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Decadal Trends in the Migration Phenology of Diadromous Fishes Native to the Burrishoole Catchment, Ireland
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Migration is an important ecological trait that allows animals to exploit resources in different habitats, obtaining extra energy for growth and reproduction. The phenology (or timing) of migration is a highly heritable trait, but is also controlled by environmental factors. Numerous studies have reported the advancement of species life-events with climate change, but the rate and significance of such advancement is likely to be species specific, spatially variable and dependent on interactions with population and ecosystem changes. This is particularly true for diadromous fishes which are sentinels of change in both freshwater and marine domains, and are subject to considerable multiple stressors including overfishing and habitat degradation. Here, we describe trends in the migration phenology of three native Irish migratory fishes over half a century, Atlantic salmon (Salmo salar), brown trout (Salmo trutta) and European eel (Anguilla anguilla). The trends were derived from daily counts of 745,263 fish moving upstream and downstream through the fish traps of the Burrishoole catchment, an internationally important monitoring infrastructure allowing a full census of migrating fish. We found that the start of the seaward migration of eel has advanced by one month since 1970. The commencement of the salmon smolt migration has advanced by one week, although the rest of the migration, and the entirety of the trout smolt run has remained stable. The beginning of the upstream migration of trout to freshwater has advanced by 20 days, while the end of the run is more than one month later than in the 1970’s. The greatest phenological shift has been in the upstream migration of adult salmon, with at least half of migrating fish returning between one and two months earlier from the marine environment compared to the 1970’s. The earlier return of these salmon is coincident with reduced marine survival and decreasing body size, indicating considerable oceanic challenges for this species. Our results demonstrate that the impacts of climate change on the phenology of diadromous fish are context-dependent and may interact with other factors. The mobilization of long-term datasets are crucial to parse the ecological impacts of climate change from other anthropogenic stresses.
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INTRODUCTION

Animal migrations play an important role in the functioning of ecosystems around the world (Bauer and Hoye, 2014), and are vulnerable to changes in climate (Shaw, 2016) as well as habitat alteration, loss of connectivity and changes in resource availability (Moore, 2011). The timing of these recurrent events, which allow individuals and populations to enhance their reproductive success by utilizing seasonally available resources, is largely an evolutionary adaptation, but is controlled by predictable environmental cues, including temperature. A recent review indicates that phenological shifts in migration can have population-level consequences when they affect survival in longer-lived organisms and reproduction in shorter-lived organisms (Iler et al., 2021). Diadromous fish move between freshwater and marine habitats at key life stages, either spawning in freshwater (anadromous fish) or in the ocean (catadromous fish). These species are, therefore, sentinels of change over two domains, and their migrations constitute time periods of significant predation, including that wrought by humans. In many cases of diadromous fish stock collapses, overfishing specifically during migration runs has been identified as being the primary cause (ICES, 2020, 2021; Lennox et al., 2021). Fish migrations are of intrinsic social, cultural and economically value to many societies (Gende et al., 2002; Oke et al., 2020), and changes in these events, either in terms of timing or biomass, can have significant consequences for dependent human communities. These migrations are also a crucial dynamic in the receiving ecosystems, as successful migrants contribute significant amounts of energy to receiving habitats once they die, bringing rich marine resources into the trophic web of freshwater ecosystems in the case of diadromous species (e.g., Reimchen, 2000).

Along the Atlantic coasts of Europe, diadromous fish include several anadromous salmonid species, such as Atlantic salmon (Salmo salar), brown trout (Salmo trutta), and the catadromous European eel (Anguilla anguilla). Catchments may have several native co-existing diadromous species, with migrations to and from the ocean happening at distinct times of the year. A combination of regulating and controlling factors determine the timing of migrations of diadromous fish either to or from the sea (Jonsson and Jonsson, 2009a). Regulating factors affect the physiological processes that are required for successful migration while controlling factors affect the physical process of migration. For example, in salmonids, smoltification occurs prior to the downstream migration of fish to sea, whereby growth hormones, cortisol, and thyroid hormones interact to increase salinity tolerance, bring about behavioral change and transform the fish into streamlined, silver colored individuals, ready for the marine environment (Björnsson, 1997; McCormick et al., 2002). The primary regulating factor controlling this transformation is photoperiod (Hoar, 1988; Byrne et al., 2004), although cumulative water temperature also plays a role by affecting the rate of development and interacting with photoperiod (McCormick et al., 2002; Zydlewski et al., 2005). Controlling factors operate within the smolt run, affecting the physical process of migration. The most obvious of these is water discharge, which allows fish to physically move from one habitat to another in times of flood (Byrne et al., 2003; Carlsen et al., 2004; Harvey et al., 2020), whilst potentially delaying or curtailing migrations in times of drought (Raymond, 1979; Hembrel et al., 2001; Winter et al., 2016). Water temperature in the time period immediately preceding migration also plays a role (Jonsson and Jonsson, 2009b). The regulatory and controlling factors determining the upstream migration of salmonids to freshwater spawning habitats are perhaps more complex, and operate over a wider spatial and temporal scale than smoltification. For Atlantic salmon, and sea trout that spend a winter at sea, the return to freshwater is intrinsically linked to spawning and hence sexual maturation, regulating factors are those that control and maximize reproductive potential for particular populations, including photoperiod, temperature and food availability in the marine environment (Adams and Thorpe, 1989). A combination of these factors, along with genetic factors, will determine the growth of individuals and the available energy for maturation (Thorpe, 2007). Once maturation has been achieved, the main controlling factor enabling upstream migration is water discharge (Jonsson and Jonsson, 2009a), although thresholds are likely to be extremely population specific and linked to catchment level hydrological controls.

