TRENDS IN FISH POPULATIONS IN THE NORTHWEST ATLANTIC
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Introduction 

Abundance, biomass and size of demersal fish species on the Newfoundland-Labrador Shelf has declined greatly over time.  Annual landings of all groundfish species declined rapidly in 1978, stabilized in the 1980s, and declined sharply in the early 1990s (Sinclair and Murawski 1997).  Most groundfish fisheries, including Atlantic cod Gadus morhua, were closed in 1992.  Although fishing pressure has been reduced on most species, many species are still being captured as bycatch in other fisheries.  Seal populations in Atlantic Canada have been increasing since the early 1970s; the population was estimated at approximately 6 million seals (four species) in 1996 (Hammill and Stenson 1997).  There have been many arguments about what has caused the declines; the environment, overfishing, predation and changes in prey availability have all been pinpointed as the possible cause.  

The Newfoundland-Labrador Shelf system experienced severe temperature and salinity anomalies in the early 1970s, 1980s and 1990s.  The mid-1980s to mid-1990s saw temperature lows, with the early 1990s experiencing the lowest recorded temperature anomalies in sea surface waters (0-176 meters) since 1950.  At the same time, the shelf system was experiencing a salinity anomaly that was similar in magnitude to the anomaly that occurred in the early 1970s (Belkin 2004).  These salinity anomalies appear to occur on a decadal scale and may be linked to the North Atlantic Oscillation index (NAO), which is the pressure difference between the Azores and Iceland.  The NAO exerts a strong influence over the ocean and atmosphere of the North Atlantic Ocean.

Our objective was to determine if the complex dynamics of the Newfoundland-Labrador Shelf system could be described using multivariate time series analysis.  We used a newer type of time series analysis, designed for relatively short, nonstationary time series, to analyze trends in catch per unit effort of 13 fish species and one shark species and relate these trends to environmental variables, predator abundance and fishing effort.   Previous studies have used a variety of methods to analyze possible causes of groundfish population and size structure declines with this same data; however, results have been inconsistent.  

Methods

Study site

The Newfoundland-Labrador Shelf is a unique ecosystem due to its topography and circulation patterns.  The shelf is broad, ranging from 150-400 km wide, typically less than 200 meters deep and overlain by polar waters (Helbig et al. 1992).  The Labrador Shelf topography is very complex; the shelf contains numerous shallow banks separated by deep saddles that provide channels from the deep-sea to the inner shelf and allow cross-shelf exchange (Drinkwater and Harding 2001).  The northeast Newfoundland Shelf is broader and contains many deep bays inshore while offshore the shelf is separated into flat banks broken by a basin that deepens to 500 meters.  To the south, the shelf forms the Grand Banks of Newfoundland, a relatively flat area with an average depth of 80 meters (Helbig et al. 1992).  The Labrador Current forms two distinct branches over the Newfoundland-Labrador Shelf.  The main branch flows offshore along the continental slope centered at the 500-meter isobath and the inshore branch flows along the inner half of the shelf at a much slower speed (Drinkwater and Harding 2001).  The Labrador Current forms the cold intermediate layer, capped above and below by warmer waters, and has an effect on the distribution and migratory patterns of many fish species. 

