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into adaptive strategies and refinement of recovery 
approaches for lamprey species worldwide.
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Introduction

Pacific lamprey (Entosphenus tridentatus) and other 
anadromous lampreys exhibit complex life  cycles. 
Adults migrate from the marine environment into 
rivers where they will hold without feeding for up 
to 2 years while developing gametes (Clemens et al. 
2019). To prepare for spawning, they excavate redds 
in river bottoms using their suctorial disc to create 
low velocity features suitable for depositing ferti-
lized eggs (Gunckel et  al. 2009). Eggs hatch after a 
2- to 3-week incubation period, and shortly after the 
2-week yolk sac stage (also known as prolarva stage), 
they begin a larval phase in which they are referred 
to as ammocoetes (Yamazaki et al. 2003). As ammo-
coetes, lampreys lack eyes or teeth and filter-feed 
from burrows in areas of fine substrate with low water 
velocities (Dawson et  al. 2015). After several years, 
ammocoetes undergo a transformation into “macroph-
thalmia” as they develop eyes, a suctorial disc, and 
teeth and change color (McGree et al. 2008; Manzon 
et al. 2015). As macrophthalmia, they migrate down-
stream to initiate parasitic feeding (Goodman et  al. 
2015; Clemens et al. 2019). The ammocoete phase is 
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considered the longest phase of the life  cycle; how-
ever, there is little specific information on natural 
variation within species, between species, or between 
regions.

Age of ammocoetes generally has been estimated 
using either length frequency analysis or by counting 
annuli on statoliths, calcareous structures analogous 
to otoliths in bony fishes, although both have their 
limitations (Dawson et  al. 2021). To date, the few 
studies that have evaluated the duration of the 
ammocoete phase for Pacific lamprey in the wild 
were focused on northern populations in British 
Columbia, Washington, or the Columbia Basin. 
Time-to-transformation has generally been estimated 
at 4–8 years, with the majority at 5–7 years (Beamish 
and Northcote 1989; Renaud 2011; Hess et  al. 
2021). Pacific lamprey produced through artificial 
propagation and reared in a hatchery have transformed 
in as little as 2.5 years, providing an indication that 
the duration of the ammocoete stage in the wild could 
be less than 3 years in some situations (Moser et al. 
2019). This study examines ammocoete growth and 
time to transformation under natural conditions in a 
stream located near the southern extent of the species’ 
coastal distribution (Reid and Goodman 2020).

San Luis Obispo Creek on the south-central coast 
of California (35.3° N) was home to the southern-
most viable population of Pacific lamprey during 
a coast-wide survey in 2004 with abundant ammo-
coetes of multiple size classes (Goodman et al. 2008). 
No other lamprey species occur in the drainage. The 
creek is a small perennial coastal drainage (225  km2) 
located 80 km north of Point Conception that main-
tains year-round connection to the Pacific Ocean. San 
Luis Obispo Creek maintains a base flow of around 
1 cfs and all tributaries have intermittent reaches in 
the summer (California Environmental Flows Work-
group 2021).  The Mediterranean climate is warm 
in the summer and mild in the winter with monthly 
average high air temperatures typically fluctuating 
from 18 to 27 °C and lows from 5 to 12 °C (NOAA 
National Climatic Data Center). Water temperatures 
similarly vary seasonally from about 16 to 19  °C 
between March and August in 2016 and 2017 (USGS 
351436120405201).

Between 2011 and 2016, no Pacific lamprey were 
detected in the drainage despite extensive lamprey-
specific surveys conducted from the estuary transi-
tion into the upper reaches of San Luis Obispo Creek 

and its principal tributaries (n = 72 visits at 12–14 
sites per year; Reid and Goodman 2016, 2020). Loss 
of lamprey from the drainage was hypothesized to be 
associated with the 2006 modification of a tidal weir 
intended to improve passage for anadromous Rain-
bow Trout (Oncorhynchus mykiss). Unfortunately, the 
modification created a barrier to upstream migration 
of lamprey at the upper end of the estuary and below 
any perennial tributaries. In August 2013, the Central 
Coastal California Lamprey Working Group estab-
lished a lamprey-specific passage route at the weir, 
and subsequently, lampreys naturally recolonized the 
drainage. Spawning was first observed in March 2017 
(Mission Plaza), and ammocoetes were first detected 
in October 2017 (Reid and Goodman 2020). This 
provided an opportunity to document direct natural 
growth and duration of the ammocoete phase in the 
first cohort of lampreys from hatchling to transforma-
tion into macrophthalmia.

