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Abstract16

Empirical feeding studies where density-dependent consumption rates are fitted to17

functional response models are often used to parameterize the interaction strengths18

in models of population or food-web dynamics. However, the relationship between19

functional response parameter estimates from short-term feeding studies and real-20

world, long-term, trophic interaction strengths remains largely unexamined. In a21

critical first step to address this void, we tested for systematic effects of experimental22

duration and predator satiation on the estimate of functional response parameters,23

namely attack rate and handling time. Analyzing a large data set covering a wide24

range of predator taxa and body masses we show that attack rates decrease with25

increasing experimental duration, and that handling times of starved predators26

are consistently shorter than those of satiated predators. Therefore, both the27

experimental duration and the predator satiation level have a strong and systematic28

impact on the predictions of population dynamics and food-web stability. Our29

study highlights potential pitfalls at the intersection of empirical and theoretical30

applications of functional responses. We conclude our study with some practical31

suggestions for how these implications should be addressed in the future to improve32

predictive abilities and realism in models of predator-prey interactions.33

Keywords: Type II functional response — handling time — attack rate — experimental34

duration — predator satiation level — diurnal cycle — digestive limit35
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Introduction36

Understanding species interactions and how they shape communities and ecosystems is a37

core topic in ecological research. Trophic interactions are fundamental for ecosystems,38

as they determine energy flow and nutrient cycling in ecological networks (Elton, 1927;39

Brown et al., 2004; Thompson et al., 2012). Moreover, interaction strengths play a crucial40

role in determining population dynamics and stability of food webs (May, 1972; Oaten41

and Murdoch, 1975; Oksanen et al., 1981; Rall et al., 2008; Brose, 2010; Kalinkat et al.,42

2013; Li et al., 2017). Functional response models which describe per capita feeding43

rates of consumers as a function of resource densities (Solomon, 1949; Holling, 1959b)44

provide a widely applied and standardized way to quantify these interaction strengths in45

food webs (Berlow et al., 2004; Kalinkat et al., 2013). Accordingly, interaction strengths46

are typically quantified by empirical studies, carried out mostly in the laboratory, from47

which feeding data is collected and used to fit a functional response model (Jeschke48

et al., 2002, 2004; Rall et al., 2012). Parameters from these models can then be used to49

parameterize the interaction strengths in theoretical food web models. Hence, functional50

response models often serve as the connection between studies of short-term, individual-51

level interactions and long-term, community-level studies (e.g. Kalinkat et al., 2013).52

However, most functional response studies only investigate feeding over a short portion53

of a species lifetime, from minutes (e.g. Schröder et al., 2016) to a few days (e.g. Buckel54

and Stoner, 2000), and the results are often applied to studies modeling interactions55

over many generations (e.g. hundreds of years; Fox and Murdoch, 1978). Functional56

responses quantify the feeding rate of a predator averaging over the experimental duration,57

which is important for predicting numerical response (how predator density changes as a58

function of prey density over time) using, e.g. mathematical models (Okuyama, 2013).59

The combination of functional response and numerical response results in total response,60
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the rate of overall prey population consumed by predator population (Holling, 1959a).61

Therefore, in community level studies the feeding rates have to represent the average62

consumption situation over the lifetime of a predator or many generations, not the feeding63

rates from a feeding trail that only includes a feeding event when the predator is hungry.64

Whether functional response parameter values derived from short-term functional response65

experiments hold for longer periods (e.g. on ecological time scales relevant to population66

dynamics) remains largely unexamined (but see Fox and Murdoch, 1978).67

In a similar vein, the satiation levels of predators prior to feeding studies also may68

modify functional response parameter estimates. As a predator’s satiation level directly69

affects its motivation to forage (Jeschke, 2007), satiated predators are expected to consume70

fewer prey individuals than starved predators which in turn would alter the functional71

response parameters. We addressed whether and how the experimental duration and the72

satiation level of predators affects the estimates of functional response parameters using a73

literature based functional response data base (Rall et al., 2012).74

Due to the availability of data we focus our analysis on type II functional responses as75

described by Holling’s disc equation (Holling, 1959b). This is the most widely-applied76

functional response model (Jeschke et al., 2002, 2004; Kalinkat and Rall, 2015), where77

the per capita feeding rate, f(N), is formulated as a function of prey density, N with78

two parameters, instantaneous rate of searching for prey, a (hereafter: attack rate) and79

handling time, h:80

f(N) =
aN

1 + ahN
. (1)