Similar to salmonids, the metamorphosis and maturation from yellow to silver eels before the marine migration to the spawning area in the Sargasso Sea includes morphological, anatomical, as well as physiological changes and occurs during the summer immediately before the autumn/winter migrations (Durif et al., 2005; Balm et al., 2007). The regulatory factors controlling this metamorphosis are likely to be similar to those of salmonids, albeit over different time periods (e.g., summer water temperatures vs. winter water temperatures). However, determination of the exact triggers of metamorphosis in European eel is complicated by the unpredictability of the phenomenon, which up until fairly recently was poorly described in a physiological sense (Durif et al., 2005). In contrast, the controlling factors determining migration have been well described for several populations, and include water discharge, moon phase, water temperature and chemical cues such as conductivity (Vøllestad et al., 1986; Sandlund et al., 2017; Monteiro et al., 2020; Arevalo et al., 2021a).

Numerous studies have documented a change in the phenology of migration of diadromous fish in response to climate change (e.g., Kennedy and Crozier, 2010; Kovach et al., 2013; Fealy et al., 2014; Otero et al., 2014; Sandlund et al., 2017; Legrand et al., 2021). Increasing water temperature has been identified as being a principal driver of the phenomenon (Kovach et al., 2013; Arevalo et al., 2020; Teichert et al., 2020) and modeling experiments using future climate projections indicate that earlier runs of fish are increasingly likely (Hedger et al., 2013; Teichert et al., 2020). While it is tempting to attribute any significant changes in migration phenology to the direct effects of climate warming, these species are impacted by interacting multiple stressors, including fishing, land use change, introgression with captive-bred individuals, food web disruption, the presence of dams and the incidence of parasites (Palstra et al., 2007; Belletti et al., 2020; Bolstad et al., 2021; Sobocinski et al., 2021; Tillotson et al., 2021). Shifts in phenology are therefore likely to be context-dependent, but worth exploring as we strive to understand, mitigate and adapt to the interconnected impacts of climate change and biodiversity loss on ecosystems.

Long term ecological datasets allow us to quantify changes in the context of historical interannual variability, attribute changes to drivers and develop management actions in response (Webb et al., 2012). However, datasets of this nature are rare (Woods et al., 2022) and often predate the digital age. A first step in this process, therefore, is collating long term longitudinal data, quantifying any trends that are apparent, and contextualizing them. In this paper, we describe and explore trends in key metrics pertaining to diadromous fish populations on the western edge of the European continent. We describe the decadal trends in migration phenology for Atlantic salmon, brown trout and European eel in the Burrishoole catchment, Co. Mayo, and test for significance over 50 years. Reported trends are then discussed in relation to sentinel climate and hydrological data for the region in question, and documented population changes that have occurred.



MATERIALS AND METHODS


Study Region and System

Burrishoole is a small (100 km2) upland catchment (53° 56′ N, 9° 35′ W) draining into the North-east Atlantic through Clew Bay (Figure 1). Climatically influenced by the Atlantic Ocean (Jennings et al., 2000; Blenckner et al., 2007), the catchment experiences a temperate, oceanic climate with mild winters and relatively cool summers. Maximum summer air temperatures rarely exceed 20°C, while minimum winter air temperatures are usually between 2 and 4°C. The base geology of the catchment is primarily quartzite and schist, interspersed with veins of volcanic rock, dolomite and wacke in some subcatchments. Soils in the catchment comprise poorly drained gleys, peaty podsols and blanket peats. The combination of the geology and the soils mean that the rivers and lakes are relatively oligotrophic, colored (c. 80 mgl–1 PtCo) due to high levels of dissolved organic carbon (DOC) and have low alkalinity (< 20 mgl–1 CaCO3). The main lakes are slightly acidic (pH = c. 6.7), and the rivers draining the hillsides can be very acidic during rainfall events (pH < 5.0). A diadromous fish research station has been in operation in the Burrishoole catchment in since 1955. The station is located between the brackish coastal lagoon Lough Furnace and the upstream, freshwater Lough Feeagh, which are linked by two channels, the Mill Race River and the Salmon Leap River (Figure 1). Staff of the research station operate four permanent fish traps on these two channels (an upstream and downstream trap on each channel), allowing for a complete census of migratory fish moving between their freshwater and marine habitats. The three migratory species in the catchment are Atlantic salmon (Salmo salar), brown trout (Salmo trutta) and European eel (Anguilla anguilla).
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FIGURE 1. Location of the Burrishoole catchment on the west coast of Ireland. Everything upstream of the red dots (representing the fish traps) is freshwater, while downstream (including lough Furnace) are coastal waters. The Met Éireann weather station are at the same location as the Mill Race trap (red dot). The blue square in the inset map indicates the area for which we extracted the oceanic water temperature.


Atlantic salmon typically migrate out of the freshwater part of the Burrishoole catchment as two-year-old smolts in late spring, numbering from over 16,000 in 1976 to 5,500 in the late 1980’s to the mid-1990’s. Current smolt production is on average 5,789 smolts per annum (3 year average 2017–2019, Marine Institute, 2020), with greater than 90% migrating as 2 + fish (Piggins and Mills, 1985). Most will return to Burrishoole the following summer after spending one winter at sea (1SW). Such fish are termed “grilse”. In contrast, some fish will return as “spring” salmon after spending 2 or 3 winters at sea (2SW or 3SW), returning to freshwater in the earlier part of the year. The spring component of the stock is currently less than 5% of the total run (Marine Institute, 2020) although it comprised a larger component historically (Reed et al., 2016). Reasons for this decline are most likely the result of overfishing, either on the high sea fishery in west Greenland (ICES, 2021), or in Lough Furnace. A commercial draft net fishery in Furnace ceased in 1965, but at the height of its operations in the 1950’s, it caught on average 120 spring fish in a season, along with about 500 grilse (Nixon, 1999). The spring component of the Burrishoole run was also badly affected by an outbreak of Ulcerative Dermal Necrosis in the system from 1967 to the mid-1970s. The drift net fishery for salmon off the Irish coast was a major determinant of the number of salmon returning to freshwater to spawn, as it caught between 60 and 80% of the stock between the 1980’s and the early 2000’s (Ó Maoiléidigh et al., 2004). While the cessation of this fishery in 2007 has reduced one source of mortality, marine survival of salmon continues to decline, and has averaged 7% between 2017 and 2019 in Burrishoole. Returns of grilse to the catchment have ranged from almost 1,800 in 1973 to lows of 252 in 1990 and 279 in 2014. The current return averages 429 fish (3 year average 2017–2019, Marine Institute, 2020).

