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Abstract
Threespine stickleback (Gasterosteus aculeatus Linnaeus, 1758) exhibit a well-documented reduction
in plate number associated with adaptation to freshwater environments. We tested the hypothesis that
changes in plate number are accompanied by changes in plate bone mineral density and plate shape,
reflecting the presence of a complex plate “armour” phenotype and a complex adaptive response to
different selective pressures in changing habitats. We used traditional and novel morphometric tech-
niques to characterize armour traits from stickleback occupying three marine habitats and one tidally
influenced freshwater stream in southwestern British Columbia. Stickleback inhabiting marine envi-
ronments share a conserved plate phenotype that includes a full complement of highly mineralized
plates that exhibit a characteristic density profile along the plate. Stickleback inhabiting tidally influ-
enced fresh water display an average reduction in plate number along with increased variation in
number and reduced total mineralization despite maintenance of a marine-like density profile.
Further, we found that although mineralization and armour shape are correlated with size, after
accounting for size variation in both traits remains attributable to habitat. Our results hint at an
important role for development in structuring phenotypic variation during the process of adaptive
change in stickleback.

Key words: threespine stickleback, plates, plate count, bone mineral density, phenotypic variation,
geometric morphometrics

Introduction
Although the incorporation of genetic theory and genomic approaches have resulted in substantial
gains toward understanding the processes that produce phenotypic variation in nature, it is clear that
considerable work remains to be done to understand the nature and complexity of the links between
genotype, phenotype, and environmental context that ultimately produce the phenotypes upon which
selection can act (Travisano and Shaw 2013). Within this framework, quantitative studies of pheno-
typic variation and the detailed characterization of phenotypic complexity remain key to uncovering
the developmental and environmental contexts that organisms experience (Mallarino et al. 2011;
Jamniczky et al. 2015a, 2015b; Higham et al. 2016).
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The threespine stickleback (Gasterosteus aculeatus Linnaeus, 1758) is an important model for the
study of rapid adaptive change and evolution in response to habitat variation. A distinctive feature
of this fish is the presence of elaborate bony structural elements, including spines and lateral plates,
which act as parts of a functional armour complex thought to be primarily for resisting predation
(Reimchen 1983; but see Kynard (1979) and Huntingford (1981) for discussion of the relationship
between plate number and aggression in males). Threespine stickleback are known to exhibit parallel
changes in plate phenotype, as since the last major glaciation they have repeatedly moved from a
marine environment to colonize freshwater lakes and streams (Bell and Foster (1994)). This pheno-
typic variation has largely been characterized by a reduction in plate number. Adult marine stickle-
back normally exhibit between 30 and 36 bony lateral plates, whereas freshwater forms show a
range of variation, with those populations that are well established in freshwater habitats exhibiting
between zero and nine bony lateral plates (Hagen and Gilbertson 1972; Bell and Foster 1994). Plates
tend to be lost from the back and the middle of the fish, whereas anterior plates are largely retained
to support the spines (Reimchen 1983).

Allelic variation at the eda locus in threespine stickleback produces variation in both plate number and
size (Colosimo et al. 2004; Cresko et al. 2004; Colosimo et al. 2005), and plate number has been shown
to be highly heritable (Hagen and Gilbertson 1973; Hermida et al. 2002; Aguirre et al. 2004). However,
approximately 30% of variation in plate number is not explained by variation in eda (Colosimo et al.
2004), and recent work has shown that a reduction in plate number results from selection on both
the plates themselves and on other correlated traits controlled, in part, by eda (Rennison et al. 2015).

Plate loss has been extensively studied, and several different hypotheses regarding the putative
driver(s) behind repeated loss of plates during invasion of fresh water have been proposed, including
changes in calcium availability and the cost of mineralization (Giles 1983; Marchinko and Schluter
2007; Smith et al. 2014), salinity (Hansson et al. 2016), gradient (Baumgartner and Bell 1984), maneu-
verability (Taylor and McPhail 1986; Bergstrom 2002), buoyancy (Myhre and Klepaker 2009), and
predation pressure (Hagen and Gilbertson 1972; Reimchen 2000; Kitano et al. 2008). The relative
importance of these factors in producing a selective environment that favours plate reduction is still
largely unknown, but it has been shown that complete morphs (sensu Hagen and Gilbertson 1972)
exhibit reduced fitness in freshwater environments, and that there may, in fact, be multiple ways to
achieve the selective advantage of low-platedness in the face of competing environmental challenges
(Barrett et al. 2008; Leinonen et al. 2012). Further, it has been shown that divergent selection acting
with gene flow can maintain plate morph polymorphism despite directional selection acting on genes
known to influence plate phenotype (Raeymaekers et al. 2014).

