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ABSTRACT 1 

Differential change in the phenology of predators and prey is a potentially important climate-2 

mediated mechanism influencing populations. The Match-Mismatch Hypothesis describes the 3 

effect of predator-prey population synchrony on predator development and survival and has 4 

been used to describe climate effects on ecological patterns and processes in prey-controlled 5 

terrestrial and marine ecosystems. We evaluate  the hypothesis by considering the broader 6 

effects of predator-prey synchrony on prey standing stock and survival in addition to its well 7 

documented effects on the predator. Specifically, we suggest that an increase in asynchrony 8 

between predator and prey peak abundance can lead to increased survival and potentially 9 

increased recruitment of the prey in some systems. Using generalized additive models, we 10 

demonstrate that the Match-Mismatch Hypothesis can be used not only for prey-controlled 11 

systems but also for predator-controlled systems.  12 

13 
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INTRODUCTION  14 

Aquatic trophic webs have been studied intensively with respect to how interactions between 15 

consumers and their food resources affect species composition and abundance. Different types 16 

of control have been suggested (reviewed by Cury et al. 2008). Because biological 17 

populations fundamentally depend on food, it is expected that regulation will occur primarily 18 

by bottom-up control, that is, regulation of higher trophic levels by lower trophic levels. 19 

However, top-down control by upper level predators can compensate for or locally override 20 

bottom-up control (Sinclair & Krebs 2002). The Match-Mismatch Hypothesis (MMH) 21 

(Cushing 1969, Cushing 1990) states that the system, or at least important components of it 22 

such as fish stocks, is controlled by the availability of prey during the critical life-history 23 

phase prior to when fish recruit to the population (Fig. 1a). The MMH as originally 24 

formulated posits that if the most food-limited stage of predator development occurs at the 25 

same time as the peak availability of prey, recruitment will be high. In contrast, if there is a 26 

mismatch between food requirement and prey availability, predator survival and recruitment 27 

are likely to be low (Durant et al. 2007).  28 

 While the assumption of bottom-up control appears to be valid for the original setting 29 

 zooplankton prey are abundant and available to larval fish for a limited period  applying 30 

the MMH more broadly requires examination of the direction of the effects. If the trophic 31 

interactions between predators and prey are symmetric, a high degree of match between the 32 

two implies negative effects on prey and positive effects on the predator. In this case, we 33 

would expect prey populations to be selected for a timing of their spawning/reproduction that 34 

minimizes exposure of the resulting young to predators (Bollens et al. 1992), while the 35 

predators have an opposing selection pressure. In some cases, timing of reproduction may be 36 

locked in by environmental factors such as day length and is thus fixed inter-annually, as 37 

suggested for the fish spawning time. One can also envision cases where bottom-up and top-38 
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down forces vary between years or seasons, e.g. due to time lags between predation events 39 

and the numerical response of predators (Sinclair & Krebs 2002). 40 

 Our objective is to extend the original prey-controlled MMH to predator-controlled 41 

systems. Here we do this by investigating the effect of the synchrony between predator and 42 

prey on both predator abundance and prey abundance in three different marine ecosystems. 43 

First, we model the predator-prey relationship as prey-controlled systems and secondly as 44 

predator-controlled systems. We then systematically examine model scenarios for the effects 45 

of bottom-up and top-down ecosystem processes on predator/prey pairs (Fig. 1). To do this, 46 

we apply statistical models to predator-prey interaction data from three north Atlantic marine 47 

ecosystems: an estuary, a shelf sea, and a coastal ecosystem.    48 

 49 

MATERIALS AND METHODS 50 

Marine ecosystems. The predator-prey pairs used as examples are known to be linked and 51 

come from three very different marine pelagic environments. Narragansett Bay, Rhode Island, 52 

USA, is a shallow, well-mixed estuary located on the northwest side of Rhode Island Sound 53 

in the northwest Atlantic. It covers 324 km2 at mean low water and has an average depth of 54 

<10 m. The Skagerrak is a transitional area between the saline North Sea and the more 55 

brackish Kattegat. The Skagerrak has an area of 32 thousand km2 and a mean depth of 210 m. 56 