Data 

The ECNASAP (East Coast North American Strategic Assessment Project) dataset was used as the source of records for the Newfoundland-Labrador Shelf (NAFO Divisions 2J3KL) for years 1978 through 1994.  Prior to 1978, the survey was not based on a random stratified design and gear configuration was variable.  In autumn 1995, DFO changed trawl gears and modified the survey design to include deeper stations.  Catches from the two gears are not comparable; therefore, the analysis does not include 1995 to the present.  A mixture of important commercial, rare and non-commercial demersal fish species and one shark species were chosen for the analysis; Atlantic cod, American plaice Hippoglossoides platessoides, roughhead grenadier Macrourus berglax, rock grenadier Coryphaenoides rupestris, Greenland halibut Reinhardtius hippoglossoides, thorny skate Raja radiata, deepwater redfish Sebastes mentella, golden redfish Sebastes marinus, spinytail skate Bathyraja spinicauda, Atlantic wolffish Anarhichas lupus, northern wolffish Anarhichas denticulatus, spotted wolffish Anarhichas minor, blue hake Antimora rostrata, and black dogfish Centroscyllium fabricii.  Catch per unit effort in weight was used as an index of size structure over time.  Because trawl survey data often have a skewed distribution, data were log10(x+1) transformed.  Environmental variables were sea surface temperature recorded to 100-meters depth, NAO annual index (www.cgd.ucar.edu/~jhurrell/nao.stat.ann.html), bottom temperature 250-1485 meters (the maximum depth of the survey), and salinity 0-250 meters in NAFO Divisions 2J3KL, 1978-1994.  Annual anomalies were estimated for all environmental data.  Fishing effort data (number of days) in NAFO Divisions 2J3KL was obtained from the NAFO annual fisheries statistics database (www.nafo.ca) and harp seal abundance obtained from DFO, Newfoundland-Labrador region were also included.  All data were standardized to assist with interpretation.

Time series analysis

Min/max autocorrelation factor analysis (MAFA) is a type of principal component analysis designed for time series to extract trends (www.brodgar.com).  A trend is a long-term change in the mean level or a slow moving curve.  One characteristic of a trend is high auto-correlation with time lag 1.   Whereas the PCA algorithm will estimate axes (or components) that have a decreasing variance, the MAFA method estimates axes that have decreasing autocorrelation with time lag 1.  Therefore, the first MAFA axis is the smoothest curve, or trend, underlying all the time series.  Hence, the first axis represents the main trend in the time series and other axis represent less important trends.  Loadings and canonical correlations, which are cross-correlations between MAFA axes and CPUE time series, can be estimated to determine which species time series are related to a particular axis.  MAFA analysis was implemented using the software package Brodgar 2.2.8 (www.brodgar.com).  A randomization process was used to obtain p-values to determine how many axes to use.

Dynamic factor analysis (DFA) is a dimension reduction technique for multivariate time series analysis.  DFA can be used to determine common patterns in time series, evaluate interactions between response variables and determine the effects of explanatory variables in short, nonstationary time series (Zuur et al. 2003, Zuur and Pierce 2004).  We used DFA to model the time series as a function of a linear combination of common trends, a level parameter and noise.  DFA has been applied to economic and psychology data and only recently has this technique been applied to fisheries data.   DFA analysis was used by Zuur et al. (2003) to model Norwegian lobster Nephrops norvegicus from fishing grounds in northern European waters and Zuur and Pierce (2004) to model trends in Atlantic squid time series.  DFA analysis was implemented using the software package Brodgar 2.2.8 (www.brodgar.com).

Results and Conclusions

Time series and correlations

Cross-correlations between response variables and explanatory variables at lags up to 5 years, 10 years for fishing effort, showed some lagged explanatory variables had higher correlations than variables with no lags.  CPUE of all species except Atlantic cod, golden redfish and thorny skate were significantly positively correlated with sea surface temperature lagged 3 years.  CPUE of all species except Atlantic cod, American plaice, spotted wolffish, golden redfish and thorny skate were significantly negatively correlated with salinity data lagged 4 years.  CPUE of all species except Atlantic cod was significantly positively related with fishing effort lagged 9 years.  Bottom temperature, NAO annual index and harp seal abundance data with no lags had the highest proportion of significant correlations.  All species except rock grenadier, blue hake and golden redfish were significantly positively correlated with bottom temperature, all species except Atlantic cod, Greenland halibut and blue hake were significantly negatively correlated with the NAO index, while all species except Atlantic cod were significantly negatively correlated with harp seal abundance.  

