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Climate change impact is a mainstream topic in Pacific salmon stock dynamics research. Numerous studies
analyze correlations of some salmon species or stock abundance conditions with one or another climate index.
Meanwhile, it is evident that no one factor impacts salmon or their environment separately from other elements of
the salmon ecosystem. To understand the importance of the contributions of the main physical elements into
changing environmental conditions of salmon ecosystems in the North Pacific Ocean, we tried to evaluate
correlations between commercial catches of several salmon species with the most popular climate indices. These
indices characterize large-scale meteorological, oceanographic, and cosmo-physical processes defining the Earth’s
climate. Climate change impacts on Pacific salmon (pink, chum, and sockeye) productivity was assessed based on
long-term (1971–2015) fisheries statistics and dynamics of 18 climate indices using stepwise multivariate regression
analysis. Three regional stock groups were analyzed: Eastern Kamchatka and Chukotka (BPG), Western
Kamchatka and continental coast (NOG), and Sakhalin, Kuriles, Amur River, and Primorye (SOG).
We analyzed salmon catch dynamics in numbers to avoid an influence of fluctuating average salmon body
weight. Pink salmon heavily contribute to the total Russian commercial salmon catch, and its predominance is
illustrated further when the numbers from catches are reviewed (Fig. 1). Portions of chum and sockeye salmon
increased in the last few years, when their commercial catches by Russia regularly reached 100,000 metric tons for
chum and 45,000 metric tons for sockeye. If we consider salmon catch dynamics by regional groups and by species,
the three selected regional groups contributed comparable portions of the total catch. While the left parts of
histograms demonstrate significant interannual variability determined by the interchange of odd- and even-year pink
salmon broodlines with different productivity, the right parts show a trend to levelling. The contribution of the
NOG and SOG regional stock groups is much more significant for pink and chum salmon. Commercial catch
increase is mostly determined by the SOG regional stock group, especially for chum salmon.
Table 1. Correlation matrix of relationships between climate indices used in this study, 1971−2015. Correlation
coefficients (r) are shown below mid-line, confidence probability (p)—above mid-line.

Remarks: Significant correlation coefficients (p < 0.05−0.001) are highlighted in bold. Number of data values available for each
index, N = 45 for ALPI, PNA, NP, AO, WP, PDO, N.HEMI+dSST, Nino 3.4, GLB.Ts+dSST, SSF, Ap, SSI, and OHC-700
indices, N = 44 for LOD, N = 39 for BSI and OLR, and N = 34 for AFI and PCI.

A set of eighteen climate indices with different dynamics may also be conditionally divided by three groups.
The meteorological indices include the Aleutian Low Pressure Index (ALPI), the North Pacific Index (NPI), the
Atmospheric Forcing Index (AFI), the Pacific-North American Oscillation (PNA), the Arctic Oscillation (AO), and
the West Pacific Teleconnection Index (WP). Oceanological indices examined in this study include the Pacific
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Decadal Oscillation (PDO), GLOBAL Land-Ocean Temperature Index (LOTI), the Bering Sea Ice Cover Index
(BSI), the Northern Hemisphere Land and Sea Surface Temperature Anomalies (N.HEMI+dSST), Nino 3.4 Index,
and the Global Ocean Heat Content for the upper 700-meter layer (OHC-700). The three indices that are calculated
using sea surface temperature (SST), N.HEMI+dSST, LOTI, and OHC-700, have similar positive trends, which
reflect growing temperature of the ocean surface layer, as well as progressive heat accumulation (Levitus et al.
2005).
The third group consists of cosmo-physical indices including the Solar Flux (SFI) and the Solar Spot (SSI)
Indices, the Geomagnetic Disturbance Index (Ap), Length of the Day (LOD), Outgoing Longwave Radiation Index
(OLR), and the Winter Pacific Circulation Index (PCI). The last index may be included into the meteorological
group. It is calculated as the sum of the negative anomalies of the northwestern transport of air masses. The higher
index means the stronger southwest inflow to the coast of North America and increases in heat influx. This relates it
to the SST-related oceanological indices with the well-expressed positive trend since 1975, which were mentioned
earlier. Index values were averaged using a moving average technique over a two-year period for comparisons with
pink salmon catch dynamics, and over a four-year period for sockeye and chum salmon.
Results of correlation analysis of the relationship between climate indices based on 1971–2015 data showed
that about 30% of correlations occurred were significant (Table 1). The highest positive correlation coefficients are
observed between the SST-related oceanological indices, in pairs of them and with the WP index, between the SFI
and SSI, and also between the AFI and ALPI. The strongest negative correlations are observed between the LOD
and the SST-related oceanological indices, as well as WP, and between the OLR and the Nino 3.4 indices. The
latter is rather understandable since the higher Nino 3.4 Index characterizes a situation when the cold Peruvian
Current is well developed and transports relatively cold waters to the equatorial region, while the OLR characterizes
the heating of surface waters and the intensity of evaporation near the equator.
Table 2. Pearson's correlation coefficients (r) and confidence probability (p) between salmon commercial catches of
different regional groups (nearshore and in-river fisheries on the Russian Far East, 1,000 fish) and annual values of
eighteen selected climate indices, 1971–2015.

