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Successful colonization by an invasive species is often associated with flexibility in life-history traits. The number and
timing of reproductive events are among the most important of those life-history traits and are often strongly
influenced by habitat stability. An invasive fish, Brook Stickleback (Culaea inconstans), was first detected in eastern
Washington in 1999. They have subsequently expanded their range into water bodies of variable habitat stability, i.e.,
permanent, semi-permanent, and ephemeral water bodies. We hypothesized that Brook Stickleback living in unstable
and unpredictable habitats would exhibit ‘‘fast’’ life-history traits relative to Brook Stickleback living in more stable
habitats. Brook Stickleback were collected from 18 water bodies and standard length was measured. Otoliths were then
extracted to determine age. Average age of Brook Stickleback in permanent wetlands was significantly greater than
that of fish in semi-permanent and ephemeral wetlands, but there was no significant difference in age structure
between semi-permanent and ephemeral wetlands (permanent x̄¼1.24, semi-permanent x̄¼0.73, ephemeral x̄¼0.76, P
, 0.001). Average length at age class 0þ was significantly less than age classes I, II, and III; however, there was no
significant difference between age classes I, II, and III (0þ: x̄¼39.73; I: x̄¼46.42; II: x̄¼45.14; III: x̄¼49.10; P , 0.001). The
results suggest that Brook Stickleback exhibit different life-history characteristics depending upon the habitats in
which they are found. Brook Stickleback in unstable habitats may be functionally semelparous; however, it is possible
that some individuals may produce multiple clutches within a single spawning season. Finally, we found that the only
accurate way to measure Brook Stickleback age is through otolith analysis, drawing into question the conclusions of
previous work in which length was used as a surrogate for age.

T
HE important relationship between environmental
conditions and life-history parameters (e.g., fecundi-
ty, timing and number of reproductive events, and

age at maturity) has long been recognized (Pianka, 1970;
Parry, 1981). Flexibility in life-history parameters is often
considered an important characteristic of invasive species,
especially because many invaders are faced with habitats that
are quite different from those found in their native range
(Olden et al., 2006; Garcı́a-Berthou, 2007). Perhaps one of the
best-known frameworks relating organismal biology to
environmental conditions is the r–K continuum (Wilson
and MacArthur, 1967; Pianka, 1970). Although the precise
usage of that framework has varied (Parry, 1981), we
generally accept K-selected species to retain relatively stable
population sizes and reproduce more slowly than r-selected
species, which opportunistically reach high population size
quickly when resources are available (i.e., ‘‘fast’’ life-history
traits). These same characteristics that typify r-selected
species have been associated with invaders since at least the
mid-1960s and are prominent in the early definition of
‘‘weeds’’ (Baker, 1974). Based on this foundation, researchers
focused on invasive organisms have also been interested in
the life-history attributes that lead to successful invasion (for
reviews see Sakai et al., 2001; Garcı́a-Berthou, 2007).

Winemiller and Rose (1992) refined the description of life-
history categories for North American fishes. In their model,
age of maturity (a), fecundity (mx), and juvenile survivorship
(lx) represent the primary life-history trade-offs associated
with different environmental conditions. Based on these
factors, Winemiller and Rose (1992) described an adaptive
surface with three predicted strategies: an opportunistic
strategy, typified by small a, small mx, and small lx, generally
associated with temporally stochastic environments; a
periodic strategy typified by large a, large mx, and small lx,
generally associated with environments that vary in a

seasonal or cyclical manner; and an equilibrium strategy
typified by large a, small mx, and large lx, generally associated
with relatively stable environments.

Several authors have used the Winemiller and Rose (1992)
framework to describe the life histories associated with
invasive fishes (Rosecchi et al., 2001; Vila-Gispert et al.,
2005; Olden et al., 2006); however, unlike other taxonomic
groups, fishes do not appear to have a common set of life-
history characteristics that are associated with successful
invasions. For example, successful invasive fishes in Medi-
terranean streams were typified by life-history characteristics
that would be considered ‘‘slow,’’ or K-selected (Vila-Gispert
et al., 2005), while two invasive cyprinid fishes in southern
France were classified as opportunists displaying ‘‘fast,’’ or r-
selected, life-history characteristics (Rosecchi et al., 2001).
Similarly, Olden et al. (2006) found that fishes with a wide
variety of life-history characteristics had successfully estab-
lished within the Colorado River Basin. Specifically, Olden et
al. (2006) found that while native fishes in the Colorado
River Basin exhibited a gradient of ‘‘bet-hedging’’ life-history
strategies, non-native fishes exhibited life-history strategies
from all three endpoints in the Winemiller and Rose (1992)
life-history continuum (i.e., opportunistic, periodic, and
equilibrium). These data suggest that rather than a specific
suite of life-history characteristics defining successful inva-
sive fish species, those species with the life-history strategies
that match the available niches may successfully invade.

