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24 Abstract We analyzed four decades of presence/absence data from a fishery-independent survey 

25 to characterize the long-term phenology of river herring (alewife Alosa pseudoharengus and 

26 blueback herring Alosa aestivalis) spawning migrations in their southern distribution.  We used 

27 logistic generalized additive models to characterize the average ingress, peak, and egress timing 

28 of spawning.  In the 2010s, alewife arrived to spawning habitat 16 days earlier and egressed 27 

29 days earlier (peak 12 days earlier) relative to the 1970s.  Blueback herring arrived five days 

30 earlier and egressed 23 days earlier (peak 13 days earlier) in the 2010s relative to the 1980s.  The 

31 changes in ingress and egress timing have shortened the occurrence in spawning systems by 11 

32 days for alewife over four decades and 18 days for blueback herring over three decades.  We 

33 found that the rate of vernal warming was faster during 2001 to 2016 relative to 1973 to 1988 

34 period and is the most parsimonious explanation for changes in spawning phenology.  The 

35 influence of a shortened spawning season on river herring population dynamics warrants further 

36 investigation.
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37 Introduction 

38 Globally, average temperatures have increased steadily from 1880 to 2012, with the three most 

39 recent decades having been successively warmer than any preceding decade since 1850 (IPCC 

40 2014).  A meta-analysis by Chen et al. (2011) linked range shifts and warming climate for 23 

41 terrestrial species groups to higher latitudinal distributions and higher elevations.  Poleward 

42 shifts in distribution have also been observed in marine species across taxa (Murawski 1993; 

43 Blanchard et al. 2005; Perry et al. 2005; Mieszkowska et al. 2006; Fogarty et al. 2008; Nye et al. 

44 2009).  Marine species whose life histories are solely dependent upon marine or estuarine 

45 environments are often capable of modifying their spatial distributions to stay within optimal 

46 thermal ranges for their various life stages (Perry et al. 2005; Poloczanska et al. 2013).  

47 However, diadromous species that exhibit some degree of natal homing may not be able to 

48 spatially adapt to environmental changes and are at greater risk of experiencing negative effects 

49 due to climate change (Hare et al. 2016), but could temporally adapt their behavior to maintain 

50 accessibility to preferred temperatures in response to changes in thermal regime.

51 Phenology is the study of seasonal or cyclical biological processes and how they are 

52 influenced by climate, environment, and species interactions.  Plants and animals alike rely upon 

53 external stimuli to optimize the timing of migrations, blooms, molts, and reproduction (Newton 

54 1966; White et al. 1997; Sherry et al. 2006; Miller-Rushing et al. 2008).  Climate change has 

55 disrupted the natural timing of such biological processes for many species through intensified 

56 rates of warming, prolonged seasons of precipitation or drought, amplification of weather events, 

57 and cascading effects through trophic interactions (Cushing 1990; Zhang et al. 2005; Ciannelli et 

58 al. 2007; Prieto et al. 2008; Richardson et al. 2013; Asch 2015).  For diadromous fishes, changes 

59 in thermal regime have already been shown to impact the phenology of spawning migrations 
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60 (Quinn and Adams 1996; Crozier et al. 2008; Kovach et al. 2013, Otero et al. 2014; Peer and 

61 Miller 2014; Kovach et al. 2015).

62  River herring, the collective name for alewife (Alosa pseudoharengus) and blueback 

63 herring (Alosa aestivalis), are anadromous fishes that are at historically low levels of abundance 

64 (Hightower et al. 1996; ASMFC 2012, ASMFC 2017).  River herring once supported large 

65 fisheries along the North American Atlantic coast from Nova Scotia down to the St. Johns River, 

66 FL (Jackson 1944; Watts 2003; Hightower 2004).  Declines in river herring stocks have been 

67 attributed to overfishing (Hightower et al. 1996), offshore bycatch (ASMFC 2012; Bethoney et 

68 al. 2013; Cournane et al. 2013), and loss of spawning habitat due to obstructions and degradation 

69 (Collier and Odom 1989; Hall et al. 2011).  Attempts to ameliorate the population decline 

70 include moratoria, offshore by-catch caps, offshore spatial/temporal closures in the Atlantic 

71 herring (Clupea harengus) and mackerel (Scomber scombrus) fisheries, and dam removal, all of 

72 which have been ineffective at recovering stocks (Hightower et al. 2004; ASMFC 2012; 

73 Bethoney et al. 2013; Cournane et al. 2013).

74 While the decline of river herring was likely caused by a combination of fishing pressures 

75 and habitat loss, the continued depression of population levels may result from other ecological 

76 mechanisms, including climatological phenomenon.  For example, Lynch et al. (2015) provide 

77 evidence that river herring are vulnerable to ocean warming off the northeast US shelf, reducing 

78 the amount of suitable habitat, and that the population may be more sensitive to climate effects at 

79 low levels of abundance.  Furthermore, a vulnerability assessment of 82 Northeast Atlantic 

80 marine fish and invertebrate species by Hare et al. (2016) identified both alewife and blueback 

81 herring as species of the highest concern for negative effects of climate change, citing water 

82 temperature and the limited periodicity and spatial constraints of their anadromous spawning 
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83 strategy as the most critical environmental and biological factors.  A tagging study by Jessop 

84 (1994) in the Saint John’s river system shows that river herring exhibit high inter-annual 

85 spawning site fidelity (63-97% return rate), a process likely driven by olfactory natal homing 

86 (Thunberg 1971).  In freshwater systems utilized by river herring as spawning and nursery 

87 habitat, river flow conditions and water temperature are the dominant influencers of stock 

88 recruitment (Tommasi et al. 2015).  Early studies in New England at fish weirs and dams have 

89 shown the timing and behavior of pre- and post-spawning migration river herring to be tightly 

90 coupled with stream temperatures and insolation (Collins 1952; Saila et al. 1972; Beltz 1975).  

91 Ellis and Vokoun (2009) provided the first suggestion that alewife spawning migrations may be 

92 occurring earlier due to higher water temperatures in recent time periods.  However, they did not 

93 have historical and modern fish count data in the same watershed.  Both Lynch et al. (2016) and 

94 Tommasi et al. (2015) suggest further examination of the climatological effects on river herring 

95 in freshwater systems, and specifically on adult spawning migrations.  Despite colloquial and 

96 managerial grouping of alewife and blueback herring, the two sympatric species display different 

97 behaviors with alewife spawning migrations happening earlier than blueback herring.  Whether 

98 migrating blueback herring display the same response to climatological changes as alewife, as 

99 suggested by Ellis and Vokoun (2009), has yet to be examined.

100 Here, we test the hypothesis that the phenology of adult alewife and blueback herring has 

101 independently changed by examining river herring catch data during the spawning migration 

102 from 1973 to 2016 in the Albemarle Sound watershed (hereafter referred to as ASW).  After 

103 describing the temporal variation in spawning migrations, we also evaluate potential mechanisms 

104 responsible for the changes including: age structure, abundance, and water temperature.  Our 

105 work aims to further characterize the response of river herring to shifting climate norms in their 
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106 southern distribution and to provide life history information to better inform management 

107 decisions as the environment continues to change. 

108 Methods Study Location and Monitoring The North Carolina Division of Marine Fisheries 

109 (NCDMF) has conducted a river herring spawning habitat survey since spring of 1973.  The goal 

110 of the survey is to identify the annual extent of stream habitats used by both alewife and 

111 blueback herring for spawning in nine river systems and their associated tributaries that feed into 

112 the AS.  Sampling for river herring was intermittent in years between 1973 and 2001 but has 

113 been annual since 2007 (See Table S1 for sampling summary; Fig 1 for sampling stations).  

114 Although only 24 of the possible 43 years were sampled, sampling occurred in at least four years 

115 per decade in all decades with the exception of the 1990s (only one year of sampling).  Prior to 

116 2007, sampling was conducted at randomly selected stations throughout the ASW with varied 

117 spatial and temporal extents (See Fig S1).  Beginning with 2008, the methods were standardized 

118 to sample the entirety of the river herring spawning run within the Chowan River and Edenton 

119 Bay watershed plus at least one of twelve additional ASW river systems on a rotating basis.  

120 Additional systems were sampled if travel time to and from sampling stations was not limiting.  

121 In 2007, the sampling design changed from random sampling to sampling that tracked the 

122 migration progress of river herring through the watershed.  Beginning in 2012, sample stations 

123 located at the nearest road crossing to the mouths of five Chowan River tributaries became fixed 

124 sampling stations that are sampled each week throughout the entire river herring spawning 

125 season.

126 The presence of river herring was monitored with staked or floating gillnets.  Gillnet 

127 dimensions have varied over the time series with bar meshes ranging from 1.13 to 1.88 in. and 

128 lengths ranging from 3 to 30 yd.  Since 2007, the protocol has been standardized, providing more 
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129 consistent use of bar mesh sizes of 1.38 in. during the alewife run and 1.25 in. during the 

130 blueback herring run.  Net lengths were also restricted to 5, 8, and 10 yards for staked gillnets, 5, 

131 8, 10, 20, and 30 yd for floating gillnets, fished at a maximum depth of 2.1 m where possible.  