Materials and methods

The absence of ammocoetes in the drainage prior 
to 2017 was established by at least annual lamprey-
specific surveys from 2012 to 2016 at 12 to 15 sites/
year, including the Mission Plaza study site, generally 
in October or November (Reid and Goodman 2020). 
These surveys included 4–9 sites on San Luis Obispo 
Creek itself, as well as 5–9 sites on principal tributar-
ies (Fig.  1). Sites on the mainstem ranged from the 
higher gradient headwaters downstream to just above 
the head of the estuary, with 3–5 sites above Mission 
Plaza and 2–5 sites below. In October 2016, we sur-
veyed four mainstem sites at and above the Mission 
Plaza study site and three mainstem sites below, none 
of which had ammocoetes, but in all of which ammo-
coetes were quickly found in October 2017. Based on 
occupancy and detectability modeling, the posterior 
probabilities that Pacific lamprey were actually pre-
sent in the drainage when not detected at this level of 
surveys is highly unlikely (p < 0.01; Reid and Good-
man 2015). Absence is further supported by the small 
size of San Luis Obispo Creek above Mission Plaza, 
optimal clear shallow survey conditions, and limited 
rearing habitat above the study site, as well as by lack 
of prior lamprey observations by local fish biologists 
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(F. Otte, City of San Luis Obispo; D. Baldwin, Calif. 
Dept. Fish and Wildlife pers. comm.).

Pacific lamprey ammocoetes were repeatedly 
collected and measured from a 100  m reach of San 
Luis Obispo Creek located in Mission Plaza between 
Broad St. and Chorro St. (35.280°, − 120.664°, elev. 
60  m). Each survey occasion was intended to col-
lect measurements of at least 60 ammocoetes within 
the same habitat units, and we surveyed on six occa-
sions between October 2017 and November 2019. 
During each survey, we sampled between 68 and 
140 individuals to characterize the size range and 
size distribution (Table  1). Ammocoetes were col-
lected using a slow burst-pulse APB-2 (Engineering 
Technical Services) backpack electrofisher specifi-
cally designed to bring ammocoetes out of the sub-
strate into mid-water where they were hand-netted, 
measured, and released (Reid and Goodman 2015, 
2016). Settings were at burst pulse wave-trains, rate 
3.00 pulse/sec (with a pulse pause), duty cycle 25%, 
and voltages were set to ensure sufficient current 

in the water to show response by ammocoetes (ca. 
125 V). While there was an effort to collect a repre-
sentative size range during each sample, the resultant 
distributions may not be representative of the actual 
relative abundances due to the potential for collector 
and equipment biases to select for the largest, small-
est, or less abundant sizes. All fishes collected as part 
of this study were done as humanely as possible and 
returned to the stream unharmed. Repeated redd sur-
veys were also conducted for lampreys by the Califor-
nia Department of Fish and Wildlife and the City of 
San Luis Obispo between March and May 2017 fol-
lowing methods by Stone (2006).

Ammocoete lengths and time since the observation 
of lamprey redds were analyzed to estimate a growth 
rate. In 2017 surveys, 85% of redds were observed on 
April 4, which was used as an estimated spawn date 
to inform growth rate calculations. Similarly, in 2019, 
80% of redds were observed the week of April 10. 
We estimated 11 days from spawn date to hatch, fol-
lowing Yamazaki et al. (2003) to account for egg to 

Fig. 1  North American dis-
tribution of Pacific lamprey 
(A) and sample sites within 
San Luis Obispo Creek 
(B). In North America, 
Pacific lamprey have been 
observed in freshwater from 
the Wood River in Alaska 
to nearly 5,000 south to the 
Rio Santo Domingo in Baja 
California, Mexico. In San 
Luis Obispo Creek, black 
dots indicate where lam-
preys have been observed 
since recolonization. Gray 
dots indicate sample sites 
where lampreys were not 
observed. The star at Mis-
sion Plaza is the focal point 
for this study
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emergence timing and establish an origin for growth 
rate calculations. However, redds were observed in 
San Luis Obispo Creek as early as February 26 in 
2019, and spawning of Pacific lamprey on the West 
Coast generally occurs through late June (Brumo 
et al. 2009; Gunckel et al. 2009; F. Otte, City of San 
Luis Obispo; D. Baldwin, Calif. Dept. Fish and Wild-
life pers. comm.).