Successful invasive fishes may also exhibit high levels of
plasticity, which allow species to rapidly shift life histories in
response to new environments. For example, Pumpkinseed
(Lepomis gibbosus) on the Iberian Peninsula mature at rates
much more quickly than populations from the northern part
of their native range (Fox et al., 2007). Invasive Round Goby
(Neogobius melanostomus) in Slovakia had higher fecundity
but smaller oocytes and smaller body size at maturity than
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native populations (Hôrková and Kováč, 2014). Finally,

Feiner et al. (2012) found that newly established populations

of White Perch (Morone americana) had increased growth and

higher mean reproductive investment compared to popula-

tions established 20 years earlier. Thus, even fishes that may

be marginally suited for certain habitats may be able to

successfully invade by shifting their life history to match an

available niche.

Brook Stickleback (Culaea inconstans) were first reported in

water bodies near and on Turnbull National Wildlife Refuge

(TNWR) in eastern Washington in 1999 (Scholz et al., 2003).

The water bodies of TNWR are historically fishless, and Brook

Stickleback represent the primary fish fauna present on

TNWR (Walston et al., 2015). Brook Stickleback spawn in the

spring and offspring reach sexual maturity in one year,

spawning the following spring; they typically die by the end

of their second summer, so they are considered an annual

species (Reisman and Cade, 1967). In their native range,

Brook Stickleback inhabit many habitat types including

permanent and ephemeral rivers, streams, lakes, ponds, and

potholes; however, they are reported to require shallow, cool,

and clear water that is heavily vegetated for cover, feeding,

spawning, and rearing (Winn, 1960). In eastern Washington,

Brook Stickleback inhabit waters that include shallow

wetlands and ponds as well as small lotic streams, most of

which are lacking piscine predators (Scholz et al., 2003, 2009,

2010, 2014 and citations therein). Some of these waters are

relatively stable while other systems experience severe drying

events, especially in dry summers.

The objective of this study was to use invasive Brook

Stickleback in eastern Washington to investigate the rela-

tionship between life-history characteristics, specifically

longevity, and habitat stability. We took advantage of the

geographically proximate but hydrologically diverse habitats

by collecting Brook Stickleback from waters that were either

classified as permanent, semi-permanent, or ephemeral and
determining the age of these fish by examining otoliths.

MATERIALS AND METHODS

Study site and specimen collection.—In late spring and early
summer of 2016, Brook Stickleback were collected from 18
water bodies in the Rock Creek and Cow Creek basins (Fig. 1).
These water bodies were classified as permanent (n ¼ 7;
remaining wet even in drought years), semi-permanent (n ¼
2; usually remaining wet but dry during drought years), and
ephemeral (n ¼ 9; completely dry most years). Wetlands on
TNWR were classified based on personal observations as well
as recommendations from refuge personnel (pers. comm., M.
Rule, U.S. Fish and Wildlife Service). Water bodies located off
TNWR were classified based on personal observations and a
historic characterization of the Palouse River basin by the
Washington Department of Ecology (Nassar and Walters,
1975). Brook Stickleback were captured using baited minnow
traps set overnight or by backpack electrofishing. Captured
stickleback were euthanized in the field using 250 mg/L
tricaine methanesulfonate (MS-222) and stored at –208C
until they were processed.

Otolith extraction, analysis, and age class determination.—
Standard length (SL) of Brook Stickleback was recorded to the
nearest 0.1 mm, and individual’s age was determined by
analyzing extracted otoliths. In brief, otoliths were extracted
through the base of the skull by cutting away the isthmus
and gill arches to expose the ventral side of the skull. Once
otoliths were removed, they were placed into a drop of water
on a matte black background and observed at 25–45X
magnification with a Meiji Techno dissecting microscope.