Sea trout is the name commonly given to the adult anadromous (sea going migratory) form of the European brown trout Salmo trutta. Trout in the Burrishoole system occur as freshwater residents, partially anadromous unsilvered “slob” trout and fully anadromous fish. Two and three year old sea trout smolts run to sea in late spring. Downstream migrations of 0+ and 1+ unsilvered juvenile trout also occur in autumn and early winter. True sea trout (silver color) return to freshwater in the same summer as their first migration to sea (0 + SW, known as finnock) or spend a full winter at sea before returning to freshwater (1 + SW). In Burrishoole, many sea trout return as finnock, with the proportion ranging from 31.6 to 63.5% (Poole et al., 2006). In the 1970s, the average run of sea trout smolts out of Burrishoole was 4506 fish and the number of returning sea trout averaged 2503 (Poole et al., 2006). The population suffered a catastrophic collapse in the late 1980’s, which affected both finnock and older adults, leaving a spawning stock of sea trout of only 155 fish in 1990. The population has failed to recover and the return of adults currently averages 16 fish (3 year average 2017–2019, Marine Institute, 2020). Higher marine mortality of predominantly smolts and 1 + sea age fish from 1990 to 1992 was paralleled by poor growth of the surviving fish (Poole et al., 1996). Sea lice, Lepeophtheirus salmonis (Kroyer), emanating from sea farms, have been implicated as the cause of this mortality, not just in Burrishoole but in many west of Ireland, Scottish and Norwegian systems in close proximity to salmon farms (Gargan et al., 2006). After the stock collapse of 1989–90, and the lack of sea trout returning to freshwater to spawn, the smolt run started to fall and it currently numbers 298 fish (3 year average 2017–2019, Marine Institute, 2020).

Finally, the life cycle of the European eel is still somewhat of a mystery, but current evidence supports the view that eel returning to European continental waters as juveniles originate from a single spawning stock in the Atlantic Ocean, presumably in the Sargasso Sea area where the smallest larvae (Leptocephali) have been found (Palm et al., 2009; Als et al., 2011; Miller et al., 2019). The laterally flattened Leptocephalus transforms into a rounded glass eel off the Irish coast in autumn and enter Irish estuaries from November to February. As temperatures rise, the glass eel become progressively more pigmented and when temperatures pass 9-11°C, many commence active migration into freshwaters as elvers. Once in freshwater, elvers grow into yellow eel which is the life stage in which they spend most of their life [7–58 years in the west of Ireland (Poole et al., 2018; Vaughan et al., 2021)]. Eels mature only once when they undergo a process known as silvering before and during their seaward migration. The numbers of glass eel migrating into European estuaries dropped dramatically in the mid-1980’s and has not recovered since. It is estimated that current glass eel stocks are < 10% of the historical average (ICES, 2020). Silver eel migrations in Burrishoole take place typically from August to November, with 50% of the numbers counted in October (Marine Institute, 2020). Day-to-day variation in the number of eels migrating is associated with conditions that minimize predation risk, such as new moons, floods and the presence of other eel stimulate migration (Sandlund et al., 2017). Numbers of emigrating silver eels fell significantly after 1982 in Burrishoole, from more than 4,000 eels per annum to approximately 2,000 eels per annum (Poole et al., 2018). Along with the decrease in the numbers of migrating silver eels, the proportion of small male eels dropped and the average size of female eels has increased until the 2000’s and has since been decreasing, indicating a change in the stock structure of yellow eel in the catchment (Poole et al., 2018), potentially resulting from decreased eel density (De Leo and Gatto, 1996; Bark et al., 2007; Andersson et al., 2012).



Historical Climate Data

In order to contextualize the fish phenology data presented here, we collated long term climate records of air and water temperature and rainfall for the Burrishoole catchment and the marine environment experienced by fish migrating in and out of Burrishoole. Air temperature and rainfall are recorded every morning at the Newport (Furnace) manual weather station (jointly run by Met Éireann and the Marine Institute, station 833) (Located at the Mill Race, Figure 1). Maximum and minimum temperatures are recorded using mercury thermometers, and average daily temperature is taken as the average of these two readings. Daily rainfall is measured using a five inch (12.7 cm) diameter standard copper rain gauge. Data were downloaded from www.met.ie, licensed under a Creative Commons Attribution 4.0 International (CC BY 4.0) License.

Water temperature is recorded by the Marine Institute at the Mill Race (Dillane et al., 2018) (Figure 1), at a site 60 m along the outflow, at a water depth of <1 m. Recordings are continuous, via in situ paper or sensor based recorders, and compiled daily. A Negretti paper chart recorder, calibrated against a mercury thermometer, was used from 1960 to 2004. From 2004 to 2009, a StowAway TidbiT temperature data logger from Onset (TB132-05 + 37) was used. From 2009 to the present day, data were collected using a temperature sensor on an Orpheus Mini Water Level Recorder from OTT Hydrometry1 and checked for drift against a regularly calibrated Seabird SBE39plus.2 For all data sources, the midnight temperatures were extracted for each day. When sensors were changed in 2004 and 2009, overlapping data were used to confirm that there were no significant jumps in the data that would introduce bias to the long-term trend. We sourced oceanic water temperature data from ERSSTv5 (Huang et al., 2017b) for the grid sea in the North Atlantic closest to the migration route of fish moving in and out of Burrishoole (54°N and 10° W) (Figure 1). This dataset comprises monthly reconstructed sea surface temperatures for each 2°× 2° grid square around the globe (Huang et al., 2017a).