We assumed a similar growth rate for lampreys 
hatched in 2017 and 2019 to restrict our growth analy-
sis to the 2017 cohort. Ammocoete length frequencies 
were bimodal beginning in July 2019. We assumed 
that the modes were representative of year classes 
and excluded the 2019 cohort. This subset removed 
ammocoetes less than 53 mm total length (TL) from 
the July 2019 sample (n = 26) and ammocoetes less 
than 78  mm TL from the November 2019 sample 
(n = 32). The resulting dataset was fit to ammocoete 
growth using a local polynomial regression model in 
the statistical package R (R Core Team 2017).

Results

Spawning Pacific lamprey were first observed on 17 
March 2017 in Mission Plaza. Ammocoetes were 
readily detectable on each survey visit from Octo-
ber 2017 (Table 1; Fig. 2). Detection of ammocoetes 
at the Mission Plaza site consistently took less than 
1  min from initiation of the survey. Ammocoetes 
were also found at seven additional sites on San Luis 
Obispo Creek itself and one tributary (Stenner Creek) 
in October 2017 during a companion study designed 

to track lamprey distribution in the drainage (Reid 
and Goodman 2020). The three sites above Mission 
Plaza had very low abundances of ammocoetes, and 
observed sizes were less than 40  mm TL. At the 
three sites below Mission Plaza, ammocoetes were 
relatively abundant, and observed sizes were less than 
70 mm TL.

The July (n = 111) and October (n = 123) 2018 sur-
veys in Mission Plaza found no ammocoetes less than 
40  mm that would indicate successful recruitment 
that year. Similar results were found at two upstream 
mainstem sites where ammocoetes were detected con-
sistently since the initial 2017 recolonization. How-
ever, small ammocoetes (< 40  mm) were present in 
2018 at two lower gradient mainstem monitoring sites 
10 km or more downstream, as well as in a principal 
perennial tributary (Stenner Creek), indicating that 
the apparent lack of recruitment in 2018 was local-
ized in the upper reaches of San Luis Obispo Creek 
itself and not drainage wide. In contrast, the July 
(n = 140) and November (n = 90) 2019 Mission Plaza 
surveys included a common size class (23–42  mm) 
indicative of new recruitment from spawning in the 
Spring of 2019. We attribute the absence of age-0 
ammocoetes at Mission Plaza in 2018 to an extreme 
flow event on March 22nd, which would have scoured 
redds during or shortly after egg deposition in this 
highly channelized reach.

We first detected macrophthalmia in Novem-
ber 2019, and they accounted for an estimated 21% 
of the 2017-year class (Table  1; Fig.  2). At that 
time, macrophthalmia appeared fully developed 
and had adopted juvenile countershading suitable 

Table 1  Lamprey sampling history from San Luis Obispo 
Drainage from 2016 to 2019. Number of sites surveyed and 
sites where ammocoetes were encountered (Occupied), and for 
the Mission Plaza study site, the number of ammocoetes and 

macrophthalmia measured. While ammocoetes were abundant 
in San Luis Obispo Creek in 2004, annual surveys (typically 
12–14 sites) of the drainage from 2011 to 2016 detected no 
ammocoetes at any sites (Reid and Goodman 2020)

Mission Plaza Site

Year Month Sites Occupied Ammocoete Macrophthalmia

2016 Oct 12 0 0 0
2017 Oct 15 8 68 0
2018 Feb 1 1 105 0

Jul 10 5 111 0
Oct 1 1 123 0

2019 Jul 1 1 140 0
Nov 10 5 90 16
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for emigration to oceanic habitats. Although the 
July 2019 sample included ammocoetes as large as 
125–157 mm (n = 29), no ammocoetes over 125 mm 
were found following transformation of macrophthal-
mia in November. Therefore, in at least some individ-
uals from the 2017 cohort (ca. 21%), transformation 
occurred and was essentially completed in less than 
2.6 years after hatch.

