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Increases in water temperature due to global climate change are known to alter the course and timing 
of fish development. The mechanosensory lateral line (LL) system mediates flow-sensing behaviors 
vital for survival in fishes, but the effects of increased water temperatures resulting from climate 
change on its development have not been examined. Here LL development was documented in a cold-
water salmonid (brook trout, Salvelinus fontinalis) reared at the thermograph of a long-term study 
stream (ambient) and two higher temperatures (+ 2 and + 4 °C) that reflect projected increases within 
their native range. At these two higher temperatures, fish reach crucial early life history transitions 
earlier (e.g., hatch, “swim-up” from gravel nests into the water column) and are larger in size through 
the parr (juvenile) stage. Early forming canal neuromast receptor organs are larger, and the process of 
canal morphogenesis is also accelerated suggesting potential consequences for neuromast function 
and presumably for LL-mediated behaviors. A potential mismatch between the timing of transitions 
in early life history stages, the ability to carry out LL-mediated behaviors (e.g., prey detection), and 
the timing of the seasonal emergence of their preferred prey, could have serious implications for cold-
water salmonid ecology and survival.
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As ectotherms, the vast majority of bony fishes are unable to regulate their internal body temperature and are 
thus affected by increasing water temperatures due to climate change. Effects on certain aspects of morphology, 
physiology, and behavior have been documented (e.g.,1–9), but impacts on the development of the sensory 
systems that mediate key behaviors that are critical during ontogeny (e.g., prey detection, rheotaxis) have rarely 
been examined (but refer to3,8,10).

The mechanosensory lateral line (LL) system of fishes mediates flow sensing in the context of prey detection, 
predator avoidance, rheotaxis, navigation, and social communication11,12. Neuromast receptor organs, 
the functional units of the LL system, are comprised of directionally sensitive sensory hair cells that detect 
unidirectional and oscillatory water flows (0–200  Hz;12,13). In a neuromast, all of the ciliary bundles on the 
surface of the hair cells are embedded in a gelatinous cap, the cupula, which is displaced by water flows, thus 
stimulating the hair cells. Development of the LL system starts during embryogenesis and continues throughout 
the early life history of fishes14,15. Neuromasts differentiate in embryos and early larvae, then increase in number 
and size in larvae as two subpopulations of neuromasts become apparent: canal neuromasts and superficial 
neuromasts. On the head of bony fishes, canal neuromasts become enclosed in canals via a stereotyped process 
(refer to Fig. 1E–G; defined as Stages 1–4,16) that typically starts at the end of the larval period17,18. Presumptive 
canal neuromasts located on the skin (Stage 1) sink into a depression (Stage 2a), walls ossify on either side of 
the neuromast forming a groove (Stage 2b), and the soft tissue above the neuromast fuses to form a soft canal 
roof (Stage 3), after which the canal walls fuse within the soft tissue to form an ossified canal segment (Stage 
4). Individual canal segments eventually fuse end-to-end to form a continuous canal with periodic pores in the 
canal roof. In contrast, superficial neuromasts remain on the skin, tend to stay small, and continue to increase in 
number well beyond the larval stage, in juvenile and adult fishes18,19.

Canal and superficial neuromasts are also functionally distinct. Canal neuromasts respond to movement 
of fluid within a canal due to pressure differences between adjacent canal pores and thus act as accelerometers, 
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whereas superficial neuromasts respond to the velocity component of flows11. Canal neuromasts are especially 
important for fishes, including salmonids, that live in turbulent or high-flow environments19–23. The anatomical 
and functional transitions that occur with the formation of individual canal segments (e.g., neuromast on the 
skin, in a groove, enclosed within a canal segment,24), the asynchronicity of this process among canal segments, 
and the overall timing of canal morphogenesis is likely to have consequences for the ontogeny of LL-mediated 
behaviors17.

In contrast to other teleosts in which the larval-to-juvenile transformation occurs on the order of a few weeks 
post-hatch, salmonids have a prolonged larval stage that extends over several months25. They lay relatively large 
demersal eggs and alevin (yolk-sac larvae) “swim up” from their gravel nest into the water column (at ~ 21 mm 
standard length [SL]), start feeding exogenously (as fry, with the completion of yolk-sac absorption), and then 
transition to the juvenile (parr) stage ~ 3 to 4 months post-hatch25. Increasing water temperatures due to climate 
change26,27 have been shown to alter growth rate and timing of these early life history transitions in salmonids 
in their native ranges5,6,28.

Brook trout (Salvelinus fontinalis Mitchill 1814), a commercially and culturally important cold-water 
salmonid native to eastern North America29 can be reared in captivity under controlled conditions, and its growth 