81

In this model, Holling (1959b) assumed that a predator spends its whole time budget on82

foraging, which includes activities such as searching, capturing, subduing, ingesting and83
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digesting the prey. The attack rate, a, describes the space (i.e. area or volume, depending84

on interaction type; Pawar et al., 2012; Barrios-O’Neill et al., 2016) that a predator85

searches per unit of time, representing the activity of searching mentioned above. The86

handling time, h, associated with processing the prey, describes the average time that a87

predator spends on a caught prey item, i.e. subduing, ingesting and digesting. These two88

parameters also determine the shape of the functional response curve, where the attack89

rate determines the feeding rate at low prey densities and the handling time determines90

the maximum feeding rate (Fig. 1).91

Figure 1: Schematic curve of type II functional response. The red dashed line denotes the
inverse of handling time, 1

h
(see Eq. (1)) which sets the limit of maximum feeding rate.

The blue dashed line denotes the tangent line of the curve at the minimal prey density,
N which describes the potential increase of feeding with prey density around low prey
densities. This potential increase around low prey densities is determined by the attack
rate, a (see Eq. (1)).

Attack rates and handling times indirectly derived through fitting functional response92

models to feeding data often do not resemble the attack rates and handling times derived93

by direct observation (Mols et al., 2004; Jeschke and Tollrian, 2005; Sentis et al., 2013;94

but see Tully et al., 2005; Hauzy et al., 2010). As there are more activities than ‘searching95
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for prey’ and ‘subduing the prey’ in the life histories or even diurnal cycles of predators96

(e.g. active and resting periods), a plethora of biological (i.e. physiological and behavioral)97

processes are collapsed into the attack rate and the handling time (Jeschke et al., 2002;98

Jeschke and Tollrian, 2005; Casas and McCauley, 2012). Even in a predator’s activity99

period it may not spend the whole time on foraging. For example, grazing ruminants feed100

in a discrete fashion rather than continuous grazing, i.e. they switch between grazing101

and resting (Gregorini et al., 2006). As Holling’s (1959b) disc equation does not have102

any term accounting for other activities, e.g. rest or sleeping, handling times and attack103

rates have to incorporate those time budgets in cases where these other activities apply.104

Parameter estimates in a long-term functional response experiment are therefore much105

more likely to incorporate non-foraging behaviours than estimates derived from a short-106

term experiment using the same predator-prey pair. Specifically, the feeding rates derived107

from the long-term study would be lower than those from the short-term study (on the108

condition that no change in life history traits, e.g. moults). Lower feeding rates will109

likely affect functional response parameter estimation, decreasing the attack rate and110

increasing handling time estimates (Fig. 2a and 2b). Mathematically, the feeding rate,111

f(N) is negatively related to the handling time, h (Fig. 1) and the increased handling112

times in long-term experiments (where feeding rate should be lower) is expected for this113

reason. As the attack rate accounts for the average successful search rate for the entire114

experimental duration, increasing experimental duration which generally includes more115

time for other activities than foraging, would lead to reduced attack rates (Casas and116

McCauley, 2012).117

Foraging motivation is also expected to be influenced by predator satiation (Jeschke,118

2007). Essington et al. (2000) separate the effect of predator satiation to act on two119

temporal scales: 1) instantaneous satiation occurs when feeding rate exceeds gut capacity120
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(constraint of gut size) and 2) integrated satiation occurs when feeding rate exceeds the121

time required to digest prey (constraint of digestion rate). The longer handling times122

associated with satiated predators may mostly reflect the constraint of digestion rate, and123

the comparably shorter handling times of starved predators may be caused by a lack of124

constraint from gut size. In extreme cases, a predator with a fully-filled gut will be unable125

to feed even with infinite food supply, a well-known phenomenon called ‘digestive limit’126

(Kleiber, 1961; Herbers, 1981). It describes a phenomenon that consumers are able to127

fill-up their guts and meet their energy requests rather easily, e.g. on a daily basis (Jeschke,128