Ammocoete growth rate for the 2017 cohort was 
0.13 mm/day (SD = 0.03) or 3.9 mm/month, based on 
growth from estimated date of hatch to the July 2019 
survey (2.3 years), the last sample before we detected 
macrophthalmia (Fig.  3). No change was detectable 
in the mean TL of ammocoetes from the 2017 cohort 
between July (x̄ = 107  mm, SD = 23) and November 
(x̄ = 104  mm, SD = 11) concurrent with transforma-
tion of ammocoetes into macrophthalmia. We saw no 

Fig. 2  Length frequencies of Pacific lamprey from Mission 
Plaza study site on San Luis Obispo Creek. White bars indicate 
ammocoetes, and black bars indicate macrophthalmia. Note 
that the suggestion of bimodality in the October 2017 sample 

is not evident in subsequent samples of the same cohort (Feb-
ruary and July 2018), which included more individuals. There 
may also have been some initial sampling bias for small and 
larger individuals (see Methods)

Fig. 3  Calculated growth curve for Pacific lamprey in San 
Luis Obispo Creek, based on length frequencies from Mission 
Plaza study site (Fig. II)
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evidence for changes in growth rate by season based 
on visual inspection of the data.

Discussion

The rapid development of ammocoetes in San Luis 
Obispo Creek (≤ 2.6 years) is among the fastest times 
to transformation observed for a lamprey species in 
the wild. Dawson et  al. (2015) summarized ammo-
coete phase duration for nine lamprey species over 21 
studies, and estimates ranged from 2 to 8 years. Only 
two studies that we are aware of documented ages to 
metamorphosis of under 3 years in the wild. One was 
an early study of European Brook lamprey (Lampetra 
planeri) using length frequency (Knowles 1941). The 
other was a length frequency/statolith based study of 
sea lamprey (Petromyzon marinus) in the Chippewa 
River, Michigan, a highly productive stream bolstered 
by a sewage treatment plant (Morkert et  al. 1998). 
These examples of rapid development are in contrast 
to the 4–8-year estimates for the ammocoete phase 
reported in more northern populations and demon-
strate that Pacific lamprey, and perhaps other anadro-
mous species, are capable of spawning, rearing, and 
transforming preparatory to emigration to the ocean 
within a period of less than 3 years under appropriate 
conditions.

Pacific lamprey are one of the most widely dis-
tributed anadromous fishes in North America and 
occupy a wide range of habitat conditions and hydro-
logic settings. Their historical freshwater distribution 
ranges from the Rio Santo Domingo in Baja Califor-
nia, Mexico, north to the Wood River in Alaska, and 
around the Pacific Rim into Asia (Ruiz-Campos and 
Gonzalez-Guzman 1996; Mecklenburg et  al. 2002; 
Yamazaki et al. 2005). They typically occupy peren-
nial streams that maintain connection with the ocean 
facilitating their multi-year freshwater residence and 
migratory behaviors. The suitability of streams for 
Pacific lamprey depends largely upon having suffi-
cient flow to (1) connect river mouths with the ocean 
to facilitate upstream and downstream migration and 
(2) sustain water in occupied habitats year-round to 
support multi-year rearing and sustain adults as they 
hold prior to spawning. However, near the arid south-
ern extent of their distribution, and particularly south 

of Point Conception (34.4° N), the hydrologic setting 
changes.