Fish Census Data

All migrating fish are counted individually, by hand, in the Salmon Leap and Mill Race traps and then immediately released either upstream or downstream, depending on their route. Counts are recorded manually on trap record sheets, and subsequently digitized. Annual collation of data occurs each year, and census details are described in the annual reports of the research station (e.g., Marine Institute, 2020). In 2015, a significant effort was made to digitize and quality check any paper records back to 1970 that remained undigitized, and store all records in a standardized format. Five datasets were included in this analysis: downstream movement of trout smolts; downstream movement of salmon smolts; downstream movement of silver eel; upstream movement of wild salmon grilse and upstream movement of adult sea trout. For the purposes of this paper, data were collated describing the number of fish (by species) migrating through the upstream and downstream traps every day between the 1st January 1970 and the 31st December 2020 (see data availability for open access details). There are some additional data describing fish movements through the Mill Race trap between 1959 and 1970, but this was only a partial count, and are not included in this analysis.

There are no long term data describing the upstream migration of juvenile eel to freshwater in Burrishoole, as this life stage is particularly hard to trap (Harrison et al., 2014). A monitoring program has commenced in Burrishoole, which captures a small proportion of the glass eel run each year, but these data are not included here. We chose not to include MSW (multi sea winter salmon) in this data collation, as the numbers of such fish are very small.

During the 1970s, there were some inconsistencies in the recording of salmon and trout upstream movements on the paper records. Throughout the history of the research station, a variable number of hatchery bred salmon are released into Lough Furnace as smolts, to return to the upstream traps as adults. On return to the upstream traps between 1970 and 1979, these salmon were not differentiated into wild or hatchery reared fish, but were instead recorded simply as “grilse.” A retrospective analysis of the annual reports with the original trap and hatchery records indicates that the proportion of hatchery fish was likely to be ∼10%. We therefore chose to include all grilse in the analysis, being cognizant that some of them may be hatchery stock. From 1980, fish were differentiated in the trap records into wild and hatchery stock (based on the presence or absence of an adipose fin, respectively), and hatchery fish were not included in this dataset from 1980 on. For trout, the categorization of fish into “finnock,” “brown trout” and “sea trout” only commenced after 1976, and prior to 1976, upstream trout were simply counted as “trout”. For consistency, and because the proportion of brown trout is small (< 100 fish in any year), we included all upstream migrating trout in this analysis, which therefore includes all finnock, older mature sea trout and brown trout.

The Mill Race channel underwent some structural changes in 2019 and 2020, following flood damage. In these two years, wild salmon were observed holding out in a pool immediately downstream of the trap for several weeks along with large numbers of hatchery fish, rather than moving upstream into Lough Feeagh. These “holding” fish in 2019 and 2020 were particularly noticeable in the last part of the salmon run, with some fish moving upstream during the last week of December (but only in the Mill Race trap). Generally, there is a strong coherence between the run timings in the Salmon Leap and the Mill Race, but the discrepancy in 2019 and 2020 was very obvious (Supplementary Figure 1). We therefore decided to only use the run timing data from the Salmon Leap for characterizing the last part of the salmon run (95% quantile), rather than leaving out 2019 and 2020 altogether. Between 1970 and 2020, the number of salmon moving upstream through the Mill Race dropped from ∼50 to ∼10-20% in recent years, with 11% of the run using the Mill Race in 2019 and 18% in 2020. Additional fish data (biological metrics, stock characteristics) were taken from the annual reports of the Marine Institute or from unpublished Marine Institute data. In particular, we compiled data on adult salmon size from the trap records, extending the time series used in de Eyto et al. (2016) and O’Sullivan et al. (2021) to estimate fecundity. Briefly, wild adult salmon are not all routinely measured (length or weight) as they move upstream through the Burrishoole traps, owing to concerns about stress. However, the lengths of all kelts (salmon returning to sea after spawning) are measured as they migrate downstream, and there is a considerable dataset of female kelt lengths available for the same time period as this phenology dataset. As we do not expect female fish to change in length between upstream and downstream migration, we assume that kelt size is a good proxy for the size of adults returning from the sea. All length measurements of female migrating kelts were extracted from the trap records and compiled here to complement the phenology data.



Statistical Analysis

All data exploration and analyses were undertaken using R v3.6.1 (R Core Team, 2019). All datasets were standardized to the time period 1970–2020. Outliers were removed based on visual inspection and knowledge of expected ranges. Trends were determined using the non-parametric Theil-Sen estimate of trends (Sen’s slope) in the R package openair v2.7.0 (Carslaw and Ropkins, 2012). The advantage of the using the Theil-Sen estimator is that it tends to yield accurate confidence intervals even with non-normal data and heteroscedasticity (non-constant error variance), and is also resistant to outliers (Theil, 1950; Sen, 1968; Ohlson and Kim, 2015). Autocorrelation was checked using the acf function in the R v3.6.1 (R Core Team, 2019). For hydroclimate data (air temperature, water temperature and rainfall), trends were estimated on annual means (avg.time = “year”) and split into seasons where appropriate (type = “season”). We estimated the trends in the number of dry and wet days per year, by assigning days where daily cumulative rainfall was 0 mm day–1 as “dry” days, and where daily cumulative rainfall was greater than the 95% quantile (16.7 mm day–1) as “wet” days. For fish phenology, we calculated the calendar day of the year (DOY) by which quantiles of the number of fish (5%, 33%, 50%, 66%, 95%) had passed through the traps. For example, the 33% quantile is the day of the year by which 33% of annual cohort of a particular species life stage (e.g., salmon smolts) had moved through the relevant trap. By using 5% and 95% as the start and end of the runs, we down weighted the importance of stragglers.