2007). According to this physiological phenomenon, gut sizes and digestion rates could be129

limiting factors for the resulting (maximum) feeding rates and associated handling times130

in the functional response models (Jeschke et al., 2002, 2006). ‘Digestive limits’ have been131

demonstrated in a range of vertebrate species but only few invertebrates (Karasov and132

McWilliams, 2005; Jeschke and Tollrian, 2005; Jeschke, 2007). Under the assumption that133

digestive limits are a rather general mechanism holding for most consumers, the satiation134

level of a predator before a feeding study will influence the estimate of handling time135

(Anderson et al., 1978; Jeschke et al., 2002; Jeschke, 2007). Testing pre-fed predators in136

feeding trials would then lead to longer handling times compared to testing starved ones.137

The time budgets of the handling time of a satiated predator would involve not only the138

time for killing (tkill) and ingesting (ting), but also the time for digestion (tdig) and even139

time for other activities (see Fig. 2c.)140

As the experimental duration increases, the probability of reaching satiation would141

increase systematically for every efficiently foraging predator. Thereafter, if the experi-142

mental duration is long enough and prey is sufficient, the predator can reach satiation143

and the constraint of digestive limit is very strong. In this case, the handling time could144

be influenced by including the time budget for digestion. As the experimental duration145
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Figure 2: The potential effects of experimental duration (panel a and b) and satiation level
of the predator (panel c) on functional response parameter estimates. We hypothesized
that increasing experimental duration would lead to decreasing attack rates, a (Eq. (1),
panel a). Elongated experiments may lead to increased handling times, h (Eq. (1), panel
b). We also hypothesized that a satiated (pre-fed) predator shall result in longer handling
times (h) than hungry (starved) predators (panel c). The text “other” in panels b and c
denotes time spent on non-feeding activities, e.g. sleep.

further increases, other activities of the predator (e.g. sleep) could be involved. In this case,146

elongated experimental duration can additionally increase handling time by incorporating147

a growing proportion of non-feeding activities.148

For this study, we used a data set from Rall and colleagues (2012) and updated it149

with information on starvation and experimental time. We focused on type II functional150

responses leaving 451 distinct data points from 61 peer-reviewed publications. The data151

mostly consists of controlled laboratory experiments (99 %) with arthropods (78 %) and152

vertebrates (17 %) as predators. Prior to our analyses we hypothesized that, 1) experimen-153

tal duration has systematic effects on functional response parameters, particularly on the154

attack rate, and that, 2) the influence of predator satiation on handling time holds over a155

wide range of different taxa, body masses, and dimensionality of consumer search space.156

As elaborated above, we assume that in general, satiated predators should consume fewer157

prey than hungry ones on the premise that all other conditions are the same. Therefore,158

3) the handling time of satiated predators should be longer than that of hungry ones as159

it should incorporate additional time budgets for digestion and activities unrelated to160
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foraging.161

Methods162

Data and statistical analysis163

We analyzed a data set of published functional responses from empirical studies (Rall164

et al., 2012). To be included in our analyses studies needed to report experimental165

duration, consumer and resource body masses, as well as experimental temperatures, as166

these are main drivers for functional response parameter estimates (Hansen et al., 1997;167

Rall et al., 2012; Kalinkat et al., 2013; Kalinkat and Rall, 2015). Additionally, we checked168

and included information on the satiation levels of predators. The predator satiation is169

represented by “feeding-or-not” prior to the studies, i.e. ‘fed’ for the predators which were170

fed before the feeding trials and ‘starved’ for the predators which were isolated from food171

source before the feeding trials.172

In order to assemble the data set we excluded functional responses derived from173

experiments which 1) lacked information on experimental duration or predator satiation174

levels, 2) were not type-II functional responses and 3) excluded ones that are for parasitoids175

(not suitable for testing predator satiation). The final data set consisted of 451 functional176

responses from 61 studies (see the full bibliography in Appendix I). It spans 14 orders of177

magnitude of predator body-mass and covers predator species from 28 taxonomic orders178