In southern streams, it is common to have intermit-
tent stream reaches, highly irregular flows, extended 
droughts, and river mouth sandbars that seasonally 
isolate drainages from the ocean, sometimes prevent-
ing entry and exit for multiple years. Flow events can 
trigger emigration, but never reach the ocean, result-
ing in lethal strandings of those macrophthalmia that 
attempt to move downstream (Goodman and Reid 
2015; Goodman et al. 2015). Conditions in arid low 
latitude streams are unpredictable, impacting all life-
history phases, including adults migrating into and 
holding in freshwater, ammocoetes rearing for mul-
tiple years, and juveniles emigrating to the ocean. 
However, southern streams also generally offer con-
ditions that facilitate rapid development and improve 
likelihood for success under these conditions includ-
ing warm water temperatures, high productivity, and 
longer growing seasons. An extended transformation 
strategy, with only a portion of the suitable ammo-
coetes transforming at a given time, likely provides 
greater opportunity for some portion of the popula-
tion to successfully make it to the sea. In a widely 
distributed species like Pacific lamprey, this strat-
egy may be maintained for the species as a whole, 
whether local conditions require it or not. Evidence 
for an extremely extended time to full metamorpho-
sis has been observed when sea lamprey ammocoetes 
in an isolated stream (Big Garlic River, Michigan) 
continued to metamorphose 12 + years after hatch-
ing, although the maximum size of ammocoetes and 
transformed individuals did not change substantially 
over the last 7 years of the study (Manion and Smith 
1978). It would be useful to study how abundance 
and demographics of lamprey populations respond 
when access to the ocean is eliminated by a multi-
year drought.

The duration of the ammocoete phase and timing 
of transformation prior to emigration is critical for 
understanding the life-history and adaptive strate-
gies of lampreys. These findings further support the 
refinement of conservation needs for Pacific lamprey, 
as well as other species in arid regions and lower lati-
tudes. The sea lamprey historically ranged into the 
northern drainages of North Africa (Renaud 2011). 
Anadromous pouched lamprey (Geotria australis) 
in Australia, South America, and New Zealand and 
Australian brook lamprey (Mordacia praecox) also 
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encounter arid regions at the edges of their ranges 
(Renaud 2011).

Demographic processes that increase popula-
tion growth rates at lower animal densities may also 
be responsible for patterns observed in this study. 
Ammocoetes are susceptible to overcrowding and 
display density-dependent growth patterns in con-
trolled experimental studies (Mallatt 1983; Lampman 
et  al. 2016). Ammocoete growth is inversely related 
to animal density and is consistent among species 
(Murdoch et  al. 1992; Bowen and Yap 2018). The 
accelerated growth observed in this study could be 
influenced by the reduction of intraspecific compe-
tition due to a lack of senior cohorts. Similarly, the 
early age at transformation after recolonization of 
San Luis Obispo Creek may be related to compensa-
tory mechanisms that increase growth rates and sur-
vival. Youson (2003) found that transformation into 
macrophthalmia occurs upon reaching a size thresh-
old. We found that 25% of the 2017 cohort had a TL 
of over 125  mm in our sample in July 2019. In our 
November 2019 sample, we found only macrophthal-
mia to be over 125 mm TL, suggesting that most, if 
not all, ammocoetes over 125  mm in July 2019 had 
transformed by November. Therefore, increased 
ammocoete growth likely resulted in a younger age 
at transformation. However, these processes are not 
universally supported. Jones et al. (2003) found weak 
and equivocal evidence for increased growth rates in 
sea lampreys recolonizing habitats after lampricide 
treatment. Ammocoete dispersal is also related to lar-
val density and may moderate the influence of over-
crowding in streams by expanding into new habitat 
patches to reduce competition, although we do not 
consider this to have been a factor in San Luis Obispo 
so shortly after recolonization (Derosier et al. 2007).

We expect longer larval phases in streams at 
higher latitudes that typically have lower stream 
temperatures, shorter growing seasons, and lower 
primary productivity. The size of Pacific lamprey 
macrophthalmia transforming in under 3  years in 
San Luis Obispo (mean 125 mm TL, n = 16) agreed 
well with that found at more northern study areas, 
including Fraser River, British Columbia (mean 
140  mm, n = 43; Beamish 1980), and Sacramento 
River, California (mean 127  mm, n = 4,172; 
Goodman et  al. 2015). This suggests that size at 
transformation is similar regardless of growth rate 
in Pacific lamprey. The substantially wider initial size 

range mm (21–82  mm) and larger size of presumed 
year-0 ammocoetes in San Luis Obispo compared 
to more northern populations may be due to local 
conditions, including warmer temperatures, higher 
productivity, and a longer growing season (Meeuwig 
and Bayer 2005). It may also represent a relatively 
broad spawning season that typically extends from 
late March to June in more northerly drainages 
on the west coast and began as early as February 
in San Luis Obispo (Brumo et  al. 2009; Gunckel 
et  al. 2009). Therefore, our results provide further 
caution to using generalized age-size relationships to 
characterize year class (Beamish and Levings 1991; 
Dawson et  al. 2015). While our results suggest that 
size distributions are useful, they should be applied 
locally with consideration of local environmental 
conditions and population characteristics.

