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LETTER



Reconciling differences in trophic control in mid-latitude marine ecosystems



Kenneth T. Frank*, Brian Petrie, Nancy L. Shackell and Jae S. Choi Ocean Sciences Division, Department of Fisheries and Oceans, Bedford Institute of Oceanography, PO Box 1006, Dartmouth, NS, Canada B2Y 4A2 *Correspondence: E-mail: [email protected]



Abstract The dependence of long-term fishery yields on primary productivity, largely based on cross-system comparisons and without reference to the potential dynamic character of this relationship, has long been considered strong evidence for bottom-up control in marine systems. We examined time series of intensive empirical observations from nine heavily exploited regions in the western North Atlantic and find evidence of spatial variance of trophic control. Top-down control dominated in northern areas, the dynamics evolved from bottom-up to top-down in an intermediate region, and bottomup control governed the southern areas. A simplified, trophic control diagram was developed accounting for top-down and bottom-up forcing within a larger region whose base state dynamics are bottom-up and can accommodate time-varying dynamics. Species diversity and ocean temperature co-varied, being relatively high in southern areas and lower in the north, mirroring the shifting pattern of trophic control. A combination of compensatory population dynamics and accelerated demographic rates in southern areas seems to account for the greater stability of the predator species complex in this region. Keywords Bottom-up vs. top-down control, diversity, fisheries collapse, marine ecosystems, stability. Ecology Letters (2006) 9: 1096–1105



INTRODUCTION



The search for general relationships linking diversity, productivity and the trophic processes that influence oceanic food webs is a fundamental thrust of modern fisheries ecology. It has long been assumed that productivity at higher trophic levels in marine systems is driven from the bottom-up by nutrients. Supporting evidence has been obtained from comparative analyses of several ecosystems, including past studies by Nixon (1988), and more recently by Ware & Thomson (2005) who reported that bottom-up effects were the dominant controlling mechanism in the eastern North Pacific. In contrast, consumer control, i.e. top-down effects, is believed to be a strong structuring force in other geographical areas, particularly the North Atlantic (Worm & Myers 2003). Within these broad geographical regions notable exceptions exist, particularly in the northern areas of the North Pacific (Shiomoto et al. 1997; Kobari et al. 2003; Springer et al. 2003) and the southern areas of the North Atlantic (Worm & Myers 2003; Pershing et al. 2005).



These inconsistencies prompted Bailey et al. (2006) to lament Ôthat studies in fished systems have reached no consensus on how animal abundances and productivities are controlled in marine systems, with apparent demonstrations of both top-down and bottom-up controlsÕ. Fishing has targeted abundant predator species whose removal can destabilize the food web and lead to unforeseen consequences for the biomass, productivity, and community composition of lower trophic levels (Frank et al. 2005). Greenstreet & Rogers (2006) established that fishing can cause a reduction in species richness and a less even distribution of individuals among species. Ecologists generally believe that more diverse communities enhance ecosystem stability. Based on an extensive literature review, McCann (2000) concluded that diversity can be expected, on average, to give rise to ecosystem stability but is not the driver of this relationship; instead, ecosystem stability depends on whether the community contains species capable of compensating for depleted species. This in turn leads to more predictable aggregate community or
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ecosystem properties. In our study, ecosystem stability was measured with reference to a defined normal state; we considered bottom-up controlled food webs, i.e. fundamentally structured by primary productivity, as the normal state. This is consistent with Strong’s (1992) assertion that top-down structuring is not the norm for ecosystems but represents a form of biological instability or Ôrunaway consumptionÕ. In addition, community-level diversity of the predator complex was examined. We analyse a range of data sources, at large spatial and temporal scales, to explore how the nature of trophic control varies regionally within the western North Atlantic. Specifically, we undertook a comparative analysis of nine regions, from Georges Bank to the Newfoundland–Labrador Shelf, in which well-established fisheries have prevailed for several decades (Fig. 1; Table 1). We used time series of fishery landings, fishery-independent surveys of fish abundance, and lower trophic level data: first, to determine the biological control processes influencing the steady-state and temporal dynamics of each system and second, to relate these processes to species diversity, stability, and ocean temperatures. The resultant pattern suggests a way to accommodate regional and temporal variation of trophic control within a larger area whose base state is governed by bottom-up dynamics. METHODS