Brook Stickleback otoliths are similar in shape to those
described for other stickleback species (Jones and Hynes,
1950). They are ovular with a V-shaped notch in one side and

Fig. 1. Water bodies where Brook Stickleback were collected. Water bodies depicted with a gray line were classified as ephemeral, water bodies with
dotted fill were classified as semi-permanent, and water bodies depicted with solid black fill or line were classified as permanent. Water body names
and GPS coordinates and fish captured at each sampling site can be found in Table 1 and Table 2, respectively.
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an opaque center region. There is a translucent band around
the center region followed by alternating opaque and
translucent bands. There are species-specific differences in
what season the translucent versus opaque bands are
acquired, but for our age analysis we used the same
methodology used on other stickleback species (Jones and
Hynes, 1950), where translucent bands indicate rapid
summer growth and opaque bands represent slow winter
growth. Based on the interpretation of Jones and Hynes
(1950), otoliths from a young-of-year fish, age class 0þ, would
have an opaque center followed by a translucent band, a fish
that has over-wintered once (age class I) would have an
opaque center followed by a translucent band and then an
opaque band, and each subsequent age class would have an
additional set of translucent and opaque bands (i.e., age class
III fish would have three opaque bands around the centroid;
Fig. 2).

Data analysis.—In order to investigate life-history flexibility
in Brook Stickleback in eastern Washington, the age
distribution of Brook Stickleback in different habitat classi-
fications (i.e., ephemeral, semi-permanent, and permanent)
and the length-at-age between Brook Stickleback age classes
were compared using a Kruskal-Wallis test with Dunn’s
correction for multiple comparisons using the PMCMR
package in R v3.4.0 (Pohlert, 2014). Length-at-age between
Brook Stickleback age classes in each habitat type were
compared using a two-way ANOVA with a Tukey’s post hoc
test in R v3.4.0 to determine the effect of habitat stability on
Brook Stickleback length-at-age.

RESULTS

Average age of Brook Stickleback in permanent wetlands was
significantly greater than that of fish in semi-permanent and
ephemeral wetlands, but there was no significant difference
in age structure between semi-permanent and ephemeral
wetlands (permanent, n¼ 270, x̄¼ 1.24; semi-permanent, n¼
61, x̄¼ 0.73; ephemeral, n¼ 229, x̄¼ 0.76; P , 0.001; Fig. 3).
Average SL at age class 0þ was significantly less than age
classes I, II, and III; however, there was no significant
difference between age classes I, II, and III (0þ: n ¼ 152, x̄ ¼

39.73; I: n¼285, x̄¼46.42; II: n¼100, x̄¼45.14; III: n¼23, x̄

¼49.10; P , 0.001; Fig. 4). In ephemeral wetlands, average SL

at age class 0þwas significantly less than age classes I, II, and

III; however, there was no significant difference between age

classes I, II, and III, and there were no significant differences

between any age classes in semi-permanent and permanent

wetlands (ephemeral 0þ: n ¼ 79, x̄ ¼ 38.07; ephemeral I: n ¼
128, x̄¼ 48.78; ephemeral II: n¼ 19, x̄¼ 49.55; ephemeral III:

n ¼ 3, x̄ ¼ 59.6; P , 0.001; Fig. 5).

Fig. 2. Otoliths from an age class III Brook Stickleback at 35X
magnification. Three opaque rings (annuli) are visible surrounding the
opaque centroid and are indicated by arrows; these regions of the
otolith indicate ‘‘overwintering’’ or slow growth periods.

Fig. 3. Median age of eastern Washington Brook Stickleback captured
in habitats of variable stability. Brook Stickleback in permanent
wetlands were significantly older than both ephemeral and semi-
permanent wetlands (P , 0.001); however, there was no difference in
stickleback age distribution between ephemeral and semi-permanent
wetlands.

Fig. 4. Median length-at-age of Brook Stickleback in eastern Wash-
ington. Age class 0þBrook Stickleback are significantly shorter than age
classes I, II, and III (P , 0.001); however, there are no significant
differences in length between age classes I, II, and III.
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DISCUSSION

The average age of Brook Stickleback collected in permanent
wetlands was significantly greater than in semi-permanent
and ephemeral wetlands. Brook Stickleback in age classes II
and III were collected in all habitat types, but they made up a
smaller proportion of individuals in ephemeral and semi-
permanent habitats versus permanent habitats (permanent¼
0.67, semi-permanent¼0.82, and ephemeral¼0.90; Table 1).
There is increased connectivity between the water bodies in
this study during high flow periods, which allows increased
fish movement between water bodies. Migration events
during these high flow periods may be the source of age
class II and III fish in unstable habitats.

There was no significant difference in average age of Brook
Stickleback between ephemeral and semi-permanent water
bodies. This may be because eastern Washington experienced

droughts in the two years prior to this study (2014 and 2015).

In the summer of 2015, conditions were extremely dry and

both water bodies classified as semi-permanent in this study

were almost completely dry. The similarity between Brook

Stickleback age structure in semi-permanent and ephemeral

wetlands may be due to the instability caused by these recent

drought conditions. If these droughts had not occurred, we

would expect the Brook Stickleback age structure in semi-

permanent wetlands to be more similar to permanent than

ephemeral wetlands after a few years of stable hydrological

conditions.

