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Abstract 24 

Diadromous rainbow smelt are a cold-water, data-poor species with no stock assessment in their naƟve 25 

range of the northwest AtlanƟc Ocean and few ongoing monitoring eīorts that contribute life history or 26 

populaƟon abundance data. Smelt have apparently undergone a dramaƟc contracƟon of their range in 27 

the 20th century with the southern extent moving north from the mid-AtlanƟc region to MassachuseƩs. 28 

This change in range is considered to be related to climate warming, although causal informaƟon on 29 

their distribuƟon, abundance and phenology is sparse. Smelt migrate from marine waters to coastal 30 

rivers during spring spawning runs. The MassachuseƩs Division of Marine Fisheries manages smelt 31 

populaƟons through Įshing bag limits, and Ɵme-of-year restricƟons on Įshing and construcƟon acƟvity 32 

during the spawning run.  DMF monitors the spawning runs with spring in-river fyke nets to support 33 

resource management and smelt populaƟon and habitat restoraƟon.  This study reports on the 34 

phenology and life history characterisƟcs of the smelt spawning migraƟon during the 20-year fyke net 35 

monitoring.  The smelt fyke net catch-per-unit-eīort was found to be signiĮcantly declining in three of 36 

the four fyke net staƟons. The Parker River and WeweanƟc River catch have declined to a degree that 37 

raises concerns of populaƟon collapse.  Unexpectedly, the Fore River fyke net catch was increasing 38 

during the 20-year data series, although not signiĮcantly. The smelt run onset and peak were occurring 39 

earlier at the Fore and Jones River with a large shiŌ to an earlier run peak at both rivers. The vernal 40 

warming of coastal waters has been found to be most related to changes in spawning run migraƟons of 41 

other diadromous species. SigniĮcant warming of boƩom water and earlier spring transiƟon dates 42 

occurred during the study period at two marine staƟons that represent winter staging areas outside of 43 

the spawning rivers.  The fyke net monitoring has demonstrated recent and rapid changes to smelt 44 

spawning run Ɵming and populaƟon declines at three of the four sampled rivers.  Changes in smelt 45 
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phenology may be most related to the warming marine waters. This informaƟon can assist marine 46 

resource managers to protect stressed and threatened smelt populaƟons.     47 

Keywords:  diadromous, phenology, fyke nets 48 

IntroducƟon  49 

Diadromous rainbow smelt (Osmerus mordax) occupy freshwater, estuarine, and near-coastal marine 50 

habitats throughout much of their naƟve range, providing an important trophic niche as a small, forage 51 

species. Smelt historically ranged from Labrador, Canada south to the United States mid-AtlanƟc region, 52 

with populaƟons conĮrmed in the Delaware River and possibly farther south into Virginia (Kendall 1926; 53 

McAllister 1963; ScoƩ and ScoƩ 1988).  Presently, smelt populaƟons are found from MassachuseƩs to 54 

Lake Melville, Labrador (Enterline et al. 2012; SuƩon et al. 2024; Chase 2006), with the truncaƟon of the 55 

southern extent in the 20th century expected to be inŇuenced by climate warming.  56 

Anadromous rainbow smelt migrate from marine waters to freshwater tributaries to spawn in spring.  57 

The environmental cues that iniƟate smelt spawning are not quanƟĮed, although a river temperature of 58 

4 oC is referenced as an approximate threshold for the smelt spawning onset (Rupp 1959; McKenzie 59 

1964; Lawton et al. 1990; Lischka and Magnuson 2006; and O’Brien et al. 2012).  Smelt spawning habitat 60 

is limited to freshwater spawning riŋes a short distance above the Ɵdal interface. Smelt deposit 61 

demersal adhesive eggs at these riŋes that incubate for 1-4 weeks before hatching depending on 62 

temperature (McKenzie 1964; Murawski et al. 1980; Chase 2006; and Chase 2009). Spawning occurs at 63 

night and is most associated with night Ňood Ɵdes (Rupp 1959; McKenzie 1964; Murawski et al. 1980; 64 

Enterline et al. 2020; Pearson et al. 2024). Northern smelt runs demonstrate a brief duraƟon with a rapid 65 

spawning peak aŌer onset (McKenzie 1964; Pouliot 2002; and Lischka and Magnuson 2006), while 66 

spawning runs in MassachuseƩs can last for over two months with peaks building a month aŌer onset 67 

(Chase 2006).   68 
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Post-spawning, smelt remain in the downstream estuary or embayment area for weeks to months 69 

(Enterline et al. 2012; Pearson et al. 2024).  While research on movements further oīshore is limited, 70 

smelt likely inhabit cooler, deeper embayments in the summer and overwinter in near-coastal, marine 71 

waters (Buckley 1989; Clayton 1976; McKenzie 1964). Smelt are adapted to thrive in cold water 72 

temperatures as the producƟon of glycerol and anƟfreeze proteins in their Ɵssue and blood acƟvates 73 

when water temperature reaches 5 °C or below, prevenƟng their body from freezing (Lewis et al. 2004; 74 

Driedzic and Ewart 2004; and Driedzic and Short 2007). This physiology may provide a compeƟƟve 75 

advantage by allowing smelt to both avoid predaƟon and acƟvely feed at lower water temperatures that 76 

many other species avoid.   77 

Rainbow smelt provided important recreaƟonal, commercial, and subsistence Įsheries in the northern 78 

region of their range (Goode 1884; and Kendall 1926). Fried and Schulz (2006) and Enterline et al. (2012) 79 

provide synopses that indicate smelt Įsheries and abundance have declined sharply at the southern 80 

extent of their range. Despite the importance of smelt Įshing historically (Kendall 1926; and Woods et al. 81 

2012), present acƟvity in MassachuseƩs is limited to minor recreaƟonal Įshing eīort from the shoreline 82 

in the fall and winter, with a sharp reducƟon in winter ice in estuaries presently limiƟng tradiƟonal ice 83 

Įsheries. The MassachuseƩs Division of Marine Fisheries (DMF) set a spring closure of the smelt Įshery 84 

on March 15th in the 1960s to protect the spawning run. This date was changed to March 1st in the 1990s 85 

following survey observaƟons of earlier smelt egg deposiƟon (Chase 2006).  86 

The inŇuence of climate warming on populaƟon dynamics, age and growth, and migraƟon life history has 87 

had liƩle invesƟgaƟon. Although the concept of a dramaƟc contracƟon of their range is accepted, 88 

documentaƟon on the shiŌ and disappearance of populaƟons is limited to connecƟng historical accounts 89 

to present surveys (Enterline et al. 2012; Fried and Schultz 2006). Smelt have been found to exhibit 90 

decreasing length-at-age and later age of maturity across their range, moving from southern to northern 91 
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laƟtudes (Enterline et al. 2012; Chase et al. 2019; O’Malley et al. 2017; and SuƩon et al. 2024). This 92 

expression of the Temperature-Size Rule (Atkinson 1995) and associated plasƟcity in rainbow smelt life 93 

history may be important in the response of smelt populaƟons to a rapidly warming environment (SuƩon 94 

et al. 2024).  Overall, the causes of smelt populaƟon declines are not well-documented, with concerns 95 

expressed over reducƟons in selecƟve beneĮts of diadromy due to degradaƟon of freshwater spawning 96 

habitats and the impact of climate warming on their distribuƟon and physiological traits (Enterline et al. 97 

2012; Chase et al. 2019; and SuƩon et al. 2024).  98 

The warming of the Gulf of Maine ocean temperatures since the late 20th century (Pershing et al. 2015; 99 

and Hare et al. 2016) has been related to changes in phenological processes, including Įsh migraƟons 100 