Other phenotypic characteristics of plates such as plate composition and size, as well as the relation-
ship between plate phenotype and other aspects of stickleback morphology, remain less well studied
and are likely to harbor evolutionarily important variation relevant at the level of both species and
population. Stickleback plates are composed of acellular dermal bone (Sire et al. 2009) and lend them-
selves well to highly detailed imaging studies. Detailed descriptions of plate microstructure produced
using scanning electron microscopy (Lees et al. 2012) indicate the presence of species-specific varia-
tion. Previous work using micro-computed tomography has focused on plate structure within a single
anadromous population (Song et al. 2010), and on comparisons among stickleback occupying differ-
ent habitats (Wiig et al. 2016). Substantial variation exists in multiple parameters that is correlated
with, but not entirely explained by, salinity, and although both of these studies examined mineraliza-
tion, they used only single-point measurements to characterize this aspect of plate phenotype. Plate
size has also been shown to vary among different populations (Miller and Hubbs 1969; Colosimo
et al. 2004), and plate number has also been linked to a range of other phenotypic characteristics
including body shape, fin shape, and gill raker number (Gross 1977; Wootton 1984).
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It has long been assumed that marine stickleback form a single, panmictic population across large geo-
graphical areas (Withler and McPhail 1985; Taylor and McPhail 1999; Hohenlohe et al. 2010). Yet, evi-
dence of adaptive divergence and population sub-structure within the marine environment has
recently emerged (DeFaveri and Merilä 2013; DeFaveri et al. 2013). Such structure is partially reflected
in the presence of previously underappreciated marine population-level phenotypic variation in com-
plex traits including cranial and postcranial features (DeFaveri and Merilä 2013; Jamniczky et al.
2015a, 2015b; M.R.J. Morris, personal communication, 2017). The assumption that marine stickle-
backs form a single homogenous population extends to plate phenotypes, where marine fishes have
been found to be consistently completely plated (Bell and Foster 1994), albeit with varying standing
genetic variation for eda, whereas other phenotypic characteristics of plates have not been extensively
considered. The nature of the genetic and environmental mechanisms that underlie the maintenance
of phenotypic variation in sticklebacks in the marine environment remains poorly understood, and
we propose that this may be, in part, due to the inability of relatively superficial trait descriptions (such
as plate counts) to adequately describe features of organisms that selection actually sees.

Based on new evidence of diversity in marine populations, we used both traditional histological tools
and novel imaging and analysis techniques to more completely characterize threespine stickleback
plate phenotype and armour morphology to test the hypotheses that (1) plates are a complex trait
with multiple variable phenotypes and (2) that the influence of water type will be apparent in these
plate phenotypes. We predicted that plate phenotype will vary within marine habitats as well as in
comparison with a population inhabiting a tidally influenced freshwater stream within the same
watershed, and that changes to plate phenotype that are correlated with exposure to fresh water will
include a reduction in number, decreases in bone mineral density, and changes in shape reflecting
the reduction of the extent of the armour complex due to the reduced availability of minerals essential
to bone formation in this habitat.

Materials and methods

Specimen collection
Adult fish (standard length ≥40 mm) representing four different habitats from the Pender Harbour
region, located on the Sunshine Coast of British Columbia, were used in this study. These habitats
include the marine Hospital Bay Lagoon (HBL; 49°37′53.4″N, 124°1′48.0″W; n = 24), Bargain
Bay Narrows (BBN; 49°36′59.9″N, 124°1′50.3″W; n = 25), Bargain Bay Lagoon (BBL; 49°36′48.6″N,
124°1′46.9″W; n = 25), and the tidally influenced Lily Creek (LYC; 49°37′13.4″N, 124°1′43.2″W; n = 27).
A total of 101 specimens were collected in the spring of 2014 using minnow traps, and were euthanized
using an overdose of Eugenol (>400 mg/L; Grush et al. 2004; Sigma-Aldrich). All collection and eutha-
nasia procedures were in accordance with the Canadian Council for Animal Care and the British
Columbia Ministry of Forests, Lands, and Natural Resources Operations (University of Calgary
Animal Care Permit AC13-0040; BC Fish Collection Permit SU14-92793). Specimens were immediately
fixed in 10% neutral buffered formalin for 24 h, and then placed in 70% ethanol for long term storage.