RESULTS


Hydroclimate

In general, the climate of Burrishoole is now warmer and wetter than in previous decades. There was a significant increasing trend in all of the air and water temperatures indicators recorded, apart from the summer water temperature in the Mill Race which has been stable over five decades. The temperature observed in spring has increased faster than other seasons for both air temperature and freshwater (Figure 2). Annual mean air temperature warmed faster (0.25°C decade–1) than water temperatures in the Mill Race (0.18°C decade–1) and in the Atlantic west of Achill island (0.17°C decade–1) (Supplementary Figure 2 and Supplementary Table 1). Annual rainfall has increased significantly over the Burrishoole catchment since 1970, by 47 mm decade–1 (Supplementary Table 1). The trend is significant in summer (+ 17 mm decade–1) and winter (+ 27 mm decade–1), but not in spring and autumn. The increased rainfall translates into a significant trend in the number of wet days recorded in the catchment, which has increased by one day decade–1 (Supplementary Table 1). A wet day in this context is when more than 16.7mm of rain is recorded in 24 h, and so by the end of the time series (2020), there are five more such days per year than at the start of the time period (1970). There was no significant change in the amount of dry days, indicating that increasing drought conditions were not observed in the Burrishoole over this study period.
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FIGURE 2. Decadal trends in mean temperature (°C decade–1) measured between 1970 and 2020 at Furnace Meteorological station (air), the Mill race channel (water) and the Atlantic Ocean (water) west of Achill Island (54°N and 10° W). Dots indicate the Theil-Sens estimate of the trend (slope) for each variable, and error bars denote the 95% confidence intervals (c.i.) of the estimate. The dashed purple line indicates a slope of 0, i.e., no trend. Filled circles indicate a significant trend at p < 0.05. Open circles indicate a non-significant trend.




Fish Migration

The dataset used in this analysis includes records of 745,263 fish migrating into and out of the Burrishoole catchment between 1970 and 2020. The dataset comprised 406,171 counts of salmon smolts and 111,456 counts of trout smolts migrating to sea. 155,290 silver eels were counted on their migration out of the Burrishoole catchment toward the Atlantic Ocean. 40,806 and 31,540 adult trout and salmon, respectively, were counted returning to freshwater to spawn. The start of the silver eel downstream migration, from freshwater to the ocean, has advanced over the 5 decades considered here, with the trend in both the 5% and 33% quantile being significant (Figure 3). The day of the year (DOY) by which the 5% of silver eel have migrated has shifted by −7.2 days decade–1 (Table 1), with the start of the run in the 1970s occurring around day 258 (14th Sep), but that of the 2010s occurring more than one month earlier, around day 221 (8th Aug). The 33% quantile also shifted forward by −3.4 days decade–1 (Table 1), from a median of day 276 (2nd Oct) in the 1970s, to 263 (19th Sep) in the 2010s. There were no significant trends in the rest of the eel migration (Supplementary Figure 3).
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FIGURE 3. Decadal trends in the migration of diadromous fish through the Burrishoole upstream and downstream traps. Dots are the Theil-Sens estimate of the trend (slope) for each variable, and error bars denote the 95% confidence intervals (c.i.) of the estimate. The dashed purple line indicates a slope of 0, i.e., no trend. Filled circles display a significant trend at p < 0.05 while open circles display a non-significant trend.



TABLE 1. Trends (Theil sens estimate of slope) in migration phenology (days year–1) of diadromous fish migrating through the Burrishoole traps 1970–2020, based on the day of the year by which quantiles of the annual run had passed through the relevant (upstream or downstream) traps.

[image: Table 1]
The very start of the salmon downstream migration was the only part of the smolt run where a significant trend was apparent (Figure 3), with fish moving earlier by −1.8 days decade–1 (Table 1). This equates to a shift of about one week over the time series, from a median day of 120 (29th Apr) in the 1970s, to 112 (21st Apr) in the 2010s. All other metrics of the migration phenology of salmon smolts were stable between 1970 and 2020 (Supplementary Figure 4). In contrast, the timing of the upstream spawning migration of salmon moving from the Atlantic to freshwater has changed considerably over these five decades, with all quantiles, apart from 5%, returning earlier every decade (Figure 3). In the 1970s, the median DOY of the end of the run (95%) was around the 19th Oct (day 293), but by the 2010s, the vast majority of fish had migrated through the upstream traps by the 31st Aug (day 244). The trend in the 33%, 50%, 66%, and 95% quantiles was −5.3, −7.5, −10, and −11.7 days decade–1, respectively (Table 1). The start of the upstream migration (5%) has remained fairly constant around day 170 (18th Jun), but the run has constricted with every passing year, such that in the 1970s, the run extended over almost 4 months (117 days), but by the 2010’s, it was spread over only 2 months (73 days) (Figure 4). The size (length) of Burrishoole fish has decreased over time (Figure 5), with the average length of adult female kelts being 62.3 cm in the 1970’s, but only 57.3 by the 2010’s. This trend was significant (-0.11 cm year–1, p < 0.001). When compared to the average size of returning salmon, it is clear that earlier migration back to freshwater from the sea is associated with increasingly smaller fish (Figure 6). Whilst the decrease may seem to be relatively small, when converted to ova number (see Supplementary Figure 5 for details), this decrease in size is linked with a decrease in modeled ova number per fish from >2800 to <2400 (Supplementary Figure 6).
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FIGURE 4. Day of the year by which quantiles of the annual adult salmon run (1970–2020) had moved through the upstream traps (marine − > freshwater) in the Burrishoole catchment. Lines indicate the Theil-Sens estimate of the trend.
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FIGURE 5. Length of wild female kelts per year measured in the Burrishoole traps between 1970 and 2020. Gray line indicates the linear relationship between year and length of fish.
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FIGURE 6. Relationship between the date of the end of the annual salmon run (95% quantile) through the upstream Burrishoole traps, and the average length of wild female grilse kelts of that cohort. The line indicates a GAM of the relationship and the gray areas indicate the 95% confidence interval of the predications.


As with salmon smolts, the phenology of the downstream migration of trout smolts has been stable over the time period 1970–2020 (Supplementary Figure 7), with no significant trends in any of the quantiles (Figure 5 and Table 1). The upstream migration has, however, changed significantly, with 5% of the run returning to freshwater earlier with each passing decade (−3.9 days decade–1), and the latter parts of the run returning later (Figure 3). The trend in the 50%, 66%, and 95% quantiles was 2.5, 4.8, and 10.4 days decade–1, respectively (Table 1), leading to the observation that the end of the upstream trout run in the last decade (2010s) was almost one month later than in the 1970s. (19th Nov vs. 9th Oct) (Supplementary Figure 8). The combination of the earlier start of the run, and the later end of the run means that trout are returning to the Burrishoole traps for a much longer period than they used to, with the run now extending over 158 days in comparison to 107 days at the start of the study period.