These results expand our understanding of habi-
tats where lampreys can be successful, particularly in 
streams that are occasionally intermittent or have lim-
ited connection to the ocean and where local popula-
tions are periodically extirpated (Reid and Goodman 
2016). As demonstrated in San Luis Obispo Creek, 
and as further observations of Pacific lamprey in arid 
drainages of Southern California and Northern Méx-
ico indicate, local extirpations are not necessarily per-
manent and may represent periodic natural events that 
can be mitigated if we maintain unobstructed passage 
and suitable habitat for when favorable conditions 
to recolonization occur. Pacific lamprey were redis-
covered in the Santa Margarita River in 2019–2021 
after improvements in fish passage and river manage-
ment of a diversion weir (Camp Pendleton Marine 
Corps., Reid and Goodman unpublished data). The 
Santa Margarita River (33.233°, − 117.407°) is now 
the southernmost actively reproducing population of 
the species and is located over 400  km south along 
the Pacific Ocean from San Luis Obispo Creek. The 
Santa Margarita is naturally intermittent with limited 
windows of connection between the river and ocean 
combined with a highly variable hydrology. Success 
of this population and others, particularly in arid 
climates, may be reliant on behaviors such as rapid 
growth and maturation that facilitate success in natu-
rally dynamic and variable rivers.

Acknowledgements We extend our thanks to F. Otte (City 
of San Luis Obispo); D. Highland, D. Michniuk, and D. Bald-
win (California Department of Fish and Wildlife); P. Kalan 



 Environ Biol Fish

1 3
Vol:. (1234567890)

(California Polytechnic State University); the San Luis Obispo 
Land Conservancy—all active members of the Central Coastal 
California Lamprey Working Group—as well as members 
of the California Conservation Corps who have assisted in 
adult and larval surveys. This manuscript benefitted from the 
thoughtful review of four anonymous reviewers. The findings 
and conclusions in this manuscript are those of the authors and 
do not necessarily represent those of the United States Fish 
and Wildlife Service. Reference to trade names does not imply 
endorsement by the US Government.

Funding Funding for this effort and other lamprey conser-
vation efforts in California was provided by the US Fish and 
Wildlife Service.

Data availability Data published in this manuscript are 
available upon request.

Code availability Not applicable.

Declarations 

Ethics approval Sampling efforts were carried out according 
to the Guidelines for the Use of Fishes in Research published in 
2014 by the joint committee of the American Fisheries Society, 
the American Institute of Fishery Research Biologists, and the 
American Society of Ichthyologists and Herpetologists.

Conflict of interest The authors declare no competing interest.

References

Beamish RJ (1980) Adult biology of the river lamprey (Lampe-
tra ayresii) and the Pacific lamprey (Lampetra tridentata) 
from the Pacific coast of Canada. Can J Fish Aquat Sci 
37:1906–1923

Beamish RJ, Levings CD (1991) Abundance and freshwater 
migrations of the anadromous parasitic lamprey, Lampe-
tra tridentata, in a tributary of the Fraser River, British 
Columbia. Can J Fish Aquat Sci 48:1250–1263

Beamish RJ, Northcote TG (1989) Extinction of a population 
of anadromous parasitic lamprey, Lampetra tridentata, 
upstream of an impassable dam. Can J Fish Aquat Sci 
46:420–425

Bowen S, Yap M (2018) Crowding reduces feeding rate, effec-
tiveness of diet selection, and efficiency of digestion by 
northern brook lamprey ammocoetes (Ichthyomyzon fos-
sor). Environ Biol Fishes 101:1385–1394. https:// doi. org/ 
10. 1007/ s10641- 018- 0785-4