(see Appendix I). It includes 338 and 113 functional responses for starved and fed predators,179

respectively, and it includes data on experimental duration ranging from 0.08 h to 240 h in180

which 67.6 % are exactly 24 h. It also includes functional responses for studies performed181

in two- and three-dimensional spaces, in which 243 were two-dimensional interactions182
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and 208 were three-dimensional interactions. We chose to also analyze dimensionality as183

the units of attack rates are different in two- and three-dimensional spaces (i.e. [m2 s−1]184

and [m3 s−1]) which might also cause varying scaling relationships (Pawar et al., 2012;185

Barrios-O’Neill et al., 2016).186

In the following steps, we analyzed the functional response parameters attack rate,187

a [m2 s−1 |m3 s−1], and handling time, h [ s ] in relation to experimental duration, te [ s ]188

and predator satiation, S (starved, Sy or fed, Sn). To account for strong effects of189

predator body mass (M [ mg ]), temperature (T [ K ]) and dimensionality (2D/3D) we also190

added these as explanatory variables (Rall et al., 2012; Pawar et al., 2012). Prior to the191

analysis we ln-transformed the explanatory variables body mass and experimental duration192

and applied an Arrhenoius transformation to temperature ( T−T0

k T T0
), where k [ eV K−1 ] is193

the Boltzmann’s constant and T0 (293.15 K, 20 ◦C) is the normalization temperature.194

Therefore, the intercepts of temperature scalings are shifted to the values at normalization195

temperature (for more details see Gillooly et al., 2001; Rall et al., 2012). We also tested196

the collinearity between independent variables, a test on variance inflation factor (VIF)197

(Zuur et al., 2010). This test was operated in R (R Core Team, 2016) using the ‘corvif’198

function provided by Zuur et al. (2009). According to Zuur et al. (2010), the independent199

variables of a linear mixed-effects model shall all have the values of VIF less than 3200

to make sure that there are not correlation between them (i.e. multicollinearity). The201

result showed that there is no collinearity between any independent variables, the VIF of202

predator mass 1.64, temperature 1.25, experimental duration 1.33, predator satiation 2.19203

and dimensionality 2.18.204

Thereafter, we used Bayesian Information Criterion (BIC; Zuur et al., 2009, p. 121) to205

select the optimal random structures of the linear models which were fitted according206

to restricted maximum likelihood (‘REML’ Pinheiro et al., 2016, for more details see207
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Appendix II). We analyzed the data with linear mixed-effects models (‘lme’ function in208

‘nlme’ package in R; Pinheiro et al., 2016; R Core Team, 2016). We included all pairwise209

interactions of the fixed variables while selecting the optimal random structure for the210

models of both attack rate and handling time (these full models see Appendix II). After211

selecting the optimal random effects structure, the BIC values for attack rate and handling212

time models were computed using the ‘dredge’ function in the ”MuMIn” package in R213

(Bartoń, 2016). Optimal models were then selected according to the lowest BIC value214

following Raftery (1995). Accordingly, ∆BIC for each second best fitting model should be215

at least >2 (∆BIC=BIC - min(BIC)).216

Results217

We first selected the appropriate models based on their ∆BIC for both, attack rate218

(∆BIC for second best model=15.89) and handling time (∆BIC=7.98). The selected219

model showed that attack rate can be described by predator body mass, temperature,220

experimental duration and dimensionality (Tab. 1):221

ln(a2D) = ln(a02D) + b ln(M) + Ea
T − T0

k T T0

+ i ln(te) (2a)

ln(a3D) = ln(a03D) + b ln(M) + Ea
T − T0

k T T0

+ i ln(te) (2b)
222

Handling time can be described by predator body mass, temperature and predator satiation223

(Tab. 1):224
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ln(hSy) = ln(h0Sy
) + c ln(M) + Eh

T − T0

k T T0

(3a)

ln(hSn) = ln(h0Sn
) + c ln(M) + Eh

T − T0

k T T0

(3b)
225

In equations above (Eqs. (2), (3)), a0 and h0 are constants, b and c are the scaling226

exponents for predator body mass, M [ mg ], Ea and Eh [ eV ] are activation energies227

describing the exponents of temperature and i represents the scaling exponent of attack228

rate for experimental duration. The attack rate scaled negatively with experimental229

duration and its model included the influence of dimensionality on its intercepts (panel A,230

B and C of Fig. 3, Tab. 1). The handling time included the effect of predator satiation231

level, resulting in different constants for starved and fed predators, respectively (panel D232

and E of Fig. 3, Tab. 1).233

Table 1: Statistical results for attack rate and handling time. All interaction terms have
been excluded by model selection (see Methods for details).