(Thomas et al. 2017; and Staudinger et al. 2019). Climate warming impacts on diadromous Įsh 101 

migraƟons have been demonstrated for PaciĮc salmon (Hodgson et al. 2006; and Keefer et al. 2008), 102 

striped bass and American shad in the Hudson River (Nack et al. 2019) and river herring in New England 103 

(Ellis and Voukoun 2009; Rosset et al. 2017; Lombardo et al. 2019; and LegeƩ et al. 2021). In the studies 104 

involving River herring, water temperature was the most signiĮcant predictor of spawning run migraƟon 105 

Ɵming at both the seasonal and daily level.  However, while correlaƟons between water temperature 106 

and river herring migraƟons are apparent, less is known about the long-term eīect of phenological 107 

changes and inŇuences on populaƟon health and abundance. For rainbow smelt, no studies have 108 

reported changes in  spawning run phenology, and details on smelt spawning migraƟons are limited to 109 

brief accounts that suggest substanƟal laƟtudinal diīerences across the smelt’s range.    110 

InformaƟon on rainbow smelt populaƟon demographics (McKenzie 1964; Clayton 1976; and Murawski 111 

and Cole 1978) is sparse: no populaƟon assessments have been conducted within their range, and no 112 

long-term populaƟon metrics are available for smelt in New England. The MassachuseƩs DMF conducts 113 

smelt spawning run surveys using fyke nets at four coastal rivers in MassachuseƩs. This survey provides 114 
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an opportunity to progress life history knowledge on smelt populaƟon demographics related to 115 

spawning run phenology (reported here), catch-per-unit eīort, sex raƟo, and size and age relaƟonships 116 

(separate arƟcle).  Using fyke net data collected from 2005-2024, this study assessed characterisƟcs of  117 

rainbow smelt spring spawning migraƟons, including the evaluaƟon of temporal changes, and the 118 

inŇuence of environmental covariates on spawning run Ɵming.  119 

 Study Area 120 

The DMF conducted monitoring of smelt spawning habitat on the Gulf of Maine coast out of concern for 121 

declining catch and eīort in the popular smelt sport Įshery and documented 45 smelt locaƟons within 122 

30 coastal watersheds (Chase 2006 and 2009).  Following this study, smelt fyke nets were set at nine 123 

smelt spawning runs to record demographic informaƟon on smelt spawning runs. Four locaƟons have 124 

been maintained as long-term monitoring staƟons: Parker River, Newbury; Fore River, Braintree; Jones 125 

River, Kingston; and WeweanƟc River, Wareham (Figure 1). All four rivers are within relaƟvely small, 126 

coastal watersheds (Table 1).   127 

 128 

Figure 1.  Smelt fyke net study area including fyke net staƟons and marine water temperature staƟons.  129 

 130 

Table 1. Smelt fyke net sampling staƟons and summary river informaƟon (discharge = average April cubic 131 

feet per second, (cfs)); source: U.S. Geological Survey, hƩp://waterdata.usgs.gov/state/MassachuseƩs. 132 

 133 

The four fyke net staƟons in the present study were included in a geneƟc populaƟon structure analysis 134 

for Gulf of Maine diadromous smelt conducted by Kovach et al. (2013). They found diīerences within 135 

this limited geographic range but no river-level geneƟc variaƟon. Smelt runs in MassachuseƩs Bay 136 

(including Fore River) were most similar geneƟcally. The Parker River and Jones River were related to the 137 

MassachuseƩs Bay grouping although most of their geneƟc disƟncƟveness was associated with other 138 
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populaƟons north of the Parker River and south of the Jones River. The WeweanƟc River had among the 139 

least geneƟc diversity among 18 smelt runs sampled in the Gulf of Maine. This was considered consistent 140 

with a declining populaƟon at the southern extent of the species range (Enterline et al. 2012; and Kovach 141 

et al. 2013).  142 

Methods 143 

The DMF smelt fyke net survey conducted a pilot season in 2004 and adopted standard sampling 144 

methods in 2005 with the survey conƟnuing as an annual series. Rebar poles were pounded into the 145 

substrate at a mid-channel locaƟon downstream of known spawning habitat near the Ɵdal interface. 146 

Custom fyke nets (total length of 3.4 m, 1.2 x 1.2 m entrance and side wings on metal frames; 6 hoops of 147 

0.8 m diameter with two throats connecƟng to a terminal cod end; all mesh are 7 mm delta) were 148 

aƩached to the rebar poles facing downstream during the Įrst week of March and hauled on three 149 

consecuƟve days aŌer overnight sets. The sampling season ran for 11 weeks unƟl mid-May. With each 150 

haul, all Įsh were collected, counted by species, total length (TL, mm) was measured, and were released 151 

alive.  Weekly TL subsamples were made for common estuarine species and large catches of smelt. Smelt 152 

were classiĮed by sex, and scale samples were collected at the Fore and Jones rivers for aging using 153 

methods described in Elzey et al. (2015).      154 

Catch-per-Unit-Eīort. Fisheries net survey data can be non-normal distributed, posiƟvely skewed, and 155 

have common zero values (Hinton and Maunder 2003). Gear catchability biases can limit survey catch 156 

data for abundance indices as can populaƟon dynamics such as variable year-class strength and 157 

maturaƟon recruitment (Ricker 1975). We evaluated the data qualiƟes of the smelt fyke net catches to 158 

determine the most suitable catch-per-unit-eīort (CPUE) metrics and potenƟal as indices of abundance. 159 

CPUE metrics for the fyke net catches were evaluated for hauls from March 1st to May 15th.  Fyke net sets 160 

were made one week earlier starƟng during the last week of February in 2017; to account for 161 
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observaƟons of early migrants as the Ɵme series progressed.  The February hauls were excluded because 162 

catches were incidental and not available for the enƟre data series.  The CPUE data were evaluated using 163 

three measures of eīort (overnight set, total set hours, and night hours as deĮned by sunset to sunrise). 164 

 165 

AŌer evaluaƟng each of these methods, it was determined that night hours were the most eīecƟve 166 

measure of eīort. The hauls were set and retrieved near low Ɵde, resulƟng in variability in the Ɵme that 167 

the nets were Įshing during overnight sets. Spawning movements of rainbow smelt have been shown to 168 

occur primarily at night (Enterline et al. 2019); and night hours were recently applied to calculate CPUE 169 

by Turner et al. (2020) for the Fore River smelt fyke net staƟon. We found that total hours and night 170 

hours did not diīer signiĮcantly, so we selected the night hours metric as the most biologically relevant 171 

measure of eīort.  172 

 173 

Catch-per-unit-eīort (CPUE) metrics were calculated for each river using smelt catch standardized to 174 

night hours. IniƟal exploraƟon analyses compared the coeĸcient of variaƟon (CV) across diīerent CPUE 175 

formulaƟons to assess data variability and guide the selecƟon of analyƟcal approaches for each river.  176 

We used General Linearized Model (GLM)-standardized models where applicable, as this approach is 177 

preferred by ASMFC for improving the precision of abundance by including variaƟon in sampling 178 

condiƟons, such as environmental variables (ASMFC 2009). The Jones and Fore Rivers were suĸciently 179 

data rich to support GLM-standardizaƟon, while the WeweanƟc and Parker River catches declined 180 

markedly in recent years, resulƟng in the reporƟng of the arithmeƟc mean for CPUE. GLM-181 

standardizaƟon provided signiĮcant improvements in precision over nominal indices and validated the 182 

robustness of the data collected at the Jones and Fore River. The CPUE data used for standardized indices 183 

of abundance of the smelt fyke net survey will be reported in greater detail in another arƟcle (In prep.). 184 