MAFA Analysis

The MAFA analysis showed two main trends in the CPUE time series (Figure 1).  The first MAFA axis, with an autocorrelation of 0.996 (p=0.050), represents a steady decline over time; this is the main pattern underlying the time series.  The second MAFA axis (autocorrelation of 0.922, p=0.017) shows an increase from 1978 to 1987, followed by a decline.  Canonical correlations between the species and MAFA axes indicated that the first axis was important for all species except Atlantic cod, whereas the second axis was important for only American plaice, Atlantic cod and thorny skate.  Because of collinearity between harp seal abundance and fishing effort, fishing effort was eliminated from the MAFA analysis.  Explanatory variables used were salinity lagged 4 years, harp seal abundance (no lag), NAO annual index (no lag), bottom temperature (no lag) and sea surface temperature lagged 3 years.  All explanatory variables except the NAO annual index were significantly correlated (p<0.05) with the first MAFA axis; harp seal abundance and salinity (lagged 4 years) were negatively correlated while bottom temperature and sea surface temperature (lagged 3 years) were positively correlated.  The NAO annual index, while not significant at the p=0.05 level, was negatively correlated with the declining trend.  Bottom temperature was the only explanatory variable significantly correlated with the second MAFA axis; bottom temperature was positively correlated with the increasing then decreasing trend.
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Figure 1.  Two significant MAFA axes on CPUE time series of thirteen fish and one shark species from scientific random stratified surveys in NAFO Divisions 2J3KL, 1978-1994.  Heavy line indicates main MAFA axis.

DFA Analysis

DFA analysis with lagged explanatory variables gave a better fit than models with no lags.  The Akaike’s Information Criterion (AIC) was used initially to determine the goodness of fit and the number of parameters in the models; the model with the smallest AIC value was selected as being the most appropriate model.  Additionally, fitted values and residuals were also used to determine goodness of fit of the model.  Biological interpretation is also important for deciding which model is the best.  Therefore, some variables with no lags, such as bottom temperature were selected as being the better model when running the analysis using two explanatory variables.  The best models with only one explanatory variable were harp seal abundance lagged 1 year (1 common trend, AIC=275.0; 2 common trends, AIC=282.1) and fishing effort lagged 10 years (1 common trend, AIC=282.0; 2 common trends, AIC=291.6).  Because of collinearity between harp seal abundance and fishing effort, these two explanatory variables could not be combined in the analysis.  The best model with two explanatory variables, determined using the AIC and examining the plots of residuals, fits, common trends, factor loadings and canonical correlations, was harp seal abundance lagged 1 year and salinity lagged 2 years (1 common trend, AIC=172.7; 2 common trends, AIC=181.7; 3 common trends, AIC=196).  The model with 3 common trends was chosen (Figure 2).  
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Figure 2.  The three main common trends of the CPUE time series for the DFA model with two explanatory variables, salinity lagged two years and harp seal abundance lagged one year in NAFO Divisions 2J3KL, 1978-1994.

The first and main common trend is similar to the second MAFA axis; it showed an increase and then decrease over time.  The second trend showed an oscillating pattern with a decrease until 1984 and then increased.  The third trend declined until 1982, increased slightly until 1985, declined until 1989 and then remained fairly constant.  

Factor loadings and canonical correlations were used to determine which species were related to a particular trend.  The first common trend was significantly, positively related to American plaice, Atlantic cod and thorny skate.  Only American plaice was significantly and negatively related to the second trend; however, Atlantic cod, northern wolffish, spotted wolfish, Greenland halibut, black dogfish, deepwater redfish, golden redfish, spinytail skate and thorny skate were strongly and negatively related to the second common trend.  All species except Atlantic cod were strongly and positively related to the third common trend; only Atlantic wolffish, northern wolfish, Greenland halibut, roughhead grenadier, rock grenadier, black dogfish, blue hake, deepwater redfish, and spinytail skate were significantly correlated to the trend.

The second MAFA axis and first DFA trend are very similar and are strongly related to the same three species.  This may be due to these species having similar generation times (8-11 years).  Previous studies have also found these three species tend to be in the same assemblages and have similar bottom temperature preferences.  The main MAFA axis and third DFA trend are also similar and are related to the same species; however, DFA analysis has shown that this trend oscillates over time.  

These techniques highlight the complexity of the Newfoundland-Labrador Shelf ecosystem and give insight into a rich system; many dynamics are occurring at the same time, often within the same species.  Our analysis has illustrated a numeric technique to gain insight into the elements of a changing system.  Time lags are important to consider when determining the effects of explanatory variables.
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