132 Staked gillnets were stretched across the channel width on the effluent side of the furthest 

133 downstream bridge or culvert and moved upstream to the next road crossing when running ripe 

134 females were encountered.  Navigable waterways were sampled with gillnet lengths that left 

135 watercraft passage uninterrupted.  Gillnets were set on Mondays, checked every 24 hours, and 

136 removed over weekends and holidays due to logistical constraints.  Water surface temperature, 

137 air temperature, pH, salinity, conductivity, and DO were taken at each sampling station upon net 

138 inspection.

139 Prior to 2007 sampling was random in start date, end date, and location, and mostly 

140 focused on monitoring the blueback herring spawning migration.  Starting dates ranged from 

141 February 4 to April 2, with a median start date of March 8 (Fig S1).  Sampling end dates ranged 

142 from April 21 to May 8, with a median end date of April 29.  From 2007 onward, sampling for 

143 alewife commenced when alewife were caught in the NCDMF striped bass (Morone saxatilis) 

144 fisheries-independent gillnet survey, which is conducted within the ASW at the mouths of the 

145 river systems.  Starting dates ranged from January 12 to February 29, with a median start date of 

146 February 6.  The sampling protocol for 2007 onward began sampling at the most downstream 

147 stations and only moved to upstream locations after a running ripe alewife was caught, with the 

148 exception of the five fixed nets (2012 – present).  Nets were reset to their original starting 

149 positions when the first blueback herring was caught in any of the alewife survey nets and then 

150 moved upstream again as running ripe blueback herring were caught.  Sampling ceased when 

151 catches of blueback herring in the NCDMF Chowan River pound-net survey, conducted in the 
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152 main stem of the Chowan River, became sporadic (<10 fish per week).  The end dates ranged 

153 from April 29 to May 30, with a median end date of May 9.

154 Phenology Studies on anadromous fish migrations characterize the phenology of the migration 

155 by identifying the initiation, peak, and completion (Quinn and Adams 1996; Juanes et al. 2004; 

156 Ellis and Vokoun 2009; Kennedy and Crozier 2010).  Migration progress is typically delineated 

157 by identifying the day of the year that 25%, 50%, and 75% of yearly abundance is observed as 

158 reference points for the initiation, peak, and completion of the migration (Antonsson and 

159 Gudjonsson 2002; Kennedy and Crozier 2010; Otero et al. 2014).  However, 5% of the run 

160 abundance has been used to identify the initiation of alewife spawning migrations in New 

161 England (Ellis and Vokoun 2009) and the Chesapeake Bay (Ogburn et al. 2017).  Due to the 

162 variability in gill net sizes and amount of stream width covered by gill nets at sampling locations 

163 across years, presence/absence data were used instead of abundance data to characterize the 

164 phenology of river herring spawning.  

165 We used generalized additive models (GAMs) with a logit link and a binomial 

166 distribution to examine the effects of several variables on river herring presence and absence 

167 data.  GAMs are useful in modeling nonparametric relationships typical of ecological data 

168 (Hastie and Tibshirani 1990) and have been shown to be a more accurate representation of 

169 phenology than first appearance dates or alternative measures (Moussus et al. 2010).  Penalized 

170 thin plate and tensor product splines with shrinkage parameters were used as smoothers.  The 

171 inclusion of shrinkage parameters allows for completely smoothed predictors to be selected out 

172 of the model by reducing the splined term to zero (Wood 2006).  Environmental (surface 

173 temperature, DO, pH, conductivity, upstream distance) and temporal (ordinal day and decade) 

174 variables were screened for correlation and brought into the models a priori based upon 
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175 knowledge of the environmental cues that river herring use to initiate migratory behavior and 

176 inspection of plots of river herring presence probability and potential variables.  Because of 

177 correlation with ordinal day, we dropped water quality parameters and retained ordinal day.  

178 Due to the sampling procedures and efforts varying across the 43-year time series, some 

179 special considerations needed to be made when constructing and making inferences from the 

180 models.  Upon inspection of the data, we determined that sampling was too sparse to model the 

181 phenological trends at a yearly resolution.  Modeling at a broader scale, using decade, allowed 

182 for a wider range of days for the model to be fitted to and more precise measures of fish presence 

183 within the system.  It is important to note that similar changes in phenology (described below) 

184 were observed when using year instead of decade.  Decadal differences in the first and last dates 

185 of sampling resulted in GAM predictions occurring outside of the dates where sampling 

186 occurred.  Extrapolation is not recommended without ecological justification and results should 

187 be evaluated critically (Merow et al. 2014).  Thuiller et al. (2004) showed that extrapolating from 

188 a restricted range of data (i.e., not capturing leading and trailing absences) can result in 

189 disruption of smoothed relationships and more conservative or liberal predictions depending on 

190 the information available to inform the model.  Due to river herring being anadromous, temporal 

191 extrapolation trending towards egress from the system (5% presence probability) can be 

192 ecologically and statistically justified as long as predictions are not extrapolated beyond the 

193 temporal bounds of sampling for the entire time-series (i.e., the first and last ordinal days 

194 sampled).  For instances where predictions are extrapolated, a second estimate of ingress can be 

195 made as the first detection of presence and egress as the last detection of presence.  These latter 

196 estimates based on observations are biased late for ingress and biased earlier for egress given that 

197 sampling during these periods was limited.
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198 Additionally, the changes in experimental design in 2007 could lead to changes in spatial 

199 coverage of the survey in recent years.  Because the presence of river herring can change with 

200 distance upstream, we accounted for variability in the distance upstream that samples were taken.  

201 Distances from the mouth of the river systems to the sample stations were measured using 

202 ArcMap 10.3.1 (ESRI, Redlands, CA) and the USGS National Hydrography Dataset (NHD) 

203 (U.S. Geological Survey 2013).  Upstream distances ranged from 101 to 188,478 meters.  Spatial 

204 variation was accounted for by creating a proportion; the distance between the tributary mouth 

205 and each sample station to the maximum distance a river herring was observed in the tributary 

206 (hereafter referred to as distance proportion).

207 Although we used distance proportion as a variable to correct for any changes in 

208 sampling design over the decades, the variability in sampling locations during the spawning run 

209 (i.e., from changing sampling protocol in 2007) was a source of uncertainty in modelling 

210 phenology with the complete dataset.  The trends in presence at a subset of sample stations that 

211 were less impacted by spatial variability in sampling was examined to ensure our results using all 

212 data were not biased by changes in sampling protocol.  Criteria for the subset selection was that 

213 sampling should span the spawning migrations of both alewife and blueback herring as best as 

214 possible, and that at least 10 unique days were sampled.  In order to obtain sufficient sampling 

215 resolution decades were binned into an “early” set (1970s and 1980s) and a “late” set (2000s and 

216 2010s).  The reduction in degrees of freedom caused by binning decades prevented the creation 

217 of spline fitted models similar to those created with the full dataset.  The criteria used resulted in 

218 a subset of 36 sample stations.  

219 Trends in daily presence (present = 1 or absent = 0) at the sampling event level for the 

220 1970s (1973 to 1979), 1980s (1980, 1982, 1983, 1987, 1988), 2000s (2001 and 2007 to 2009), 
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221 and 2010s (2010 to 2016) were modeled separately for alewife and blueback herring.  The 

222 variables included in the models were distance proportion, ordinal day, decade, and the ordinal 

223 day and decade interaction.

224 Final variable selection and model fitting using restricted maximum likelihood (REML) 

225 was done within the R package MGCV (Wood 2011).  Models were constructed with variables 

226 having associated smoothers, no smoothers (linear predictor), and tensor product interaction 

227 smooths with the interaction and main effects.  Interactions were constructed with tensor product 

228 interaction smooths which are more stable and interpretable than using full tensor product 

229 smooths that remove the main effects (Wood 2017).  The basis dimensions (k), which control the 

230 number of basis functions and sets the maximum degrees of freedom for smooth terms in the 

231 model, were evaluated using the gam.check() function from the R package MGCV.  The basis 

232 dimensions were adjusted to balance computational efficiency and reduce overfitting.  Akaike’s 

233 Information Criterion (AIC) was used to select the model with the best fit and fewest degrees of 

234 freedom (Burnham and Anderson 2002).  Percent deviance explained was calculated by 

235 subtracting the model deviance from the null deviance then dividing by the null deviance and 

236 multiplying the result by one-hundred (Stoner et al. 2001).  

237 Model prediction success was evaluated using receiver operating characteristics (ROC) 

238 plots generated in the R packages ROCR and pROC (Sing et al. 2005; Robin et al. 2011).  The 

239 ROC uses a series of misclassification matrices computed for a range of presence probability cut-

240 offs from 0 to 1, then plots the true positive fraction against the false positive fraction (Fielding 

241 and Bell 1997; Pearce and Ferrier 2000; Brotons et al. 2004).  The area under the curve (AUC) is 

242 a measure of model performance, where an AUC = 0.5 yields the same predictive capacity as 
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243 chance and increases above 0.5 represent increases in predictive capacity (Hosmer and 

244 Lemeshow 2000; Mandrekar 2010).

245 Model predictions were used to estimate three spawning migration reference points.  

246 These were: (1) ingress at 5% presence probability, (2) peak presence probability, and (3) egress 

247 at 5% presence probability.  Where no single, clearly defined peak existed (i.e. a plateau or 

248 bimodal curve), the mean day along the plateau or between the peaks was designated as the peak 

249 (i.e., central measure) spawning day for that decade.  There were instances where the beginning 

250 or end of the spawning migration was not sampled and predictions from the model would have to 

251 be extrapolated >1 d to reach 5% presence probabilities; in these cases, estimates of ingress and 

252 egress were made using the first and last date of observed detections.  Confidence intervals were 

253 established for ingress, peak (unimodal), and egress using the presence probability CIs for the 

254 preceding and following ordinal days.