Plate counts and morphology
All fish were scanned as described below, and subsequently stained with Alizarin Red S (Sigma-Aldrich,
Oakville, Ontario) as described by Bell (1979). Lateral plates were then counted on both sides using an
Olympus (Olympus Canada, Inc., Richmond Hill, Ontario) dissecting microscope. Fish were assigned
to “low” (<10 plates per side), “partial” (10–30 plates per side), or “complete” (>30 plates per side) plate
phenotypes, following extensive previous work (e.g., Hagen and Gilbertson 1972; Ziuganov 1983).
Plates were counted for both sides twice, and averaged to assign fish to plate phenotypes. Standard
length (tip of lower jaw to posterior end of hypural bone) was also measured for each specimen.
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Three-dimensional (3D) imaging and bone mineral
density measurement
Fish were imaged using a Scanco μCT35 instrument (Scanco Medical AG, Brütisellen, Switzerland),
using a standardized multiple-scanning protocol at a resolution of 20.00 μm (70 kV, 114 μA,
20.5 mm field of view and a 200 ms integration time). Raw data were thresholded and reconstructed
into slice stacks for further analysis using identical parameters for every specimen.

Bone mineral density (BMD) was estimated by estimating hydroxyapatite content (mg HA/cm3) via
threshold values obtained from μCT and related to the mineral equivalent using a calibration phan-
tom (calibration was repeated weekly; Bouxsein et al. 2010). BMD was obtained in a grid pattern on
the first complete lateral plate (plate five, numbered from the cranial end). This plate was sampled
through the anterior margin toward the posterior, taking nine measurements across the plate at seven
intervals from dorsal to ventral (Fig. 1). These measurements were repeated three times for each fish,
and then a mean value for BMD was calculated for each plate interval for each fish by averaging across
slices and repeated measurements. Habitat means for intervals and for whole plates were calculated
from these data. BMD data were obtained using IPL software (Scanco Medical AG, Brütisellen,
Switzerland).

Statistical analysis of bone mineral density
Analysis of covariance (ANCOVA) was used to test for the presence of significant differences in mean
BMD among all four habitats, with fish size (represented by the natural log of standard length) as a
covariate. Significant differences in BMD were identified using Tukey post hoc testing, and a
Bonferroni adjustment for multiple comparisons was applied where appropriate. Multiple analysis
of covariance (MANCOVA) was used to identify differences within each plate interval, again with fish
size (represented by the natural log of standard length) as a covariate, and followed by ANCOVA
within each interval to identify differences among habitats. Finally, analysis of variance (ANOVA)

(a ) (b )

Fig. 1. Bone mineral density measurement strategy. (a) shows a right lateral view of a Gasterosteus aculeatus
specimen with the plate of interest outlined. The plate was sampled through the anterior margin toward the pos-
terior, taking nine measurements across the plate at seven intervals from dorsal to ventral, as shown in (b). This
specimen is a member of the Bargain Bay Lagoon population.
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was used to test for the presence of significant differences in mean BMD among plate intervals.
All statistical analyses of bone mineral density were conducted using R version 3.4.2 (R Core Team 2017).

Geometric morphometric analysis of armour shape and size
Isosurfaces were created using Amira version 5.4 (FEI Imaging, Thermo Fisher Scientific, Waltham,
Massachusetts) from the reconstructed μCT data. Twenty bilateral landmarks were collected in
Amira from each individual to represent the shape of the armour apparatus in 3D coordinate space
(Fig. 2, Table 1). Landmarks were Procrustes-transformed to remove variance related to translation,
rotation, and scale (Dryden and Mardia 1998). Procrustes ANOVA was used to test for the presence
of significant effects of size and habitat on armour shape, with effect sizes for these analyses reported
as Z-scores (Collyer et al. 2015). All significance testing was conducted using 1000-round permuta-
tion tests. All morphometric analyses were conducted using R version 3.4.2 (R Core Team 2017)
and the geomorph package version 3.05 (Adams and Otárola-Castillo 2013).