The following provides a brief description of the analyses, key assumptions, and statistical treatment of the data (for a



Figure 1 Map of the nine areas in the northwest Atlantic, outlined



in black polygons, showing the annual mean SeaWiFS chlorophyll a concentration (mg m)3).



more comprehensive summary see Table S1). Commercial landings were obtained from the Northwest Atlantic Fishery Organization database, which extends back to 1960. The period 1978–1991 was chosen to estimate average annual yield because data quality was highest during this time, it coincided with the beginning of extended jurisdiction to 200 miles and was prior to collapse of the benthic fishery. Exploitation rates were consistently high during this period (Table S2) making yield a reasonable approximation of biomass. Satellite observations of surface chlorophyll a (available from September 1997 to December 2004) were obtained by the standard Seaviewing Wide Field-of-view Sensor (SeaWiFS). Details of remote sensing of chlorophyll a concentrations for the Canadian Atlantic zone can be obtained from http://www.mar.dfo-mpo.gc.ca/science/ocean/ias/ remotesensing.html. The assumption that surface chlorophyll can be used as a proxy for primary production was tested and confirmed for several sites within the study area (Table S3). To examine the relationship between primary production and fishery yield over a longer time period, we used phytoplankton colour data (greenness index) from the Continuous Plankton Recorder (CPR) survey (http:// www.sahfos.org); data were available for six of nine areas. The CPR index provides the most consistently sampled (monthly) measure of near-surface chlorophyll in the region. Raitsos et al. (2005) found a strong relationship between mean chlorophyll estimates derived from SeaWiFS and concurrent CPR greenness values; this indicates that greenness could serve as a proxy for primary production. We further examined the suitability of using the greenness index as a proxy for surface chlorophyll and hence for primary production by comparing both the annual cycle (represented by monthly mean values) and individual monthly mean values from SeaWiFS with the greenness index (Tables S4 and S5). Only months with data concurrent with the CPR observations were used and only areas 1, 4, 6, 8 and 9 had overlapping observations. For the annual cycles all correlations were positive with squared values from 0.21 to 0.85 (average 0.66); for individual monthly values, the squared correlations ranged from 0.08 to 0.50 (average 0.34, all positive). The only exceedingly low values were for area 9, a region of strong tidally driven mixing. We conclude that the greenness index, while not ideal, is a reasonable proxy for surface chlorophyll and hence for primary production. Scientific trawl survey data were obtained from the Department of Fisheries and Oceans Canada (DFO) and the US National Marine Fisheries Service (NMFS) for 1970– 1994 through the East Coast of North America Strategic Assessment Project (Mahon et al. 1998). The dataset contains 55 043 tows with 26 286 369 individuals from 412 fish species (including some aggregate groups, representing
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Table 1 Characteristics of the nine geographical areas in terms of location, size, annual average indices of productivity (chlorophyll and total fish yield) and long-term mean bottom temperature



Area



Location



Size (km2)



Chlorophyll (mg m)3); CV



Total yield (t km)2); 95% CI



Bottom water temperature (C)



1 2 3 4 5 6 7 8 9



Labrador Shelf/Northern Grand Banks Northern Gulf of St Lawrence Southern Gulf of St Lawrence St Pierre Bank Southern Grand Banks Eastern Scotian Shelf Gulf of Maine Western Scotian Shelf Georges Bank



392 068 128 986 71 982 89 404 180 005 149 133 53 909 89 226 106 903



0.80; 1.49; 2.06; 0.81; 0.80; 1.13; 2.06; 1.67; 1.68;



1.021; 1.049; 1.824; 0.870; 0.589; 1.361; 2.702; 2.496; 1.639;