Variablea Estimate S.E. p-value

attack rate

dimension
ln(a02D) -10.59 1.96 < 0.01
ln(a03D) -12.65 1.93 < 0.01

predator mass b 0.49 0.08 < 0.01
temperature Ea 0.43 0.06 < 0.01
experimental duration i -0.56 0.18 < 0.05
predator satiation excluded

handling time
predator satiation

ln(h0Sy
) 10.64 0.44 < 0.01

ln(h0Sn
) 13.01 0.73 < 0.01

predator mass c -0.73 0.05 < 0.01
temperature Eh -0.30 0.10 < 0.01
experimental duration excluded

asee Eq. (2), (3)
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Figure 3: Dependencies of attack rate and handling time. Partial residuals are plotted on
the y-axes and all variables other than temperature were ln-transformed. (For details on
the derivation of partial residuals see Appendix II). The attack rate (a, [m2 s−1 |m3 s−1])
increases with predator body mass [ mg ] (panel A), temperature [ ◦C ] (panel B), and
decreases with experimental duration [ s ] (panel C; see Tab. 1). Data of attack rates in
two- and three-dimensional cases are plotted with different colors as they have different
units (see legends). Handling time (h) decreases with predator body mass (panels D) and
temperature (panels E), while handling times for fed predators are longer than those for
starved predators (see legends and Tab. 1).
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Discussion234

Here we used a large data set of empirical functional responses to investigate if the235

experimental duration and satiation level of predators have systematic effects on the236

estimates of functional response parameters. We included studies where feeding data237

were fitted to the most widespread ‘type II functional response’ model. Notably, the238

resulting data set contains predator-prey pairs from a wide variety of ecosystem types239

including the marine, freshwater and terrestrial realm, as well as a wide range of taxa,240

from protists to vertebrates. Our results demonstrate that attack rate estimates decrease241

with increasing experimental duration and that the handling times of satiated predators242

are longer than those of hungry predators. Thus, two of our hypotheses were supported243

by our findings (Fig. 2a, c), whereas our hypothesis that increasing experimental duration244

increases handling time was not supported (Fig. 2b).245

Our analyses of attack rates illustrated the influence of predator body mass, tem-246

perature and experimental duration. While the results of the effects of predator body247

mass and temperature on attack rates are consistent with previous studies (Rall et al.,248

2012; Fussmann et al., 2014) we show here that there is a general effect of experimental249

duration on the estimates of attack rates that holds across a wide range of taxa and body250

masses. The finding that attack rate decreases with experimental duration is intuitive to251

understand and can be attributed to biological mechanisms (Jeschke et al., 2002; Jeschke,252

2007). In general, it suggests that the shorter the experimental duration relative to the253

generation time of the predators, the greater the potential for laboratory experiments254

to miss important time constraints on foraging. Longer experimental durations will255

automatically involve a higher proportion of non-feeding activities in foraging experiments.256

Within a diurnal cycle (24 hour period), the majority of ‘other activities’ consists of257

resting and sleeping for most animals (Campbell and Tobler, 1984). Therefore, assuming258
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all other conditions are kept constant (e.g. identical predator-prey pair with constant259

size ratios, identical and standardized satiation levels of the predators), the attack rate260

estimates derived from a feeding study of 24 hours will be smaller than those obtained261

through a short-term experiment that includes only the high-activity window out of the262

diurnal cycle of a given predator (Casas and McCauley, 2012). Despite the suggestion that263

gut sizes of some predators can be somewhat phenotypically plastic (over periods of weeks264

or months; Karasov and McWilliams, 2005; Van Gils et al., 2005), we still found that the265

handling times for satiated predators are longer than those for starved predators. If the266

gut plasticity plays a big role, we shall have found the opposite, i.e. the starved predators267

would have had reduced gut capacities and thus showed longer handling times. 96 % of268

the data used in this study are from experiments within 24 hours. Therefore our findings269

on the effects of experimental duration are not confounded by changes in gut capacity270