Fig. 1.  Representative brook trout cranial lateral line morphology and development. (A) Lateral line canals 
(canal neuromasts = red circles) and lines of superficial neuromasts (blue circles) derived from specimens 
via vital fluorescent staining and clearing and staining. Canals: SO-n = supraorbital canal, portion associated 
with the nasal bone, SO-f = supraorbital canal, portion associated with the frontal bone, PT = posttemporal 
canal, OT = otic canal, POT = post-otic canal, SCL = supracleithral canal, , IO = infraorbital canal, PM-p = 
preopercular-mandibular canal segments associated with preopercle. The PM-d (canal segments associated 
with dentary bone) and the PM-a (canal segments associated with anguloarticular bone) comprise the PM-m, 
the mandibular portion of the preopercular-mandibular canal (analyzed in detail, see text for more details). 
Superficial neuromast lines: adl = antero-dorsal line, mdl = midline, chl = cheek line, eth = ethmoidal line. 
Adapted from Jones et al.19. (B,C) Scanning electron micrographs (SEM), illustrating (B) superficial neuromast 
(SN) and (C) canal neuromast (CN) morphology. (D) Fluorescent staining of a 38 mm parr (245 dpf, + 0 °C) 
with 4-Di-2-ASP in lateral view (images in ventral and dorsal view were also used for counting neuromasts on 
the left side of the head). (E–G) Stages of canal morphogenesis. (E) SEM of canal neuromasts on skin (Stage 
1; arrows = neuromasts), (F) in groove with ossified canal walls (Stage 2b; arrows = neuromasts), and in (G) 
cleared and stained specimens showing a canal segment with ossified canal walls and a soft tissue roof (arrow, 
Stage 3), and two canal segments (arrowheads) with ossified canal walls and roof (Stage 4).
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rate30 and metabolic physiology31 are known to be affected by increased water temperature. Brook trout have a 
relatively simple LL system (like other salmonids; Fig. 1;32) that develops in concert with the slow progression 
of its early life history19. Here we tested the hypothesis that the pattern and timing of LL development in brook 
trout is altered when reared at higher temperatures that reflect predicted increases within its native range due 
to current trends in climate change33. This is the first study of LL development under climate change scenarios, 
and it reveals an acceleration of LL development, which may have consequences for the ontogeny of critical 
LL-mediated behaviors. Furthermore, the acceleration of sensory development, in combination with other 
environmental threats (e.g., acid rain and freshwater acidification,34,35,) will likely have compounded effects on 
the ecology and the potential for survival of this and other salmonid species.

Results and discussion
Brook trout were reared from hatch through the juvenile (parr) stage over ~ 11 months (0 to 327 days post-
fertilization, dpf) under three temperature conditions that reflect ambient (“+ 0  °C”) and projected (+ 2  °C, 
+ 4 °C) temperatures due to climate change in the long-term study site in western Massachusetts, US from which 
brood stock were obtained (Fourmile Brook, Northfield, MA;36;). Projected water temperatures were derived 
from studies on air temperature increases in the eastern United States33, which are known to be correlated36. The 
ranges of temperatures used over the course of this study (~ 5 to 18 °C [+ 0 °C, ambient], ~ 7 to 20 °C [+ 2 °C], 
and ~ 9 to 22 °C [+ 4 °C]; Fig. 2) are commonly used in other studies of brook trout37.

Fish reared at + 4 °C were larger at hatch and at all life history stages than fish reared at ambient temperature 
(Fig. 3; ANCOVA with Tukey Contrasts, p < 0.05), but fish reared at both + 2 and + 4 °C grew more slowly than 
fish reared at ambient temperature (Fig. 3; best-fit linear regression, p < 0.05, R2 = 0.88 [+ 4 °C], R2 = 0.96 [+ 2 °C], 
R2 = 0.93 [ambient]). These results are consistent with ecological studies that revealed a correlation between 
brook trout size and higher stream temperatures in western Massachusetts29, lab studies that demonstrated the 
effects of acute exposure to higher temperatures on brook trout growth rate30, and a study on growth of Atlantic 
Salmon, Salmo salar, reared at higher but constant temperatures38. In the current study, the timing of life history 
transitions was also accelerated at higher temperatures. Hatch (embryo-to-alevin transition; defined as day on 

Fig. 2.  Temperature regime in rearing system (refer to Materials and Methods section for additional details). 
Dashed line = fertilization date (November 17, 2020). Thickness of colored bars (Blue, + 0 °C [ambient]; 
yellow, + 2 °C; red, + 4 °C) reflects diel temperature fluctuations over the winter. Arrows = time at which fish, 
just prior to swim-up, were moved to 1-m round tanks. Temperature in each of the three treatments (in 1-m 
round tanks) increased with the same seasonal pattern as in the long-term study stream from which brood 
stock were obtained (as in24).
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which 50% of eggs had hatched) tended to occur earlier at + 4 °C (54 dpf) than at + 2 °C (67 dpf) and ambient 
temperature (92 dpf). Similarly, yolk sac absorption (after the alevin-to-fry transition) tended to occur earlier 
at + 4 °C (109 dpf) than at + 2 °C (130 dpf) and ambient temperature (181 dpf).

Lateral line (LL) development during the alevin stage was characterized by increases in the number and size 
of canal and superficial neuromasts (Figs. 4, 5) with observed effects more pronounced at the highest of the 
three temperatures (+ 4 °C). Canal morphogenesis (enclosure of presumptive canal neuromasts within canals) 
commenced at the alevin-to-fry transformation (at “swim up”) and the rate at which this process continued 
(Fig. 6) was affected by temperature, but the pattern and relative order of canal morphogenesis (among canals) 
was not affected.