The North Sea is a marginal sea of the Atlantic Ocean located on the European continental 57 

shelf that has been the location of economically important fisheries for centuries. It has an 58 

area of ca.750 thousand km2 and a mean depth of 90 m. The three regions are characterized by 59 

strong seasonal gradients in light, nutrients and temperature that combine to force the seasonal 60 

patterns in plankton abundance characteristic of temperate and boreal waters. 61 

 62 
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Predator-prey pairs. The pairs were chosen for their known relationships and for 63 

accessibility of data. The Narragansett Bay system is near the northern distribution limit of 64 

the ctenophore Mnemiopsis leidyi, which is not an invasive species in this region, in contrast 65 

to European waters. The calanoid copepod Acartia tonsa is its major prey (Costello et al. 66 

2006a, Costello et al. 2006b). In Skagerrak, the calanoid copepods Calanus finmarchicus and 67 

Calanus helgolandicus dominate the dry weight of the mesozooplankton and are known to 68 

graze phytoplankton. C. helogolandicus is the dominant large copepod in the northern 69 

Skagerrak/North Sea. In the North Sea system, larval and juvenile Atlantic cod, Gadus 70 

morhua, feed primarily on the calanoid copepods C. finmarchicus and Pseudocalanus spp. 71 

(Heath & Lough 2007).  72 

 73 

Data sources. In the Narragansett Bay estuary, data on the standing stocks of M. leidyi and A. 74 

tonsa were collected at two locations in 2001-2003 and at one location in 2001-2004 (Costello 75 

et al. 2006a, Costello et al. 2006b). In the Skagerrak system, chlorophyll-a was sampled three 76 

times weekly during 1994-2008 at the Flødevigen station (on the Norwegian Skagerrak 77 

coast), which has been shown to be representative for the coastal waters of Northern 78 

Skagerrak (Dahl & Johannessen 1998), while the copepods C. finmarchicus and C. 79 

helgolandicus were sampled twice monthly 1 nautical mile offshore from the station (for 80 

details of both sampling programs, see Johannessen et al. 2012). In the North Sea system, 81 

estimates of larval and juvenile cod abundances during 1988-2006, derived from Virtual 82 

Population Analysis (VPA, see method in Lassen & Medley 2001), were obtained from ICES 83 

(http:/www.ices.dk and log-transformed). North Sea copepod data are from the Continuous 84 

Plankton Recorder (CPR) Survey, an upper layer monitoring program that has operated on a 85 

monthly basis since 1946 (Reid et al. 2003).   86 

 87 
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Calculation of peaks time difference. The time coordinate of the centre of gravity was 88 

estimated for each variable and each year (Durant et al. 2005) in the three systems. The Peaks 89 

time difference (Peaks T diff), expressed in days, was then calculated as the difference 90 

between the dates of maximum predator and prey abundance (i.e., predator peak time  -  prey 91 

peak time or x2 = tPred-tprey in Fig. 1a). When Peaks T diff = 0 the 2 peaks were synchronous 92 

and when Peaks T diff was <0 the prey appeared in the system after the predator (see also Fig. 93 

S1 in the supplement). Note that 0 indicates full synchrony but not necessarily a full Match 94 

situation because several days may be necessary to reach it −e.g., time is needed for a larval 95 

fish to exhaust its yolk sac (see Laurel et al. 2011). For the Skagerrak system, we calculated 96 

the Peaks T diff between the peak of Calanus (separately for C. finmarchicus and C. 97 

helgolandicus) and the first peak of chlorophyll. Because it was not possible to obtain exact 98 

dates for North Sea cod, we assumed that they spawned in March (Brander 1994) and that 99 

hatching occurred a month later (Laurel et al. 2011).  100 

 101 

Predator-prey models. We examined two statistical representations of the predator-prey 102 

relationship (Fig. 1c) following the general structure Yt = α + si(Xi,t) + ε, where s is a 103 

nonparametric smoothing function specifying the effect of the covariates Xi on the dependent 104 

variable Y in year t, α is the intercept, and ε is a stochastic noise term. In the Generalized 105 

Additive Model (GAM) formulation (see below) X can be either x1, x2 or an interaction term 106 

