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ABSTRACT

This study explains variations of Adriatic fish and cephalopods landing data in relation to the changeable atmosphere over the northern hemisphere, which is synchronized with regional Adriatic Sea atmospheric patterns and local sea conditions, from 1961 to 2003. Fish-cephalo-
pods landing data is subject to principal component analysis, and 4 significant components are extracted describing the similarity between Cephalopoda, Merluccius merluccius, Mullus barbatus, and Thunnus thynnus, between Boops boops and Spicara smaris, and between Sardina pilchardus and Sarpa salpa. The last component describes the variation of only one species, Scomber japonicus. Relating principal components to environmental data using the correlation technique, significant correlation with regional atmospheric forcing and hemispheric climate was found. For the most abundant pelagic fish, Sardina pilchardus and for Sarpa salpa (both described by the same principal component), first-differencing was used to remove autocorrelation. The same procedure is performed on environmental data, and using the lag correlation coefficient, the dependence between fish-cephalo​pods and environmental data was established. The highest-lagged correlation coefficients of the fish species are found with the wind intensity and primary production. 

KEYWORDS: hemispheric climate, regional atmospheric forcing, productivity, fish and cephalopods landings, Adriatic Sea.

INTRODUCTION 

Although the linkage between the marine ecosystem changes and climatic trends exists from decadal to long-term scales, the results obtained for various basin-scale case studies (for example Bering Sea, Baltic and North Sea) suggest that shifts in the climate regime can be responsible for shifts in the marine ecosystem. Most of the shifts in 

the marine ecosystem are attributed to changes in the sea temperature, salinity and circulation, controlled by the regional atmospheric variations and large-scale teleconnection. The eastward shift of the northern hemispheric sea level pressure pattern around 1980 [1], as a consequence of the increasing trend of the North Atlantic Oscillation index during the last decades of the 20th century [2], change the hydro-climate and biology of the Mediterranean seas, in-cluding the Adriatic [3]. The most significant changes in the Adriatic productivity coincided with the extremely cold winters of 1980, 1987 and 1996, having extremely negative winter temperature anomalies over the Mediterranean [4]. Changeable regional atmospheric forcing, influenced by atmospheric processes on spatial scales larger than the Adriatic, shows interannual variability connected to the local marine ecosystem and fish stock. The evidence for this is observed through variations in the sea surface temperature, advection, mixing, upwelling and some other parameters that control productivity, growth and migration of marine organisms. 

In this paper, the influence of climate changes on regional atmospheric forcing, important for the marine eco-system in the coastal zone of the eastern Adriatic Sea, has been recognized as a key factor which controls variations in primary production, and in fish-cephalopod stock from inter-annual to long-term scales. 

MATERIALS AND METHODS

To analyze inter-annual and decadal variations of fish-cephalopod populations under the hemispheric and regional atmospheric influences, various atmospheric parameters from hemispheric to local scales, such as NAO, air temperature, wind speed, and fish-cephalopods landings data were used. For the North Atlantic Oscillation (NAO), the winter index (means from December to March; DJFM) provided by the Climatic Research Unit, UK was used (www.cru.uea.ac.uk/cru/). It is determined by a normalized pressure difference between Ponta Delgada (Azores) and Reykjavik (Iceland). The annual air temperature and the wind speed from the 9 East Adriatic meteorological stations, covering the 1961-2003 period, were used as the atmospheric factors from which influences of changeable climate can be seen. At a local scale, primary production and intermediate salinity for the permanent oceanographic station in the Middle Adriatic Sea, selected as the control one, are used to present the influence of variable atmosphere to sea conditions (Fig. 1). Salinity data collected on a month-ly scale cover the period 1961-2003. Measurements of pri-mary production by the standard Steemann Nielsen 14C tracer method, started in 1962. Primary production was collected on monthly basis since 1960 [5].