Neuromast distribution and number is not affected by increased temperature
The distribution of neuromasts on the head (seven series of canal neuromasts and four lines of superficial 
neuromasts) was revealed by vital fluorescent staining with the mitochondrial dye 4-Di-2-ASP (Fig. 1D, S1). 
Differences in neuromast number and distribution were not found among the three temperature treatments, 
suggesting that neuromast patterning14,15 was not affected by higher temperatures. Soon after hatch (55 dpf 
[+ 4 °C], 70 dpf [+ 2 °C], 92 dpf [ambient]), neuromasts were present in all seven of the canal series, as well as in 
three of the four superficial neuromast lines (eth, adl, mdl); neuromasts in the fourth line (chl; Fig. 1A) did not 
appear until 6–15 days later (by 70 dpf [+ 4 °C], 77 dpf [+ 2 °C], 98 dpf [+ 0 °C, ambient]). Soon after hatch and 
continuing through the alevin stage, neuromast number increased within each of the seven canal neuromast 
series and within each of the four superficial neuromast lines (Fig. 4) at all three temperatures. However, the total 
number of neuromasts did not differ among temperature treatments (ANCOVA, Tukey’s Contrasts, n = 43–47 
fish/treatment, p > 0.05; refer to S2).

At all three temperatures, canal and superficial neuromasts showed contrasting ontogenetic trends (as in 
other teleosts, 17–18). Prior to the onset of canal morphogenesis (in fish 19–21  mm standard length [SL]; 
Fig. 4A), canal neuromast number increased but then stabilized soon after the onset of canal morphogenesis, 
which occurred at similar fish sizes in all three temperature treatments (21.2–23.7  mm SL [+ 4  °C]; 22.0–
24.9 mm SL [+ 2  °C]; 21.1–24.4 mm SL [ambient]; 95% confidence intervals, p < 0.001 for each temperature, 

Fig. 3.  Size versus age for fish used for vital fluorescent staining in all three temperature treatments (refer 
to Fig. 1D). Rate of growth (best-fit linear regression, p < 0.05): 0.24 mm SL⋅day−1 at + 4 °C (red, R2 = 0.88, 
n = 44), 0.25 mm SL⋅day−1 at + 2 °C (yellow, R2 = 0.96, n = 47), and 0.26 mm SL⋅day−1 at + 0 °C ([ambient], blue, 
R2 = 0.93, n = 43). Fish size was significantly larger at + 4 °C than at + 2 °C and + 0 °C (ambient), and fish reared 
at + 2 °C were significantly larger than those reared at + 0 °C (ambient) (ANCOVA with Tukey Contrasts, 
p < 0.05). SL = standard length, dpf = days post-fertilization.
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refer to S3). However, the number of canal neuromasts tended to increase more slowly prior to stabilization in 
number at + 4 °C (1.94 neuromasts/mm SL; R2 = 0.58, n = 9 fish) and + 2 °C (1.42 neuromasts/mm SL, R2 = 0.78, 
n = 16 fish) than at ambient temperature (+ 0 °C, 2.19 neuromasts/mm SL, R2 = 0.64, n = 19 fish; best-fit linear 
regression).

Fig. 4.  Ontogenetic increase in canal or superficial neuromast number is not significantly different among 
temperature treatments (ANCOVA with Tukey Contrasts, p > 0.05; data derived from vital fluorescent 
staining). (A) Canal neuromast (CN) number increases linearly with fish size (standard length, mm SL) prior 
to canal enclosure; a breaking point (arrows, with 95% confidence) occurs at 21.2–23.7 mm SL, 22.0–24.9 mm 
SL, and 21.1–24.4 mm SL, at + 4 (red), + 2 (yellow), + 0 °C (blue [ambient]), respectively, indicating that number 
ceases to increase after these points (best-fit linear regression with segmented relationships; see Materials and 
Methods and S1 for more details). (B) Superficial neuromast (SN) number increases linearly with fish size 
throughout ontogeny (best-fit linear regression parameters reported in text and S1). Note differences in y-axis 
values for CNs and SNs, indicating that SNs become more numerous than CNs in individuals of comparable 
sizes.
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In contrast, superficial neuromast number continued to increase from hatch through the parr stage over a 
period of several months (Fig. 4B, S3) but the number of superficial neuromasts did not vary among the three 
temperature treatments (ANCOVA, Tukey’s Contrasts, p > 0.05, refer to S2). However, superficial neuromast 
number increased more slowly at + 4 °C (0.97 neuromasts/mm SL; R2 = 0.78, n = 45 fish), than at + 2 °C (1.37 
neuromasts/mm SL; R2 = 0.93, n = 47 fish) or at ambient temperature (1.22 neuromasts/mm SL; R2 = 0.91, n = 43 
fish). Thus, although the number of canal and superficial neuromasts did not vary among temperatures, the rate 
of increase in both the number of canal and superficial neuromasts was slightly lower at higher temperatures.

Effects of increased temperature on neuromast size
All neuromasts were oval in shape, but canal neuromasts were more elongate than superficial neuromasts19. The 
sensory hair cells in both types of neuromasts were limited to a central, elongate sensory strip and the axis of 
best physiological sensitivity (hair cell orientation) was parallel to the long axis (= length) of the neuromast and 
to the canal series or the line in which the neuromast was found. Scanning electron microscopy (SEM) revealed 