(x1,x2). The interaction between x1 and x2 defines a space where x1 cannot affect Y without x2 107 

and the converse. 108 

The Prey-controlled model  is the bottom-up, prey-controlled MMH where Y = 109 

predator recruitment, x1 = prey abundance, and x2 = Peaks T diff. 110 

The Predator-controlled model  is the top-down, predator-controlled MMH where Y = 111 

prey recruitment, x1 = predator abundance, and x2 = Peaks T diff.  112 
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Time series of predator abundance, prey abundance and the Peaks T diff between 113 

predator and prey (as individual species or species groups) were used to test both models in 114 

the three study systems. 115 

 116 

Model testing. We tested the two models (Prey-controlled and Predator-controlled) using a 117 

GAM (Wood & Augustin 2002, R Development Core Team 2010), as implemented in the 118 

mgcv library of R 2.11.1 correcting for overdispersion. The model selection was based on 119 

minimization of the Generalized Cross Validation (GCV) score, and a measure of the model 120 

predictive squared error, the adjusted R2. GCV is a proxy for the model’s out-of-sample 121 

predictive performance analogous to the Akaike’s Information Criterion. This is the model 122 

selection procedure most appropriate for GAM analysis approaches (Wood & Augustin 2002, 123 

Wood 2011). The GAM procedure automatically chooses the degrees of freedom of the 124 

smoothing function si (i.e., the degree of linearity of the curve) based on the GCV score. 125 

However, to avoid spurious and ecologically unplausible relationships, we constrained the 126 

model to be at maximum a quadratic relationship. There was no temporal autocorrelation 127 

(using autocorrelation function ACF) in the residuals of the models. 128 

 129 

The Narragansett Bay system. The abundance of A. tonsa and M. leidyi (number of 130 

individuals•m-3) was expressed in the models as the annual maximum value observed. A 131 

factor variable (Spot) was added to account for the potential effect of the 3 locations where 132 

the data were collected (i.e., Yt = α + si(Xi,t) + Spot t + ε,).  133 

 134 

 The Skagerrak system. There are two chlorophyll blooms per year in the bay (Fig. 2 b and c): 135 

the first is dominated by diatoms and the second by dinoflagellates. Here we  consider only 136 

the spring bloom occurring between January-July (Julian dates between 0 and 180) because it 137 
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occurs closer to the peaks of both Calanus species. Because the abundance data for Calanus 138 

finmarchicus and C. helgolandicus exhibited a number of brief peaks during its season, we 139 

used the average of the 5 highest abundance values to minimize this variability in the models. 140 

 141 

The North Sea system. For the prey-controlled model, recruitment was taken as the number of 142 

1-year-old cod in the following year (CodRecr); for the predator-controlled model, 143 

recruitment was the sum of 1- and 2-year old cod (CodAbun). One- to two year old cod 144 

correspond to the age classes that prey on copepods, while the older cod feed on other species 145 

such as small fish and adult decapods. Beaugrand et al.’s (2003) plankton index was used to 146 

describe larval cod survival. This index is the first principal component calculated from a 147 

Principal Component Analysis (PCA) performed on long-term monthly abundance of Calanus 148 

finmarchicus, C. helgolandicus, Pseudocalanus spp., euphausiids, total biomass of calanoids 149 

and mean size of calanoid copepods between March and September. For the prey-controlled  150 

model we used the maximum plankton index value recorded between March and September 151 

(CopeIndMax) as an index of copepod abundance to estimate the annual copepod maximum. 152 

For  the predator-controlled model  the annual average of the plankton index (CopeIndAv, 153 

cod consuming copepods throughout the entire annual cycle) was used.  154 

  155 

RESULTS  156 

The Narragansett Bay system.  157 

 Prey-controlled model. The abundance of ctenophore M. leidyi is affected by the time 158 

between the ctenophore maximum and maxima of A. tonsa (Fig. 3a, Table 1). However this 159 

model is suspicious because the quadratic shape is due to only two data points (Fig. 3a). This 160 

model is also significant when the abundance of A. tonsa is included in the analysis.    161 

 162 
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Predator-controlled model. The abundance of A. tonsa is positively affected by 163 

increased time difference between the peaks of the ctenophore and A. tonsa (Fig. 3b, Table 1). 164 