Results

Plate counts and morphology
All individuals from the marine BBL, BBN, and HBL habitats were completely plated, with the excep-
tion of one individual from BBL, whereas the LYC habitat contained all three plate phenotypes
(Fig. 3). The “partial” individual from the BBL locality was found to have 32 plates on the right side,
but only 27 on the left, giving an average of 29.5 plates. Other fish with left–right variation varied by
only one or two plates. Only three individuals in the LYC habitat were found to be completely plated.

(a )

(b )

Fig. 2. Landmarks collected for this study. A total of 20 bilateral landmarks were collected from each specimen.
(a) left lateral view; (b) ventral view. Some landmarks are visible in both orientations. This specimen is a member
of the Bargain Bay Lagoon population.
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Bone mineral density
Fish from two of the three marine habitats were found to have significantly greater mean plate BMD
than fish from the LYC habitat (BBL-LYC and BBN-LYC p < 0.01), and fish from the three marine
habitats did not vary significantly in mean plate BMD among themselves (p > 0.05 for all compari-
sons). Although size was a significant source of variance, there was no interaction between size and
BMD across the plate and therefore an interaction term was not included in the final model
(Tables 2 and 3).

BMD varied across the plate, with the densest region located in the middle of the plate, represented by
interval 4, which was significantly denser than both the superior and inferior regions of the plate
(Fig. 4). BMD was relatively reduced following a similar pattern on either side of interval 4 in all four
habitats, such that intervals 1 and 7, 2 and 6, and 3 and 5 were similar to each other and density
tapered toward the superior and inferior aspects of the plate.

MANCOVA indicated significant differences in all seven intervals between the grouped marine and
freshwater habitats (p < 0.05; Table 4). Detailed hypothesis testing using ANCOVA for each plate
interval revealed significant differences among LYC fish and those from at least one marine habitat
for all but the first and fourth intervals, and significantly lower BMD than all fish from all three
marine habitats in the third interval (p< 0.05). Once again, although size was a significant source of

Table 1. Geometric morphometric landmarks collected for this study.

Landmark No. Landmark name

1 Anterior tip of ectocoracoid

2 Posterior tip of ectocoracoid

3 Anterior tip of pelvic plate

4 Anterior midline of pelvic plate at suture

5 Minimum of pelvic plate at trochlear joint

6 Maximum of pelvic process

7 Posterior tip of pelvic process

8 Anterior minimum of ascending branch of pelvic girdle

9 Anterodorsal maximum of ascending branch of pelvic girdle

10 Posterodorsal maximum of ascending branch of pelvic girdle

11 Posteroventral maximum of ascending branch of pelvic girdle at trochlear joint

12 Dorsal-most tip of pelvic spine

13 Ventral-most tip of pelvic spine

14 Posterior tip of pelvic spine

15 Midline of plate 4 at lateral pore

16 Ventral tip of plate 4

17 Midline of plate 5 at lateral pore

18 Ventral tip of plate 5

19 Midline of plate 6 at lateral pore

20 Midline of plate 7 at lateral pore
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variance, there was no interaction between size and BMD within plate intervals, and therefore inter-
action terms were not included in these models.

Armour shape and size
Procrustes ANOVA revealed that size (as represented by standard length) had a significant effect on
armour shape, and that in the case of armour shape there was an interaction between size and habitat.
We, therefore, included an interaction term in the final model for armour shape, and found a signifi-
cant effect of habitat on armour shape after controlling for size (Table 5). Principal component analy-
sis of an “allometry-free” data set consisting of regression residuals added back to the mean landmark
configuration for each group revealed that shape differences between armour configurations differen-
tiate fish from the LYC habitat from fish captured in the marine habitats (Fig. 5). Fish from the LYC

10 20 30

Mean Plates

N
um

be
r 

of
 In

di
vi
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al

s

0

20

40

60

BBL
BBN
HBL
LYC

Fig. 3. Plate counts for Gasterosteus aculeatus from four localities in Madeira Park, British Columbia. Plates were
counted under a dissecting microscope, following Alizarin red staining. Reported counts represent an average of left
and right sides. BBL, Bargain Bay Lagoon; BBN, Bargain Bay Narrows; HBL, Hospital Bay Lagoon; LYC, Lily Creek.