Fig. 5.  Size of canal neuromasts (CNs; in SO-f and PM-d canal series) and superficial neuromasts (SNs; in 
adl series) versus fish size (mm standard length [SL], left) and age (days post-fertilization [dpf], right) derived 
from SEM images. Neuromast size (length) was compared among treatments using ANCOVA with Tukey 
contrasts, α = 0.05; refer to text and S3, S4 for details. (A) Size of canal neuromasts in the SO-f canal (n = 70 
neuromasts) vs. fish size was significantly larger in fish reared at higher temperatures (red = + 4 °C, p = 0.002; 
yellow = + 2 °C, p < 0.001) than at ambient temperature (+ 0 °C [ambient], blue). (B) Size of CNs PM-d canal 
(n = 84 neuromasts) was not significantly different among temperature treatments (ANCOVA, p > 0.05, S4). 
Data presented in A and B include only SO-f and PM-d canal neuromasts prior to their enclosure in canals, 
after which (in larger/older fishes) they could not be visualized with SEM. (C) Size of adl SNs (n = 185 
neuromasts) was not significantly different among temperature treatments (ANCOVA, p > 0.05, S4). SO-f: 
supraorbital canal segments associated with frontal bone, PM-d: preopercular-mandibular canal segments 
associated with the dentary bone, adl = antero-dorsal SN line; refer to Fig. 1A.
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no differences in these features among the three temperature treatments (e.g., Fig. 1B, C). Canal neuromasts 
increased in size during the alevin and fry stage before their enclosure in canals, after which they could not be 
visualized with SEM (Fig. 5A, B). Superficial neuromasts continued to increase in size in alevin and well into the 
parr phase but were consistently smaller than canal neuromasts (Fig. 5C).

Prior to canal enclosure the length of the canal neuromasts varied among temperature treatments in one of 
the two canal series examined in detail (Fig. 5A, B). Neuromasts in the portion of the supraorbital [SO] canal 
in association with the frontal bone (SO-f; n = 6–7 neuromasts; 19–27 mm SL), which enclose early, were larger 
at + 4  °C and + 2  °C than at ambient temperature (ANCOVA, Tukey Contrasts, p < 0.05, S4) and increased in 
size faster at + 4 °C and + 2 °C (5.26 µm/mm SL, R2 = 0.80 and 6.59 µm/mm SL, R2 = 0.84, respectively; best-fit 
linear regression) than at ambient temperature (3.87 µm/mm SL, R2 = 0.75; Fig. 6; S5). However, neuromasts 
in the portion of the preopercular-mandibular (PM) canal associated with the dentary bone (PM-d; n = 5–6 
neuromasts; 19–33 mm SL), which enclose later than those in the SO-f canal (Fig. 6), did not differ in size among 
temperature treatments (ANCOVA with Tukey Contrasts, p > 0.05; S4). Nevertheless, these canal neuromasts 
increased in size faster (Fig.  5B, S5) at + 4  °C (6.95  µm/mm SL, R2 = 0.30) than at + 2  °C (5.52  µm/mm SL, 
R2 = 0.31) and at ambient temperature (6.02 µm/mm SL, R2 = 0.59). Similarly, superficial neuromasts in the adl 
line did not vary in size among temperature treatments (ANCOVA with Tukey Contrasts, p > 0.05, Fig. 5C, S4). 
However, in contrast to both the SO and PM-d canal neuromasts, superficial neuromasts in the adl line tended 
to increase in size more slowly at + 4 °C (0.86 µm/mm SL, R2 = 0.86, n = 56 neuromasts) and + 2 °C (0.89 µm/mm 
SL, R2 = 0.42, n = 71 neuromasts) than at ambient temperature (0.95 µm/mm SL, R2 = 0.23 n = 58 neuromasts; 
refer to S5).

In summary, canal neuromasts in the SO canal, but not the PM-d canal, were significantly larger at higher 
temperatures. In addition, SO canal neuromasts increased in size at a faster rate at higher temperatures, whereas 
superficial neuromasts in the adl line increased in size more slowly. This difference in neuromast growth rate is 
consistent with the tendency of canal neuromasts to be larger than superficial neuromasts in adult brook trout19 
and in other fishes16,18. Interestingly, canal neuromasts were all ~ 95 μm long just prior to enclosure (onset of 
Stage 3) in all three temperature treatments, which suggests a threshold neuromast size that might be reached 

Fig. 6.  Onset (first segment at a given stage) and duration of each stage of canal morphogenesis (ending 
when last segment is observed at a stage) in two cranial lateral line canals for all three temperature treatments 
(red, + 4 °C; yellow, + 2; blue, + 0 °C [ambient]). (A) Supraorbital (SO) canal (associated with the nasal and 
frontal segments). (B) Preopercular-mandibular (PM) canal (associated with the dentary and anguloarticular 
segments). Onset of canal morphogenesis (Stage 2a) occurs at about the size at which swim up occurs 
(~ 21 mm SL) in all three temperature treatments. Canal morphogenesis progresses at an accelerated rate 
at higher temperatures such that more advanced stages of canal morphogenesis are reached in smaller fish 
at + 4 °C than at + 2 °C or + 0 °C (ambient).
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before becoming enclosed in canals. This could be related to tissue-to-tissue signaling during development and/
or an adaptive process that would ensure functionality after enclosure within canals, but these hypotheses need 
to be tested (see14,15). The higher rate of increase in the size of canal neuromasts at higher temperatures (+ 2 °C, 
+ 4 °C; Fig. 5) would mean that canal neuromasts reach this size earlier in the growing season. Furthermore, 
at + 4 °C, neuromasts also reach this size in smaller fishes, with the earlier onset of canal morphogenesis in the 
SO canal.