The model is not significantly improved by including the abundance of  the ctenophore. 165 

 166 

The Skagerrak system. 167 

 Prey-controlled models. No significant model explains the changes of  C. finmarchicus 168 

abundance (Table 1). The best model selected by GCV is the Null model (Fig. 3c). 169 

 The abundance of C. helgolandicus is explained by the interaction between the Peaks 170 

T diff and the magnitude of the chlorophyll bloom (Table 1). The increase of the time 171 

between the two peaks leads to a lower abundance of C. helgolandicus (Fig. 3 e) while the 172 

increase of Chl-a has a positive effect on the abundance of C. helgolandicus. 173 

 174 

Predator-controlled models. The concentration of chlorophyll is affected by the 175 

interaction between Peaks T diff and  maximum abundance of C. finmarchicus (Table 1): 176 

greater abundance of C. finmarchicus leads to a lower Chl-a bloom. The Peaks T diff span 177 

between -40 to +40 days. The Chl-a bloom is smallest when C. finmarchicus is maximum 40 178 

days after the Chl-a (Fig. 3d).  179 

When considering C. helgolandicus, no significant model is found to explain Chl-a 180 

changes (Table 1). The best model selected by GCV uses the interaction between Peaks T diff 181 

and the maximum abundance of C. helgolandicus with a positive effect of an increase in 182 

Peaks T diff (Fig. 3f).  183 

 184 

The North Sea system. 185 

Prey-controlled model. Cod recruitment (Cod Recr) is influenced positively by the 186 

indicator CopeIndAv (Fig. 3g, Table 1). The model is not significantly improved by adding 187 
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the time component. The Peaks T diff alone affects cod recruitment positively, but not 188 

strongly.  189 

Predator-controlled model. Copepod abundance (CopeIndMax) is affected positively 190 

by cod abundance (CodAbun) (Fig. 3h, Table 1). The model is not improved significantly by 191 

adding the Peaks T diff . The Peaks T diff alone does not affect copepod abundance 192 

significantly. 193 

 194 

DISCUSSION 195 

The Match-Mismatch Hypothesis assumes that variations in marine fish year class strength 196 

are rooted in the fixity of the fish spawning time in relation to variable zooplankton 197 

abundance i.e. predator (larval fish) abundance depends on prey abundance. Thus, the MMH 198 

makes sense only if prey biomass controls predator biomass, a relationship controlled from 199 

the bottom-up. In predator-controlled, top-down, trophic relationships, changes in prey 200 

biomass should not statistically affect the predator biomass. Hence, the MMH cannot be 201 

applied to a predator-controlled trophic relationship without considering the more general 202 

version of the hypothesis that the abundance of individual species depends on synchrony with 203 

adjacent trophic levels, including synchrony with prey increases (prey-controlled MMH) as 204 

well as synchrony with predator decreases (predator-controlled MMH). 205 

 206 

In this study we tested statistically whether the MMH can be applied in different marine 207 

systems characterized by bottom-up or top-down control, or both. In the Narragansett Bay 208 

estuary, where it is well documented that the abundance of A. tonsa is controlled by the M. 209 

leidyi (Deason & Smayda 1982, Sullivan et al. 2007, Sullivan et al. 2008), we found that the 210 

predator-controlled MMH model (Table 1) explained changes in prey abundance. The 211 

significance of the Predator-controlled model was expected, because M. leidyi has been 212 
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widely associated with top-down control of plankton dynamics in systems where it is native 213 

as well as invasive (Purcell et al. 2001, Costello et al. 2006a, Condon & Steinberg 2008, 214 

Kideys et al. 2008). In a sense, our results illustrate the control of population dynamics by 215 

predation with the addition of a time component to the analysis (Bollens et al. 1992). The 216 

prey-controlled model is also statistically significant but presents two challenges. First, the 217 

relationship shows a U shape that would be expected for a predator-controlled relationship. 218 