255 Drivers of Phenology Changes Temperature can be a particularly strong driver in movement of 

256 anadromous fishes (Antonsson and Gudjonsson 2002; Ellis and Vokoun 2009; Kennedy and 

257 Crozier 2010).  We used associated water temperature data to determine temperatures that 

258 triggered migrations and if those were consistent across decades.  The 36 station subset used to 

259 evaluate the phenology models was also used in a two-way ANOVA to examine the effect of the 

260 interaction between ordinal day and time period on temperature.  The annual data were binned 

261 into early- (1970s – 1980s) and late-decades (2000s – 2010s) to provide sufficient data for 

262 regression.  Water temperature data in the early decades were sparse, particularly in the early 

263 spring, relative to later decades; thus, we limited our temperature and migration analysis to 

264 egress only for alewife.  We estimated the water temperature on the days when ingress (blueback 

265 herring only) and egress occurred in the early-decades (alewife: 1970s; blueback herring: 1980s) 
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266 using the early-decades temperature fit.  We then estimated the ordinal day when that 

267 temperature occurred in the late-decades temperature fit and compared it to the ingress and 

268 egress days predicted by the later-decade phenology models.  To ensure our results were not 

269 biased by non-overlapping periods, we also ran the regression only using data from the same 

270 ordinal day range.

271 Although we detected decadal shifts in ingress and egress timing (see Results below), we 

272 were interested in whether we could link annual variability in river herring migrations to annual 

273 variability in mean water temperature or rate of temperature change.  This analysis was limited to 

274 2008 to 2016 because of limitations with water temperature data for earlier years.  Furthermore, 

275 estimates of ingress for alewife were not possible for all of these years so we limited our analysis 

276 to egress timing only for blueback herring and alewife.  A subset of Chowan River and Edenton 

277 Bay catch data from 2008 – 2016 were used to create both alewife and blueback herring GAM 

278 models with the same structure and interpretation of egress as the full dataset phenology models.  

279 Rates of water temperature change for each year between 2008 and 2016 were estimated by 

280 creating linear regression models over the range of days that egress was predicted for 2008 – 

281 2016.  Mean water temperature for each year from 2008 to 2016 was calculated as the mean 

282 water temperature over the range of days that egress was predicted for each species (Alewife: 

283 April 4 – April 18, and blueback herring: April 15 – April 30; See Results below).  Correlation 

284 between days of egress and the two water temperature metrics was assessed by Pearson’s r.

285 Comparison of Presence/Absence with Abundance Data We used presence/absence data at 

286 multiple stations to examine for changes in phenology while others have used percent-of-run 

287 abundance percentiles at stationary locations (see Antonsson & Gudjonsson 2002; Ellis & 

288 Vokoun 2009). We tested whether presence/absence data are a good proxy for abundance by 
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289 comparing the ASW 2010s decade phenology metrics with phenology metrics calculated using 

290 2016 river herring spawning run abundance data from the nearby (~140 km to the North) 

291 Chickahominy River, Virginia.  The Virginia Institute of Marine Science (VIMS) operates a 

292 fishery-independent alosine monitoring program for this river (Hilton et al. 2017).  We compared 

293 ingress (ingress 5% presence probability vs 5% run abundance), peak (peak presence probability 

294 vs 50% run abundance), and egress (egress 5% presence probability vs 95% run abundance).

295 Results Over the 43-year time period (1973 – 2016), there were 12,839 sampling events made at 

296 325 sample stations (see Fig 1 for stations).  A total of 8,970 alewife were caught (40.4% female, 

297 58.1% male) in 2,241 net sets (17.5% catch rate) and 8,609 blueback herring were caught (51.2% 

298 female, 47.8% male) in 1,295 net sets (10.1% catch rate). 

299 Alewife Phenology AIC selection strongly favored the full model, which included distance 

300 proportion, day, decade, and the interaction between day and decade (Table S2).  The decadal 

301 change in timing on the spawning grounds is dramatic with a clear shift in ingress, peak, and 

302 egress and a resulting shortening of time on spawning grounds (Table 1; Fig 2a).  The changes 

303 are evident even with estimations based upon the first and last presences.  In the 1970s, estimated 

304 alewife ingress (5% presence probability) was February 12, peaked at March 23, and completed 

305 their time on spawning ground by May 9 (egress estimate extrapolated one day).  In the 2010s, 

306 these three dates were January 27, March 11, and April 12.  The mean change in migration 

307 ingress and egress was -4 d per decade and -6.75 d per decade, with net-changes of -16 d and -27 

308 d, respectively.  The imbalanced shift in ingress and egress has reduced the time that the alewife 

309 population spent on the spawning grounds by 11 d. The date of peak catch probability occurred 

310 12 d earlier over the four-decade time period.
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311 The proportion of alewife presence detections at a subset of 36 sample stations that were 

312 consistently sampled in the early decades (1970s and 1980s) and late decades (2000s and 2010s) 

313 corroborate the modeled phenological changes (Fig 3a).  During ingress time periods in the early 

314 decades (around day 43), presence proportions were much greater in the later decades.  During 

315 the egress time periods in the early decades (around day 129), presence proportions were zero or 

316 near-zero in the later decades and substantially lower than the presence proportions in the early 

317 decades.  Thus, changes in sampling design between the early and late decades does not explain 

318 the changes in phenology of alewife spawning.

319 Blueback Herring Phenology AIC selection strongly favored the full model, which included 

320 distance proportion, day, decade, and the interaction between day and decade (Table S2).  

321 Blueback herring showed the same phenological shifts as alewife, but with a smaller change in 

322 the date of ingress and a larger shift in egress (Table 1; Fig 2b).  Decadal comparisons were not 

323 made with the 1970s because sampling or model extrapolation could not be done for the egress 

324 period.  However, egress was captured by extrapolation in the 1980s, and decadal comparisons 

325 can be made for all 1980s migration metrics.  In the 1980s, blueback herring arrived at March 20, 

326 peaked at April 18, and completed their spawning migration by May 18.  In the 2010s, these 

327 three dates were March 15, April 5, and April 25.  The mean change in migration ingress and 

328 egress was -1.67 d per decade and ~-7.67 d per decade, respectively.  The date of peak catch 

329 probability occurred 13 d earlier over the three-decade time period.

330 As with alewife, the proportion of blueback herring presence detections at the subset of 

331 36 stations were examined and also corroborate the phenology model (Fig 3b).  During ingress 

332 time periods in the early decades (around day 79), presence proportions were marginally greater 

333 in the later decades.  During the egress time periods in the early decades (around day 138), 
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334 presence proportions were much lower or zero in the later decades compared to the higher and 

335 non-zero presence proportions in the early decades.  Thus, changes in sampling design between 

336 the early and late decades do not explain the changes in phenology of blueback herring 

337 spawning.

338 Effects of vernal warming rate on phenological shifts Water temperatures recorded at the 36 

339 station subset for both the early decades (1973 – 1988) and the late decades (2001 – 2016) 

340 provide the best data coverage to describe late spring warming trends during the egress times of 

341 alewife and blueback herring.  The rate of vernal warming during 2001 to 2016, 0.152 C*d-1 

342 (95% CI 0.119-0.191) was significantly higher than warming rate (0.077 C*d-1, 0.060-0.095) 

343 during springs of 1973 – 1988 (ordinal day * time period; F3,3665 = 65.23; p < 0.001) (Fig 4).  A 

344 second comparison of warming rate between the two time periods but limited to the same range 

345 of ordinal days maintains this trend (F3,3140 = 72.92; p < 0.001; Fig S2).  The increased rate of 

346 warming results in higher predicted temperatures from day 88 (March 29, at 14.0 C) onward.  

347 Elevated temperatures, or faster warming, from March 29 onward may be responsible for 

348 expediting the egress of both alewife and blueback herring.  The alewife phenology model 

349 predicted a 1970s egress date of May 9 (day 129).  The egress associated water temperature 

350 estimated on this date for 1973 – 1988 was 17.2 C, which occurred on April 19 (day 109) in 

351 2001 – 2016 (estimates from temperature vs ordinal day regressions).  The alewife phenology 

352 model predicts a 2010s egress date of April 12 (day 102) that is only seven days earlier than the 

353 estimate based on temperature.  The blueback herring phenology model predicted a 1980s egress 

354 date of May 18 (day 138).  The egress associated water temperature estimated on this date for 

355 1973 – 1988 was 17.9 C, which occurred on April 24 (day 114) in 2001 – 2016.  The blueback 

356 herring phenology model predicts a 2010s egress date of April 25 (day 115) that is only one day 
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357 later than the estimation using egress temperature.  The blueback herring phenology model 

358 predicted a 1980s ingress date of March 20 (day 79).  The ingress associated water temperature 

359 estimated on this date in 1973 – 1988 was 13.3 C, which occurred on March 24 (day 83) in 2001 

360 – 2016.  The blueback herring phenology model predicts a 2010s ingress date of March 15 (day 

361 74).  Although this represents a difference of 9 days, it is important to point out the similarities in 

362 dates for 13.3 C water in the two time periods (March 20 for 1973 – 1988 and March 24 for 2001 

363 – 2016) and the similarities in dates for ingress predictions (March 20 in the 1980s vs March 15 

364 in the 2010s).