Table 2. Comparison of mean bone mineral density among habitats for the entire plate using analysis of
covariance (ANCOVA).

Df SS MS F p

SL 1 228786 228786 112.788 2e-16

BMD 3 53440 17813 8.872 3.34e-5

Residuals 96 194731 2028 — —

Note: BMD, bone mineral density; Df, degrees of freedom; F, F-value; MS, mean square; p, p-value;
SL, natural log of standard length; SS, sum of squares.
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Fig. 4. Mean bone mineral density across seven plate intervals for Gasterosteus aculeatus from four localities in Madeira Park, British Columbia. Bone mineral
density (BMD) is represented by hydroxyapatite content (see text for details). Legend values are population mean BMD values (mg HA/cm3). Mean plate interval
values (mg HA/cm3) are as follows: plate interval 1: 479.473; plate interval 2: 554.297; plate interval 3: 599.005; plate interval 4: 694.072; plate interval 5: 579.730;
plate interval 6: 529.343; plate interval 7: 452.946. BBL, Bargain Bay Lagoon; BBN, Bargain Bay Narrows; HBL, Hospital Bay Lagoon; LYC, Lily Creek. Error bars
indicate standard deviation. Shared letters along the x-axis indicated a significant comparison using ANCOVA with standard length as a covariate (Bonferroni
adjusted, α = 0.05).

Table 3. Results of the Tukey post hoc testing for significant differences in the adjusted mean bone mineral
density among habitats for the entire plate.

Comparison p

BBN–BBL 0.999

HBL–BBL 0.347

BBN–HBL 0.333

BBL–LYC 0.003

BBN–LYC 0.003

HBL–LYC 0.261

Note: BBL, Bargain Bay Lagoon; BBN, Bargain Bay Narrows; HBL, Hospital Bay Lagoon; LYC, Lily
Creek; p, p-value.
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habitat clustered toward the negative end of both PC1 and PC2 axes. This region of morphospace rep-
resents a broader armour configuration and reduction of the distance between the ascending branch
of the pelvic girdle and the point of articulation of the plate with the vertebral column, and also
includes a shortening of the distance between the anterior portion of the pectoral girdle and the tips
of the pelvic spines. LYC fish are also more variable than those from the marine habitats, occupying
a larger region of morphospace than the marine specimens.

Discussion
Our results demonstrate that lateral plate phenotypes in threespine stickleback are a complex trait.
We used a quantitative approach to describe changes in armour phenotype that occur as threespine
stickleback invade a freshwater habitat from their ancestral marine environment. To our knowledge,
this is the first time a conserved bone mineral density profile along plates has been documented, as
well as variation in density among habitats. We identify a relationship between size and density, as
well as relationships among armour size, shape, and habitat.

Plate number is reduced overall, but becomes more variable under
the influence of fresh water
We used traditional staining methods to confirm that in the system described here, as in most other
marine–freshwater stickleback systems, stickleback inhabiting a tidally influenced habitat display a
notable reduction in armour plate number (Fig. 3). It is interesting to note that in the tidally influ-
enced habitat considered here, we found both a group of low-plated individuals (n = 13) and a group
of partially-plated individuals (n = 11) with at least 10, but fewer than 30, plates. Although we do not
have genetic information for these habitats, and it is certainly possible that gene flow is influencing
our results, these data indicate that the “low-plated” allele is not fixed in LYC. We also note that we

Table 4. Summary of the comparison of bone mineral density among habitats for each plate interval using
multiple analysis of covariance (MANCOVA).

Df Pillai F nDf dDf p

SL 1 0.56162 16.4714 7 90 8.478e-14

BMD 3 0.49169 2.5763 21 276 2.586e-4

Residuals 96 — — — — —

Note: BMD, bone mineral density; Df, degrees of freedom; dDf, denominator degrees of freedom;
F, F-value; nDf, numerator degrees of freedom; p, p-value; SL, natural log of standard length.