However, the U shape is due to only two data points associated with a very wide  confidence 219 

interval, rendering the model unrealistic (Fig. 3a). Second, the model shows an increase in 220 

ctenophore abundance associated with an increase in the time separating the two abundance 221 

maxima (the peak of M. leidyi occurring earlier and earlier than the peak of A. tonsa). Such a 222 

pattern is expected for a predator-controlled relationship, i.e. A. tonsa preying on M. leidyi, 223 

which is not the case. This result may thus be an artefact of using the prey-controlled model in 224 

a case where a strong predator-controlled model applies. 225 

 In the Skagerrak system, the chlorophyll bloom depends on the Peaks T diff  between 226 

Chl-a and C. finmarchicus (Predator-controlled model, Fig. 3d). This result suggests that C. 227 

finmarchicus  limits the phytoplankton bloom in a typical top-down control relationship. On 228 

the contrary, the abundance of the C. helgolandicus is stronger when the Peaks T diff with the 229 

chlorophyll bloom is the smallest (Prey-controlled model, Fig. 3e), indicating a bottom-up 230 

controlled relationship. Thus, the two copepod species appears to have very different 231 

relationships to their prey during the spring bloom, which in next turn may have a large effect 232 

on the entire ecosystem (Beaugrand et al. 2003, Johannessen et al. 2012) 233 

  For North Sea cod larvae and juveniles, which are well documented to be prey-234 

controlled at these stages (Beaugrand et al. 2003, Durant et al. 2005, Olsen et al. 2011), we 235 

found that the prey-controlled model (Table 1, Fig. 3g) explains the change in cod abundance. 236 

The Peaks time difference had a significant but minor effect, most likely because alternative 237 
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prey may be available to cod over the entire annual cycle. The predator-controlled model is 238 

significant, but the effect of cod abundance on plankton is opposite to what is expected (i.e., a 239 

positive effect Fig. 3h). This positive effect of Cod may be explained by the negative effect of 240 

cod predation on another copepod grazer such as the herring (Clupea harengus). However, 241 

the second best model selected by GCV and also significant (Table 1) indicates that the 242 

highest copepod abundances are associated with both high cod abundances and high peaks 243 

time differences. In other words, cod has the stronger positive effect on copepods when the 244 

copepod peak occurs late in the season. This result may thus be an artefact of using the 245 

predator-controlled model in a case where a strong prey-controlled model applies. 246 

The results for Narragansett Bay and the North Sea systems illustrate the limitation of 247 

our analyses: when a strong relationship exists between predator and prey, both formulations, 248 

(i.e. prey = f(predator) and predator = f(prey)), are significant when evaluated using the same 249 

data. Consequently it is difficult to determine whether the predator or the prey controls the 250 

interaction without knowing the structure and function of the entire system. In the North Sea 251 

system, the discrepancy between the synchrony effect and abundance prompts us to select the 252 

prey-controlled model as most appropriate. In the case of Narragansett Bay system, we based 253 

our conclusions on the observation that M. leidyi can nearly extirpate A. tonsa, from the Bay 254 

when it colonizes the system during periods of increased temperatures (Costello et al. 2006a, 255 

Costello et al. 2006b, Sullivan et al. 2007).  256 

 There is now evidence that climate change can lead to differential changes in the 257 

occurrence of predators and their prey in marine pelagic systems (Platt et al. 2003), with the 258 

potential to increase phenological mismatch (Cury et al. 2008). In some cases this may 259 

modify the structure of the system, e.g., by changing the dominant species. For example, A. 260 

tonsa was historically the dominant secondary producer in Narragansett Bay system (e.g., 261 

Hulsizer 1976) because its period of highest production in July occurred prior to the seasonal 262 
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appearance of M. leidyi in late summer (Durbin & Durbin 1981). Recent warmer spring 263 

temperatures have advanced the seasonal appearance of M. leidyi in the bay but not that of 264 

A.tonsa (Costello et al. 2006a), leading to a temporal match and the copepod's near extirpation 265 

from the system.  266 

Both our theoretical arguments and empirical analyses extend discussion of the match-267 

mismatch hypothesis and of predator control of lower trophic levels by upper trophic levels. 268 

An advantage of our approach is that the match-mismatch models can be applied to evaluate 269 

the relative strength of predator or prey control in a predator-prey pair. However to do so it 270 

requires relatively long time series of good quality. The models also have the ability to 271 

separate within-season temporal shifts of trophic synchrony from an annual component linked 272 

to total predator/prey abundance. In our view, this improves our ability to predict the negative 273 

effects of predation in a changing environment. 274 

 275 
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Figure legends 362 

Figure 1. The match-mismatch hypothesis for the two models evaluated.  a, Cushing’s 363 