365 We examined the relationship between annual timing of river herring egress and annual 

366 water temperature metrics from 2008 to 2016.  AIC model selection strongly favored the full 

367 model structure (Table S3).  Within the Chowan River and Edenton Bay systems, alewife were 

368 predicted to egress between April 4 and April 18 (Table S4; Fig S3).  Mean water temperatures 

369 over these days ranged from 13.8 C to 17.9 C and the rate of temperature change ranged from -

370 0.32 to 0.52 C*d-1.  The relationships between alewife egress date and both water temperature 

371 metrics were slightly negative (Fig S4), but neither correlation was significant (temperature: r = -

372 0.09, df = 7, p = 0.82; rate: r = -0.04, df = 7, p = 0.92).  Blueback herring were predicted to 

373 egress between April 15 and May 1.  Mean water temperatures over these days ranged from 15.4 

374 C to 19.8 C and the rate of temperature change ranged from -0.63 to 0.56 C*d-1.  The 

375 relationships between blueback herring egress and both temperature metrics were also not 

376 significant (temperature: r = -0.46, df = 7, p = 0.22; rate: r = 0.27, df = 7, p = 0.48; Fig S4).  

377 Thus, we did not find evidence of temperature metrics influencing egress dates for alewife and 

378 blueback herring during the 2008 to 2016 period.
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379 Comparing presence/absence and abundance data for spawning phenology metrics For the most 

380 recent decade (2010), our presence probability derived phenology metrics for river herring in the 

381 ASW match closely with the percent-of-run abundance phenology metrics (5%, 50%, and 95%) 

382 calculated for the 2016 river herring spawning run in the Chickahominy River.  For alewife in 

383 the Chickahominy River, percent-of-run abundance yields February 3, March 9, and April 6 as 

384 the dates of ingress, peak, and egress while our estimates are January 27, March 11, and April 

385 12.  The three percentiles for blueback herring in the Chickahominy River occur on March 16, 

386 March 31, and April 27 and our estimates are March 15, April 5, and April 25.  Thus, our 

387 migration metric predictions using presence/absence data were within ± 7 days (average ± 3.5) of 

388 those using abundance data in a nearby system.   

389 Discussion Changes in river herring spawn phenologies and potential causes We provide 

390 evidence that the spawning migrations of alewife and blueback herring have shifted to earlier 

391 dates in recent decades within the ASW, with substantial truncation of blueback herring 

392 spawning season length.  Our results are consistent with trends observed in other anadromous 

393 populations: southern New England alewife (Ellis and Vokoun 2009), Atlantic salmon (Salmo 

394 salar) (Juanes et al. 2004), Pacific salmonids (Oncorhynchus sp.) (Kovach et al 2015), and 

395 Chesapeake Bay striped bass (Peer and Miller 2014).  Ellis and Vokoun (2009) found that 

396 changes in spring temperatures across ~4 decades was associated with alewife migrations that 

397 occurred ~12 days earlier.  Peer and Miller (2014) observed earlier shifts in spring-spawning 

398 migration metrics (ingress, peak, and egress) of 800-899 mm female Chesapeake Bay striped 

399 bass.  From 1991 to 2010, the striped bass arrived, peaked, and left 5, 6, and 14 days earlier.  

400 Shifts in the timing of anadromous spawning events can have cascading negative effects such as 

401 reduced population resiliency through decreases in phenotypic variation (Sgrò et al. 2011), 
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402 trophic mismatches that have substantial impacts on the survival of offspring (Cushing 1990; 

403 Durant et al. 2007; Fortier and Gagné 2011), nutrient influx (Walters et al. 2009), and especially 

404 food web dynamics in the case of forage fish (Yako et al. 2000).  Management strategies, such as 

405 seasonal harvest closures, can also become less effective due to shifts in migration timing (Peer 

406 and Miller 2014).

407 Changes in the phenologies of migration and spawning across animal groups have been 

408 attributed to changes in age structure (Lambert 1987; Hutchings and Myers 1993; Trippel and 

409 Morgan 1994), changes in species abundance (Miller-Rushing et al. 2008), and shifts in 

410 environmental cues due to climate change (Quinn and Adams 1996; Ellis and Vokoun 2009). We 

411 examined the possibility for each of these for alewife and blueback herring in the ASW. 

412 The relationship between the timing of spawning runs and age structure has not been 

413 addressed in the literature for river herring.  Lambert (1987) detailed this relationship with 

414 another clupeid species, Atlantic herring, in both the Atlantic and Pacific stocks.  Lambert (1987) 

415 concluded that larger, older fish arrived on the spawning grounds earlier than their smaller, 

416 younger conspecifics.  It is reasonable to believe that the relationship between age-length and the 

417 timing of arrival upon the spawning grounds found in this confamilial apply to both alewife and 

418 blueback herring as well.  The phenomenon has also been found in another anadromous species, 

419 striped bass (Peer and Miller 2014).  Thus, any shift towards an older age structure should 

420 manifest itself in earlier spawning migration times.  However, no change in alewife age structure 

421 was observed and blueback herring age structure trended towards a younger age structure in 

422 recent decades, which is opposite of the pattern that might explain earlier spawning (NCDMF 

423 unpublished data).  Thus, we conclude that changes in age structure are not responsible for 

424 changes in river herring spawn times within the ASW.
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425 Alewife and blueback herring population abundances in the ASW have decreased 

426 dramatically from the early 1970s to present and are currently at levels deemed to be overfished 

427 despite the absence of fishing pressures since 2007 (White et al. 2017).  Thus, changes in 

428 abundance are one potential reason for changes in spawn timing.  However, the relationship 

429 between population abundance and migration phenology has received very little study.  Miller-

430 Rushing et al. (2008) found that first arrival of several bird species in spring were related to 

431 population size since a larger population size would have a higher likelihood of detection.  The 

432 earlier spawning in recent years is opposite of the pattern expected given decreased abundance 

433 levels.  For anadromous fishes, there is potential for abundance levels to change the length of 

434 spawning time but we did not find studies that examined this effect.  Because river herring 

435 abundance declined in the ASW as vernal warming rate increased (see below) we cannot 

436 disentangle these two variables.  We recommend research on the effects of abundance on 

437 spawning phenology in anadromous fishes. 

438 Water temperature has repeatedly been identified as having an influence on spawning and 

439 migration timing for many anadromous species: striped bass (Peer and Miller 2014), Atlantic 

440 salmon (Juanes et al. 2004), American shad (Alosa sapidissima) (Quinn and Adams 1996), lake 

441 sturgeon (Acipenser fulvescens) (Bruch and Binkowski 2002), as well as alewife (Ellis and 

442 Vokoun 2009).  Temperatures within the coastal mid-Atlantic region of the United States have 

443 been increasing over the past century (Polsky et al. 2000), with particularly larger changes 

444 observed in lower order streams (Ding and Elmore 2015) such as those used by river herring as 

445 spawning habitat.  Our results suggest that earlier vernal warming has led to an earlier spawning 

446 season for river herring in tributaries of the ASW.  Our findings support the conclusions of Ellis 

447 and Vokoun (2009) for southern New England alewife.  Their estimations of change in alewife 
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448 ingress and peak migration were 13 and 12 days earlier, respectively, while our models predicted 

449 16 and 12 days earlier.  The strongest evidence for a temperature effect is that the temporal shift 

450 in egress dates predicted by the phenology models are similar to the changes in dates in which 

451 egress-associated temperatures (~17 C) are reached.  The temperature-predicted and observed 

452 egress dates in more recent decades were earlier and similar in timing for alewife (7 d apart) and 

453 blueback herring (1 d apart).

454 The egress temperatures we estimated for alewife and blueback herring (~17 C) were 

455 similar to those observed in a river system ~300 km north.  Ogburn et al. (2017) estimated the 

456 daily count of both upstream and downstream migrating alewife and blueback herring in the 

457 Choptank River, MD for the 2014 spawning season using a dual-frequency identification sonar 

458 (DIDSON).  Strong pulses of downstream migration in April and May appear to coincide with 

459 water temperatures near 17 C.  If the rate of vernal warming increases over time, water 

460 temperatures on river herring spawning grounds will reach 17 C sooner and continue to shorten 

461 the spawning season if ingress timing remains the same or changes less than egress times.  In 

462 fishes, climate change driven shifts in phenology have been shown to negatively impact 

463 reproduction success and recruitment (Both et al. 2006; Watanuki et al. 2009).  For river herring 

464 spawning within the ASW, shifts towards earlier egress dates has reduced time on the spawning 

465 grounds and may negatively impact spawning success and recruitment.