Canal morphogenesis is accelerated at higher temperatures
The pattern and timing of canal morphogenesis was assessed using SEM (to distinguish among Stages 1, 2a, 
2b, and enclosure [Stages 3/4]) and the examination of cleared and stained specimens (required to distinguish 
among Stages 2b, 3, and 4). The use of these two visualization methods revealed that canal morphogenesis 
is asynchronous within and among canal series (Fig.  6) at all three temperatures. Canal morphogenesis was 
not complete (all canal segments at Stage 4) until ~ 8 months post-fertilization (43 mm SL; parr) at ambient 
temperature but was accelerated at + 2 °C and + 4 °C so that it was complete in younger fish (i.e., earlier in the 
growing season; S6, S7).

Morphogenesis of the SO canal commenced (first canal segments at Stage 2a) by the time alevin were 19 mm 
SL (Fig. 6); thus, given the faster growth rate of fish at higher temperatures, SO canal morphogenesis started 
earlier in the season at + 4  °C (81–83 dpf) and + 2  °C (104 dpf) than at ambient temperature (113 dpf). The 
intermediate stages of canal morphogenesis (Stages 2b, 3) also occurred earlier, and at + 4 °C these intermediate 
stages occurred so much earlier that they were seen in fish at smaller body sizes, despite the faster rate of 
increase in body size (Fig. 3). At all three temperatures, all SO canal segments were ossified (Stage 4) in fish of 
approximately the same body size (36–38 mm SL), but this occurred seven weeks earlier at + 4 °C (168 dpf) and 
three weeks earlier at + 2 °C (196 dpf) than at ambient temperature (217 dpf).

Morphogenesis of the PM-m canal also started in alevin as small as 19 mm SL, but its development was 
prolonged so that it was complete ~ 60 days later than the SO canal at ambient temperature, 40 days later than 
the SO canal at + 2 °C, and 10 days later than the SO canal at + 4 °C (S6, S7). Again, given the faster growth rate 
of fish at higher temperatures, the onset of canal morphogenesis occurred in similarly sized fish, but about four 
weeks earlier at + 4 °C (81–83 dpf), and about two weeks earlier at + 2 °C (104 dpf) than at ambient temperature 
(113 dpf). In addition, the intermediate stages of canal morphogenesis (Stages 2b, 3) occurred at approximately 
the same fish size among temperature treatments but occurred earlier at higher temperatures (+ 2 °C and + 4 °C; 
Fig. 6B, S7). Completion of PM-m canal morphogenesis (all canal segments at Stage 4) occurred as much as 
10.5 weeks earlier at + 4 °C (168 dpf, 38 mm SL) and + 2 °C (217 dpf, 36 mm SL) than at ambient temperature 
(242 dpf, 43 mm SL). Thus, canal morphogenesis was complete in fish that were smaller in body size, despite the 
faster rate of increase in body size at higher temperatures (Fig. 3).

In summary, canal morphogenesis occurred more rapidly at higher temperatures (+ 2  °C, + 4  °C) in both 
the SO and PM-m canals (Fig. 6) such that the onset (Stage 2a) and completion of canal morphogenesis (Stage 
4) occurred in smaller fishes and earlier in the season (in younger fishes). These results are consistent with 
observations in other species that the timing of LL development is correlated with fish size rather than age18,39. 
However, at the highest temperature (+ 4 °C), canal development is accelerated (e.g., with respect to fish age and 
the intermediate stages of canal morphogenesis also occur at a smaller fish body size at + 4 °C than at + 2 °C and 
+ 0 °C, ambient temperature). Thus, a consistent pattern emerges, where the increase in neuromast size and 
progression of canal morphogenesis are accelerated relative to both fish size and age in the highest of the three 
temperature treatments.

The effect of increased rearing temperature on the rate of canal morphogenesis was different between the 
SO (one of the first canals to complete morphogenesis) and the PM-m (one of the last canals to complete 
morphogenesis)19. This suggests that canal morphogenesis, and perhaps other developmental processes that 
occur early and rapidly during ontogeny are more likely to be affected by increased temperatures than processes 
that occur later and/or more slowly during ontogeny.

The accelerated rate of LL canal development at higher temperatures is consistent with effects of increased 
temperature on the development of other metabolically expensive calcified structures (otoliths, vertebral bone, 
scales;2,3,8,9). Calcium recruitment for developmental processes could present a challenge under climate change 
conditions as rising CO2 levels can lead to acidification of freshwater environments (reviewed in34). Streams 
in New England watersheds are already acidified as a result of acid rain and precipitation events that have 
reduced buffering capacity35. Decreased calcium availability in acidified watersheds34 has known physiological 
effects in migratory salmonids in this region40,41 and in European freshwater systems42. The complexities of 
calcium dynamics in freshwater habitats, including the effects of temperature dependent solubility, geological 
processes (e.g., allochthonous input), CO2 levels, and seasonal variation in availability of dietary calcium, raise 
questions about whether fish would be able to obtain sufficient calcium for the demands of accelerated canal 
morphogenesis and higher overall growth rates (Fig.  3) at higher temperatures (Fig.  6, S6, S7). Aquaculture 
practices, like those used in this study, may provide adequate dietary calcium43 under experimental conditions 
but it is unclear whether sufficient dietary calcium would be available to carry out fundamental metabolic and 
developmental processes in natural habitats under climate change conditions.