(Fig. 2a). In addition, if a functional response experiment lasts for the whole generation271

time of the predator, the resulting functional response parameters are supposed to be a272

good match to those estimated from long-term population dynamics, e.g. experiments273

with protists (DeLong et al., 2014).274

There are a few empirical case studies also supporting our findings relating to the275

effects of experimental duration. For instance, Fox and Murdoch (1978) tested how276

functional responses of a predatory water bugs (Notonecta hoffmanni) vary between277

short-term (3 hours) and long- term (12 hours) experiments (Fox and Murdoch, 1978).278

Even though Fox and Murdoch (1978) did not perform a statistical analysis to compare the279

estimates of functional response parameters between short- and long-term experiments, the280

estimated values for attack rates are consistent with our results. Another recent modeling281

study confirmed this effect of experimental duration on the estimates of attack rates and282

explicitly highlighted that the inclusion of different activities during diurnal cycles may283
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bias attack rate estimation (Casas and McCauley, 2012). Our results indicate that these284

findings of Casas and McCauley (2012) are likely generalizable to most predator-prey pairs.285

For future studies, it would also be important to address how longer feeding trials, over286

several weeks or even months, will affect the estimation of interaction strengths (Buckel287

and Stoner, 2000).288

Our results did not show an effect of predator satiation level on attack rates. Jeschke289

(2007) mentioned that one way to affect the attack rate is through affecting foraging290

motivation of the predators (Barrios-O’Neill et al., 2016). The foraging motivation of the291

predators, in turn, can be affected by stressors or distractors on predators, e.g. threat from292

a top-predator. We can only speculate that in the environments of most functional response293

experiments, there are no such external stressors on predators to affect their foraging294

motivations (but see Toscano and Griffen, 2014; Wasserman et al., 2016). Therefore,295

we might expect significant effects of predator satiation on foraging motivation only if296

external stressors like top-predators enhance the differences.297

Our statistical results documented systematic influence of predator body mass, tem-298

perature and predator satiation levels on handling times. Notably, experimental duration299

had no effect on handling times. With a data set that includes both invertebrate and300

vertebrate predators, we showed that the estimates of handling times for starved predators301

were lower than those for the fed ones. Previous studies suggested the influence of satiation302

level on handling times mostly for vertebrate predators (Karasov and McWilliams, 2005;303

Jeschke and Tollrian, 2005; Jeschke, 2007). Particularly, Anderson et al. (1978) is one304

of few experimental studies which explicitly tested how predator satiation level affects305

the functional response. There, the authors demonstrated that zebra fish (Danio rerio)306

showed considerably higher maximum feeding rates when they were starved for 24 hours307

before the experiment compared to satiated fish fed one hour before the trial (Anderson308
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et al., 1978). Here we generalized this finding to invertebrates, as the majority 78 % of the309

data we analyzed are from arthropod predators. This supports the theoretical assumption310

that generally, both vertebrate and invertebrate predators may face digestion limits (see311

also Jeschke et al., 2002; Jeschke, 2007). In one of the rare experimental studies addressing312

this issue for invertebrates, however, Maselou et al. (2015) found for a predatory mirid bug313

(Macrolophus pygmaeus) that the estimates of functional response parameters were not314

affected by predator satiation. This might be due the specific design where four different315

treatments of gradually differing starvation levels were tested, while a treatment including316

fully satiated predators was missing. Moreover, all four functional response curves in317

this study did not seem to reach full satiation (Maselou et al., 2015). The comparison318

between satiated and starved predators seems to be important for addressing the effects319

of predator satiation level on functional response parameter estimates. Another study320

investigated the influence of predator satiation with data of predatory fish (largemouth321

bass, Micropterus salmoides ; Essington et al., 2000). In agreement with our finding, the322

authors state that feeding rates are reduced by predator satiation (Essington et al., 2000).323

To better address the effect of predator satiation on functional response parameters324

in future studies, we shall keep in mind the effect of predator satiation acting on two325

different temporal scales: Essington et al. (2000) suggests separating the effect of predator326

satiation to act on two temporal scales: 1) instantaneous satiation which reflects the327

constraint of gut size and 2) integrated satiation which reflects the constraint of digestion328

rate (Essington et al., 2000) which is in line with suggestions by Jeschke and colleagues329