 185 
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Environmental Covariates. River water temperature measurements were made hourly from staƟons 186 

located upstream of the fyke net, beyond the extent of Ɵdal inŇuence.  Marine measurements were 187 

made hourly from staƟons anchored to the boƩom in embayments close to the fyke staƟons (Figure 1). 188 

Water temperature for rivers and marine waters was recorded with Onset WaterTemp Pro V2 loggers 189 

(accuracy ± 0.2 oC). Marine water temperatures were measured from DMF boƩom logger staƟons at 190 

Cape Cod Bay (Manomet StaƟon, 1988-2024) and Boston Harbor (MarƟns Ledge StaƟon, 1989-2024). 191 

Marine staƟons prior to 2005 used Ryan Tempmentor loggers (accuracy ± 0.3 oC). Mean daily river 192 

temperatures were averaged for the smelt spawning season of March 1st to May 20th.  Mean daily marine 193 

temperatures were averaged for the smelt spawning season and for January-March to provide a metric 194 

of winter ocean temperature when smelt would be expected to be staging in marine waters prior to the 195 

spring spawning run.  196 

Tidal amplitude data was recorded from annual Eldridge Tide and Pilot Book (ISBN  978-1-883465-20-9) 197 

using the Boston Harbor data with assigned delays for the Parker, Fore, and Jones river smelt fyke staƟon 198 

locaƟons. The WeweanƟc River staƟon used the Sippican River data.  Daily moon phase was recorded 199 

from the U.S. Naval Observatory website (hƩps://aa.usno.navy.mil/data/MoonPhases). Daily river 200 

discharge was recorded for all rivers except for the WeweanƟc River from U.S. Geological Survey stream 201 

Ňow gauge staƟons (hƩps://waterdata.usgs.gov/state/massachuseƩs/).  202 

Phenology.  The smelt fyke catch data were evaluated to determine suitable spawning run Ɵming 203 

metrics. During 2005-2016, fyke nets were set during the Įrst week of March to avoid ice damage and to 204 

intercept the expected start of the smelt spawning run. Low numbers of smelt were caught during the 205 

Įrst week of hauls in most years with a few excepƟons of no catches during severe winters. Therefore, an 206 

esƟmate of a true onset of the spawning migraƟon (hauls with zero catches each year) was not possible.  207 

The 5% cumulaƟve catch was esƟmated each year and was adopted as a proxy for the start of the 208 
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spawning run. StarƟng in 2017, the fyke nets were deployed one week earlier at the end of February in 209 

response to our expectaƟon that smelt were arriving earlier. However, relaƟvely few smelt were caught 210 

in late February (0 - 1.6 smelt/haul among rivers). Therefore, all phenology staƟsƟcs for the Ɵme series 211 

were generated from haul data starƟng March 1st.   212 

 213 

The 50% cumulaƟve catch was used as a proxy for spawning run peak. The weighted mean catch date 214 

(WM) and the weighted-mean migraƟon temperature (WT; based on river water temperature on haul 215 

date) were also evaluated as indicators of peak run Ɵming.  The spawning run end was recorded as the 216 

observed last date of smelt catch.  Run duraƟon was recorded both as the diīerence between Įrst and 217 

last observed smelt catch and between the 5% cumulaƟve catch date and last observaƟon (Ellis and 218 

Vokoun 2009). Phenology moments not captured on exact haul dates were assigned dates using linear 219 

interpolaƟon. The Mann Kendall Trend Test was used to test for changes in all run Ɵming metrics (R 220 

4.6.0, Kendall package). The Mann-Kendall test is a non-parametric, rank-based test that is commonly 221 

used in environmental sciences to determine whether there is a monotonic trend in a Ɵme 222 

series. NegaƟve tau values indicate negaƟve monotonic trends. There are no underlying assumpƟons 223 

made about the normality of the data. The low smelt catches in the Parker River and WeweanƟc River 224 

prevented the assignment of phenology metrics in a majority of seasons. A seasonal CPUE of >0.5 225 

smelt/haul was selected as the threshold for generaƟng cumulaƟve staƟsƟcs on the smelt run onset, 226 

peak and duraƟon.   227 

 228 

WM = Ʃ(n x d)/N,    where n is the number of smelt caught on a given day, d is the Julian date, and N is 229 

the total number of smelt caught for the season (RosseƩ et al. 2017).   230 

 231 
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WT = Ʃ(n x t)/N,    where n is the number of smelt caught on a given day, t is the average daily river water 232 

temperature on haul date, and N is the total number of smelt caught for the season (Ellis and Vokoun 233 

2009; Quinn and Adam 1996; and RosseƩ et al. 2017).   234 

 235 

GLMS for Environmental Covariate Analysis. To evaluate the inŇuence of environmental condiƟons on 236 

rainbow smelt catch, negaƟve binomial GLMs were Įt to raw smelt counts from fyke net sampling at the 237 

Fore River (2005–2024, n = 547 hauls) and Jones River (2005–2024, n = 588 hauls). The natural log of 238 

night hours was included as an oīset to standardize catches to eīecƟve Įshing eīort. A quadraƟc Julian 239 

date term controlled for the unimodal seasonal paƩern in smelt presence during the spring spawning 240 

run. This analysis was conducted separately from the GLM used to standardize CPUE for the annual 241 

abundance index (separate arƟcle In prep.); the environmental model was designed to idenƟfy ecological 242 

drivers of catch variaƟon rather than to produce an index of abundance. 243 

 244 

Candidate environmental covariates included Ɵdal amplitude, river discharge (daily average on haul date 245 

at USGS stream Ňow staƟons), Ɵdal Ňood Ɵming, and a water–ocean temperature diīerenƟal calculated 246 

as site water temperature minus ocean temperature on each haul date. Flood Ɵming was converted to a 247 

circular variable using sine and cosine transformaƟons on the 12.42-hour M2 semidiurnal Ɵdal period. 248 

Raw temperature variables were excluded from the Įnal candidate set due to strong collinearity with 249 

Julian date (Pearson's r = 0.64–0.83 at both sites), as seasonal warming is inherently confounded with 250 

calendar date during the spring sampling window. The temperature diīerenƟal was retained because it 251 

captures the thermal gradient between riverine and marine environments independent of the shared 252 

seasonal trend. Moon phase was excluded aŌer iniƟal analysis showed it was not signiĮcant at either 253 

site. 254 
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All addiƟve combinaƟons of the four covariate blocks were evaluated, yielding 16 candidate models per 255 

site. Models were compared using AIC, and variance inŇaƟon factors conĮrmed the absence of 256 

mulƟcollinearity in all candidate models. Coeĸcient esƟmates were exponenƟated to obtain rate raƟos 257 

represenƟng the mulƟplicaƟve change in expected catch per one standard deviaƟon increase in each 258 

covariate. All analyses were conducted in R (R 4.6.0, MASS and car packages). 259 

CumulaƟve Catch Curves.  The nominal catch (number of smelt per overnight haul) were summed by 260 

Julian date for the enƟre data series to produce cumulaƟve catch curves for the spring spawning period. 261 

The Kolmogorov Smirnov test was used to determine if the cumulaƟve frequency distribuƟons from each 262 

river were from the same populaƟons (two-tailed test, R 4.60, dgof package).    263 

Environmental CorrelaƟons to Smelt MigraƟons. CorrelaƟons between environmental factors (river 264 

discharge, ocean temperature, and river temperature) and smelt fyke CPUE were tested with Kendall’s 265 

tau correlaƟon analysis (R 4.6.0, Kendall package). Daily ocean temperature was averaged for a winter 266 

staging period of Jan-March and the smelt spawning period of March 1st – May 20th for the two 267 