Behavioral and ecological implications of accelerated lateral line development
The effects of higher water temperatures on the development of the LL system are predicted to have functional 
and ecological consequences for brook trout and likely for other salmonids. This study showed that the number 
and distribution (patterning) of canal and superficial neuromasts, the overall pattern of canal morphogenesis, 
and the presence of asynchronicity in the development of canal segments within and among canals were not 
affected by higher rearing temperature. The genetic and developmental factors regulating neuromast patterning 
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have been studied in detail in zebrafish, Danio rerio17, but the factors controlling the order and rate of canal 
morphogenesis are not known. In the current study, neuromast patterning would occur during the winter in 
embryos and early alevin (Fig. 2). The tendency for overwintering temperature to be consistent in nature26 may 
explain the lack of variation in neuromast patterning among temperature treatments. Alternatively, this may be 
explained by the high thermal tolerance during the embryonic period of fishes (reviewed in1).

In contrast, aspects of the development of the LL system that occur later, during the spring, were affected by 
increased rearing temperatures during the study period. The rate at which temperatures increased was similar 
among treatments (Fig. 2), so absolute temperature may explain the observed acceleration in canal morphogenesis 
at + 2 °C and + 4 °C treatments compared to the ambient temperature treatment. While the mechanisms of these 
developmental processes are not known, the acceleration of canal morphogenesis means that not only is canal 
morphogenesis completed in a shorter period of time, but that the duration of the intermediate developmental 
stages (Stages 1–4), through which each canal segment progresses, is shortened. This affects the time interval 
during which the neuromast within a canal segment has particular functional properties (e.g., on skin, in groove, 
enclosed in soft tissue or in ossified canal; segments;13,24). Thus, such changes to developmental timing are likely 
to affect LL-mediated behaviors in fry and parr.

Higher temperatures also affect the physiology and biomechanics of individual neuromasts. Temperature is 
known to affect neuromast sensitivity44, which may further compound changes in canal neuromast morphology 
as documented in this study (Fig. 5, S4, S5). Larger neuromasts tend to have more hair cells16, which would likely 
increase the flexural stiffness of the cupula making the neuromasts less sensitive to flows (as in larval zebrafish, 
Danio rerio;45). At higher temperatures, the higher growth rate of canal neuromasts suggests higher rates of hair 
cell differentiation (as in the amphibian ear,46,47). Hair cells are constantly active (with a resting firing rate) and 
are thus energetically expensive46,48, so larger neuromasts with more hair cells likely have higher energetic costs. 
Thus, higher temperatures may alter neuromast function with consequences for LL-mediated behaviors.

The observed changes in developmental processes and LL morphology can further be considered in an 
ecological context with respect to their early life history transitions. In brook trout reared at higher temperatures 
(+ 2 and + 4 °C), yolk sac absorption occurs ~ 3 to 7 weeks earlier and fish begin exogenous feeding during the 
alevin to fry transition 4–8 weeks earlier in the season than those reared at ambient temperature. Thus, more 
developmentally advanced fishes are found in the water column earlier in the season at higher temperatures. 
Nevertheless, the onset of canal morphogenesis is still synchronized with a key developmental transition, 
occurring just before “swim up” (at ~ 19 mm SL) when alevin (yolk-sac larvae) leave their gravel nests and enter 
the water column (at ~ 21 mm SL) and transition to the fry stage (at ~ 23 mm SL; Fig. 2).

The timing of the onset of critical behaviors of fishes in the water column also becomes important. The LL 
system is known to function in predator avoidance, prey detection, and rheotaxis in young fishes49,50. After 
swim-up, predator avoidance will certainly be crucial for survival of brook trout fry and parr, and temperature 
effects on neuromast function could affect such behaviors. Avoidance behavior in adult salmonids is known 
to be affected by rearing conditions (aquaculture vs. wild-reared51;), so the effect of increased temperatures 
on this behavior could be examined. A mismatch in the timing of the onset of exogenous feeding and the 
emergence of preferred prey species52 may present a critical challenge for these fishes, although there is some 
evidence that emergence of aquatic insect larvae, the preferred prey of post-swim-up brook trout, occurs earlier 
in the season at higher water temperatures53. Regardless of prey emergence patterns, foraging strategies are 
likely to be affected at higher temperatures. If daytime stream temperatures exceed the thermal tolerance for 
brook trout25,29, they may be forced to seek thermal refuges54 or to forage nocturnally (as reported in salmonids, 
including adult brook trout21,23,55 and fry48,56,57). Adult salmonids entrain behind objects during diurnal and 
nocturnal foraging behavior via LL-mediated rheotaxis21–23, and post-swim-up brook trout that feed nocturnally 
are likely to rely on LL input as well. Such behavioral complications are in addition to and are consequences 
of the changes to neuromast function due to altered morphology (increased neuromast size and changes to 
sensitivity) and developmental timing. Thus, under climate change scenarios, morphological and functional 
alterations to neuromasts may present challenges for prey detection behavior, particularly during the critical 
period immediately following swim-up.

Finally, increased fish size and acceleration of transitions between life history stages, increases in rates of 
neuromast growth (Fig. 3), and the timing of canal morphogenesis (Fig. 6) at higher temperatures were more 
dramatic in fish reared at + 4 °C than at + 2 °C. This suggests that the effects of increased temperature on LL 
development—and potentially developmental processes more broadly—are graded with the degree of the changes 
in water temperature. This study has revealed effects of increased temperature on major ontogenetic processes 
(life history transitions) and on the development of an important sensory system as a result of just a 2–4 °C 
degree increase in water temperature. Thus, it is predicted that the observed acceleration in development due 
to increased rearing temperature, which reflect conditions under climate change, resulted in the morphological 
differences observed in this study (but refer to58–61). It is predicted that they will impact LL-mediated behaviors 
critical for the early life history stages of brook trout and thus for the ecology and potentially survival of this 
species and of salmonids more broadly.