1.17 3.18 1.88 2.96 2.37 4.85 7.12 6.55 8.74



0.088 0.051 0.087 0.055 0.110 0.070 0.075 0.065 0.085



0.931–1.111 1.018–1.081 1.676–1.973 0.764–0.976 0.494–0.684 1.268–1.453 2.295–3.109 2.326–2.666 1.112–2.165



t, metric tonnes



mainly benthic species but with several small pelagic species routinely captured), the most comprehensive fisheryindependent fish data available for the east coast of North America. All the species data are expressed as numbers per tow; there are no records of weight per tow. The consolidated database has not been kept current and access to post-1994 survey observations from regional DFO laboratories has been restricted. Therefore, our fisheryindependent-based analyses are confined to 1970–1994. To assess the type of trophic forcing within each of the nine regions, correlation analysis was applied to the abundance time series of the dominant predators such as codfishes and hakes (Gadidae), skates (Rajiidae) and flatfishes (Pleuronectidae) and prey (principally small pelagic fishes), derived from annual scientific surveys (Table S6). In essence, these predator and prey groupings represent functional groups and, in multitrophic systems, functional groups may be operationally defined as trophic levels (Naeem & Li 1997). The critical values of the correlations (0.05 level) were estimated for the nine time series of the predator and prey groups using the technique outlined by Chelton (1983) and summarized by Pyper & Peterman (1998) (see Table S7; Figures S1–S3). Hill’s N1 (equal to eH¢ where H ¢ is the Shannon–Wiener diversity) was chosen as a representative index of functional group diversity – an index that accounts for the proportional distribution of species abundances within a group for each area. The mean species accumulation curve was estimated from random subsampling (100 permutations without replacement) of the area specific, fishery-independent survey series, at each sampling interval from the total species pool using the R Project for Statistical Computing (R Development Core Team, 2005). Not all of the curves reached an asymptote (Figure S4). Given the broad geographical area, the spread of total sample effort among areas, and resultant form of the species accumulation curves, we did not use individually or sample-based rarefaction methods (Gotelli &



Colwell 2001). We opted to use extrapolated species richness estimators as included in the ÔveganÕ package available in R. These estimators modify the observed species richness based on the frequency or incidence of rarer species (Colwell & Coddington 1994). The first-order Jackknife was the most appropriate for our data, based on the behaviour of the estimators in areas where the species accumulation curves did reach an asymptote, as well as the relative low standard errors of the estimates. The seasonal results from the Canadian Atlantic climatological atlas (see e.g. Petrie et al. 1996) were used to calculate the average bottom temperatures. Bottom temperature maps for the atlases were created on 0.2 by 0.2 (Nfld.-Labrador, Scotian Shelf-Gulf of Maine) and 0.1 by 0.1 (Gulf of St Lawrence) grids for February, May, August and November 15th (i.e. winter, spring, summer and fall). An optimal estimation technique (Bretherton et al. 1976) was used to interpolate all available data onto the standard grids. RESULTS AND DISCUSSION



We found a strong positive relationship between primary production (represented by annual mean chlorophyll a concentration derived from remote sensing) and fish production (long-term mean landings) for our nine northwestern Atlantic regions (Fig. 2; r2 ¼ 0.69, P < 0.001). On average, higher primary production in the south (Fig. 1) was associated with higher fishery yields. This finding alone might lead one to conclude that bottom-up control is occurring throughout the region. In a similar analysis, Ware & Thomson (2005), who studied the control processes influencing exploited marine ecosystems in 11 offshore areas from California to western Alaska where well-developed fisheries have existed since the 1960s, found a strong positive relationship (r2 ¼ 0.87) between primary production and fish production. They concluded, without reservation, that bottom-up control prevailed throughout the region.
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Figure 2 Evidence for bottom-up effects in the northwest



Atlantic. Relationship between the annual mean chlorophyll a concentration and the long-term (1978–1991) annual yield of commercially harvested benthic, pelagic and invertebrate species for each of the nine areas (shown as data labels) in the northwest Atlantic.



