± 0.05 b
0.050 ± 0.002 b

A. purpurescens
66.30 ± 1.07 
1.690 ± 0.087 b
0.53 ± 0.01 a
2.95 ± 0.05 a
0.037 ± 0.002 a



F3, 76 = 26.43
F3, 76 = 168.65
F3, 76 = 191.26
F3, 76 = 36.77

Large laboratory-fed (L60-75)

C. violaceus
68.70  0.41 
2.016  0.050 b
0.95   0.01 c
5.16  0.05 d
0.054  0.004 c

X. mucosus
67.25  0.48 
1.401  0.030 a
0.77   0.02 b
4.89  0.09 c
0.066  0.002 d

X. atropurpureus
70.23  0.41 
1.137  0.027 a
0.60   0.01 a
4.04  0.05 b
0.043  0.002 b

A. purpurescens
60.50  0.82 
1.388  0.141 a
0.58   0.02 a
3.20  0.08 a
0.039  0.003 a



F3, 76 = 23.16
F3, 76 = 122.94
F3, 76 = 159.86
F3, 76 = 42.58
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