(1969; 1990) Match-Mismatch Hypothesis (MMH) based on time synchrony (tPred - tprey = x2 364 

the peaks time difference shortened as Peaks T diff) between predator (Pred) and prey (prey). 365 

Arrows indicate opposite results for predators (solid arrows) and prey (dashed arrows). b, 366 

MMHs with prey (left) and predator (right) control. In addition to the time component (x2= 367 

Peaks T diff) was added the prey abundance (x1, left, similar to Durant et al., 2005) and the 368 

predator abundance (x1, right) that control the predator abundance and the prey abundance 369 

respectively. c, The two statistical representations of the MMH, y=f (x1,x2).  f can be either a 370 

linear function or a nonparametric smoothing function s (see Table 1). 371 

 372 

Figure 2. Phenologies of the three systems. Solid lines = averages; dotted lines = standard 373 

deviations. Blue lines are prey and black lines are predator. a. Narragansett Bay system, 374 

copepod Acartia tonsa and ctenophore Mnemiopsis leidyi concentrations are expressed in 375 

No.m-3, b. Flødevigen Bay system, chlorophyll-a concentration is expressed in µg.l-1 and  376 

copepod Calanus finmarchicus concentration is expressed in No.m-2, c. Skagerrak system, 377 

chlorophyll-a concentration is expressed in µg.l-1 and  copepod Calanus helgolandicus 378 

concentration is expressed in No.m-2, and d. North Sea system, copepod abundance index 379 

where cod data are annual averages and the timing of hatching is assumed to occur in April. 380 

 381 

Figure 3. Results from GAMs of the 4 prey/predator pairs. Panels a-b are Narragansett Bay, 382 

c-f are Skagerrak, and g-h are the North Sea. Panels a, c, e, and g show results for Prey-383 

controlled models; panels b, d, f, and h are results for Predator-controlled models. Plots with 384 

a bold outline correspond to the most significant fit of the GAM models. For all peaks time 385 
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difference (Peak T diff) axes; 0 indicates full synchrony and a high absolute value indicates  386 

high asynchrony. 387 

a, Ctenophore/Copepodite pair where (y) is Mnemiopsis leidyi abundance in No.m-3 and (x) is 388 

peaks time difference with copepod prey; b, Copepod/Ctenophore pair where (y) is Acartia 389 

tonsa abundance in No.m-3 and (x) is the peaks time difference; c, Copepod/Chlorophyll-a 390 

pair where (y) is Calanus finmarchicus abundance in 103 No.m-2 and (x) is peaks time 391 

difference with the first bloom of chlorophyll-a; d, Chlorophyll-a/Copepod pair where (y) is 392 

chlorophyll-a concentration in µg.l-1 of the first chlorophyll bloom and (x) is the peaks time 393 

difference; e, Copepod/Chlorophyll-a pair where (y) is Calanus helgolandicus abundance in 394 

103 No.m-2 and (x) is the chlorophyll-a concentration in µg.l-1 of the second chlorophyll 395 

bloom; f, Chlorophyll-a/Copepod pair where (y) is chlorophyll-a concentration in µg.l-1 of the 396 

second chlorophyll bloom and (x) is the peaks time difference; g, Cod/ Copepod pair where 397 

(y) is log-transformed cod recruitment and (x) is the average copepod abundance index; h, 398 

Copepod/Cod pair where (y) is the maximum copepod abundance index and (x) is log-399 

transformed cod abundance.  400 

 Note that plots “e” and “f” present only the Peaks T diff effect of the most significant 401 

models; a complete figure would include a third axis representing the Chl-a effect (in “e”) and 402 

the abundance of Calanus helgolandicus effect (in “f”). 403 
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Table 1. Results of the GAMs on the relationship between predator-prey abundances 404 

and peaks time difference. Models are written Yt = α + s (Xt) + ε, with s, a nonparametric 405 

smoothing function specifying the effect of the covariates X on the dependent variable Y for 406 

year t; α, intercept; and ε, stochastic noise term. Xt  = (A. tonsa t , Peaks T diff  t) corresponds 407 

to an interaction term. For the models without interaction (e.g. Xt  =  Peaks T diff  t), the 408 

general sense of the relationship is indicated with + or – (where both symbols are used, this 409 

indicates a quadratic relationship) as is the p-value and the GCV (generalized cross 410 

validation) score. The plot of Fig.3 is given for the selected models. Peaks T diff: Peaks Time 411 

difference; Chl-a: chlorophyll-a concentration; CodRecr: cod recruitment; CopeIndAv: 412 