The fish-cephalopods landing data used in the analysis correspond to the fish caught in the coastal and open seas of the eastern Adriatic sea. All the catch data for the 8 fish species (from demersal to pelagic ones) and cephalopods used here were taken from the periodical „Morsko ribarstvo“ (1952-1995), and later data from the FAO Fishery Statistics. The fish and cephalopods catches do not depend exclusively on environmental conditions in the fishing areas and on fluctuations of the stock, but also on changes of fishing techniques, fishing effort, and a number of economic and social factors, and so the catch of all the mentioned species along the eastern Adriatic coast reflects these influences. Climate dependence on fish and cephalopod populations is usually derived from biomass data; however, in absence of these data, landing data were taken as a first approximation. 

Statistical analysis 

Monthly landing data of the 8 commercial fish and cephalopods was summarized at an annual scale, and then subject to principal component analysis (PCA), in order to identify fish-cephalopods groups with similar variability. Only those principal components showing Eigenvalues greater than 1 (Kaiser-Guttman criterion) were used in further analysis. In order to obtain a better insight into the behavior of the output loadings, the orthogonal varimax rotation of extracted PC components was used. This method simplifies the interpretation because, after a varimax rotation, each original variable tends to be associated with one (or a small number) of factors, and each of them represents only a small number of variables. Additionally, the obtained significant PCs were compared with those of physical forcing which can be responsible for time varia-
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FIGURE 1 - Adriatic Sea map with positions of meteorological and oceanographic stations.

tions of fish-cephalopods landings. We must have in mind that the process of autocorrelation removal can decrease statistical power in that situations where slowly changing processes are important. In the first step of correlation analysis, the original series of environmental data and PC scores which contain low-frequency (slowly changing processes) were compared via Pearson correlation analysis. Comparing factor scores with the environmental variables (at hemispheric, regional and local scales), temporal series of landing data can be explained in sight of climate-controlled processes. 

The second step in the statistical correlation analysis is to remove autocorrelation from fish-cephalopods landing, and environmental data prior to applied correlation analysis, because the presence of temporal autocorrelation in fish-cephalopods and in environmental data can produce correlation which refers to persistence in long-term processes. As we are, in this moment, interested only in ecological behavior of the most abundant Sardina pilchardus and Sarpa salpa (both described by the PC3 component), autocorrelation was removed from this series of landings and from selected environmental data using first-differencing before performing lag correlation. 

RESULTS AND DISCUSSION 

After performing the PC analysis on annual fish-cephalopod groups, the 4 significant components (eigen values >1) were extracted explaining 91% of the total variance of the initial matrix. Extracted PC loadings (S-mod) separate 4 different groups, which contribute with different amount in the total variance of the fish-cephalopod landing data (Fig. 2; Table 1). The first extracted component (explained variance is 34.2%) grouped three species: Cephalopoda, Merluccius merluccius, Mullus barbatus, and, with a lower loading, the northern bluefin tuna Thunnus thynnus. The second one (explained variance is 23.1%) has significant loadings for two species Boops boops and Spicara smaris. The third component which explains 21.2% of the total variance has significant loadings for the most important commercial species, the European pilchard Sardina pilchardus, and for Sarpa salpa. The last one explaining only 12.1% of the total variance is attributed to inter-annual variations of only one species, Scomber japonicus. 
An abrupt shift in time evolution of PCs scores (T-mod of PCA) is found to be different for extracted factors (Fig. 3). For the first one, the shift is observed in the period 1988-2001, for the second one the shift started around the 1960s. For the PC3, the shift is observed in the period 1972-1993. For the last one, no clear shift signal is observed. The biological response of the climate influences can be found throughout correlation analysis between PC scores and en-vironmental conditions at hemispheric, regional and local scales for the original series, including the component of slowly changing processes. These slow changes processes in the Adriatic may be rated to prolonged periodical intrusions of Mediterranean waters to the Adriatic. The results of applied Pearson cor​relation techniques are summarized 

Table 1 - Principal component loadings 
obtained from initial fish-cephalopod matrix. 