Table 5. Comparison of armour shape among habitats using Procrustes analysis of variance (ANOVA).

Df SS MS F Z p

SL 1 0.03379 0.03379 5.6123 4.5512 0.001

Habitat 3 0.08562 0.028540 4.7403 6.6088 0.001

SL: habitat 3 0.02547 0.008490 1.4101 2.1429 0.024

Residuals 93 0.55992 0.006021 — — —

Note: BBL, Bargain Bay Lagoon; BBN, Bargain Bay Narrows; BMD, bone mineral density; Df, degrees
of freedom; F, F-value; HBL, Hospital Bay Lagoon; LYC, Lily Creek; MS, mean square; p, p-value;
SL, natural log of standard length; SS, sum of squares; Z, effect size.
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observed a reduction in plate size dorsoventrally among fish from the LYC habitat, which is consistent
with previous work (Leinonen et al. 2012; Wiig et al. 2016) and lends support to the paedomorphosis
hypothesis proposed as a mechanism for plate reduction (Bell 1981), whereby slowing of the develop-
mental program for plates produces smaller plates in adult fish. It is possible that the production of
this phenotype is mediated by cis-regulation of GDF6 (Indjeian et al. 2016), and further work is
required to elucidate the gene regulatory networks that may underlie this observation. Alternatively,
it is also possible that the results we observe are due to a plastic response to salinity in these habitats.
Thus, further study using a common garden framework will help to clarify the relative roles of plastic-
ity and selection in this system.

Bone mineral density is reduced in fresh water, but plate density
profile is maintained
Measurement of hydroxyapatite content across the entire plate revealed both a significant effect of size
on bone mineral density as well as a conserved plate bone density profile independent of fish size
(Fig. 4). This profile describes a structure that is densest near the dorsoventral midpoint of the plate
(interval 4) and tapers to its lowest densities at its dorsal and ventral extremes (intervals 1 and 7).
This profile was recovered in fish from all four habitats, and although the relative density of the plate
in LYC individuals was significantly lower at every measurement interval except the first and fourth,
the shape of the profile remained unchanged, with the densest point identified at interval 4 and

−0.15 −0.10 −0.05 0.00 0.05

−
0.

05
0.

05

PC1 (25% of variance explained)

P
C

2 
(1

3 
%

 o
f v

ar
ia

nc
e 

ex
pl

ai
ne

d)

PC1 min

PC2 min

BBL
BBN
HBL
LYC

0.
00

Fig. 5. Principal component analysis of Procrustes-transformed, allometry-adjusted landmark data. Insets present configurations in the region of morphospace
represented by the negative ends of PC1 and PC2. Grey configurations represent the mean configuration, whereas black configurations represent the negative
end of the PC axis. BBL, Bargain Bay Lagoon; BBN, Bargain Bay Narrows; HBL, Hospital Bay Lagoon; LYC, Lily Creek; PC, principal component.

Jamniczky et al.

FACETS | 2018 | 3: 665–681 | DOI: 10.1139/facets-2017-0120 674
facetsjournal.com

FA
C

E
T

S 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.f
ac

et
sj

ou
rn

al
.c

om
 b

y 
3.

22
.5

1.
24

1 
on

 0
4/

29
/2

4

http://dx.doi.org/10.1139/facets-2017-0120
http://www.facetsjournal.com


tapering to the least dense at intervals 1 and 7. This result suggests that although these animals’ skel-
etons show changes in response to novel selective pressures in their new habitat, the functional com-
plex to which the armour plates belong may be maintained.