However, we have documented strong top-down control and a trophic cascade from top predators to nutrients in area 6, the eastern Scotian Shelf (Frank et al. 2005). Moreover, Worm & Myers (2003), who used correlation analysis of temporal abundances of several North Atlantic cod, Gadus morhua, and shrimp populations (their geographical distributions overlapped our nine areas) found that negative correlations, suggesting top-down effects, were more common than weak or positive ones, indicative of bottom-up effects, throughout the region. These diverse results are in apparent contradiction: the broad-scale, longterm means suggest bottom-up control; the smaller scale, temporal decompositions of the observations suggest topdown dynamics. Correlation analysis between the predator–prey time series was used to examine the type of trophic forcing (Fig. 3). The sign of the relationship between the benthic fish community and its forage base, varied systematically: negative relationships were more prevalent in northern areas and weak or positive relationships typified the southern areas. When considered individually, the correlations except for area 5 are not significant at the 0.05 level after correcting for autocorrelation in the data (Table S7). However, the pattern is compelling. The spatial gradient corresponds to the temporal variability of the top predators in the nine areas, all of which have experienced high and sustained exploitation for decades (average instantaneous fishing mortality rates ranged from 0.44 to 0.99 across the nine areas; Table S2). Only those top predator populations in the northerly areas have collapsed (areas 1, 2, 3, 5 and 6, all in the early 1990s) without recovery, even in absence of



directed fishing (Frank et al. 2005). Area 4 was the only northerly area in which the benthic fish community collapsed but subsequently recovered, in part because of the fact it was never depleted to the same extent as the other areas. In the remaining more southerly areas, top predator populations did not collapse. This resilience was particularly pronounced in area 7 (Gulf of Maine) where, despite exceedingly high exploitation rates (average annual biomass removal of 60%), the fishery did not collapse. Exploitation rates of 40% were associated with the collapse of the benthic fish community and a strong and persistent trophic cascade in area 6 (Eastern Scotian Shelf; Frank et al. 2005). The same result might have been expected in area 7, instead, a weak negative predator–prey relationship was found – a point we return to later. Our findings suggest that the dynamics of ecosystem structuring in these nine northwest Atlantic areas are more complex than simple adherence to either the bottom-up or top-down hypothesis, and that a strong geographical (and possibly temporal) component is involved with a greater tendency for bottom-up control in the south and top-down control in the north. Trophic cascades are often assumed when depletion of top predator communities occur. We therefore extended our analysis of top-down/bottom-up regulation by examining the relationship between the time series of primary production represented by the greenness index and fish yield. Based on availability of greenness data (Table S1), the analysis was limited to six (areas 1, 4, 6, 7, 8 and 9) of the nine areas. Frank et al. (2005) found negative correlations between adjacent groups ordered successively as top predators, small pelagic fishes, large herbivorous zooplankton, phytoplankton and nutrients for area 6; moreover, they found indirect effects between non-adjacent groups. We consider this to be a four-trophic level food chain that is typical of these nine offshore marine systems (also see Savenkoff et al. 2004; Bundy & Fanning 2005 for a similar treatment of these areas). Therefore, indirect effects emanating from the temporal depletion of the top predator should, if a trophic cascade is triggered, result in a negative correlation between top predator biomass and phytoplankton production. In contrast, the existence of positive correlations across all trophic levels would be indicative of bottom-up effects. In the three most northerly of the six areas (northern Grand Bank, southern part of area 1), St Pierre Bank (area 4) and the eastern Scotian Shelf (area 6), a cascade-like pattern was evident with negative relationships between the benthic fish community and phytoplankton (Fig. 4). Because these relationships were developed from two clusters of data separated by nearly 20 years, resolving the true nature (linear as shown or nonlinear) of the relationship is difficult; correlations within clusters were all negative and weak in most cases. In area 7, the colour index observations are from the 1960s/1970s, a period of an
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Figure 3 Time series of the survey abun-



dance (mean number per tow) of the benthic fish species (black line) and forage fish (dashed line) from each of the nine geographical areas, expressed as standardized anomalies (subtracting the mean and dividing by the SD) and smoothed using a 3-year, centre-weighted moving average. Correlation coefficients between the two smoothed series are shown on each panel. A gradation of negative to positive correlations from northern to southern areas was evident, but area 4 was an exception. Critical values for the correlation coefficients by area adjusted for autocorrelation in the data are 0.84, 0.55, 0.65, 0.64, 0.46, 0.60, 0.59, 0.82 and 0.51 for areas 1–9 respectively.