MassachuseƩs Bay staƟons. Daily river temperature was averaged for the smelt spawning period and a 268 

larval emigraƟon period of May 1st – June 30th in the Jones and Fore rivers. Daily USGS stream Ňow data 269 

were averaged for March-May and for April for the Jones and Fore rivers.  The average smelt fyke CPUE 270 

for night hours during the smelt spawning season was used as the dependent variable in the Kendall tau 271 

correlaƟon analysis that evaluates the strength and direcƟon of monotonic relaƟonships (Castellan 272 

1988).  Secondly, smelt age keys were generated from smelt age data (R 4.60 FishMethods) package) and 273 

applied to all captured smelt to produce annual age composiƟon of the fyke net catches.  The age 274 

composiƟon data was lagged as age-1 and age-2 Įsh to their year of birth and correlated with the above 275 

environmental variables, as we hypothesized that cold winter ocean temperatures were correlated with 276 

higher cohort CPUE.  277 
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Spring TransiƟon Date.  Seasonal water temperature transiƟons (eight consecuƟve days above a 278 

temperature threshold with life history signiĮcance) can inŇuence Įsh migraƟons and ontogeneƟc 279 

periods of development (Friedland et al. 2015; Henderson et al. 2017; and Thomas et al. 2017). Spring 280 

transiƟon dates have been applied as indicators of the onset of river herring migraƟons (Dalton et al. 281 

2022). The water temperature threshold of 4 oC was applied as the onset of rainbow smelt spawning. We 282 

assign the Įrst day of the year following eight consecuƟve days ≥ 4 oC as a thermal threshold relevant to 283 

smelt spawning migraƟons. The Mann Kendall Trend Test was used to test for changes in spring 284 

transiƟon dates (R 4.6.0, Kendall package). 285 

MigraƟon CorrelaƟons among Rivers. CorrelaƟons of run Ɵming and water temperature metrics 286 

between the Fore and Jones rivers were tested with Kendall’s tau correlaƟon analysis (R 4.6.0, Kendall 287 

package). The annual spring transiƟon date, 5%, 50%, run duraƟon, spawning season river temperature 288 

and weighted mean temperature for each river were tested for signiĮcant correlaƟons.  289 

Results 290 

 291 

Rainbow smelt were captured at all four fyke net locaƟons during the study period with a wide range in 292 

CPUE (Figure 2).  All staƟons except the Fore River displayed a declining trend in catches, with sharp 293 

reducƟons in the Parker River and WeweanƟc River.  The low catches later in the Ɵme series in the 294 

Parker River and WeweanƟc River, including years with zero catches, suggest a populaƟon collapse and 295 

this status limited quanƟtaƟve analyses on CPUE and phenology for those rivers.   296 

   297 

Figure 2.  Nominal catch-per-overnight haul (± SE) of rainbow smelt in MassachuseƩs fyke nets, 2005- 298 

 299 

2024, with Mann Kendall tau and p-values reported.  300 
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Catch-Per-Unit-Eīort. The smelt fyke net CPUEs for all metrics had high variability; inŇuenced by 301 

common zero catches and run peaks with higher catches.  The nominal CPUEs for overnight sets, total 302 

set hours and night set hours had the highest CVs among all treatments, all exceeding 1.0. GLM-303 

standardizaƟon was applied to the CPUE of night set hours at the Jones and Fore River. This reduced the 304 

CVs from 1.354 and 1.405, to .241 and .228, respecƟvely. The nominal CVS could only be reported for the 305 

Parker and WeweanƟc River, which were 2.586 and 3.488, respecƟvely. The CPUE data were tested with 306 

the Mann-Kendall Trend Test to determine whether there is a monotonic trend in the Ɵmeseries. The 307 

results for each river were similar for each of the nine CPUE treatments with no contradicƟons in 308 

signiĮcance.  309 

Figure 3.   Generalized Linear Model  results of standardized CPUE Indices of Abundance for the  310 

Fore River and Jones River. 311 

 Figure 3 DescripƟon: GLM-standardized indices of abundance at the Fore River (a) the Jones River (b). 312 

Counts were ĮƩed to a negaƟve binomial model to account for high variaƟon and a large presence of 313 

zero counts. Counts were logged and oīset using night hours. A day of year, day of year quadraƟc, and 314 

year were included as covariates. All covariates were scaled, and all date values were centered to zero.  315 

 316 

Table 3.  The Generalized Linear Model staƟsƟcs for the standardized CPUE Indices of Abundance for the 317 

Jones River (A) and the Fore River (B). 318 

  319 

The CPUE Ɵme series for the Parker, Jones, and WeweanƟc rivers were all signiĮcantly declining, with all 320 

three rivers showing very low catches in recent years, and the Parker and WeweanƟc rivers having 321 
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several years with no smelt catches.  The Fore River CPUE trend is increasing, although not signiĮcantly 322 

(tau = 0.17, p = 0.315). Three of the four highest average annual CPUEs in the Fore River Ɵme series have 323 

occurred in the last 10 years.    324 

 325 

Phenology.  Most smelt catches occurred in April at all sites except for March in the Parker River (Figure 326 

4). The rapid, early peak of the Parker River smelt migraƟon at the northernmost staƟon was not 327 

expected, nor was the later peak in April for the WeweanƟc River, the southernmost river. Catches in 328 

February and May were minor for all rivers. The highest presence in May was found at the Fore and 329 

Jones rivers, the staƟons with the longest run duraƟon and highest CPUE.  The cumulaƟve catch 330 

distribuƟons for smelt catch show similar curve for the Fore and Jones rivers and the earlier peak for the 331 

Parker and later peak for the WeweanƟc. However, all staƟon catch curves were signiĮcantly diīerent 332 

from each other (Figure 5). 333 

 334 

Figure 4. Cumulative monthly catch-per-unit effort (nominal catch/overnight haul) for all fyke net hauls.    335 

 336 

Figure 5.  Cumulative catch curves for smelt fyke net. Nominal catch data were combined by Julian date. 337 

Catch curves are all significantly different among rivers (Kolmogorov-Smirnov test, p < 0.001). 338 

 339 

EsƟmates of run Ɵming staƟsƟcs were possible for all survey years (N = 20) for the Fore and Jones rivers; 340 

low catches limited these staƟsƟcs for the Parker River (N = 9) and WeweanƟc River (N = 7) (Table 2). The 341 

Įrst observaƟon of smelt catch was not a reliable metric for the onset of the smelt spawning migraƟon. 342 

In most years, smelt were caught in low numbers at the Įrst haul in the Fore and Jones rivers in early 343 

March.  Late February sets from 2017-2024 indicated that minor movements of smelt began in February 344 

in most years in the Jones and Fore rivers. The 5% cumulaƟve catch date was selected as a more 345 
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consistent and conservaƟve metric for onset. The date of Įrst catch provided meaningful life history 346 

informaƟon for some rivers in parƟcular years. For example, delayed onset was seen in several years in 347 

which cold late winter condiƟons were associated with low river water temperature ≤ 1 °C.   348 

 349 

Table 2.  Smelt migraƟon Ɵming metrics. 350 

 351 

Table 2. DescripƟon:  Average migraƟon metrics are only included for years in which smelt catch was 0.5 352 

Įsh/haul.  The End Date is the date when smelt were last caught.  The DuraƟon is the maximum period 353 

when smelt were observed excluding February hauls.  354 

 355 

The spawning run onset as determined by the 5% cumulaƟve catch date was similar for all rivers except 356 

the southernmost staƟon at the WeweanƟc River which showed a much later and less variable start 357 

(Figure 6A). Conversely, the northernmost run at the Parker River had the earliest spawning run peak as 358 

determined by the 50% cumulaƟve catch date (Figure 6B). Run duraƟon, as determined by the diīerence 359 

between the 5% cumulaƟve catch date and the date of last observed smelt showed truncated spawning 360 

duraƟons for the Parker and WeweanƟc rivers (Figure 6C) with few smelt caught in May and fewer in 361 