466 Trends in the phenological response to changing thermal regimes within a watershed 

467 were observed at the decadal scale; therefore, variation in population level responses to relatively 

468 cool or warm springs for a given year within a decade might also be observable.  Correlations 

469 between the inter-annual variation in the timing of egress and both the annual mean temperature 

470 and rate of temperature change across the range of predicted egress days were not significant.  
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471 However, the correlations did trend towards earlier egress timing when mean annual water 

472 temperatures over the range of egress dates were warmer (Fig S4).  Plasticity in migration 

473 timing, and subsequently spawning activity, could be optimized to avoid mismatches in resource 

474 availability (Cushing 1990).  Phenological shifts in response to climate change have been 

475 observed in many inland fish populations (Lynch et al. 2016).  However, research on brook trout 

476 suggests that the rate of climate change can outpace compensatory responses and lead to a 

477 decline in population abundances (Bassar et al. 2016).  More work is needed to understand the 

478 limits of adaptation to climate change by river herring.

479 Comparing presence/absence and abundance data for spawning phenology metrics The use of 

480 presence/absence data at multiple stations to measure changes in phenology is a novel method 

481 that required validation.  The established approach to measuring timing of anadromous fishes is 

482 percent-of-run abundance percentiles using count data at stationary locations.  Our predictions 

483 using presence/absence data were within ± 7 days (average ± 3.5) of those using abundance data 

484 in a nearby system.  These results show that presence/absence data, which are much less labor 

485 intensive and more readily accessible than abundance data, are a viable proxy for abundance data 

486 when estimating measures of phenology.  We encourage further examination of other long-term 

487 datasets for signals in shifting phenology using presence/absence data when abundance data are 

488 unavailable.

489 Implications There has been increased interest in the incorporation of climate change effects (e.g. 

490 changes in phenology) into fisheries management strategies (Haak and Williams 2012; Peer and 

491 Miller 2014; Hare et al. 2016; Paukert et al. 2017).  Management strategies for river herring so 

492 far have focused on the effects of increased fishing efforts and have attempted to mitigate 

493 historical overfishing through moratoria (but see Hare et al. 2016).  While moratoria provide a 
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494 significant reduction in fishing mortality, it may not be sufficient to return stocks to historical 

495 levels of abundance in the face of warming waters and changing climate, particularly in the 

496 species’ southern range (Tommasi et al. 2015).  Current river herring stocks in North Carolina 

497 (White et al. 2017) and other Atlantic states (ASMFC 2017) remain in a depleted state.  

498 Spawning phenologies of river herring in the ASW and recruitment should continue to be 

499 monitored.  In the event that the fishery is re-opened, information on spawning migrations could 

500 be used in an adaptive management strategy framework (Peer and Miller 2014).  It is important 

501 to note the differences between alewife and blueback herring spawning migration behaviors and 

502 apparent responses to increased vernal warming rate.  Examining the shape of the phenology 

503 model curves provides insight into such differences (Fig. 2).  Alewife have a much broader 

504 spawning migration season with evident pulses in migration, which appear as humps in the GAM 

505 (GAMs don’t assume any particular shape).  Comparatively, blueback herring spawning 

506 migrations follow a more unimodal distribution, despite also migrating upstream in pulses.  The 

507 same patterns and contrasts in migration behavior have been seen in the Choptank River, MD by 

508 Ogburn et al. (2017) when using DIDSON to monitor spawning runs.  The shift in spawning 

509 migration phenology for alewife has resulted in an 11 day truncation of the spawning season 

510 over four decades (Table 1), however considerable changes in ingress and egress timing have 

511 both occurred simultaneously (16 and 27 days).  This is in strong contrast to blueback herring, 

512 which have maintained ingress timing (5 day change over three decades) but have egressed 

513 substantially earlier over time (23 days earlier over three decades).  The variation in phenological 

514 changes may be due to different conditions encountered in preferred spawning habitat, as stream 

515 temperatures and water quality can vary widely throughout a watershed (Isaak et al. 2014).  

516 Generally, alewife prefer more lentic habitats compared to blueback herring (Loesch and Lund 
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517 1977).  However, river herring in the ASW have a high-degree of overlap in spawning habitat 

518 use, due in part to the slow flowing tributaries (Walsh et al. 2005; Personal observation), which 

519 makes spatial separation an unlikely driver of phenological variation.  Physiological differences 

520 in thermal tolerances are most likely to influence spawning migration (Mullen et al. 1986).

521 The 30% reduction in spawning season length for blueback herring is concerning, 

522 considering their already depressed abundance in this region.  The most recent stock assessment 

523 of blueback herring estimated the ASW population of age 3+ (sexually mature) fish to be 7.5 

524 million fish in 2014; just six percent of the 127 million fish in 1976 (White et al. 2017).  The 

525 truncation of time spent on the spawning grounds may have ramifications for recruitment 

526 through effects on adult spawning (i.e., reduced chances for optimal spawning conditions) or 

527 trophic or habitat mismatches for larvae and juveniles (Wright and Trippel 2009; Ohlberger et al. 

528 2014).  Tommasi et al. (2015) found that increased temperatures in June were associated with 

529 lower abundance levels of juvenile blueback herring in the Chowan River, NC (a tributary of 

530 ASW); they hypothesized the decreased recruitment was due to temperatures exceeding an 

531 optimal temperature and predicted that future warming would lead to reduced recruitment in 

532 southern populations of river herring.  In addition to temperatures experienced by juveniles, we 

533 recommend future research test for a relationship between spawning phenology and recruitment 

534 in river herring.

535 Acknowledgements This research was funded by a North Carolina Division of Marine Fisheries 

536 Coastal Recreational Fishing License Fund grant (NCDENR Task Order #6426).  We thank past 

537 and present members of the North Carolina Division of Marine Fisheries in Elizabeth City, NC 

538 for their work in data collection and entry.

Page 24 of 43

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



D
raft

539 REFERENCES

540 Antonsson, T., and Gudjonsson S. 2002. Variability in timing and characteristics of Atlantic 

541 salmon smolt in Icelandic rivers. Trans. Am. Fish. Soc. 131(4): 643-655. doi: 

542 10.1577/1548-8659(2002)131<0643:VITACO>2.0.CO;2.

543 Asch, R.G. 2015 Climate change and decadal shifts in the phenology of larval fishes in the 

544 California Current ecosystem. PNAS 112(30). E4065-E4074. doi: 

545 10.1073/pnas.1421946112.

546 ASMFC. 2012. River herring benchmark stock assessment volume I, stock assessment report no. 

547 12-02 [online]. Available from http://www.asmfc.org/fisheries-science/stock-

548 assessments.

549 ASMFC. 2017. River herring stock assessment update volume II: state-specific reports [online]. 

550 Available from http://www.asmfc.org/fisheries-science/stock-assessments.

551 Bassar, R.D., Letcher, B.H., Nislow, K.H., and Whiteley, A.R. 2016. Changes in seasonal 

552 climate outpace compensatory density-dependence in eastern brook trout. Glob. Chang. 

553 Biol. 22(2): 577-593. doi: 10.1111/gcb.13135.

554 Beltz, J.R. 1975. Movement and behavior of adult anadromous alewives, Alosa pseudoharengus 

555 (Wilson), in the Parker River, Massachusetts. Master’s thesis. University of 

556 Massachusetts, Amherst.

557 Bethoney, N.D., Schondelmeier, B.P., Stokesbury, K.D.E., and Hoffman, W.S. 2013. 

558 Developing a fine scale system to address river herring (Alosa pseudoharengus, A. 

559 aestivalis) and American shad (A. sapidissima) bycatch in the U.S. Northwest Atlantic 

560 mid-water trawl fishery. Fish. Res. 141:79-87. doi: 10.1016/j.fishres.2012.09.003.

Page 25 of 43

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



D
raft

561 Blanchard, J.L., Mills, C., Jennings, S., Fox, C.J., Rackham, B.D., Eastwood, P.D., and O’Brien, 

562 C.M. 2005. Distribution-abundance relationships for North Sea Atlantic cod (Gadus 

563 morhua): observation versus theory. Can. J. Fish. Aquat. Sci. 62(9): 2001-2009. doi: 

564 10.1139/F05-109.

565 Both, C., Bouwhuis, S., Lessells, C.M., and Visser, M.E. 2006 Climate change and population 

566 declines in a long-distance migratory bird. Nature 441(4): 81-83. 

567 doi:10.1038/nature04539.

568 Brotons, L., Thuiller ,W., Araújo, M.B., Hirzel, and A.H. 2004. Presence-absence versus 

569 presence-only modelling methods for predicting bird habitat suitability. Ecography, 

570 27(4): 437-448. doi: 10.1111/j.0906-7590.2004.03764.x.

571 Bruch, R.M., and Binkowski, F.P. 2002. Spawning behavior of lake sturgeon (Acipenser 

572 fulvescens). J. Appl. Ichthyol. 18(4-6): 570-579. doi: 10.1046/j.1439-0426.2002.00421.x.

573 Burnham, K.P., and Anderson, D.R. 2002. Model selection and inference: a practical 

574 information-theoretic approach, 2nd edn. Springer Verlag New York, New York, N.Y.