(2002; 2006). The longer handling times associated with satiated predators may mostly330

reflect the constraint of digestion rate, and the comparably shorter handling times of331

starved predators may be caused by a lack of constraint from gut size. We used binary332

data of predator satiation rather than the absolute time that the predator was starved333
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prior of the experiments due to two reasons: 1) for some data that we had in this dataset,334

the absolute starvation time are lacking; 2) an alternative analysis with a restricted dataset335

including only data points where absolute starvation time was available showed similar336

results than the analysis of the complete dataset with binary data (alternative analysis337

not shown here). In future studies, a predator’s starvation time that is relative to predator338

body mass or a starvation time that is relative to predator’s life span is worthy to be339

analyzed. These specific starvation time may help to spread the cluster of data points340

where experimental duration is around 24 hours and give better insight to the question.341

Our meta-analysis showed that attack rates of two- and three-dimensional experiments342

demonstrate the same slope using the ln-transformed linear model. Thus Pawar et al.343

(2012) found different slopes of attack rates for two- and three-dimensional cases. One344

obvious difference is that their dataset included not only type II but also type III345

functional responses. Therefore, Pawar et al. (2012) showed that the attack rates at346

minimum measured prey densities. This could be one reason why we obtained a different347

result. Type III functional responses might respond differently to dimensionality than348

type II functional responses, for instance Type III functional response could indicate a349

complex spatial structure. Therefore, different dimensionalities together with the complex350

transition between type II and type III responses might cause these varying responses351

of attack rates (Barrios-O’Neill et al., 2016; Li et al., 2017). In contrast, our dataset is352

dominated by data from laboratory functional response experiments where unstructured,353

artificial habitat prevails (Rall et al., 2012; Kalinkat and Rall, 2015).354

Empirical studies that aim to quantify interaction strengths are time-consuming355

and often need extensive replication to investigate how particular effects drive attack356

rates, handling times, and other parameters in more complex functional response models357

(Kalinkat et al., 2013; Barrios-O’Neill et al., 2016). Achieving high replication of long-term358
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experiments that are close to natural conditions will most often be logistically infeasible.359

To that end our study demonstrates that short-term functional response studies will most360

likely lead to overestimated interaction strengths in models of predator-prey dynamics361

or food webs. However, our results also demonstrate that this bias can be explained362

by plausible biological mechanisms. Understanding these mechanism and incorporating363

them when scaling up from local, short-term, studies to population, community or364

even ecosystem-level effects holds much promise for a better understanding how species365

interactions shape communities and ecosystems.366

Conclusion367

In the present study, we addressed the systematic effects of two common issues in feeding368

studies, i.e. how experimental duration and satiation levels of predators affect the369

parameter estimates in widely applied functional response models. Our study indicates370

clear and intuitive biological mechanisms affecting the functional response parameters.371

When models parameterized accordingly are scaled up, these effects will likely modify372

the estimates of the dynamics and stability of populations, food webs, ecosystems, and,373

ultimately, biodiversity. Theoretically, both higher attack rates and shorter handling times374

will strengthen the feeding interactions in population and food-web models. Increasing375

interaction strengths will generally lead to stronger top-down pressure where stronger376

predator-prey interactions drive food webs into unstable conditions (Rall et al., 2008).377

Moreover, for predator-prey systems characterized by cycling dynamics, such strengthening378

will lead to collapse and the extinction of predator species (Rip and McCann, 2011). This379

has important implications when realistic predictions to be applied on food-web dynamics380

are sought. Hence both, empiricists who conduct feeding studies to estimate functional381
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response parameters, and theoreticians who try to analyze the dynamics and stability of382

food webs often parameterized with such empirically-derived parameters should critically383

take into account these effects. Eventually, this will enable more realistic predictions of384

population and food-web dynamics which are crucial for understanding the consequences385

of biodiversity loss (Brose et al., 2017) and will help to bridge lingering gaps between386

theoretical and empirical ecological research (Jeltsch et al., 2013)387
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