intensive unregulated fishery; the correlation implies that top-down dynamics were in play. In contrast, the correlations for the more southerly southwestern Scotian Shelf (area 8) and Georges Bank (area 9) were positive, indicative of bottom-up control. These analyses also are inconsistent with the simple assumption of bottom-up or top-down structuring of ecosystem dynamics across the region. In summary, examining long-term means alone led to the same conclusion as a similar study by Ware & Thomson (2005), namely bottom-up control prevailed throughout the region (Fig. 2). However, when temporal variability was explored, the indication was that the region was governed by a mixture of bottom-up and top-down control with generally bottom-up prevailing in the southern and topdown in the northern areas (Figs 3 and 4). Moreover, there are indications that within some areas the dynamics can change temporally (e.g. see areas 6 and 7 in Fig. 3). The results provide the basis for the development of a simplified, trophic control diagram that may be generalized to other exploited marine systems (Fig. 5). Productivity at the base of the food chain, indexed by surface chlorophyll, determines the long-term average production at higher trophic levels, analogous to that of a carrying capacity effect. Temporal variations about the long-term, area-specific means, in terms of sign and amplitude, depend on the base level of production. In the broadest sense, the patterns



suggest that heavily exploited, high (low) primary production areas are resistant (susceptible) to top-down effects. The expected response to low or no exploitation is for bottom-up regulation and the predator–prey time series (Fig. 3) show that, in many of the northern areas, the abundance patterns became increasingly out of phase, suggesting a transition from bottom-up to top-down control as the cumulative effects of fishing outran regeneration rates of the targeted species. To explore temporal change in the trophic dynamics, we used a 15-year time block starting at the beginning of each series, sliding it at yearly intervals, and successively calculated correlation coefficients between the predator and prey groups (Fig. 6). Six of nine areas initially had positive correlations, particularly areas 6, 8 and 9, suggesting bottom-up dynamics. The northern area correlations (areas 1–3) became more negative with time suggesting top-down control, i.e. the top predators declined because of continued high exploitation without replacement, either through self-recruitment or compensatory responses within the complex of predator species. The southern areas (8 and 9) appear to be regulated persistently in a bottom-up manner with the exception of area 7, where the early period was driven by an intensive, unregulated fishery giving rise to negative correlations. The later period of recovery, due to stricter management measures associated with extended fishery jurisdiction to 200 miles (Fogarty & Murawski 1998),
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Figure 5 Diagram illustrating the observed patterns of bottom-up



vs. top-down control in exploited, mid-latitude marine ecosystems consisting of four trophic levels. The grey line describes the relationship between average fish yield (landings) and an index of primary production across four hypothetical systems (square). The lines passing through each square represents the temporal dynamics within a system whose slope is dependent on the base productivity; negative slopes imply top-down and positive slopes bottom-up control.



Figure 4 Relationship between the annual estimates of benthic fish



yield and an index of primary production (greenness from the Continuous Plankton Recorder Survey) expressed as standardized anomalies for areas 1, 4, 6, 7, 8 and 9. Linear fits are shown, although the true relationship, linear or nonlinear, cannot be established with these data alone. Survey biomass estimates were used in area 8 instead of yield. Open circles represent data collected during the 1960s/1970s while the closed circles show post-1990s data (correlations for these temporal groupings are shown next to the data; overall correlations are shown in the upper right corner of each panel). Some comparisons among areas were hampered by the lack of contemporaneous measurements. The correlation for the Gulf of Maine (area 7) was unexpectedly weak and negative (r ¼ )0.22), but the data were restricted to a time of massive removals associated with distant water fishing fleet effort (1960s/mid1970s). This fishery was typified by the sequential depletion of benthic fish species, including potential compensating species such as elasmobranchs (Fogarty & Murawski 1998), which appears to have nudged the system towards top-down control.