575 Ciannelli, L., Bailey, K.M., Chan, K.-S., Stenseth, N.Chr. 2007. Phenological and geographical 

576 patterns of walleye pollock (Theragra chalcogramma) spawning in the western Gulf of 

577 Alaska. Can. J. Fish. Aquat. Sci. 64(4): 713-722. doi: 10.1139/f07-049.

578 Collier, R.S., and Odom, M.C. 1989. Obstructions to anadromous fish migration. North Carolina 

579 Department of Natural Resources and Community Development and Environmental 

580 Protection Agency, National Estuary Program, APES Project No. 88-12, Raleigh, N.C.

581 Collins, G.B. 1952. Factors influencing the orientation of migratory anadromous fishes. Fish 

582 Bull. 52(73): 375-396.

Page 26 of 43

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



D
raft

583 Cournane, J.M., Kritzer, J.P., and Correia, S.J. 2013. Spatial and temporal patterns of 

584 anadromous alosine bycatch in the US Atlantic herring fishery. Fish. Res. 141: 88-94. 

585 doi: 10.1016/j.fishres.2012.08.001.

586 Crozier, L.G., Hendry, A.P., Lawson, P.W., Quinn, T.P., Mantua, N.J., Battin, J., Shaw, R.G., 

587 Huey, R.B. 2008. Potential responses to climate change in organisms with complex life 

588 histories: evolution and plasticity in Pacific salmon. EVOL. APPL. 1:252–270. doi: 

589 10.1111/j.1752-4571.2008.00033.x.

590 Cushing, D.H. 1990. Plankton production and year-class strength in fish populations: an update 

591 of the match/mismatch hypothesis. Adv. Mar. Biol. 26: 249-293. doi: 10.1016/S0065-

592 2881(08)60202-3.

593 Ding, H., and Elmore, A.J. 2015. Spatio-temporal patterns in water surface temperature from 

594 Landsat time series data in the Chesapeake Bay, U.S.A. Remote Sens. Environ. 168: 335-

595 348. doi: 10.1016/j.rse.2015.07.009.

596 Durant, J.M., Hjermann, D.O., Ottersen, G., and Stenseth, N.C. 2007. Climate and the match or 

597 mismatch between predator requirements and resource availability. Clim. Res. 33(3): 

598 271-283. doi: 10.3354/cr033271.

599 Ellis, D., and Vokoun, J.C. 2009. Earlier spring warming of coastal streams and implications for 

600 alewife migration timing. N. Am. J. Fish. Manage. 29(6): 1584-1589. doi: 10.1577/M08-

601 181.1.

602 Fielding, A.H., and Bell, J.F. 1997. A review of methods for the assessment of prediction errors 

603 in conservation presence/absence model. Environ. Conserv. 24(1): 38-39. doi: 

604 10.1017/S0376892997000088.

Page 27 of 43

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



D
raft

605 Fogarty, M., Incze, L., Hayhoe, K., Mountain, D., and Manning, J. 2008. Potential climate 

606 change impacts on Atlantic cod (Gadus morhua) off the northeastern USA. Mitig. Adapt. 

607 Strat. Glob. Change, 13(5-6): 453-466. doi: 10.1007/s11027-007-.

608 Fortier, L., and Gagné, J.A. 2011. Larval herring (Clupea harengus) dispersion, growth, and 

609 survival in the St. Lawrence estuary: match/mismatch or membership/vagrancy? Can. J. 

610 Fish. Aquat. Sci. 47(10): 1898-1912. doi: 10.1139/f90-214.

611 Hall, C.J., Jordaan, A., and Frisk, M.G. 2011. The historic influence of dams on diadromous fish 

612 habitat with a focus on river herring and hydrologic longitudinal connectivity. Landscape 

613 Ecol. 26(1): 95-107. doi: 10.1007/s10980-010-9539-1.

614 Haak, A.L., and Williams, J.E. 2012. Spreading the risk: native trout management in a warmer 

615 and less-certain future. N. Am. J. Fish. Manag. 32(2): 387-401. doi: 

616 10.1080/02755947.2012.678963.

617 Hare, J.A., Morrison, W.E., Nelson, M.W., Stachura, M.M., Teeters, E.J., Griffis, R.B., 

618 Alexander, M.A., Scott, J.D., Alade, L., Bell, R.J., Chute, A.S., Curtis, K.L., Kircheis, D., 

619 Kocik, J.F., Lucey, S.M.,McCandless, C.T., Milke, L.M., Richardson, D.E., Robillard, E., 

620 Walsh, H.J., McManus, M.C., Marancik, K.E., and Griswold, C.A. 2016. A vulnerability 

621 assessment of fish and invertebrates to climate change on the northeast U.S. continental 

622 shelf. PLoS ONE, 11(2): e0146756. doi: 10.1371/journal.pone.0146756.

623 Hastie, T.J., and Tibshirani, R.J. 1990. Generalized additive models. Chapman and Hall, London, 

624 U.K.

625 Hightower, J.E., Wicker, A.M., and Endres, K.M. 1996. Historical trends in abundance of 

626 American shad and river herring in Albemarle Sound, North Carolina. N. Am. J. Fish. 

627 Mange. 16(2): 257-271. doi: 10.1577/1548-8675(1996)016<0257:HTIAOA>2.3.CO;2.

Page 28 of 43

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



D
raft

628 Hosmer, D.W., and Lemeshow, S. 2000. Applied logistic regression, 2nd edn. John Wiley and 

629 Sons, New York, N.Y.

630 Hutchings, J.A., and Myers, R.A. 1993. Effect of age on the seasonality of maturation and 

631 spawning of Atlantic cod, Gadus morhua, in the Northwest Atlantic. Can. J. Fish. Aquat. 

632 Sci. 50(11): 2468-2474. doi: 10.1139/f93-271.

633 IPCC. 2014. Climate change 2014: synthesis report. Contribution of Working Groups I, II, and 

634 III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 

635 IPCC, Geneva, Switzerland.

636 Isaak, D.J., Peterson, E.E., Ver Hoef, J.M., Wenger, S.J., Falke, J.A., Torgersen, C.E., Sowder, 

637 C., Steel, E.A., Fortin, M.-J., Jordan, C.E., Ruesch, A.S., Som, N., and Monestiez, P. 

638 2014. Applications of spatial statistical network models to stream data. WIREs Water. 

639 1(1): 277-294. doi: 10.1002/wat2.1023.

640 Jackson, C.F. 1944. A biological survey of Great Bay New Hampshire: No. 1 physical and 

641 biological features of Great Bay and the present status of its marine resources. 61. Marine 

642 Fisheries Commission. Durham, N.H.

643 Jessop, B.M. 1994. Homing of alewives (Alosa pseudoharengus) and blueback herring (A. 

644 aestivalis) to and within the Saint John River, New Brunswick, as indicated by tagging 

645 data. Can Tech Rep Fish Aquat Sci. 2015. Available from 

646 http://publications.gc.ca/collections/collection_2012/mpo-dfo/Fs97-6-2015-eng.pdf.

647 Juanes, F., Gephard, S., and Beland, K.F. 2004. Long-term changes in migration timing of adult 

648 Atlantic salmon (Salmo salar) at the southern edge of the species distribution. Can. J. 

649 Fish. Aquat. Sci. 61(12): 2392-2400. doi: 10.1139/f04-207.

Page 29 of 43

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



D
raft

650 Kovach, R.P., Joyce, J.E., Echave, J.D., Lindberg, M.S., Tallmon, D.A. 2013. Earlier migration 

651 timing, decreasing phenotypic variation, and biocomplexity in multiple salmonid species. 

652 PLoS One. 8(1). e53807. doi: 10.1371/journal.pone.0053807.

653 Kovach, R.P., Gharrett, A.J., and Tallmon, D.A. 2015. Temporal patterns in adult salmon 

654 migration timing across southeast Alaska. Glob. Change Biol. 21(5): 1821-1833. doi: 

655 10.1111/gcb.12829.

656 Kennedy, R.J., and Crozier, W.W. 2010. Evidence of changing migratory patterns of wild 

657 Atlantic salmon Salmo salar smolts in the River Bush, Northern Ireland, and possible 

658 associations with climate change. J. Fish. Bio. 76(7): 1786-1805. doi: 10.1111/j.1095-

659 8649.2010.02617.x.

660 Lambert, T.C. 1987. Duration and intensity of spawning in herring Clupea harengus as related to 

661 the age structure of the mature population. Mar. Ecol. Prog. Ser. 39(3): 209-220. doi: 

662 10.3354/meps039209.

663 Loesch, J.G., and Lund Jr., W.A. 1977. A contribution to the life history of the blueback herring, 

664 Alosa aestivalis. Trans. Am. Fish. Soc. 106(6): 583-589. doi: 10.1577/1548-

665 8659(1977)106<583:ACTTLH>2.0.CO;2.

666 Lynch, P.D., Nye, J.A., Hare, J.A., Stock, C.A., Alexander, M.A., Scott, J.D., Curti, K.L., and 

667 Drew, K. 2015. Projected ocean warming creates a conservation challenge for river 

668 herring populations. ICES J. Mar. Sci. 72: 374-387.

669 Lynch, A.J., Myers, B.J.E., Chu, C., Eby, L.A., Falke, J.A., Kovach, R.P., Krabbenhoft, T.J., 

670 Kwak, T.J., Lyons, J., Paukert, C.P., and Whitney, J.E. 2016. Climate change effects on 

671 North American inland fish populations and assemblages. Fisheries. 41(7): 346-361. doi: 

672 10.1080/03632415.2016.1186016.