Plate interval 4 corresponds to the point at which the plate articulates with the vertebral column via
the epiplural rib as well as with the preceding and following plate, and the plate measured in this
study (plate 5) also articulates with the anterior edge of the pelvic girdle (Fig. 1). Armour plates
both alone and in association with spines clearly have a protective function (Reimchen 1992;
Reimchen 1994; Reimchen 2000). Although fish occupying fresh water reduce both the number
and density of their plates, those that retain some plates, such as the fish described here, always
retain the anterior plate complement, as has been documented elsewhere (Reimchen 1983). This
retention is due, at least in part, to the role of the anterior plates in supporting the spines
(Reimchen 1983), but other possible biomechanical functions for plates are less well understood.
Swimming performance and plate number have been shown to be negatively correlated
(Bergstrom 2002), but the biomechanical interactions between plates and the axial skeleton remain
undocumented. Our results indicate the conservation of a mineralization profile that we hypoth-
esize may be responsible for maintenance of structural integrity in the face of reduction of total
plate number. Once again, further work is required to elucidate the functional role(s) of lateral
plates and the ways in which these might be altered in changing environments. It is important to
note that plate ossification begins from the neuromast at the center of the plate and moves toward
the dorsal and ventral edges (e.g., Igarashi 1964; Igarashi 1970; Pistore 2018); an alternative
hypothesis would be that the pattern observed merely reflects that plates are developmentally
“older” in their central regions and have had longer to accumulate bone. Rejection of the latter
hypothesis would require comparison of bone mineral density in a sample of adult stickleback of
known age to determine if the pattern observed here is lost in older specimens. A balance between
bone deposition and removal maintains skeletal form throughout life, and the fact that we obtain a
similar plate density pattern across three representative marine habitats in a sample containing
adult fish is an argument against this pattern being a feature restricted to younger specimens.
Once again, further work is required to test this hypothesis explicitly. In addition, our study
included only three fully plated LYC individuals, which precluded direct comparison between these
and their fully plated marine counterparts. Important future work will involve comparisons of bone
mineral density among different LYC plate morphs as well as between fully plated morphs of LYC
and marine individuals.

Armour complex shape is influenced by both size and habitat
We found that allometric size is a major determinant of shape differences among armour pheno-
types. There remains a significant effect of habitat on shape after controlling for allometry
(Fig. 5), which is consistent with previous work documenting substantial differences in cranial
shape among occupants of these habitats (Jamniczky et al. 2015a, 2015b). Fish from the LYC hab-
itat occupy a larger portion of morphospace indicating greater variability in phenotype, but gener-
ally display a more compact armour configuration that is both dorsoventrally and
anteroposteriorly reduced but does not include any apparently major, possibly functionally impor-
tant, configuration changes. This is again consistent with both our bone mineral density findings
and with previous work indicating an overall reduction in the elaboration of the skeleton in fresh
water habitats (Leinonen et al. 2012; Wiig et al. 2016), likely by paedomorphosis (Bell 1981).
Future studies should focus on the functional role(s) of lateral plates as they relate to trophic mor-
phology and swimming performance, as well as previously documented defensive functions, to
better elucidate the nature of the possible functional constraints hinted at in our results. Further,
it is likely that sexual dimorphism is influencing our results to some extent, given that dimorphism
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has been found in other studies of plate phenotype (e.g., Moodie and Reimchen 1976; Reimchen
et al. 2016), as well as in many other stickleback traits (e.g., Kitano et al. 2007; Aguirre et al.
2008; Spoljaric and Reimchen 2008; Aguirre and Akinpelu 2010; Leinonen et al. 2011; McGee
and Wainwright 2013; Reimchen et al. 2016), but sex data are unfortunately not available for this
data set. Further work should certainly test specific hypotheses about the relationship of sex to
plate phenotype in G. aculeatus.

Conclusions and future directions
The importance of the quantitative characterization of complex phenotypes in an evolutionary con-
text is becoming increasingly clear. The presence of a conserved density profile along the dorsoventral
length of the stickleback lateral plate that remains conserved despite reductions in overall density and
plate number under the influence of fresh water suggests that selection is acting on more than plate
number alone. In addition, our evidence for the conservation of the armour complex structure,
namely the relationship between the lateral plates and girdles, across populations suggests that these
additional phenotypes have functional significance and vary in association with habitat.

It is possible that there exist functional constraints that influence the ways in which plates can be
reduced in freshwater environments (Reimchen 1983) despite strong selection for such reduction.
Better conceptualization of such constraints requires additional investigation of the different possible
functional roles of lateral plates, as well as a more detailed parsing of the environmental, ecological,
and developmental effects that may be driving changes in plate phenotype. Future work should also
focus on understanding the regulatory mechanisms that control plate development to better under-
stand the interplay between genes, function, and ecology in the stickleback system.
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