In summary, Figure 7 captures the notable trends in migration timing of Burrishoole diadromous fish. The characteristic length of the upstream migrations of salmon and trout have reversed, with a shorter trout migration and longer salmon migration in the 1970’s becoming a drawn out trout migration and a relatively short sharp salmon migration in the 2010’s. The advancement of the earlier portions of the migrations of silver eel and salmon smolts are also apparent. While the median DOY for most cohorts is roughly similar between the start and end of the time series, that of the adult salmon run is markedly earlier, having shifted from the start of September to early July. This shift in the median and second half of the salmon run has progressed in a consistent fashion, with each decade being markedly earlier than the previous (Figure 8).
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FIGURE 7. Density plots of counts of fish per day over 10 years for the 1970s (1970–1979) and the 2010s (2010–2019). Densities are expressed per group. Vertical dotted lines indicate the median run time of each group of fish.
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FIGURE 8. Density plots of adult salmon moving upstream to spawn in the Burrishoole catchment. Densities are calculated from counts of fish per day, accumulated by decade between the 1970s and 2010s. Vertical lines indicate the median run time of each group of fish.





DISCUSSION

Although it is widely accepted that the phenology of animal migration is being impacted by anthropogenic climate change (Cohen et al., 2018), variation in the response of locally adapted populations to regional climates means that it is difficult to generalize, even within species (Sparks et al., 2019). This is particularly relevant to species with broad geographic ranges such as Atlantic salmon and European Eel, where phenological adaptations to climate will depend on life history, migration routes, and hydrological characteristics of their freshwater habitats. The fish populations of Burrishoole are adapted to the “moist and equable” climate of Ireland (Sweeney, 2014), where the moderating influence of the Gulf stream and the North Atlantic current is well documented (McCarthy et al., 2015). Extreme air temperatures, such as those recorded on mainland Europe, are not yet a feature of our climate, and this pattern is carried through to aquatic habitats, where the water temperature of the coast, lakes and rivers is also moderated. Our results show that increasing trends in air temperatures recorded at the meteorological station in the catchment align with those recorded across Ireland (Cámaro García and Dwyer, 2021). In Burrishoole, spring (Mar, Apr, May) is the season with the fastest rate of air temperature warming (0.38°C decade–1). This is biologically important as it is the season where juvenile fish come out of winter torpor and start actively feeding (Jonsson and Jonsson, 2009a). The increasing trend in rainfall recorded in Burrishoole across all seasons is also a feature of Ireland in general (Murphy et al., 2018; Cámaro García and Dwyer, 2021), although we note that the annual trend in Burrishoole is largely driven by the relatively dry period of the early 1970s. Whilst increasing drought is a cause for concern generally for fish populations across the world (Lennox et al., 2019), it is not yet an apparent feature of the climate of the Burrishoole catchment for the time period described here. While the trends in water warming are significant, comparisons of Burrishoole water temperature with those across Europe and the world indicate that the warming is occurring at a lower rate than in comparable ecosystems (O’Reilly et al., 2015; Woolway et al., 2019; Dokulil et al., 2021). This suggests that the position of the catchment at the edge of Europe, by the Atlantic Ocean, has provided some buffering against the thermal extremes associated with global warming recorded in other parts of the world. Nevertheless, the trends in the hydroclimate data described here for the Burrishoole catchment indicate that fish are now living in warmer conditions than in the latter half of the 20th century, and we would perhaps expect changes in their migration phenology as a result, given the overwhelming evidence that water temperature is the one of the main regulatory factors. Our results, however, established varying life stage and species specific phenological changes, highlighting the need for full life cycle mechanistic models to fully understand the role that multiple stressors play in the survival of these species (Woodward et al., 2021).

The advancement of the start of the silver eel from Burrishoole has been previously reported (Sandlund et al., 2017), albeit for a shortened time period (1970-2015). Our results confirm their findings that it is only the start of the run that is advancing significantly, while the timing of second half of the run has remained fairly stable over the years. When considering changing migration phenology of eel, there is likely to be some overlap between factors impacting physiological changes associated with the silvering process, and those impacting growth rate across the whole life span of European eel. There is no doubt that growth rates of European Eel are intrinsically linked with water temperature (Daverat et al., 2012; Vaughan et al., 2021), and that as temperatures warm, eels can grow faster and reach maturity at earlier ages. However, this in itself may not impact the timing of the migration, which is primarily determined by the availability of silver eel ready to migrate. This readiness is controlled by the process of silvering, which is regulated by environmental factors, including temperature, occurring in the months preceding migration (Bruijs and Durif, 2009). The increasing trend in water temperature in the months prior to the silver eel run (winter and spring) hints at the mechanism controlling the observed earlier migration, as the silvering process is thought to start in spring of each year (Durif et al., 2005) and is enhanced by favorable growth conditions, including warmer temperatures. Our results support this theory, with up to 33% of eel being ready to migrate 2-4 weeks earlier than in previous decades.