resulted in a change to a positive correlation implying bottom-up control (Fig. 3). Area 6 appears to undergo a transition from bottom-up to top-down dynamics in the latter half of the time series. The results for areas 4 and 5 indicate that both top-down and bottom-up effects could be operating. Collectively, this analysis serves to reinforce our



adoption of Strong’s assertion of the stability of bottom-upcontrolled food webs, i.e. in the absence of severe perturbation systems are fundamentally structured from the bottom-up. Processes shaping spatial variability in trophic forcing



Species diversity To explore the regional differences we compared the predator–prey correlations and the predator–primary production correlations with fish diversity at all taxonomic levels (defined by the cumulative number of classes, orders, families, genera and species found in the nine geographical areas). Theory and empirical evidence, derived mainly from studies conducted in terrestrial systems (McNaughton 1977; Tilman & Downing 1994; Tilman 1999) and small-scale aquatic experiments (Gamfeldt et al. 2005) suggest that high diversity systems are more stable and are able to resist or recover from disturbances more readily than low diversity ones. In other words, as diversity increases so does the occurrence of species that are functionally similar; this redundancy provides insurance against loss or degradation of critical processes (Chalcraft & Resetarits 2003). We hypothesized that the patterns of correlation coefficients would be positively related to differences in species diversity (species richness and evenness) across the areas. Fish diversity (richness) at all taxonomic levels approximately doubled from the northern to southern areas
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Figure 6 Evidence for the development of



and resistance to top-down effects based on the application of a 15 year Ôsliding windowÕ to the predator–prey time series for each of the nine areas. Critical values for the correlation coefficients by area adjusted for autocorrelation in the data are 0.95, 0.68, 0.81, 0.78, 0.59, 0.73, 0.72, 0.93 and 0.63 for areas 1–9 respectively.



(Fig. 7a). The correlation coefficients of predator and prey abundance (Fig. 3) were positively related to species richness (r ¼ 0.74 P < 0.05; Fig. 7b). Similarly, the correlations benthic fish landings and greenness with species richness were positive (r ¼ 0.81, P < 0.05; Fig. 7c). The species richness estimator Jack1 was used for these analyses. We repeated the analysis at each level of taxonomic richness and found the maximum values for order (range: 13–24 orders): 0.79 (with predator–prey correlations) and 0.98 (with landings–greenness correlations). Diversity was higher at all taxonomic levels (class to species) in those areas where bottom-up processes dominated. In an attempt to isolate the potential mechanism underlying this apparent taxonomic diversity effect on the degree of stability across the nine areas, predator functional group diversity was examined. The predator functional group we defined consisted of 15 species (Table S6), most of which occurred in each area. However, the distribution of their relative abundance or evenness through time, varied dramatically between areas (Fig. 8). Functional group diversity was uniformly high in areas 6–9 and low in areas 1–5. This implies the existence of more stable community dynamics in the southern areas that may be due, in part, to species compensation within the predator functional group. We observed temporal



increases (five- to 25-fold) in dogfish Squalus acanthias, silver hake Merluccius bilinearis and red hake Urophycis chuss abundances in areas 6–9 as traditional groundfish (cod, haddock Melanogrammus aeglefinus and pollock Pollachius virens) and some other species (e.g. thorny skate Amblyraja radiate) declined. At the time of these surveys, the compensating species either did not support a domestic fishery or were only lightly fished. Their geographical distribution is generally restricted to the warmer water areas of the mid-latitude systems studied and survey catch rates sharply declined with latitude (Figure S5) with the highest concentrations occurring in the Gulf of Maine (area 7), southwestern Scotian Shelf (area 8) and Georges Bank (area 9). We have access to more recent survey data from areas 6 to 8 which shows a continuation in the rise of dogfish (300-fold increase in biomass) in area 8 and a virtual absence from area 6 (N.L. Shackell, unpublished data). These results suggest that more complex food webs are capable of diffusing top-down effects. Compensatory population dynamics within the predator complex have the potential to modify control processes, so long as the compensating species do not themselves become the principal fishery targets. In species-rich ecosystems, several species may compensate, one for the other, in
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Figure 7 (a) Progression of increasing fish



diversity (based on all species) from areas 1–9 at the five taxonomic levels evaluated. Jack1 is an extrapolated species richness estimator (see Methods). (b) Relationship between the predator–prey correlation coefficients from each of the nine areas vs. species richness. (c) Same as in (b) but for the yield–greenness correlations.