February (0 in 20 hauls in WeweanƟc, and 1 in 6 hauls in the Parker).  Extensive spawning run duraƟons 362 

were documented for the Fore and Jones rivers, exceeding an average of 50 days for the duraƟon 363 

staƟsƟc and over two months for the total period when smelt were observed. DuraƟon staƟsƟcs for the 364 

Fore and Jones rivers were tested with Mann Kendall and found no signiĮcant trends for total duraƟon, 365 

5% cumulaƟve catch to last observaƟons, and end date during the Ɵme series (Figure 7).  366 

 367 

Figure 6.  Box plots on smelt spawning migraƟon duraƟon, 5% and 50% cumulaƟve catch. 368 

 369 
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Figure 7.  Smelt spawning run duraƟon staƟsƟcs for the Fore and Jones rivers, 2005-2024. The season 370 

duraƟon is from March 1st to last observaƟon. No signiĮcant trends found with Mann Kendall Trend test 371 

(p = 0.05) for all duraƟon metrics.  372 

 373 

Fore River MigraƟon Timing.  Large smelt catches in the Fore River were supporƟve of generaƟng annual 374 

staƟsƟcs on migraƟon Ɵming. The Fore River spawning run grew in CPUE from late March to have an 375 

average catch peak on April 8th, and the longest average duraƟon (66 days) among rivers.  The Mann-376 

Kendall test was applied to determine if trends were present in the start of the migraƟon (5% cumulaƟve 377 

catch), migraƟon peak (50% cumulaƟve catch) (Figure 8), and water temperature during run peak (WT, 378 

weighted mean temperature) (Figure 9).  All three migraƟon Ɵming metrics had declining trends, 379 

although only the catch peak had a signiĮcant, negaƟve monotonic trend (tau = -0.54, p = 0.001). The 380 

diīerence in the smelt catch peak from the start to the end of the Ɵme series was pronounced: the 381 

migraƟon peak averaged 21 days earlier during the last Įve years of the Ɵme series than the Įrst Įve 382 

years.    383 

 384 

Figure 8.  Julian date of esƟmated smelt run onset (5% cumulaƟve catch) and peak (50% cumulaƟve 385 

catch) at MassachuseƩs fyke nets, 2005-2024. 386 

 387 

Figure 9.   River water temperature in the Fore River and Jones River: average spawning season daily 388 

mean and Weight Mean Temperature (WT). 389 

 390 

Jones River MigraƟon Timing. Smelt catches in the Jones were suitable for generaƟng annual staƟsƟcs 391 

on migraƟon Ɵming metrics for all study period years. Overall, the spawning run staƟsƟcs tracked similar 392 

to the larger Fore River smelt run located approximately 30 km north of the Jones River. The Jones River 393 
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had the earliest average 5% cumulaƟve catch date of March 12th among rivers and an extended average 394 

run duraƟon of 64 days.  RepeaƟng the Mann-Kendall tests as above, all three migraƟon metrics had 395 

signiĮcant declining trends (Figure 8 and 9). The onset averaged 10 days earlier, and the migraƟon peak 396 

averaged 13 days earlier during the last Įve years of the Ɵme series than in the Įrst Įve years.    397 

 398 

Parker River MigraƟon Timing. Limited analyses were possible for the Parker River smelt fyke net catch 399 

data due to estuarine ice impacts at the start of seasons and declining catches in the Ɵme series.  Of 400 

principal importance, smelt catches plummeted in the Parker River aŌer 2012 (Figure 2). Secondly, half 401 

of the seasons in the 20-year Ɵme series lost at least one week of sets at the start due to ice.  The low 402 

catches and interference of ice with gear deployment limited the generaƟon of run Ɵming metrics to 403 

nine years, most early in the Ɵme series. Smelt were caught in most seasons during 2005-2012 in early 404 

March when the fyke nets were Įrst deployed. The presence of ice may have biased the 5% and 50% 405 

cumulaƟve catch esƟmates to be closer than actual. A review of all Parker River catch data indicates that 406 

the spawning run was acƟve early in March and peaked in late March with minor catches aŌer April 15th.  407 

During 2005-2012, the average annual smelt catch per haul was 15. AŌer 2012, smelt catches declined 408 

sharply to average 0.2 smelt/haul annually with six seasons having 0-1 smelt caught (Figure 2).   409 

 410 

WeweanƟc River MigraƟon Timing. Limited analyses were possible for the WeweanƟc River smelt fyke 411 

catch due to low and declining catches in the Ɵme series. Smelt catch in the WeweanƟc River reached 1 412 

smelt/haul in only four years from 2008-2024, with three of those years occurring in the Įrst Įve years 413 

(Figure 2). Run Ɵming metrics could only be generated during 7 of the 17 years of sampling. The 414 

WeweanƟc River staƟon displayed a clear trend of later catches than the other three fyke staƟons with 415 

most catches occurring in April (89%), and had the latest run peak (April 9th) and shortest average run 416 

duraƟon (33 days) among rivers.  AŌer 2012, smelt catches declined sharply to less than 1 smelt/haul 417 
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annually with six seasons having 0-1 smelt caught.  Despite being the southernmost staƟon in 418 

MassachuseƩs, the WeweanƟc River smelt run did not have strong movements in March and displayed a 419 

truncated duraƟon relaƟve to the other fyke staƟons.  420 

 421 

Water Temperature.  BoƩom water temperature increased signiĮcantly during January-March at both 422 

the marine staƟons in Cape Cod Bay (tau = 0.398, p = 0.001) and Boston Harbor (tau = 0.333, p = 0.004) 423 

since the late 1980s (Figure 10A).  The daily average temperature during this period for the last Įve years 424 

of the Ɵme series was 2.1 oC and 1.5 oC warmer than the average for the Įrst Įve years for Cape Cod Bay 425 

and Boston Harbor, respecƟvely. The water temperature at the marine staƟons also increased 426 

signiĮcantly for the spring spawning season since the late 1980s and for the study period (Figure 10B).  427 

The daily average temperature during March 1st to May 20th for the last Įve years of the Ɵme series was 428 

1.6 oC and 2.2 oC warmer than the average for the Įrst Įve years for Cape Cod Bay and Boston Harbor, 429 

respecƟvely. 430 

River temperature for the Fore River and Jones Rivers smelt spawning season was also increasing (Figure 431 

10B), although not signiĮcantly (Fore: tau = 0.311, p = 0.060; Jones: tau = 0.290, p = 0.080).  Overall, 432 

water temperature data for all marine and river staƟons were increasing approximately 1-2 oC during the 433 

Ɵme series, with larger, signiĮcant increases in marine waters.  434 

 435 

Figure 10.  Marine boƩom water temperature for Cape Cod Bay (CCB) and Boston Harbor (BH) staƟons 436 

from 1988-2024 (A), and marine and river water temperature for smelt spawning season (B).  437 

 438 

River temperature, in terms of weighted-mean temperature (Wt), could only be assessed for the Fore 439 

River and Jones River (Figures 9) given the majority of years with low catches in the other rivers. The Wt 440 

is a proxy for water temperature at the run peak.  The Ɵme series mean Wt for the Fore River was 10.4 °C 441 
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and 9.7 °C for the Jones River. The Wt temperature declined in the Fore River, although not signiĮcantly 442 

(Tau = -0.265, p = 0.112). The weighted-mean temperature in the Jones River, showed high variability 443 

while signiĮcantly declining (Tau = -0.337, p = 0.041).  444 

      445 

Spring TransiƟon Date.  The marine boƩom waters in MassachuseƩs Bay conƟnue cooling in January 446 

from summer peaks, with February being the coldest boƩom temperatures among all months.  447 