Remark: Casewise deletion of missing data is applied.

The correlation analysis was a primary stage in determining the relationships between the productivity of
Pacific salmon and climate variability. Index selection was based on correlation coefficients having a weak (from
0.3 to 0.5), moderate (from 0.5 to 0.75) or a higher level of significance. The minimum number of significant
correlations are observed between the climate indices and commercial catches of pink salmon (Table 2).
Correlations with a moderate level of significance are calculated for the SOG only. Positive correlations are
observed between pink salmon catch and the SST-related oceanological indices, while negative ones are observed
with the Ap and LOD indices. For chum and sockeye salmon, moderate and strong "index-catch" relationships are
noted in most cases. For all regional groups and even for all salmon species under consideration, relationships with
climate indices have the same negative or positive sign. Based on the results of correlation analysis, it may be
concluded that pink salmon is least affected by climate change impacts while chum and sockeye salmon are affected
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almost to the same degree. This may be due to the shorter duration of marine phase for pink and similar duration of
the marine phase for two other salmon species.
Table 3. Results of multivariate regression modelling of pink salmon commercial catches of different regional groups
(nearshore and in-river fisheries on the Russian Far East, 1,000 fish) and annual values of ten selected climate indices,
1971–2015.

Remarks: Statistical parameters: R—coefficient of multivariate regression, R2—determination coefficient, SE—standard error,
F—F-criterion, df—degrees of freedom for each regression, p—confidence probability, b0—constant term or the axis y intercept,
b1, b2—regression coefficients, Beta и B—standardized and non-standardized regression coefficients (“weights”). N = 45.

To select climate indices that are more relevant for future use, we reduced the number of variables based on
factor analysis. A set of ten climate indices with dynamics in a good agreement with fluctuations of Pacific salmon
catches were selected by correlation analysis: ALPI, PNA, WP, PDO, NP, AO, N.HEMI+dSST, Ap, SSI, and LOD,
which were used for the multivariate regression analysis. Results of multivariate regression modelling of pink
salmon catches with mean annual values of climate indices are presented in Table 3. The lowest values of
regression coefficients are received for pink salmon, which imply a weak correlation between productivity: R = 0.38
for BPG, 0.36 for NOG, and 0.75 for SOG. Significant relationships exist with four climate indices,
N.HEMI+dSST, PDO, Ap, and SSI, and the strongest one, between catches in SOG and the N.HEMI+dSST index.
For all regional groups, N.HEMI+dSST reflects the strongest effect of positive near-surface air temperature and SST
anomalies on pink salmon productivity: beta coefficient varies from 0.24 to 0.60. In SOG, PDO reflects the
negative effect of negative winter SST anomalies in central and western North Pacific: beta coefficient = -0.35.
Moderate to high values of regression coefficients are received for chum salmon: R = 0.71 for BPG, 0.93 for
NOG, and 0.86 for SOG, and sockeye: 0.91–0.92 for BPG and NOG, respectively (Tables 4–5). The strongest
correlations for two of three regional chum stocks groups and for one sockeye group are observed with the Ap index
that reflects a negative effect of positive geomagnetic disturbance anomalies: beta coefficients ranged -0.37 to -0.25
for chum and -0.14 to -0.42 for sockeye. Ap is a measure of the general level of geomagnetic activity over the globe
for a given day. It is derived from measurements made at eleven stations worldwide of the variation of the
geomagnetic field due to currents flowing in the earth's ionosphere and, to a lesser extent, in the earth's
magnetosphere. In its physical sense, the Ap is an overall measure of solar wind-magnetosphere interactions and is
usually used in correlation studies of interplanetary and solar phenomena. The N.HEMI+dSST indicator reflects the
strongest effect of positive temperature anomalies: beta coefficients ranged 0.65–0.91 for chum and 0.61–0.85 for
sockeye. The significance of indices for the BPG and NOG groups of chum and sockeye salmon is the opposite.
Likely, there is a connection with Saito and Miyakoshi’s (2018) observations, who emphasized the significance of
SST dynamics for chum salmon survival in the Sea of Okhotsk. Proceeding from results of multivariate regression
modelling, it may be concluded that the thermal conditions of upper water layer and dynamics of solar activity are
the major drivers of these three species of Pacific salmon productivities in the North Pacific Ocean (Radchenko et al.
2007; Bugaev et al. 2016).
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Table 4. Results of multivariate regression modelling of chum salmon commercial catches of different regional groups
(nearshore and in-river fisheries on the Russian Far East, 1,000 fish) and annual values of ten selected climate indices,
1971–2015.

See remarks in Table 3.
Table 5. Results of multivariate regression modelling of sockeye salmon commercial catches of different regional
groups (nearshore and in-river fisheries on the Russian Far East, 1,000 fish) and annual values of ten selected climate
indices, 1971–2015.

See remarks in Table 3.
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Fig. 1. Commercial catch of Pacific salmon (nearshore and in-river fisheries) in the Russian Far East by species and
selected regional stock groups, 1971–2016.