One possible explanation for the observed pattern of ages

in stickleback is a phenomenon known as competition-

driven semelparity (CDS; Edeline et al., 2016). Semelparity is

often associated with a high mortality cost of reproduction

(Charnov and Schaffer, 1973). That is, organisms may invest

Fig. 5. Median length-at-age, with
respect to habitat stability, of Brook
Stickleback in eastern Washington.
White boxes represent ephemeral,
light gray boxes represent semi-per-
manent, and dark gray boxes repre-
sent permanent hab i ta t s . In
ephemeral habitats, age class 0þ
Brook Stickleback are significantly
shorter (shown by asterisk) than age
classes I, II, and III (P , 0.001);
however, there are no significant
differences in length between age
classes I, II, and III. In semi-perma-
nent and permanent wetlands, there
are no significant differences in
length between any age classes.

Table 1. Age structure of Brook Stickleback collected from 18 water bodies of variable stability in eastern Washington. Water body abbreviation (ID),
stability classification (Status), number of fish reported in each age class (0þ, I, II, III), total number of fish analyzed in each water body (N), the
average age of all individuals in each population (age class 0þwas considered 0, age class I was considered 1, etc.), the proportion of individuals in
age class 0þ and I in each water body (Proportion 0þ and I). Status abbreviations are: ephemeral (E), semi-permanent (SP), permanent (P).

Water body ID Status 0þ I II III N Average age Proportion 0þ and I

Cabbage Creek CAB E 10 17 2 1 30 0.8 0.9
Cache Creek CC E 27 3 0 0 30 0.1 1
Imbler Creek IC E 2 15 1 0 18 0.94 0.94
Kelley Creek KC E 1 8 1 0 10 1 0.9
Spring Creek SC E 4 17 0 0 21 0.81 1
Spring Valley Creek SVC E 4 21 5 0 30 1.03 0.83
Squaw Creek SQ E 11 15 4 0 30 0.77 0.87
Thorn Creek TC E 9 14 5 2 30 1 0.77
Willow Creek WC E 11 18 1 0 30 0.67 0.97
Total 79 128 19 3 229 0.76 0.9
Kepple Lake KL SP 27 4 0 0 31 0.13 1
Lower Turnbull Slough LTS SP 0 19 11 0 30 1.37 0.63
Total 27 23 11 0 61 0.74 0.82
Cheever Lake CL P 1 13 12 4 30 1.63 0.47
Headquarters Pond HQP P 10 15 4 1 30 0.87 0.83
Middle Pine MP P 14 32 13 1 60 1.02 0.77
Pine Creek PC P 2 24 2 2 30 1.13 0.87
Rock Creek RC P 18 11 1 0 30 0.43 0.97
Windmill Pond WMP P 1 29 20 10 60 1.65 0.5
Winslow Pool WL P 0 10 18 2 30 1.73 0.33
Total 46 134 70 20 270 1.24 0.67
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all of their energy in a single reproductive event if the

likelihood of subsequent reproductive opportunities is low.

In CDS, semelparity may arise when parents are outcompeted

by juveniles, causing limited resources for subsequent

reproductive events and resulting in most adults reproducing

only one season.

Two lines of evidence presented here support CDS as the

driving factor on the age structure of Brook Stickleback in

unstable habitats. Brook Stickleback grow rapidly, reaching

sexual maturity in one year, and their growth seems to

plateau by age class I (Fig. 4). In the unstable (ephemeral and

semi-permanent) habitats sampled in this study, the average

age was less than age class I, and a strong majority of

individuals were age class 0þ and I (Table 1). In addition,

there is a high level of relatedness among individuals in

populations of Brook Stickleback in eastern Washington

(Gunselman, 2017) suggesting that a few family groups are

contributing a majority of the offspring each year. The

Table 2. GPS coordinates of all sites sampled and fish species captured at each sample site organized by water body (sample site abbreviations can
be found in Table 1). Fish species captured included: Brook Stickleback (BSB), Redside Shiner (Richardsonius balteatus, RSS), Speckled Dace
(Rhinichthys osculus, SPD), Fathead Minnow (Pimephales promelas, FHM), and Pumpkinseed (Lepomis gibbosus, PS).