Therefore, marine spring transiƟon dates were selected as the 8th straight day aŌer January 30th with 448 

temperature ≥ 4 °C, while the river temperature transiƟon date was the absolute Įrst 8th day period of 449 

vernal warming at this threshold.  Both marine and river staƟons had declining or earlier transiƟon dates 450 

for the study period (Figure 11).  Both marine staƟons and river staƟons had declining trends or earlier 451 

arrival of the transiƟon date for fyke net study period of 2005-2024; however, none of these trends were 452 

signiĮcant.  Both marine staƟons were signiĮcantly declining for the Ɵme period of 1988-2024.  The 453 

Boston Harbor staƟon displayed consistent early arrival of the transiƟon date later in the Ɵme series, 454 

including the condiƟon during 2023 and 2024 where the boƩom water temperature did not decline 455 

below 4 °C anyƟme during January and February.  456 

    457 

Figure 11. Annual transiƟon dates for the Fore River, Jones River, and the Boston Harbor (BH) and Cape 458 

Cod Bay (CCB) temperature logger staƟons. The transiƟon threshold is 8 straight days ≥4 °C. 459 

 460 

 Environmental Covariates. A negaƟve binomial GLM was prepared to evaluate the inŇuence of 461 

environmental covariates on Fore and Jones River smelt fyke CPUE. The best-supported model at both 462 

sites included all four environmental covariate blocks in addiƟon to the quadraƟc Julian date term and 463 
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carried the majority of AIC weight at each site (Fore River: 53.5%, Jones River: 95.6%). All variance 464 

inŇaƟon factors were below 2.0, conĮrming no mulƟcollinearity issues among predictors. The quadraƟc 465 

Julian date term conĮrmed the expected unimodal seasonal peak in smelt catch around early April at 466 

both sites, with substanƟally higher predicted catches at the Fore River (approximately 185 Įsh per 10-hr 467 

night) compared to the Jones River (approximately 28 Įsh per 10-hr night). The water–ocean 468 

temperature diīerenƟal was the most consistent environmental predictor, posiƟvely associated with 469 

smelt catch at both sites (Fore River RR = 1.448, p < 0.001; Jones River RR = 1.1.363, p < 0.001). This 470 

indicates higher catches occurred when river water was warmer relaƟve to ocean temperature, 471 

suggesƟng that the thermal gradient between freshwater and marine environments may serve as a cue 472 

or correlate of condiƟons favorable for smelt presence. Tidal amplitude and river discharge were both 473 

signiĮcant predictors at each site although operaƟng in opposite direcƟons. Higher Ɵdal amplitude 474 

reduced catch at the Fore River (RR = 0.860, p < 0.01) but increased it at the Jones River (RR = 1.273, p < 475 

0.01), while higher discharge increased catch at the Fore River (RR = 1.198, p < 0.01) but decreased it at 476 

the Jones River (RR = 0.786, p = 0.001). These contrasƟng eīects likely reŇect diīerences in estuarine 477 

geomorphology, Ɵdal dynamics, and potenƟally channel condiƟons at each fyke net staƟon. Flood Ɵming 478 

was signiĮcant at the Jones River (RR = 1.202, p = .019) indicaƟng that there is some paƩern to the 479 

movement Ɵming of Rainbow Smelt. Flood Ɵming was not included in the model for the Fore River as it 480 

was found to be non-signiĮcant and did not reduce the model AIC as it did for the Jones (Table 3). 481 

 482 

Environmental CorrelaƟons among Rivers.  No signiĮcant correlaƟons were found in the phenology 483 

metrics of onset, peak and duraƟon between the Fore and Jones rivers. The two water temperature 484 

metrics of WT (tau =  0.332, p = 0.043, Figure 9)  and average spawning season temperature (tau =  485 

0.794, p < 0.001, Figure 10) were signiĮcantly correlated between the two rivers 486 

 487 
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Environmental CorrelaƟons with CPUE. No signiĮcant Kendall’s tau correlaƟons were found with any 488 

water temperature metrics and spring river discharge and annual CPUE in the Fore and Jones rivers. In 489 

fact, all annual correlaƟons between CPUE and seasonal marine, river temperatures and river discharge 490 

were weak with no predicƟve value.  The lagged CPUE data for age-1 and age-2 smelt in the Fore River 491 

also produced no signiĮcant correlaƟons to environmental covariates. However, all four lagged age-2 492 

CPUE correlaƟons with marine winter season water temperature, marine spring water temperature, river 493 

spawning season, and river post-spawning season all had negaƟve Kendall tau values (-0.23 to 0.29) with 494 

p values <0.20, indicaƟng that higher lagged CPUE was related to cooler water temperature for year the 495 

cohort was born (Figure 12).   In contrast, the Jones River produced highly signiĮcant correlaƟons (tau = - 496 

0.47 to - 0.58; and p = 0.004 to 0.0004) of lagged age-1 and age-2 CPUE to marine winter temperature, 497 

marine spring water temperature and age-1 CPUE to spawning season river discharge (Figure 12).  498 

 499 

Figure 12. CorrelaƟon of lagged smelt CPUE at the Jones River (A) and Fore River (B) with water 500 

temperature.     501 

 502 

Discussion 503 

Analysis on the Ɵming of smelt spawning runs in MassachuseƩs provides the Įrst evidence of 504 

phenological changes for this species. Both the Fore and Jones rivers had signiĮcant negaƟve trends in 505 

Ɵming of the 50% cumulaƟve catch peaks in a 20-year period. The start of the smelt runs, as indicated by 506 

the 5% cumulaƟve catch, were also trending earlier in both rivers, although only signiĮcantly in the Jones 507 

River.  Ocean temperatures in Boston Harbor and Cape Cod Bay were signiĮcantly warming during the 508 

study period with earlier transiƟon dates. River temperatures for the Fore and Jones rivers were also 509 

warming, although not to the extent of marine waters and not signiĮcantly.  The trends for run duraƟon 510 

were Ňat with no signiĮcant changes in duraƟon length for the Fore and Jones rivers. CollecƟvely, the 511 
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phenology metrics indicate that smelt are responding to warming marine habitat condiƟons with earlier 512 

arrival to freshwater spawning habitats in the spring and signiĮcantly earlier spawning peaks.   513 

The advancement of phenological events in the wake of climate warming has been demonstrated in 514 

some ectothermic organisms daƟng back to the 1980s (Thackeray et al. 2010). The phenology of 515 

diadromous Įsh spawning run migraƟons has been studied most in PaciĮc salmon with trends of earlier 516 

migraƟons found for several species (Quinn and Adam 1996; Kovach et al. 2015; Manhard et al. 2017). 517 

Spring migraƟons of diadromous species in the AtlanƟc Ocean, including river herring (Alosa spp.), 518 

American shad (Alosa sapidissima), AtlanƟc salmon (Salmo salar), and European eel (Anguilla Anguilla), 519 

are also occurring earlier, with evidence linking the shiŌs to large scale climacƟc and local warming 520 

(Cobb 2020; Legrand et al. 2020; Eyto et al. 2022; Chang and Chen 2024).  Vernal warming of nearshore 521 

marine waters is considered to be the primary selecƟve inŇuence on the trend of earlier emigraƟon for 522 

juvenile salmonids.  Juvenile chum (O. keta) and pink (O. gorbuscha) salmon, which like rainbow smelt, 523 

exhibit short freshwater residency periods following hatching, had the largest shiŌ to earlier spring 524 

outmigraƟon Ɵming when compared to other PaciĮc salmon species in the same area (Wilson et al. 525 