Fig. 2. Distribution of the Pearson's correlation coefficient
values between pink salmon commercial catches (1,000
fish) by regional stock groups and SST anomalies in
salmon first marine autumn (left panels) and winter (right
panels). Regional stock groups: A—BPG, B—SOG, and
C—NOG.

Fig. 3. Distribution of the Pearson's correlation coefficient
values between chum salmon commercial catches (1,000
fish) by regional stock groups and SST anomalies in
salmon first marine autumn (left panels) and winter (right
panels). Regional stock groups: A—BPG, B—SOG, and
C—NOG. Circles size—as on Fig. 2.
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After we determined the main drivers of Pacific salmon productivity, we tried to explore their influence in the
geographical aspect. To analyze the interannual variability of the temperature conditions in the areas of autumn and
winter salmon feeding migrations, a conditional division of the Northern Pacific into 39 cartographic trapezoids was
carried out with a longitude step of 10° and a latitude step of 5°. We built distribution maps of Pearson correlation
coefficient (r) for the statistical relationship between commercial salmon catches by regional groups and SST
anomalies during the autumnal outmigration (September–November) and wintering (December–February) of
salmon juveniles in their first year at sea. Satellite monitoring data from 1982–2015 was used. Catches in numbers
were calculated in view of the age of maturity and spawning return (0.1 for pink, 0.3–0.4 for chum, and n.2–n.3 for
sockeye). Satellite SST data was used from those regions only, where autumn and winter migrations of Pacific
salmon from the Far Eastern stocks migrate during the first year of their marine residence.
During the oceanward migration of juvenile pink salmon in September–November, the highest positive
correlation between the SST anomalies and catch value was observed for the SOG group of stocks. These positive
correlations are observed in the central and southern part of the Sea of Okhotsk, as well as in the Kurile Islands’
waters in the Pacific Ocean (Fig. 2). The Pearson correlation coefficients in these regions range from 0.52 to 0.70.
While weak positive correlations are noted for the BPG pink salmon throughout their migration areas, no significant
correlations are found for the NOG since juvenile pink salmon originated from this region leave the Sea of Okhotsk
earlier and are smaller than pink salmon that originated from the southern areas. Conversely, moderate correlations
for the NOG are observed in the northwestern Pacific in December–February. The maximum coefficients reach a
level of r = 0.3–0.4. No significant correlations were found for two other regional groups of pink salmon stocks.
This explains why the strength of the relationship between the total Russian pink salmon catch and heat budget of
the upper ocean layer, which was revealed in mid-2000s, weakens with a growth of the Bering Sea and Western
Kamchatka contributions into the total pink salmon harvest in Russia.
An anomalously warm temperature regime of the waters during the autumn migration of juvenile chum
salmon promotes productivity of stocks in all three groups during their migrations in the central and southern
Okhotsk Sea, the south-western Bering Sea, and the Pacific waters along the Kuril Islands and Kamchatka Peninsula
(Fig. 3). The maximum correlation coefficients vary in a range of r = 0.4–0.6. In winter, the strength of the
relationship weakens with an expansion of the chum juveniles’ distribution along the Subarctic Current front. It is
remarkable that the distribution of positive and negative correlation coefficients reflects a typical position of two
water domains with opposite SST anomalies on the well-known illustration of the PDO model (Mantua et al. 1997).
Table 5. Results of multivariate regression modelling of sockeye salmon commercial catches of different regional
groups (nearshore and in-river fisheries on the Russian Far East, 1,000 fish) and annual values of ten selected climate
indices, 1971–2015.

See remarks in Table 3.
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Sockeye salmon also show the same pattern of correlation coefficients distribution. The Pearson correlation
coefficients for juvenile sockeye in September–November range from 0.4 to 0.7 (Fig. 4). In winter, relationships are
much weaker for the NOG than for the BPG. In general, the direct interrelation between chum and sockeye salmon
productivity and the temperature is observed in a period of autumnal outmigrations while it has divergent trends in
the winter.

Fig. 4. Distribution of the Pearson's correlation coefficient values between sockeye salmon commercial catches (1,000
fish) by regional stock groups and SST anomalies in salmon first marine autumn (left panels) and winter (right panels).
Regional stock groups: A—BPG, B—SOG, and C—NOG. Circles size—as on Fig. 2.

In conclusion, the heat budget of the upper water layer and dynamics of solar activity seem to be the major
drivers of Pacific salmon productivity in the North Pacific Ocean. For all regional groups and all salmon species
under consideration, the N.HEMI+dSST index reflects the strongest effect of positive near-surface air and sea
surface temperature anomalies on salmon productivity, especially for chum and sockeye salmon. Negative
relationships with the Ap index dynamics reflect a negative effect of enhanced geomagnetic disturbances on salmon
stocks’ productivity. Distribution of positive and negative correlation coefficients between SST anomalies and
chum and sockeye salmon productivity delineates a typical position of two water domains with opposite SST
anomalies on the PDO model. This emphasizes the significance of the PDO index as a proxy to forecast the climate
change impacts on salmon productivity.
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