It is perhaps surprising that it is only the timing of the start of the eel run (5% and 33%) which has advanced, while the timing of the rest of the migration has stayed constant. There are several possibilities here. The first is that the impacts of warming temperatures are not yet great enough to induce a full shift of a migration run which is also constrained by photoperiod (Durif et al., 2005) and moon phase (Sandlund et al., 2017). Secondly, where species are not able to track changes in environmental conditions fast enough to allow timely adaptation (Reed et al., 2011), changes in phenology may lag behind the rates observed in climate variables, resulting in a mismatch that can be ecologically detrimental (Bertrand et al., 2011; Strangeways, 2018; Arevalo et al., 2021a; Song et al., 2021). This is especially true for long-lived species with consequential slow generational turnover, such as European eel. The ecological consequences of such a lag, if found, are still open questions deserving of attention in the future (Kuczynski et al., 2017). The third possibility is that regardless of water temperature, Burrishoole eel are adapted to migrate specifically in these last months of each year, in order to reach the Sargasso Sea at the same time as all other eel migrating from Europe. Durif et al. (2005) hypothesized that it is photoperiod which acts as the main determinant of migration timing, as it would ensure that the genetically panmictic eel migrating from diverse geographical locations should converge at the same time for spawning. In fact, latitudinal observations on eel migration contradict the hypothesis that warmer water temperatures could induce earlier migration, as eels from northern latitudes currently migrate much earlier than their conspecifics at southern latitudes (Davidsen et al., 2011). By leaving earlier, these eels, which have more distance to cover, will likely reach the spawning grounds at the same time as eels from more southern rivers (Bruijs and Durif, 2009). Therefore, early migration in this species might be seen as disadvantageous unless all populations undergo a similar shift. A meta-analysis of all potential migrating times of silver European eel across its range would be informative, in determining whether there is now significant mismatch between various components of the stock that could potentially disperse spawning aggregations. Finally, it has been observed in some catchments that male eel tend to migrate earlier in the year than females (Haraldstad et al., 1985), and therefore it is possible that the observed change in sex ratio (Poole et al., 2018) may have contributed to the advancement in the start of the migration period. However, earlier runs of male eel have not been observed in Burrishoole historically, when high proportions of males were common (Poole et al., 1990). Data from the 2000’s and 2010’s indicate that males and females migrate at the same time.

Like eel migrations, photoperiod is thought to be the dominant regulator factor controlling the timing of smolt migrations in salmonids (Thorpe, 1988), with local temperatures playing a subordinate role (McCormick et al., 2002). Salmon smolts in the north of Europe migrate later than those emanating from rivers further south, and when this spatial trend is corrected for latitude (and hence photoperiod), water temperature plays only a minor controlling role (Otero et al., 2014). It is probable that regional adaptations to a physiological switch based on photoperiod restricts migration timing to a relatively tight window. This “optimum smolt window” described in Russell et al. (2012) enables locally adapted fish to enter marine waters at the perfect time to take advantage of optimal environmental conditions including plentiful food resources. However, the onset and median timing of smolt migrations of salmon across its Atlantic range are generally advancing at a rate of circa three days decade–1 (Russell et al., 2012; Otero et al., 2014), and the authors hypothesized that this was linked to warming trends in air, river and ocean temperatures. Kennedy and Crozier (2010) also reported significantly earlier migrations (across the whole run) for smolts migrating from the River Bush in Northern Ireland, in the order of 3.6 − 4.8 days decade–1 and linked this earlier migration with reduced marine survival. That Burrishoole salmon smolt migration (apart from the first 5% of fish) has not advanced is therefore somewhat surprising. However, Otero et al. (2014) reported significant variation across the 70 sites included in their analysis, and it seems that Burrishoole salmon are one of the exceptions to the general rule. It is also worth noting that at five decades, the Burrishoole time series is one of the longest on record for Atlantic salmon populations.

Although the salmon smolt migration timing has been fairly stable over these five decades, there is nevertheless, a possible survival implication in migrating on approximately the same date. The marine environment is warming steadily, with consequential phenological advancement of food availability and optimum growing and swimming conditions. This mismatch theory has been put forward as one of the possible reasons why marine survival of salmon continues to decline (Friedland, 1998; Hvidsten et al., 2009; Kennedy and Crozier, 2010). Some studies have evaluated this mismatch in terms of the difference in temperature between freshwater and marine habitats (e.g., Kennedy and Crozier, 2010; Arevalo et al., 2021b), but this is not likely to be a cause for concern for Burrishoole fish, as the trend in warming during spring in the Atlantic is quite similar to that of their freshwater habitat (0.18 vs. 0.25°C decade–1). Atlantic water temperatures just before the peak of the smolt run (10 day average leading up to the 9th May) are generally 2°C warmer than those measured in the Mill Race (Supplementary Figure 9), which is far less than the value of 4−6°C put forward by Staurnes et al. (2001) as being problematic. This difference has not increased over the time period of this study, although there is considerable interannual variation. While our results are consistent with the conclusion that the climate change is not yet impacting the average phenology of downstream migration of salmon smolts from Burrishoole, the interannual variation warrants further exploration in a full life cycle evaluation, and may explain why some annual cohorts have much higher survival than others.

The migration timing of trout smolt from Burrishoole are stable over the 50 years considered here. While some of the discussion related to salmon downstream migration is likely relevant, (e.g., the overriding influence of photoperiod), the collapse of the sea trout population must also be considered here. Byrne et al. (2004) documented some changes in the trout downstream migration timing when data from 1971 to 2000 were examined. In their analysis, they found an extended run timing and a shift from discrete defined periods in the 1970’s to more temporally extended runs in the 1990’s. With the benefit of an additional 2 decades of data, we can say that this trend has not continued, and there has been no directional shift in the timing of the smolt run. Since 2000 [the end of the dataset used in Byrne et al. (2004)], the number of sea trout smolts has collapsed even further, with numbers falling by more than 90%, from several thousand in the 1970’s to a couple of hundred in the 2010’s. The almost complete loss of the anadromous portion of the Burrishoole stock means that we are not comparing like with like across the five decades of data described here. The same conclusions must also be applied to the upstream migration phenology of trout, with counts of upstream migrating trout in the 2010’s (mean of 134 year–1) being less than 6% of counts in the 1970’s (mean of 2389 year–1). One of the key recommendations of a recent methodological review of phenology studies by Brown et al. (2016) was that “reanalyses of existing time series (must) state how the existing data sets may limit the inferences about possible climate responses”. In the case of the Burrishoole trout population, it is perhaps necessary to parse the phenology time series into “before” and “after” the collapse in 1989/1990. When we do this, we were left with datasets of 19 (1970-1988) and 30 (1991-2020) years, respectively, and apart from the 95% quantile of trout moving upstream pre-collapse, no significant trends in migration phenology were apparent (Supplementary Table 2).