	
	PC1
	PC2
	PC3
	PC4

	Sardina pilchardus
	0.003
	0.226
	0.940
	0.111

	Boops boops
	0.218
	0.937
	0.001
	0.080

	Spicara smaris
	0.483
	0.769
	0.182
	0.098

	Cephalopoda
	0.908
	0.212
	0.048
	0.110

	Scomber japonicus
	0.173
	0.017
	0.221
	0.954

	Merluccius merluccius
	0.832
	0.235
	0.300
	0.309

	Sarpa salpa
	0.324
	0.123
	0.867
	0.239

	Mullus barbatus
	0.809
	0.359
	0.270
	0.092

	Thunnus thynnus
	0.672
	0.574
	0.158
	0.040
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FIGURE 2 - The scatter plot of significant PC loadings (S-mod of PCA) in the coordinate PC frame.
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FIGURE 3 - Time evolution of extracted scores (T-mod of PCA).

TABLE 2- Pearson correlation coefficients between extracted PCs from fish-cephalopods matrix and environmental data on hemispheric (H), regional (R) and local (L) scales. Marked correlations are significant at p* < 0.05 and p** < 0.001 for N=35.

	r
	PC1
	PC2
	PC3
	PC4

	NAO winter (H)
	0.42*
	0.39*
	0.18
	0.18

	Air temperature

Senj (R)
	0.52*
	0.44*
	-0.35*
	-0.14

	Air temperature

Hvar (R)
	0.33
	0.31
	-0.42*
	0.02

	Air temperature 

Lastovo (R)
	0.30
	0.27
	-0.48*
	0.03

	Wind speed

Senj (R)
	-0.75**
	-0.41*
	0.38*
	0.06

	Wind speed

Hvar (R)
	-0.38*
	0.10
	0.65**
	0.19

	Wind speed

Lastovo (R)
	0.48*
	0.56**
	0.21
	0.21

	Salinity (L)
	-0.26
	0.32
	0.31
	0.04

	Primary production

STS (L)
	0.25
	0.19
	0.41*
	0.33


in Table 2 for only those results with higher correlation coefficients. The stock dynamics of many fish species is thought to be strongly influenced by environmental factors, which determine the food availability both in time and space for larvae and juveniles [6].

Among the ambiental characteristics, the highest correlation coefficients of the PCs representing fish species are found with the wind intensity. This is expected, because the wind, waves and turbulence have direct correlation to the fish population. The general reaction of the majority of the fish species, as well as the Cephalopods, to the increased wind intensity is the escape into the deeper sea levels. This would generally diminish the probability of fish and other species of being caught. Such a behavior was confirmed through a number of studies for plaice and cod [7, 8]. The wind effect to the fish catch was shown on the diurnal scale for the pelagic fish, which also move into deeper levels when the sea is rough [9]. The bottom fish also may be affected [10, 11]. The correlations in Table 2 are based on annual catch and, therefore, represent the overall annual influence. The correlation coefficient of the PC1 (which describes the behavior of Cephalopoda, M. merluccius, M. barbatus and T. thynnus) with the wind has the highest value for the wind in Senj. Such a high correlation is a consequence of the fact that the Velebit channel belongs to the rich fishing ground for these species, while the annual wind in Senj is characterized by the strong bora wind which is the cause for a generally reduced catch under the wind action in the coastal area. The PC2 has the highest correlation with the wind at the middle Adriatic island Hvar, which may represent generally the conditions in the middle Adriatic channels, known as a fishing ground for B. boops and S. smaris, explained by the PC2. The correlation coefficient of the PC3, which describes the behavior of small pelagic fish is highest with the wind in Lastovo, where the small pelagic fish are caught. The sign of these correlations are opposite to those with the PC1, distinguishing between different oceanographic processes occurring in the coastal and open sea areas. The winds at both open sea stations are highly correlated to the large-scale weather systems which are indicative for the inter-annual fluctuations of intrusion of the Mediterranean waters into the Adriatic. These saltier and nutrient-richer waters have high impact on the Adriatic ecosystem and fish [11]. High correlation between PC3 and primary productivity shows synchronicity of small pelagic fish and productivity at the open sea, both being a consequence of inter-annual fluctuations of the Mediterranean intrusions (which is the process on the decadal scale). The high correlation of PC1 with temperature shows higher sensitivity to temperature of Cephalopoda, M. merluccius, M. barbatus and T. thynnus than other species. According to the cephalopods, it seems that squids and cephalopods, in general, have the intrinsic flexibility to adapt to climate change – their life-history and physiological traits enable them to be opportunists in variable environments [12]. Although the meteorological variables mutually have significant correlations, it seems that regional wind speed, production, salinity and air temperature are the key factors which control fish-Cephalopoda stock. Such high correlations are present because of the existing low-frequency component both in fish-cephalopods and environmental data, when considering importance of processes on the long-term scale. 