Site GPS coordinates/water body

Species

BSB RSS SPD FHM PS

Imbler Creek
IC1 –117.8932728 47.1049048 8 5 300þ — —
IC2 –117.8276118 47.1329888 10 — — — —
Pine Creek
PC3 –117.2690698 47.2371758 8 11 5 — 31
PC4 –117.2116488 47.1991298 87 — — 10 —
PC5 –117.2053078 47.1923298 67 — — — —
Thorn Creek
TC3 –117.4999278 47.1545858 1 7 45 11 —
TC4 –117.4607828 47.1507908 75 — 5 — —
Cache Creek
CC1 –117.4658778 47.1927988 48 6 5 — —
CC2 –117.4562138 47.1804568 6 10 34 — —
Squaw Creek
SQ –117.4679558 47.2666408 35 3 — 1 —
Spring Valley Creek
SVC1 –117.3501088 47.2743688 2 20 6 18 —
SVC2 –117.3047338 47.2766508 5 — — — —
SVC3 –117.2824448 47.2719488 5 — — — —
SVC4 –117.2733808 47.2657748 37 — — — —
Cabbage Creek
CAB1 –117.2700898 47.2414238 4 — — — —
CAB2 –117.2632818 47.2431228 14 — — — —
CAB3 –117.2435668 47.2460078 13 30 6 8 —
Spring Creek
SC –117.2623748 47.1233278 21 28 — 14 —
Kelley Creek
KC1 –117.1627968 47.0884208 4 — — — —
KC2 –117.1647328 47.0889038 6 — — — —
Willow Creek
WC –117.1171778 47.1562958 66 — 10 1 —
Cheever Lake
CLA –117.5437878 47.3986408 51 — — — —
CLB –117.5450158 47.3980138 800þ — — — —
Middle Pine Lake
MPA –117.5379468 47.4090468 200þ — — — —
MPB –117.5383488 47.4087138 600þ — — — —
Winslow Pool
WL –117.5384608 47.4125768 51 — — — —
Headquarters Pond
HQP –117.5313528 47.4144218 125þ — — — —
Windmill Pond
WMPA –117.5284038 47.4150208 114 — — — —
WMPB –117.5286998 47.4150428 140þ — — — —
Lower Turnbull Slough
LTS –117.6029598 47.4216978 78 — — — —
Kepple Lake
KL –117.5317018 47.4398338 77 — — — —
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preceding result is consistent with the CDS framework as it
suggests that there is a potential timing aspect to the success
of reproduction in Brook Stickleback and that there may be
intense competition for food resources early in the spring as
the first juveniles begin feeding.

In order to understand if the life-history strategies observed
in Brook Stickleback populations in eastern Washington are
novel or consistent with their native fish counterparts, it is
important to accurately understand the age structure of
Brook Stickleback in their native range. Otolith analysis is a
common method for determining the age of fish, and
although otoliths have been used to age other species of
stickleback (Jones and Hynes, 1950), this is the first study, to
our knowledge, to use otoliths to age Brook Stickleback. Most
studies either do not describe how they aged Brook
Stickleback or used length-frequency distributions to infer
the ages of stickleback. Using otolith analysis, we found there
was no difference in average SL between age class I, II, and III
Brook Stickleback, and all three age classes had significantly
larger SL than age class 0þ (Fig. 4). These results were
consistent even considering the length-at-age of Brook
Stickleback from different habitat stabilities separately (Fig.
5). These data indicate that the only accurate way to age a
Brook Stickleback is through otolith analysis and that
previous studies describing age structure of Brook Stickleback
populations using length-frequency distributions may erro-
neously assume most fish to be age class I as there is no
distinction between the length of the older age groups. This
limitation of the description of Brook Stickleback ages
prevents us from suggesting if either (or both) the function-
ally semelparous life history associated with unstable habitats
or the more iteroparous life history associated with stable
habitats are the normative strategy in the native range of this
species.

As an experimental system, Brook Stickleback at TNWR
provide several intriguing opportunities. This system is
dynamic both with respect to the stability of various
wetlands and when the genetic composition of the popula-
tions is considered. The frequent extirpation and recoloniza-
tion of many habitats create a system in which the processes
associated with invasion are repeated at a time scale that will
allow rigorous examination. Ecological and evolutionary
theory often assumes that populations are at equilibrium.
However, the early stages of invasion are not likely to meet
this assumption. Investigations of systems that include a
dynamic component may provide additional insight into the
overall process of invasions and the characteristics that make
invaders successful. Additionally, the variation in life history
observed in Brook Stickleback adds to a significant body of
research aimed at better understanding the traits of successful
invaders (Stearns, 1977; Reznick et al., 2002; Olden et al.,
2006). Understanding these traits can help us to predict
future invasions and attempt to mitigate damage to ecosys-
tems from established invasion events.
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