The trend toward an earlier return time for most of the adult salmon to Burrishoole is the most biologically significant change that we found in our analysis of the data, and is previously unreported for this wild population. Earlier return to freshwater has been reported for Atlantic salmon populations in France (Legrand et al., 2021) and North America (Juanes et al., 2004; Dempson et al., 2017). Earlier spawning migrations of pacific salmon have also been reported (Crozier et al., 2008; Kovach et al., 2013; Oke et al., 2020), and in all the aforementioned studies, changing oceanic conditions were implicated in the shift. The advancement of the median run timing of Burrishoole salmon (0.75 days year–1) was faster than that reported for North American (0.5 days year–1) and French populations (0.29 days year–1). Earlier run timing is not a feature of every Atlantic salmon population, with some studies reporting a later run of fish in some rivers (Valiente et al., 2011; Todd et al., 2012; Bal et al., 2017). Variation in trends in phenology migration within species is to be expected. The complexity of the system (e.g., catchment physiography such as the presence of extended estuaries, coastal lagoons, numerous river branches) into which the returning salmon are migrating has large implications for the run timing into freshwater for spawning. This is further complicated by populations that constitute a large proportion of mixed age adults (1 or multi sea winter individuals). In complex systems, there may be weeks or months between the return to freshwater of differing age classes [1SW vs. MSW (Reed et al., 2016)] or those homing to different parts of a very large catchment such as the River Teno (Vähä et al., 2011). In addition, the method and extent of data collection can cause problems in the calculation of phenological metrics, for example, where data are restricted to fishing within closed seasons (e.g., Todd et al., 2012). Cohen et al. (2018) found that some examples of delays in phenology were associated with short annual records that are prone to sampling error. Generalizing within a species across broad geographical ranges is therefore fraught with difficulties, but this should not dissuade us from the effort, as our results indicate that changes in return timing is biologically important.

Theoretically, salmon should stay in their marine environment for as long as possible, to maximize feeding opportunities, size at maturity and hence reproductive success (Quinn et al., 2016), given that egg number and egg size (females) and competitive ability (males) scale positively with size (Fleming and Reynolds, 2004; de Eyto et al., 2015). The results presented here show that Burrishoole salmon are spending considerably less time at sea than in previous generations, potentially forfeiting valuable feeding opportunities in rich marine waters. As adult salmon do not feed once they return to freshwater, it also means that returning fish will have less energy reserves than those that returned in the 1970’s and 1980’s, with resulting implications for energy reserves (Martin et al., 2015) and hence reproductive potential. Collation of fish size from the records available for this study confirm that the earlier migration to freshwater has a biological consequence, with smaller fish (and hence less ova) in the spawning cohort every decade. Mounting evidence from multiple taxa indicates that a decrease in body size is a universal response of ectotherms to warming temperatures (Daufresne et al., 2009; Horne et al., 2015) in accordance with the ecological rules dealing with temperature–size relationships (Atkinson, 1994). The phenomenon is reported for multiple marine fish species in temperate environments (Brunel and Dickey-Collas, 2010; van Walraven et al., 2010; Ikpewe et al., 2021), including Atlantic salmon in their marine phase (Todd et al., 2012; Bal et al., 2017). Our data provide strong circumstantial evidence that this is related to anthropogenic climate change, being a consistent year on year decline coincident with increasing seawater temperatures.

Modeling work on Pacific salmon has indicated that long term declines in body size has the potential to substantially erode the resilience of affected populations (Rand et al., 2006). Cooke et al. (2004) outline the many competing hypotheses (e.g., energetics, osmoregulatory dysfunction, oceanic conditions, trophic ecology, parasites, disease) that may account for early migration of Pacific salmon back to freshwater, and these are all equally applicable to Atlantic salmon (Olmos et al., 2020; Thorstad et al., 2021). Several large scale projects such as the Missing Salmon Alliance3 (Crozier et al., 2018), Salsea4 and SeaSalar5 are in the process of trying to quantify these causal links. Up until recently, this work has been hampered by a lack of certainty about where the various populations of Atlantic salmon reside during their marine migration. Thanks to technological advances and collaborative efforts, some progress has been made on this very recently (Almodóvar et al., 2020; Gilbey et al., 2021; Rikardsen et al., 2021), allowing targeted hypotheses to now be generated on salmon migration and distribution patterns in the sea. Data such as those described in this paper are crucial in providing definitive answers as to why marine survival of Atlantic salmon continues to decline. The earlier return migration, coupled with smaller body size, point to several fruitful lines of investigation including: physiological challenges associated with growth rates (Tréhin et al., 2021; Vollset et al., 2022), changing ocean currents (Caesar et al., 2021), decreased feeding opportunities (Peyronnet et al., 2008; Utne et al., 2021) and trophic mismatches (e.g., Burthe et al., 2012). All of these potential causative agents are consistent with the impacts of anthropogenic climate change on the ocean, and are likely to interact in synergistic and antagonistic ways with Atlantic salmon stocks. Integration of long time series of observational data into full life cycle models (e.g., Olmos et al., 2019) may allow a more complete mechanistic understanding of the Atlantic salmon decline (Woodward et al., 2021), and therefore allow conservation actions to take a more directed focus.

This analysis was facilitated by a comprehensive review and collation of paper records, which are a feature of many long term records that predate the digital era. The value of such data collection and mobilization cannot be overstated as we enter a period of unprecedented ecological turmoil. Every effort should be made to locate, digitize and share such records according to the FAIR principles (Wilkinson et al., 2016). Our results demonstrate that phenological changes in locally adapted diadromous fish populations are highly context-dependent (varying with species and life stage) and may be driven by multiple interacting stressors. Nevertheless, collating such datasets offer the possibility of meta-analyses which can move our scientific field beyond locally valuable case studies, toward greater understanding of the complex interactions between ecological impacts of climate change and those of other human-caused stresses. For diadromous fish, subject to a multitude of pressures and impacts across habitats, this understanding is essential if we are to successfully prevent the extinction of these iconic species.
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