Page 30 of 43

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



D
raft

673 Mandrekar, J. 2010. Receiver operating characteristic curve in diagnostic test assessment. J. 

674 Thorac. Oncol. 5(9): 1315-1316. doi: 10.1097/JTO.0b013e3181ec173d.

675 Merow, C., Smith, M.J., Edwards Jr., T.C., Guisan, A., McMahon, S.M., Normand, S., Wilfried, 

676 T., Wüest, R.O., Zimmermann, N.E., and Elith, J. 2014. What do we gain from simplicity 

677 versus complexity in species distribution models? Ecography, 37(12): 1267-1281. doi: 

678 10.1111/ecog.00845.

679 Mieszkowska, N., Kendall, M.A., Hawkins, S.J., Leaper, R., Williamson, P., Hardman-

680 Mountford, N.J., and Southward, A.J. 2006. Changes in the range of some common rocky 

681 shore species in Britain – a response to climate change? Hydrobiologia, 555(1): 241-25. 

682 doi: 10.1007/s10750-005-1120-6.

683 Miller-Rushing, A.J., Lloyd-Evans, T.L., Primack, R.B., and Satzinger, P. 2008. Bird migration 

684 times, climate change, and changing population sizes. Glob. Change. Biol. 14(9): 1959-

685 1972. doi: 10.1111/j.1365-2486.2008.01619.x.

686 Moore, R.D., Spittlehouse, D.L., and Story, A. 2005. Riparian microclimate and stream 

687 temperature response to forest harvesting: a review. J. Am. Water Resour. Assoc. 41(4): 

688 813-834. doi: 10.1111/j.1752-1688.2005.tb03772.x.

689 Moussus, J.P., Julliard, R., and Jiguet, F. 2010. Featuring 10 phenological estimators using 

690 simulated data. Methods Ecol. Evol. 1(2): 140-150. doi: 10.1111/j.2041-

691 210X.2010.00020.x.

692 Mullen, D.M., Fay, C.W., and Moring, J.R. 1986. Species profiles: life histories and 

693 environmental requirements of coastal fishes and invertebrates (North Atlantic) – 

694 alewife/blueback herring. U.S. Fish and Wildlife Service, Biological Report 82(11.56). 

Page 31 of 43

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



D
raft

695 U.S. Army Corp of Engineers, TR EL-82-4 [online]. Available from 

696 aquaticcommons.org/3569/1/1986_mull.pdf.

697 Murawski, S.A. 1993. Climate change and marine fish distributions: forecasting from historical 

698 analogy. Trans. Am. Fish. Soc. 112(5): 647-658. doi: 10.1577/1548-

699 8659(1993)122<0647:CCAMFD>2.3.CO;2.

700 Newton, I. 1966. The moult of the bullfinch Pyrrhula pyrrhula. Ibis, 108(1): 41–67. doi: 

701 10.1111/j.1474-919X.1966.tb07251.x.

702 Nye, J.A., Link, J.S., Hare, J.A., and Overholtz, W.J. 2009. Changing spatial distribution of fish 

703 stocks in relation to climate and population size. Mar. Ecol. Prog. Ser. 393: 111-129. doi: 

704 10.3354/meps08220.

705 Ogburn, M.B., Spires, J., Aguilar, R., Goodison, M.R., Heggie, K., Kinnebrew, E., McBurney, 

706 W., Richie, K.D., Roberts, P.M., and Hines, A.H. 2017 Assessment of river herring 

707 spawning runs in a Chesapeake Bay coastal plain stream using imaging sonar. Trans. Am. 

708 Fish. Soc. 146(1): 22-35. doi: 10.1080/00028487.2016.1235612.

709 Ohlberger, J., Thackeray, S.J., Winfield, I.J., Maberly, S.C., and Vøllestad, L.A. 2014. When 

710 phenology matters: age – size truncation alters population response to trophic mismatch. 

711 Proc. R. Soc. B. 281: 20140938. doi: 10.1098/rspb.2014.0938.

712 Otero, J., L'Abée-Lund, J.H., Castro-Santos, T., Leonardsson, K., Storvik, G.O., Jonsson, B., 

713 Dempson, B., Russell, I.C., Jensen, A.J., Baglinière, J., Dionne, M., Armstrong, J.D., 

714 Romakkaniemi, A., Letcher, B.H., Kocik, J.F., Erkinaro, J., Poole, R., Rogan, G., 

715 Lundqvist, H., MacLean, J.C., Jokikokko, E., Arnekleiv, J.V., Kennedy, R.J., Niemelä, 

716 E., Caballero, P., Music, P.A., Antonsson, T., Gudjonsson, S., Veselov, A.E., Lamberg, 

717 A., Groom, S., Taylor, B.H., Taberner, M., Dillane, M., Arnason, F., Horton, G., 

Page 32 of 43

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



D
raft

718 Hvidsten, N.A., Jonsson, I.R., Jonsson, N., McKelvey, S., Næsje, T.F., Skaala, Ø., Smith, 

719 G.W., Sægrov, H., Stenseth, N.C., and Vøllestad, L.A. 2014. Basin-scale phenology and 

720 effects of climate variability on global timing of initial seaward migration of Atlantic 

721 salmon (Salmo salar). Glob. Change Biol. 20(1): 61-75. doi: 10.1111/gcb.12363.

722 Paukert, C.P., Glazer, B.A., Hansen, G.J.A., Irwin, B.J., Jacobson, P.C., Kershner, J.L., Shuter, 

723 B.J., Whitney, J.E., and Lynch, A. 2017. Adapting inland fisheries management to a 

724 changing climate. Fisheries, 41(7): 374-384. doi: 10.1080/03632415.2016.1185009.

725 Pearce, J., and Ferrier, S. 2000. Evaluating the predictive performance of habitat models 

726 developed using logistic regression. Ecol. Modell. 133(3): 127-147. doi: 10.1016/S0304-

727 3800(00)00322-7.

728 Peer, A.C., and Miller, T.J. 2014. Climate change, migration phenology, and fisheries 

729 management interact with unanticipated consequences. N. Am. J. Fish. Mange. 34(1): 94-

730 110. doi: 10.1080/02755947.2013.847877.

731 Perry, A.L., Low, P.J., Ellis, J.R., and Reynolds, J.D. 2005. Climate change and distribution 

732 shifts in marine fishes. Science, 308(5730): 1912-1915. doi: 10.1126/science.1111322.

733 Poloczanka, E.S., Brown, C.J., Sydeman, W.J., Kiessling, W., Schoeman, D.S., Moore, P.J., 

734 Brander, K., Bruno, J.F., Buckley, L.B., Burrows, M.T., Duarte, C.M., Halpern, B.S., 

735 Holding, J., Kappel, C.V., O’Connor, M.I., Pandolfi, J.M, Parmesan, C., Schwing, F., 

736 Thompson, S.A., and Richardson, A.J. 2013. Global imprint of climate change on marine 

737 life. Nat Clim Change. 3(10): 919-925. doi: 10.1038/nclimate1958.

738 Polsky, C., Allard, J., Currit, N., Crane, R., and Yarnal, B. 2000. The Mid-Atlantic Region and 

739 its climate: past, present, and future. Clim. Res. 14(3): 161-173. doi: 10.3354/cr014161.

Page 33 of 43

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



D
raft

740 Prieto, P., Peñuelas, J., Ogaya, R., and Estiarte, M. 2008. Precipitation-dependent flowering of 

741 Globularia alypum and Erica multiflora in Mediterranean shrubland under experimental 

742 drought and warming, and its inter-annual variability. Ann. Bot. 102(2): 275-285. doi: 

743 10.1093/aob/mcn090.

744 Quinn, T.P., and Adams, D.J. 1996. Environmental changes affecting the migratory timing of 

745 American shad and sockeye salmon. Ecol. 77(4): 1151-1162. doi: 10.2307/2265584.

746 Richardson, A.D., Keenan, T.F., Migliavacca, M., Ryu, Y., Sonnentag, O., and Toomey, M. 

747 2013. Climate change, phenology, and phenological control of vegetation feedbacks to 

748 the climate system. Agric. For. Meteorol. 169: 156-173. doi: 

749 10.1016/j.agrformet.2012.09.012.

750 Robin, X., Turck, N., Hainard, A., Tiberti, N., Lisacek, F., Sanchez, J.C., and Müller, M. 2011. 

751 pROC: an open-source package for R and S+ to analyze and compare ROC curves. BMC 

752 Bioinformatics, 12: 77. doi: 10.1186/1471-2105-12-77.

753 Saila, S.B., Polgar, T.T., Sheehy, D.J., and Flowers, J.M. 1972. Correlations between alewife 

754 activity and environmental variables at a fishway. Trans Amer Fish Soc. 101(4): 583-594. 

755 doi: 10.1577/1548-8659(1972)101<583:CBAAAE>2.0.CO;2.

756 Sgrò, C.M., Lowe, A.J., and Hoffmann, A.A. 2011. Building evolutionary resilience for 

757 conserving biodiversity under climate change. EVOL. APP. 4(2): 326-337. doi: 

758 doi.org/10.1111/j.1752-4571.2010.00157.x.

759 Sherry, R.A., Zhou, Z., Gu, S., Arnone III, J.A., Schimel, D.S., Verburg, P.S., Wallace, L.L., and 

760 Luo, Y. 2009. Divergence of reproductive phenology under climate warming. PNAS, 

761 104(1): 198-202. doi: 10.1073/pnas.0605642104.