Brumo, AF, Grandmontagne L, Namitz SN and Markle DF 
(2009) Approaches for monitoring Pacific Lamprey 
spawning populations in a coastal Oregon stream. Pages 
203–222 in L. R. Brown, S. D. Chase, M. G. Mesa, R. J. 
Beamish,and P. B. Moyle, editors. 2009. Biology, man-
agement, and conservation of lampreys in North America. 
American Fisheries Society, Symposium 72, Bethesda, 
Maryland

California Environmental Flows Working Group (2021) Cali-
fornia Natural Flows Database: functional flow metrics 
v1.2.1 https:// river. codef ornat ure. org/. Accessed Nov 
2021

Clemens BJ et al (2019) Marine biology of the Pacific lam-
prey Entosphenus tridentatus. Rev Fish Biol Fisheries 
29:767–788

Dawson HA, Quintella BR, Almeida PR, Treble AJ, Jolley 
JC (2015) The ecology of larval and metamorphosing 
lampreys. In: Docker MF (ed) Lampreys: biology, con-
servation and control. Springer, Dordrecht, pp 75–137

Dawson HA, Higgins-Weier CE, Steeves TB, Johnson NS 
(2021) Estimating age and growth of invasive sea lam-
prey: a review of approaches and investigation of a new 
method. J Great Lakes Res 47:S570–S579

Derosier AL, Jones ML, Scribner KT (2007) Dispersal of sea 
lamprey larvae during early life: relevance for recruit-
ment dynamics. Environ Biol Fishes 78(3):271–284

Goodman DH, Reid SB, Docker MF, Haas GR, Kinziger AP 
(2008) Mitochondrial DNA evidence for high levels of 
gene flow among populations of a widely distributed 
anadromous lamprey Entosphenus tridentatus (Petromy-
zontidae). J Fish Biol 72:400–417

Goodman DH, Reid SB (2015) Regional implementation 
plan for measures to conserve Pacific lamprey (Entos-
phenus tridentatus), California – South Central Coast 
Regional Management Unit. U.S. Fish and Wildlife 
Service, Arcata Fish and Wildlife Office, Arcata Fish-
eries Technical Report Number TR 2015–25, Arcata, 
California

Goodman DH, Reid SB, Som NA, Poytress WR (2015) The 
punctuated seaward migration of Pacific lamprey (Ento-
sphenus tridentatus): environmental cues and implica-
tions for streamflow management. Can J Fish Aquat Sci 
72:1817–1828

Gunckel SL, Jones KK, Jacobs SE (2009) Spawning distribu-
tion and habitat use of adult Pacific and western brook 
lampreys in Smith River, Oregon. In Brown LR et al. (eds) 
American Fisheries Society Symposium Vol. 72 Mary-
land, pp 173–189

Hess JE, Paradis RL, Moser ML, Weitkamp LA, Delomas 
TA, Narum SR (2021) Robust recolonization of Pacific 
lamprey following dam removals. Trans Am Fish Soc 
150:56–74

Jones ML, Bergstedt RA, Twohey MB, Fodale MF, Cuddy 
DW, Slade JW (2003) Compensatory mechanisms in 
Great Lakes sea lamprey populations: implications for 
alternative control strategies. J Great Lakes Res 29(Suppl 
1):113–129

Knowles FGW (1941) The duration of larval life in ammo-
coetes and an attempt to accelerate metamorphosis by 
injections of an anterior-pituitary extract. Proceedings of 
the Zoological Society of London 3:101–109

Lampman R, Moser M, Jackson A, Rose R, Gannum A, Barron 
J (2016) Developing techniques for artificial propagation 
and early rearing of Pacific lamprey (Entosphenus triden-
tatus) for species recovery. In: Orlov A, Beamish R (eds) 
Jawless Fishes of the World, vol 2. Cambridge Scholars 
Publishing, pp 160–195

Mallatt J (1983) Laboratory growth of larval lampreys (Lam-
petra (Entosphenus) tridentata Richardson) at different 

https://doi.org/10.1007/s10641-018-0785-4
https://doi.org/10.1007/s10641-018-0785-4
https://river.codefornature.org/