ways that maintain ecosystem processes at a more or less constant level, despite perturbations that induce shifts in the abundance of individual populations (Fogarty & Murawski 1998; Ernest & Brown 2001). Conversely, in species-poor ecosystems such compensatory dampening of perturbations to individual species may not occur or may be short-lived due to re-directing of fishing effort (Myers & Worm 2003). Ocean temperatures The nine areas also have different temperature regimes, with annual averages ranging from a low of c. 1 C in the north to c. 9 C in the south (Table 1) – a pattern that closely mirrors the gradient in species richness (r ¼ 0.90, n ¼ 9, P < 0.01) and the shifting pattern of trophic control: temperature was strongly positively correlated with the predator–prey (r ¼ 0.83, n ¼ 9, P < 0.01) and the yield–greenness correlations (r ¼ 0.91, n ¼ 6, P < 0.01). These temperature-trophic control correlations are of comparable magnitude, and in some cases higher, than the taxonomic diversity-trophic control ones. Temperature-dependent physiology and population dynamics of predator species in colder water



provides a possible explanation for stock collapses in the north, and the stronger trophic cascades that exist there. Physiological rates such as growth and maturation are known to be slower in northern areas, as demonstrated for Atlantic cod (Brander 1995). Myers et al. (1997) have shown that the intrinsic rate of natural increase of cod is determined by both age at maturity and the replacement rate at low population densities. While the latter demographic parameter shows some constancy among cod populations, the age at maturity varies inversely with temperature. As a result, the maximum population growth rates for more northerly stocks are lower, and the expectation is that their susceptibility to over-fishing will be higher. Conversely, southerly populations inhabiting warmer waters, which increase somatic growth and thus leads to earlier ages at maturity for many large-bodied species, can withstand excessive fishing for a longer period. Therefore, it may be inferred that resilience to over-fishing for many species is lower in the north due to the correlation between intrinsic rates of increase and temperature. While distinguishing the role of diversity from basic temperature effects on demography is important, it may not be possible with these data.
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Management for sustainable fisheries must first prevent the development of top-down control processes impacting community structure. The degree of prevention needed is strongly context dependent but in general, more northerly areas are clearly at greater risk. Our findings reinforce the suggestion by Hughes et al. (2005) that functional groups be the focus of fisheries management rather than target species. In this way, recognition is given to the importance of species interactions for sustaining the temporal stability of ecosystems. ACKNOWLEDGEMENTS



Figure 8 Univariate statistics of Hill’s N1 index of predator species



diversity calculated for each year (n ¼ 25) within each of the nine areas. Heavy horizontal line shows the median, boxes represent 25th and 75th percentiles, brackets the fifth and 95th percentiles, and circles represent extreme values. The pattern reflects domination by a few species in areas 1–5 and a more even abundance distribution among species in areas 6–9.
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CONCLUSIONS



We have established that bottom-up forcing, traditionally viewed as the predominant mode of trophic control in marine systems, cannot be inferred from the analysis of mean states alone – a temporal dynamic perspective within areas is necessary. Drawing the wrong conclusion about how systems are controlled can have serious consequences, e.g. providing support for the practice of resource management at the population level alone. While most individual correlations between predator and prey groups are not statistically significant (0.05 level), the overall pattern is compelling and suggests top-down control in the low productivity northern areas and bottom-up in the higher productivity southern ones. The patterns suggest that among heavily exploited areas, high primary production ones with greater species diversity are most resistant to top-down effects (Fig. 5). Moreover, analyses imply that the dynamics can vary in time within a region, e.g. area 6 became increasingly topdown and has remained so until present (Frank et al. 2005); area 7 did the opposite. Because these variables (primary production, species diversity and bottom temperature) used to characterize the biological and physical properties in the nine areas are highly interdependent, concluding that one is the dominant factor explaining the spatial variance of trophic control is premature.
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