2023). Manhard et al. (2017) demonstrated rapid geneƟc change in pink salmon to favor earlier juvenile 526 

emigraƟon: an example of recent evoluƟon in salmon phenology in response to climate warming.  Their 527 

hypothesis is that rapid, episodic adaptaƟon to climate change could be more important than 528 

phenotypic plasƟcity to allow diadromous Įsh to successfully respond to warming environments.   529 

 530 

Changes in river herring spawning run phenology has been shown recently in New England by relaƟng 531 

warming water temperature to earlier migraƟon Ɵming (Ellis and Voukoun 2009; Rosset et al. 2017; 532 

Lombardo et al. 2019; Cobb 2020; LegeƩ et al. 2021; and Dalton et al. 2022).  River herring studies have 533 

shown that northern runs began and ended later than southern runs (Greene et al. 2009; Staudinger et 534 

al. 2019; and LeggeƩ et al 2021). This is consistent with expected laƟtudinal trends in phenology that 535 
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progress from south to north. Run Ɵming metrics for our four smelt runs vary from this expectaƟon for 536 

diadromous Įsh as the northernmost Parker River smelt run had an early onset and peak and the 537 

southernmost WeweanƟc River run had the latest onset. However, these rivers had short run duraƟons, 538 

sharply declining catch rates over the Ɵme series and extremely low smelt catch rates in recent years; all 539 

raising concerns over the risk of populaƟon collapse.  540 

 541 

The warming trends found at the marine water temperature staƟons in Cape Cod Bay and Boston Harbor 542 

were not surprising given the awareness that the Gulf of Maine is one of the fastest warming ocean 543 

regions in the world (Hare et al. 2016).  RelaƟve to the marine warming, the river temperatures 544 

increased modestly during the study period. QuesƟons arise over the impact of warming ocean waters 545 

beyond the demonstrated changes in phenology. Our hypothesis that cold marine waters would beneĮt 546 

recruitment of a cold-water species like smelt was only conĮrmed for lagged cohorts at the Jones River. 547 

No signiĮcant correlaƟons were found for any environmental covariates to annual CPUE for both the 548 

Fore and Jones rivers and for lagged age-1 and age-2 CPUE at the Fore River.  In contrast, the Jones River 549 

had highly signiĮcant correlaƟons of lagged age-1 and age-2 smelt cohort strength to Cape Cod Bay 550 

winter and spring temperature.   The strong correlaƟons of cool water temperature to cohort strength in 551 

the Jones compared to the weak relaƟonship in the Fore River (non-signiĮcant and only for age-2) raises 552 

interesƟng quesƟons on the role of variable maturaƟon of age-1 smelt (Chase et al. 2019) and 553 

populaƟon dynamics among rivers.  We recommend that these rudimentary correlaƟons are expanded 554 

in future analyses that bring in more cohorts with a longer Ɵme series and addiƟonal environmental 555 

covariates.   556 

 557 

Several environmental covariates appear to inŇuence the Įne-scale trends in smelt spawning migraƟons 558 

in the Fore and Jones Rivers. The quadraƟc day of year model is nearly perfectly correlated to the smelt 559 
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run Ɵming at both the Fore and Jones River across all years (Table 3). As expected, our model found that 560 

the river and ocean temperature diīerenƟal had a signiĮcant posiƟve inŇuence on daily CPUE at both 561 

sites, indicaƟng warming waters act as a cue for the spawning migraƟon.    River discharge was posiƟvely 562 

related to Įsh counts at the Fore River and negaƟvely related to counts in the Jones River. There is 563 

evidence that anadromous brown trout (Salmo truƩa) migraƟon runs are posiƟvely correlated with river 564 

discharge (Svendsen et al. 2003), and that river discharge is the main factor inŇuencing upstream 565 

migraƟon for many anadromous salmonids (Banks 1969, Harrod et al. 2009). River discharge may 566 

interact with local diīerences in the two smelt rivers in terms of geomorphology, substrate composiƟon, 567 

channel features and geographic locaƟon to inŇuence Įsh migraƟon upstream at variable discharge 568 

levels.  569 

 570 

A synopsis of smelt spawning migraƟons included in Enterline et al. (2012) suggest that there are 571 

substanƟal laƟtudinal diīerences in migraƟon Ɵming and duraƟon across the smelt’s range (Enterline et 572 

al. 2012). Smelt spawning migraƟons decline in duraƟon from south to north with brief spawning runs 573 

occurring in the Canadian MariƟmes (McKenzie 1964; Pouliot 2002; Chase 2006; and Enterline et al. 574 

2012). A landlock populaƟon in Wisconsin was found to have a rapid spawning run peak only four days 575 

aŌer onset with daily changes in sex raƟo as only males arrive iniƟally followed by steady increases in 576 

female presence (Lischka and Magnuson 2006).  In contrast, the present study documented extended 577 

smelt spawning duraƟons in MassachuseƩs with the periods of smelt presence exceeding two months in 578 

the Fore and Jones rivers and the esƟmated duraƟon (5% cumulaƟve catch date to last observaƟon) 579 

exceeding 50 days.  The Ɵming of spawning migraƟons is relevant in seƫng resource management 580 

restricƟons on Įshery and watershed construcƟon Ɵme-of-year regulaƟons. The regulated start of the 581 

smelt run in MassachuseƩs was March 15th prior to the adjustment to March 1st aŌer evidence of earlier 582 
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spawning from Chase (2006).  The present study found evidence of spawning movements and egg 583 

deposiƟon in February; an early onset not referenced in any prior smelt study in MassachuseƩs.   584 

 585 

The truncaƟon of the migratory period in the northernmost (Parker) and southernmost (WeweanƟc) 586 

rivers in this study may reŇect the negaƟve relaƟonship between phenological diversity and populaƟon 587 

abundance. Loss of phenological diversity and reduced migraƟon duraƟon was observed in declining 588 

populaƟons of Chinook salmon and steelhead trout throughout western North America (Wilson et al. 589 

2013). Phenological diversity buīers populaƟons from rapid changes in environmental condiƟons, which 590 

could contribute to the unknown explanaƟon on why the Fore River smelt populaƟon, with the highest 591 

CPUE and average duraƟon, is stable or increasing, while others in the region are declining (Wilson et al. 592 

2013; Kovach et al. 2013 and 2015). 593 

    594 

There is growing awareness that climate warming is altering ranges and phenological events for 595 

ectothermic species including migratory Įsh (Thackeray et al. 2010; and Kuczynski et al. 2017.  596 

The distribuƟon, migraƟon and populaƟon-level changes in diadromous rainbow smelt across their 597 

naƟve range suggest a strong inŇuence of climaƟc warming. Warming ocean waters are inŇuencing the 598 

Ɵming of smelt spawning runs. Less is known about how migratory changes could manifest in populaƟon 599 

level impacts to species due to changes in ontogeneƟc development and predator-prey mismatches as 600 

species have diīerenƟal responses to changing environments. MigraƟon Ɵming has been linked to 601 

survival in AtlanƟc salmon, Chinook salmon, and Pink salmon, with Įsh experiencing higher survival rates 602 

when entering the marine environment when condiƟons were favorable for growth (Mortensen et al. 603 

2000; Antonsson et al. 2010; Manhard et al. 2017; and Berkman et al. 2021).  Wilson et al. (2013) found 604 

that shiŌs in salmon phenology are not linked to the simultaneous shiŌs in ocean producƟvity, possibly 605 

resulƟng in greater likelihood of mismatch between resource availability and migraƟon Ɵming. For 606 
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rainbow smelt, individual growth and stock survival are likely linked to smelt larvae intercepƟng 607 

zooplankton species they have adapted to forage on in the Ɵdal estuary following yolk-sack absorpƟon. 608 