Environ Biol Fish 

1 3
Vol.: (0123456789)

food concentrations and animal densities. J Fish Biol 
22(3):293–301

Manion PJ, Smith BR (1978) Biology of larval and meta-
morphosing sea lampreys, Petromyzon marinus, of the 
1960 year class in the Big Garlic River, Michigan, part 
II, 1966–72 (No. 30, pp. 0–35). Great Lakes Fishery 
Commission

Manzon RG, Youson JH, Holmes JA (2015) Lamprey meta-
morphosis. In: Docker MF (ed) Lampreys: biology, con-
servation and control. Fish and Fisheries monograph 
series, vol 1. (pp 139–214) Springer, New York

McGree M, Whitesel TA, Stone J (2008) Larval metamor-
phosis of individual Pacific lampreys reared in captivity. 
Trans Am Fish Soc 137:1866–1878

Mecklenburg CW, Mecklenburg TA, Thorsteinson LK (2002) 
Fishes of Alaska. American Fisheries Society, Maryland

Meeuwig MH, Bayer JM (2005) Morphology and aging pre-
cision of statoliths from larvae of Columbia River Basin 
lampreys. N Am J Fish Man 25:38–48

Moser ML, Hume JB, Aronsuu KK, Lampman RT, Jackson 
AD (2019) Lamprey reproduction and early life history: 
insights from artificial propagation. In: Docker MF (ed) 
Lampreys: Biology. Conservation and Control, Springer, 
Dordrecht, Netherlands, pp 187–245

Morkert SB, Seelye SWD, JG, (1998) Evidence for early meta-
morphosis of sea lampreys in the Chippewa River, Michi-
gan. N Am J Fish Man 18:966–971

Murdoch SP, Docker MF, Beamish FWH (1992) Effect of den-
sity and individual variation on growth of sea lamprey 
(Petromyzon marinus) larvae in the laboratory. Can J Zool 
70:184–188

R Core Team (2017) R: a language and environment for statis-
tical computing. R Foundation for Statistical Computing. 
Vienna, Austria. https:// www.R- proje ct. org/. Accessed 
Dec 2021

Reid SB, Goodman DH (2015) Detectability of Pacific lamprey 
occupancy in western drainages: implications for distribu-
tion surveys. Trans Am Fish Soc 144:315–322

Reid SB, Goodman DH (2016) Pacific lamprey in coastal drain-
ages of California: occupancy patterns and contraction of 
the southern range. Trans Am Fish Soc 145:703–711

Reid SB, Goodman DH (2020) Natural recolonization by 
Pacific lampreys in a southern California coastal drainage: 
implications for their biology and conservation. N Am J 
Fish Man 40:335–341

Renaud CB (2011) Lampreys of the world. An annotated and 
illustrated catalogue of lamprey species known to date. 
Food and Agriculture Organization of the United Nations

Ruiz-Campos G, Gonzalez-Guzman S (1996) First freshwater 
record of Pacific lamprey, Lamptera tridentata, from Baja 
California, Mexico. California Fish and Game 82:144–146

Stone J (2006) Observations on nest characteristics, spawning 
habitat, and spawning behavior of Pacific and western 
brook lamprey in a Washington stream. Northwest Nat 
87:225–232

Yamazaki Y, Fukutomi N, Oda N, Shibukawa K, Niimura Y, 
Iwata A (2005) Occurrence of larval Pacific lamprey 
Entosphenus tridentatus from Japan, detected by random 
amplified polymorphic DNA (RAPD) analysis. Ichthyol 
Res 52:297–301

Yamazaki Y, Fukutomi N, Takeda K, Iwata A (2003) Embry-
onic development of the Pacific lamprey, Entosphenus tri-
dentatus. Zool Sci 20:1095–1098

Youson JH (2003) The biology of metamorphosis in sea lam-
preys: endocrine, environmental, and physiological cues 
and events, and their potential application to lamprey con-
trol. J Great Lakes Res 29(Suppl. 1):26–49

Publisher’s note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://www.R-project.org/

	Rapid development of larval Pacific lamprey Entosphenus tridentatus in southern populations provides adaptive benefits for uncertain flow regimes
	Abstract  
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements 
	References