Materials and methods
Rearing of fish
All methods reported are in accordance with ARRIVE guidelines (Animal Research: Reporting of In Vivo 
Experiments). Wild brook trout were collected from Fourmile Brook, Northfield, MA (October 2015) and 
maintained at the U.S. Geological Survey (USGS) Eastern Ecological Science Center (EESC), S.O. Conte 
Research Laboratory (Turners Falls, MA) under conditions reflecting thermal conditions of a nearby, long-term 
study stream (“ambient temperature”;26). On November 19, 2020, trout were strip spawned and four families 
were created: Family 1) three females and two males (4382 eggs), Family 2) three females and two males (4946 
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eggs), Family 3) two females and two males (2920 eggs), and Family 4) three females and two males (4853 eggs). 
After fertilization and water hardening, the number of viable eggs per family was estimated by counting the 
number of eggs per mL, and then extrapolated to the total volume of eggs for that family. In total, each treatment 
received approximately 5700 fertilized eggs. After fertilization, eggs were divided and placed into three egg banks 
(insulated vertical stack incubators) with partially recirculated (~ 1 L min−1 ‘new’ water introduced to each egg 
bank), dechlorinated municipal water, UV treated and chilled to temperatures relevant to their treatment, under 
a 24-h dark cycle (mimicking conditions within redds). Prior to swim-up (and thus prior to completion of yolk-
sac absorption, and onset of exogenous feeding) alevin were moved to three, round flow-through rearing tanks 
(~ 1 m wide × 0.6 m deep).

The rearing tanks were initially supplied with tempered well water at three different overwintering 
temperatures: (1) ambient temperature (“+ 0 °C”; based on the thermal regime of the long-term study stream;26), 
(2) ambient temperature plus 2 °C (“+ 2 °C”), and (3) ambient temperature plus 4 °C (“+ 4 °C”). These temperature 
treatments are similar to those used in other studies of brook trout thermal stress and are in the stressful, but 
not lethal, range for brook trout30,31. The experimental thermal regime (Fig.  2) used in this study mirrored 
typical seasonal changes in water temperature in a stream in the native range of brook trout26,37. However, the 
overwintering temperature in the experimental husbandry system (~ 5 °C; in Nov.–Feb.) did not reach the lowest 
levels that may occur in nature33 and that are still likely to be reached under climate change conditions (close 
to 0 °C).

After moving fish to the round tanks, the water temperature in each tank was gradually increased in a typical 
seasonal pattern (Fig. 2, as in26) with maximum temperatures of ~ 18, 20, and 22 °C in the + 0 (ambient), + 2, 
and + 4 °C treatments, respectively (Fig. 2). Alevin and fry were fed twice daily, and then as fish size increased and 
feeding appeared volitional, food size was increased (BioVita Starter, then BioTrout; Bio-Oregon, Westbrook, 
ME) and fish were fed once per day. After approximately one month after being moved to the round tanks, fish 
were split into two round tanks per treatment. Similar fish densities (hundreds of fish) and food rations were 
maintained in the stock tanks for each temperature treatment, so observed size differences across tanks (among 
temperature treatments) were likely to be the result of water temperature differences and not fish density or 
feeding regime. Additionally, the trout used in this study are F1 of wild-caught fishes, and thus were not likely 
affected by captive rearing conditions (refer to51,62).

Sampling commenced in January 2021 on “day-of-hatch” (the day on which ~ 50% of the eggs had 
hatched; visually assessed). This occurred at 91-dpf, 67-dpf, and 54-dpf, at + 0 °C (ambient temperature), + 2 °C, 
and + 4 °C, respectively. Two to three fish were sampled from each temperature treatment twice a week (from 
hatch to well into the parr stage), anesthetized in 0.1  M MS-222, and fixed in 4% paraformaldehyde (PFA; 
ACROS #41678-001) in 100  mmol L−1 phosphate-buffered saline (= 4% buffered PFA) or in 10% buffered 
formalin (Fisher Scientific, #427-098). Flexion is complete in brook trout prior to day-of-hatch, so anaesthetized 
fish were all measured to the nearest 0.5 mm as standard length (SL) during preparation for vital staining or 
after fixation. Rearing of fish was carried out under USGS EESC approved IACUC protocol #2021-07C, and all 
experiments were carried out in accordance with the relevant guidelines and regulations.