However, dynamics of this process are currently unknown.  Concurrently, the remarkable reducƟon in 609 

estuarine ice in recent decades in MassachuseƩs, which has limited mortality from ice shack Įsheries, 610 

yet allows predators such as seals and cormorants much improved spaƟal and temporal foraging access 611 

to smelt migraƟons, further complicates our understanding.  More informaƟon is needed on the causes 612 

of smelt populaƟon declines, and indirect inŇuences of climate change on trophic interacƟons and smelt 613 

physiology have not been invesƟgated (Kuczynski et al. 2017).  Further, important potenƟal inŇuences 614 

and climate interacƟons such as the eutrophicaƟon and urbanizaƟon of coastal watersheds in 615 

MassachuseƩs on smelt reproducƟve recruitment should be considered as related threats.   616 

 617 

The smelt fyke net study has limitaƟons that should be considered when interpreƟng the results.  The 618 

fyke nets were set on Mondays and hauled the following three days. This method results in four days 619 

each week with no records on smelt movements. The fyke nets could not be deployed at Ɵmes with 620 

estuarine ice (mainly the Parker River) and during high stream Ňows following large rain events. The fyke 621 

nets were designed to have a span that Įshed a relaƟvely small porƟon of the river channels. This was 622 

done to avoid excessive catches of smelt and other migratory Įsh. Using a larger net or hauling the fykes 623 

at a higher frequency would have likely produced an improved characterizaƟon of the smelt migraƟons 624 

(parƟcularly at the Parker and WeweanƟc rivers with wider river channels and fewer smelt).  Despite 625 

these limitaƟons, the sampling design was maintained for 20 years with relaƟvely few environmental 626 

disrupƟons, allowing the determinaƟon of signiĮcant changes to run Ɵming metrics in the Fore and 627 

Jones rivers. The study is supported by a prior invesƟgaƟon that demonstrated suitable catch eĸciency 628 

in the Fore River (Turner et al. 2021  629 

 630 
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The outlook for rainbow smelt in coastal MassachuseƩs is concerning. The Parker River and WeweanƟc 631 

River smelt runs appear to be collapsing. Smelt have vacated mid-AtlanƟc and southern New England 632 

regions in recent decades (Fried and Schultz 2006; and Enterline et al. 2012). The WeweanƟc River is the 633 

southernmost known spawning run for rainbow smelt in their range.  The Jones River spawning run is 634 

also signiĮcantly declining. Unexpectedly, the Fore River smelt run has a posiƟve trend, although not 635 

signiĮcant, that conŇicts with a clear picture of coast-wide declines in MassachuseƩs smelt runs and 636 

neighboring New England states in the last 20-30 years. An invesƟgaƟon of changes in smelt age and 637 

growth from the fyke net data series is recommended to explore this divergent paƩern of smelt 638 

abundance in the Fore River. Further analysis is also needed to invesƟgate how site-speciĮc 639 

environmental and physical condiƟons might impact fyke net CPUE and relate to the important 640 

management interest of developing populaƟon indices of abundance for rainbow smelt.  641 

 642 

Climate warming trends in the last half century are impacƟng Įsh populaƟons and migraƟons. PotenƟal 643 

large-scale eīects from warming include range expansion, shiŌs towards poles, with associated 644 

populaƟon changes in migraƟons, maturaƟon and growth rates. Our results suggest that changes are 645 

occurring in smelt populaƟons over a relaƟvely small spaƟal and temporal scales.  Prior invesƟgaƟons on 646 

these same MassachuseƩs smelt runs found diīerences in length and age that may relate to phenotypic 647 

plasƟcity in maturaƟon and growth over a modest geographical range (Chase et al. 2009 and 2019). 648 

These results and phenological studies on other diadromous Įsh raise quesƟons over the ability, through 649 

plasƟcity or rapid adaptaƟon, of these migratory species to respond to a warming environment and 650 

maintain the original selecƟve advantage of diadromy.    651 

 652 

 653 
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Table 2 

 

 

 

 

 

 

 

 

 

 Land Use Drainage Discharge Channel 

River Town Latitude Longitude Watershed (1
o
/2

o
) Area (km

2
) (cfs) Width (m)

Weweantic Wareham 41.7662 -70.7461 Buzzards Bay Residential / Forest 148.2 NA 35.7

Jones Kingston 41.9960 -70.7233 South Coastal Basin Residential / Forest 69.3 55.4 27.3

Fore Braintree 42.2225 -70.9732 Boston Harbor Urban / Residential 74.7 81.4 13.7

Parker Newbury 42.7505 -70.9282 Plum Island Sound Residential / Forest 66.0 82.7 54.8

River Years Onset 5% Catch 50% Catch End Date 5% duration Duration Wt Mean Wt. Mean 5% Catch 50% Catch Duration

(No.) Julian Date Julian Date Julian Date Julian Date (Days) (Days) Julian Date Temp (°C) (°C) (°C) (°C)

Parker 9 71 73 85 114 42 45

Fore 20 65 78 98 130 52 66 99 10.36 5.83 10.19 9.43

Jones 20 64 71 95 127 57 64 95 9.70 5.64 9.69 9.11

Weweantic 7 81 82 99 114 33 35



 

Table 3 

 

Selected Model - Coefficients & VIF - Jones River (Table A)

Rate_Ratio Rate_Ratio Percent

Variable Estimate Std_Error Z_value P_value Significance Rate_Ratio CI_Lower CI_Upper Change VIF VIF_Status

Intercept 158.970 24.340 6.531 6.52E-11 *** 1.096E+69 2.095E+48 5.74E+89 1.1E+71 N/A N/A

year -0.079 0.012 -6.501 7.99E-11 *** 0.924 0.903 0.947 -7.6 1.11 OK

doy_c -0.043 0.004 -10.527 6.46E-26 *** 0.957 0.95 0.965 -4.3 1.83 OK

doy2 -0.002 0.000 -14.468 1.94E-47 *** 0.998 0.997 0.998 -0.2 1.04 OK

river_discharge_scaled -0.241 0.064 -3.77 0.000163 *** 0.786 0.694 0.891 -21.4 1.09 OK

amplitude_scaled 0.241 0.075 3.204 0.00136 ** 1.273 1.098 1.475 27.3 1.48 OK

flood_sin_scaled 0.184 0.078 2.344 0.0191 * 1.202 1.031 1.401 20.2 1.56 OK

flood_cos_scaled -0.071 0.081 -0.882 0.378 0.931 0.795 1.091 -6.9 1.71 OK

temp_diff_scaled 0.310 0.084 3.687 0.000227 *** 1.363 1.156 1.608 36.3 1.83 OK

Selected Model - Coefficients & VIF - Fore River (Table B)

Rate_Ratio Rate_Ratio Percent

Variable Estimate Std_Error Z_value P_value Significance Rate_Ratio CI_Lower CI_Upper Change VIF VIF_Status

Intercept -50.425 21.897 -2.303 0.0213 * 0 0 0.001 -100 N/A N/A

year 0.027 0.011 2.436 0.0149 * 1.027 1.005 1.049 2.7 1.02 OK

doy_c -0.022 0.004 -5.804 6.48E-09 *** 0.979 0.972 0.986 -2.1 1.83 OK

doy2 -0.003 0.000 -22.522 2.5E-112 *** 0.997 0.996 0.997 -0.3 1.05 OK

river_discharge_scaled 0.181 0.060 3.017 0.00255 ** 1.198 1.065 1.348 19.8 1.11 OK

amplitude_scaled -0.151 0.058 -2.579 0.0099 ** 0.86 0.767 0.964 -14 1.04 OK

temp_diff_scaled 0.371 0.078 4.74 2.13E-06 *** 1.448 1.243 1.688 44.8 1.85 OK
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