In the second part of the statistical analysis, we are concerned only with one extracted component, PC3, which described temporal variations of fish, Sardina pilchardus and Sarpa salpa. The obtained significant lag correlation coefficient between detrended (removed autocorrelation by first-differencing) landing and environmental data is discussed in more details, taking into account the specific biological pattern of each fish. 

The annual detrended data of Sardina pilchardus are highly correlated with primary production, and wind speed, with a time lag of 3 and 4 years, respectively (Table 3, Fig.4).

TABLE 3 - Correlation coefficients between 
Sardina pilchardus and Sarpa salpa and environmental 
data (detrended). Marked correlations are significant at p* < 0.05.

	
	Wind Hvar
	PP

	Sardina pilchardus
	0.44*

lag=4
	0.32*

lag=3

	Sarpa salpa
	0.22

Lag=0
	0.26

Lag=3


The correlation is less significant for Sarpa salpa. The wind speed is an indicator of mixing and upwelling, since up-welled waters enrich the surface coastal ones with nutrients, supporting primary productions and, consequently, the abundance of fish. It is obvious that synchronicity exists between the inter-annual variability of primary production, wind speed and fish stock with some delay. A possible explanation of this may involve relative changes in recruitment rates and, in this case, a phase lag is expected. This phase lag should be equal to the modal age of sardines in the catch, which in Adriatic waters is 3 to 4 years. Some mechanisms may be implicated in such changes, thus in-volving complex interactions between growth rate of sardine larvae, climatically mediated long-.term changes in the Adriatic production and plankton species composition, relative changes in larval dispersion due to changing patterns of currents, and other factors that may affect the egg/ larval/post-larval/juvenile phases. Another explanation could be related to the relative availability of species to fishing gears, and/or in the relative fishing effort expended on each species. Lots of changes in fishing techniques and fishing effort have taken place, but there was also a substantial increase, for example, in sardine annual catch. It may, therefore, be concluded that the sardine stock in the Adriatic was not over-fished during any phase of fisheries development; it may thus be assumed that a large part of the increasing trend may be attributed to development of the sardine fishery, and that signals of natural fluctuations were mixed with „noise“ caused by the changes in fishing
[image: image4.emf]
FIGURE 4 - Lagged inter-annual fluctuation of Sardina pilchardus in comparison 
with annual primary production (PP) and wind speed in the middle Adriatic sea.

technique and fishing areas. The first signs of a probable anthropogenic influence on the sardine population in the Adriatic, causing an increase in primary productivity, were detected in 1980s, when it was observed that the annual sardine catch increased while the fishing effort increased as well. It seems that the fluctuations derived from sardine assessments in the Adriatic do not seem to be strongly in-fluenced by fishing.

CONCLUSIONS

Correspondence between long-term patterns of the northern hemisphere climate and the  Adriatic atmospheric and ocean conditions with fish-cephalopod landing data show synchronicity. The regional space and time variations of the wind speed and the primary production were highly correlated to fish abundance along the eastern Adriatic coast, which all lead to the conclusion that climate changes, through regional atmospheric variations, have significantly impacted the marine ecosystem. Temperature is one of the primary factors, together with food availability and suitable spawning grounds, in determining the distribution pattern of fish. Because most fish species require a specific temperature range, an expansion or contraction of the distribution range of species often coincides with long-term changes in temperature. We conclude that atmospheric wind forces can determine the availability of microscopic organisms that species feed upon. When wind causes nutrient-rich waters to rise to the surface, plankton levels in-crease and sardine populations flourish. Conversely, sardine numbers crash when plankton becomes scarce as wind conditions change. The wind drives upwelling, which supplies the surface ocean with the nutrients necessary to support plankton and fish populations. In the open sea, slower but more extensive, upwelling sustains a much smaller class of zooplankton, which is suitable for sardines. 
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