Page 34 of 43

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



D
raft

762 Sing, T., Sander, O., Beerenwinkel, N., and Lengauer, T. 2005. ROCR: visualizing classifier 

763 performance in R. Bioinformatics, 21(20): 3940-3941. doi: 

764 10.1093/bioinformatics/bti623.

765 Stoner, A.W., Manderson, J.P., and Pessutti, J.P. 2001. Spatially explicit analysis of estuarine 

766 habitat for juvenile winter flounder: combining generalized additive models and 

767 geographic information systems. Mar. Ecol. Prog. Ser. 213: 253-271. doi: 

768 10.3354/meps213253.

769 Thuiller, W., Brotons, L., Araújo, M.B., and Lavorel, S. 2004. Effects of restricting 

770 environmental range of data to project current and future species distributions. 

771 Ecography, 27(2): 165-172. doi: 10.1111/j.0906-7590.2004.03673.x.

772 Thunberg, B.E. 1971. Olfaction in parent stream selection by the alewife (Alosa 

773 pseudoharengus). Anim Behav. 19(2): 217-225. doi: 10.1016/S0003-3472(71)80001-5.

774 Tommasi, D., Nye, J., Stock, C., Hare, J.A., Alexander, M., and Drew, K. 2015. Effect of 

775 environmental conditions on juvenile recruitment of Alewife (Alosa pseudoharengus) 

776 and Blueback Herring (A. aestivalis) in fresh water: a coastwide perspective. Can. J. Fish. 

777 Aquat. Sci. 72: 1037-1047. doi: 10.1139/cjfas-2014- 0259.

778 Trippel, E.A., and Morgan, M.J. 1994. Age-specific paternal influences on reproductive success 

779 of Atlantic cod (Gadus morhua L.) of the Grand Banks, Newfoundland. ICES Mar. Sci. 

780 Symp. 198: 414-422.

781 U.S. Geological Survey. 2013. National Hydrography Geodatabase: The National Map Viewer 

782 [online]. Available from https://viewer.nationalmap.gov/viewer/nhd.html?p=nhd 

783 [accessed 24 January 2016].

Page 35 of 43

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



D
raft

784 Walters, A.W., Barnes, R.T., and Post, D.M. 2009. Anadromous alewives (Alosa 

785 pseudoharengus) contribute marine-derived nutrients to coastal stream food webs. Can. J. 

786 Fish. Aquat. Sci. 66(3): 439-448. doi: 10.1139/F09-008.

787 Watanuki, Y., Ito, M., Deguchi, T., and Minobe, S. 2009. Climate-forced seasonal mismatch 

788 between the hatching of rhinoceros auklets and the availability of anchovy. Mar. Ecol. 

789 Prog. Ser. 393: 259-271. doi: 10.3354/meps08264.

790 Watts, D.H. 2003. A documentary history on the alewife in Maine and New England. Friends of 

791 the Kennebec Salmon [online]. Available from http://cybrary.fomb.org/alewife.htm.

792 White, H., McCargo, J., and Nelson, G. 2017. Status of river herring in North Carolina. ASMFC 

793 River Herring Stock Assessment Update Volume II: State-Specific Reports[online]. 

794 Available from http://www.asmfc.org/fisheries-science/stock-assessments. pp. 532-591.

795 White, M.A., Thornton, P.E., and Running, S.W. 1997. A continental phenology model for 

796 monitoring vegetation responses to interannual climatic variability. Global Biogeochem. 

797 Cycles, 11(2): 217-234. doi: 10.1029/97GB00330.

798 Wood, S.N. 2006. Low-rank scale-invariant tensor product smooths for generalized additive 

799 mixed models. Biometrics, 65: 1025-1036. doi: 10.1111/j.1541-0420.2006.00574.x.

800 Wood, S.N. 2011. Fast stable restricted maximum likelihood and marginal likelihood estimation 

801 of semiparametric generalized linear models. J. R. Statist. Soc. B. 73(1): 3-36. doi: 

802 10.1111/j.1467-9868.2010.00749.x.

803 Wood, S.N. 2017. Generalized additive models: an introduction with R, 2nd edn. CRC Press, 

804 Boca Raton, FL.

Page 36 of 43

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



D
raft

805 Wright, P.J., and Trippel, E.A. 2009. Fishery-induced demographic changes in the timing of 

806 spawning: consequences for reproductive success. Fish Fish. 10: 283-304. doi: 

807 10.1111/j.1467-2979.2008.00322.x.

808 Yako, L.A., and Mather, M.E. 2000. Assessing the contribution of anadromous herring to 

809 largemouth bass growth. Trans. Am. Fish. Soc. 129(1): 77-88. doi: 10.1577/1548-

810 8659(2000)129<0077:ATCOAH>2.0.CO;2.

811 Zhang, X., Friedl, M.A., Schaff, C.B., Strahler, A.H. 2005. Monitoring the response of 

812 vegetation phenology to precipitation in Africa by coupling MODIS and TRMM 

813 instruments. J. Geophys. Res. 110(D12103): 1-14. doi:10.1029/2004JD005263.

Page 37 of 43

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

1

Tables

Table 1.  Logistic GAM-derived migration metrics for alewife and blueback herring spawning in the Albemarle Sound, NC watershed.  

Metrics are ordinal date of ingress (5% probability of presence on left hand side of the distribution), egress (5% probability on right 

hand side), peak (maximum presence probability in a unimodal curve or mean day of maximum presence probabilities in 

bimodal/plateaued curve), and season length estimations (difference between ordinal dates of ingress and egress). The 95% confidence 

intervals for ingress, egress and peak are given in parentheses. Some estimates of ingress and egress are extrapolated predictions and 

are denoted with an asterisk (*).  For migration metrics estimated by extrapolation, we also provide estimates of ingress and egress 

based upon first presence and last presence in brackets.

Alewife

Decade Ingress Egress Peak Season Length

1970 43 (37-48) 129 (124-138) 82 86

1980 48 [≤55]* 122 (113-127) 81 74 [≥67]
2000 24 [≤34]* 107 (104-110) 70 (67-73) 83 [≥73]
2010 27 (22-31) 102 (100-104) 70 (67-73) 75

Ingress Diff Egress Diff Peak Diff Season Diff

1970s vs 2010s -16 -27 -12 -11

Per Decade -4 -6.75 -3 -2.75

Blueback Herring

Decade Ingress Egress Peak Season Length

1970 76 (73-79) >150 [≥128]* 117 (105-145) >74 [≥52]
1980 79 (76-82) 138 [≥126]* 108 (99-118) 59 [≥47]
2000 71 (70-73) 117 (116-119) 95 (88-102) 46

2010 74 (73-75) 115 (114-116) 95 (90-101) 41

Ingress Diff Egress Diff Peak Diff Season Diff

1980s vs 2010s -5 -23 [≤-9] -13 -18 [≤-6]
Per Decade -1.66 -7.66 [≤-3] -4.33 -6 [≤-2]
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List of Figures

Fig 1. The North Carolina Division of Marine Fisheries river herring spawning habitat survey 

has been conducted along their migration path (dark line) from 1973 – 2016.  During this time 

period, 325 locations (small circles) have been sampled throughout the Albemarle Sound, North 

Carolina watershed.

Fig 2. Logistic GAM-derived predictions of (a) alewife and (b) blueback herring presence 

probability.  Probabilities were modeled using ordinal day, decade, distance proportion, and 

ordinal day * decade for samples collected in the North Carolina Division of Marine Fisheries 

river herring spawning habitat survey throughout the Albemarle Sound, NC watershed.  Solid 

curves are model predictions over dates sampled while dotted curves are extrapolated 

predictions; points represent the raw presence proportions for all nets set on each day of the 

decade.  Predicted presence probabilities are shown as a function of ordinal day while holding 

other covariates at mean values.  Black horizontal line at 5% for estimates of ingress and egress.

Fig 3. Presence proportions for (a) alewife and (b) blueback herring at 36 sampling locations 

regularly sampled across four decades of North Carolina Division of Marine Fisheries river 

herring sampling.  Proportions are calculated from samples taken on any given day within the 

early (1973 – 1988) or late (2001 – 2016) time periods.

Fig 4. Estimates of ingress/egress from the phenology models (PM) can be compared with 

temperature predicted (TM) ingress/egress dates.  We input early decade PM predicted dates 

(PM) of ingress (open stars) and egress (solid stars) into the 1973-1988 water temperature and 

ordinal day models (lines) to identify associated temperatures.  Those early decade-predicted 

temperatures of ingress and egress are then input into the 2001-2016 temperature and ordinal day 

regression to predict a date of ingress and egress for the late decade period (TM2010) that can be 

compared to the late decade PM predicted ingress/egress date (PM2010).  Water temperatures 

associated with early decade egress for alewife and blueback herring were 17.2 C and 17.9 C, 

respectively; TM2010 egress dates (solid stars) for these two species were estimated at day 109 

and 114 and were similar to the PM2010 egress dates (solid stars) of day 102 and 115.  Blueback 

herring ingress was also examined using the same approach.  The PM1980 associated ingress 

temperature was 13.3 C; the estimated date of ingress based on temperature (open star; TM2010) 

was day 83 which was slightly later than the estimated date of ingress (day 74; PM2010) from 

the phenology model.  The blue shading represents the 95% CI.
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