Average maximum plankton index value; CopeIndMax: maximum plankton index value;  413 

CodAbun: cod abundance;    414 
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System Yt Explanatory variables, Xt 
 

n Fig. 3 p 
value 

Adjusted 
R2 GCV 

N
ar

ra
ga

ns
et

t B
ay

  

Prey-controlled       
M. leidyi  t  Peaks T diff t -,+ 8 a 0.024 0.87 127 
 (A.tonsa t ,   Peaks T diff t)   8  0.063 0.94 112 
 A.tonsa t   + 8  0.401 0.35 574 
 NULL  8   0.04 518 
Predator-controlled       
 A.tonsa t Peaks T diff t - 8 b 0.020 0.91 2.5 
 M. leidyi  t   + 8  0.472 0.28 15.6 
 (M. leidyi  t , Peaks T diff t)  8  0.672 0.18 24.1 
 NULL  8   0.15 13.0 

      
 Prey-controlled        

Sk
ag

er
ra

k 

 C.finmarchicus  t Peaks T diff t - 15  0.522 0 33937 
 Chl-a t +/- 15  0.377 0 34481 
 (Chl-a t , Peaks T diff t)  15  0.660 0 40688 
 NULL  15 c  0 32462 
Predator-controlled       
 Chl-a t Peaks T diff t + 14 d 0.036 0.38 1.224 
 (C.finmarchicus t , Peaks T diff t ) 14  0.145 0.19 1.623 
 C.finmarchicus t  + 14  0.761 0.08 2.084 
 NULL  14   0 1.790 

 
 Prey-controlled        

Sk
ag

er
ra

k 

 C. helgolandicus t (Chl-a t , Peaks T diff t)  14 e 0.008 0.63 1700 
 Peaks T diff t - 14  0.070 0.14 2518 
 Chl-a t + 14  0.098 0.13 2666 
 NULL  14   0 2869 
Predator-controlled       
 Chl-a t (C.helgolandicus t, Peaks T diff t) 15 f 0.109 0.25 25.64 
 Peaks T diff t + 15  0.400 0.02 27.40 
 C. helgolandicus t  +/- 15  0.666 0.01 30.03 
 NULL  15   0 30.27 

         
  Prey-controlled       

N
or

th
 S

ea
 

 CodRecr t+1 CopeIndAv t + 45 g <0.001 0.55 0.031 
 (CopeIndAv t , Peaks T diff t)   45  <0.001 0.54 0.032 
 Peaks T diff t + 45  0.006 0.15 0.059 
 NULL  45   0 0.067 
Predator-controlled       
 CopeIndMax t CodAbun t  + 44 h 0.015 0.15 0.393 
 (CodAbun t , Peaks T diff t)  44  0.037 0.09 0.424 
 Peaks T diff t + 45  0.205 0.01 0.461 
 NULL  45   0 0.457 
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Figure 1 
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  Figure 2 
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    Figure 3 
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Supplementary materials 
 
 
Figure S1. Calculation of the peaks time difference (Peak T diff) between predator and prey. 
 

 
 
Peak T diff is defined as the difference between the time of the predator peak and the time of 
the prey peak (tPred - tprey). The upper graph shows two situations of prey phenology related to 
the one of the predator. In red is a case when prey appear before predators (the difference tPred 
- tprey > 0). In blue is a case when prey appear after predators (the difference tPred - tprey < 0). 
Lower graph shows what the changes in “Peak T diff” mean for a  prey-controlled model. 
When the two peaks are synchronous (“Peak T diff” = 0) the predator recruitment (“Success” 
in the plot) is profound. More the “Peak T diff” is important lower is the predator recruitment. 
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