Vital fluorescent staining
Vital staining of neuromasts using 4-Di-2-ASP, a fluorescent mitochondrial stain (Sigma #D34138), was conducted 
at the S.O. Conte Research Laboratory (Jan.–Oct. 2021) following a University of Rhode Island approved IACUC 
protocol (#AN1718-016). Fish reared at + 0 °C (ambient), + 2 °C, and + 4 °C were sampled weekly starting on 
day-of-hatch or soon thereafter (at 55, 70, or 91 dpf to 218 dpf; for + 0 °C (ambient), + 2 °C, + 4 °C treatments, 
respectively), then biweekly (231–259 dpf), and at 327 dpf after canal morphogenesis was complete (n = 44–47 
fish/treatment; 14.5–77 mm SL, alevin, fry and parr). Individual fish were allowed to swim in a 0.0024% solution 
of 4-Di-2-ASP (in rearing system water) for 5–10 min, rinsed in rearing system water for 5 min., and anaesthetized 
in 0.02% MS-222 (Sigma A-5040; buffered to 8.4 pH with sodium bicarbonate) in system water until posture 
could not be maintained and opercular movement ceased. Neuromasts were visualized using a fluorescence 
viewing system (NIGHTSEA, Electron Microscopy Services, #SFA-RB, Lexington, MA) and stereoscope (Wild 
Heerbrugg M5A, Heerbrugg, Switzerland) equipped with a digital camera (Nikon D500 DSLR) and 0.25X 
projection lens. Images were acquired (iDigiCam, v. 2.1.6 or Adobe Lightroom Classic, v. 12.5.1), after which 
fish were euthanized in 0.04% buffered MS-222, and fixed in 4% paraformaldehyde in 10 mM L−1 phosphate-
buffered saline (4% PFA). Images taken in multiple views (e.g., Fig. 1D, S1) were used to determine neuromast 
number and distribution on one side of the head (right side, unless noted). Image stacks were constructed using 
the auto-blend layers tool (Adobe Photoshop, v. 25.3.1) and neuromast distribution maps were generated using 
Adobe Illustrator (v. 28.4.1).

All statistical analyses were carried out using RStudio (v. 1.4.1717;63). Linear regressions with segmented 
relationships (R package segmented,64) were used to model canal neuromast number versus fish size (mm SL) 
and linear regressions were used to model the relationship of number of superficial neuromasts to fish size for 
all three temperature treatments (S1). Total numbers of canal and superficial neuromasts were not normally 
distributed (Shapiro–Wilk Test, p < 0.05). However, the relationship between neuromast number and fish size 
was linear (p < 0.05) and the variances among the three treatments were not significantly different (Levene’s Test, 
p > 0.05), so neuromast numbers were compared among the three temperature treatments using ANCOVA with 
Tukey Contrasts (residuals normally distributed, Shapiro–Wilk Test p = 0.23). Significance was defined using 
α = 0.05 for all analyses.

Scanning electron microscopy (SEM) and clearing and staining for bone
Fish from the ontogenetic series that had been fixed in 4% PFA (57–145 dpf, 15–35.5 mm SL [+ 4 °C]; 71–183 
dpf, 15–35 mm SL [+ 2 °C]; 90–287 dpf, 15–33 mm SL [+ 0 °C, ambient]; n = 18 fish/treatment) were dehydrated 
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in a graded ethanol series, critical point dried out of liquid CO2 (Leica MED 020), mounted on aluminum stubs 
with adhesive carbon disks (Ted Pella, Inc., 16084-2, 16327) and sputter coated with 15 nm platinum. Digital 
images were acquired on a Zeiss Supra 40VP SEM (at 3 kV and ~ 10 µm working distance) (Jena, Germany) at 
the Marine Biological Laboratory (Woods Hole, MA). The size of canal neuromasts in the supraorbital (SO) 
canal series associated with the frontal bone (SO-f; in fish 19–27 mm SL, n = 70 neuromasts), the size of canal 
neuromasts in the preopercular mandibular  (PM) canal series associated with the dentary bone (PM-d; in 
fish 19–33 mm SL, n = 84 neuromasts), and the size of superficial neuromasts in the antero-dorsal line (adl; 
representative of the four superficial neuromast lines; in 15–35 mm SL fish, n = 185 neuromasts; Fig, 1A;19) were 
measured in SEM images (left side of the head unless otherwise noted, ImageJ, v. 2.3). Canal and superficial 
neuromasts were also measured in the largest individual from each of the three temperature treatments prior 
to their enclosure in canals (SO-f, 27 mm SL; PM-d, 33 mm SL). Canal and superficial neuromast length were 
normally distributed (Shapiro–Wilk Test, p > 0.05), modeled using linear regression, and compared among 
temperature treatments using ANCOVA with Tukey Contrasts (residuals were normally distributed, Shapiro–
Wilk Tests: p = 0.17 [SO]; p = 0.53 [PM-d]; p = 0.20 [adl]).

Additional fish from the same ontogenetic series as described above (97–301 dpf (+ 4 °C], 21–68 mm SL; 
134–383 dpf [+ 2 °C], 21–70 mm SL; 146–383 dpf [ambient], 21–69 mm SL; 12–13 fish/treatment) were fixed in 
4% PFA and enzymatically cleared and stained (for ossified bone only;65) to document the pattern and timing 
of development of individual canal segments in the SO and PM-m canals (scored as Stages 1–4; defined in16).

Data availability
Data and code are available on GitHub (https://github.com/aubreejones/brooktroutdevo_temp). Image data are 
being used for ongoing projects, and thus are not yet public, but samples of image data are available in a public 
data repository (​h​t​t​p​s​:​​/​/​z​m​a​p​​o​r​t​a​l​.​​o​r​g​/​z​m​​a​p​o​r​t​​a​l​/​l​a​r​​e​q​u​e​s​t​​.​p​h​p​?​r​​e​q​u​e​s​​t​=​s​t​u​d​​y​O​v​e​r​v​​i​e​w​_​p​u​​b​l​i​c​&​S​t​u​d​y​I​D​=​3​8​
&​i​n​s​t​i​t​=​Z​M​A​_​Z​M​A).
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