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More than 70 years after its introduction, the framework of resource density-dependent consumption rates, also known as predator-prey functional responses, remains a core concept in population and food web ecology. Initially, three types of responses were defined: linear (type I), hyperbolic (type II), and sigmoid (type III). Due to its potential to stabilize consumer-resource population dynamics, the sigmoid type III functional response immediately became a “holy grail” in population ecology. However, experimentally proving that type III functional responses exist, whether in controlled laboratory systems or in nature, was challenging. While theoretical and practical advances make identifying type III responses easier today, decades of research have brought only a limited number of studies that provide empirical evidence for type III response curves. Here, we review this evidence from laboratory- and field-based studies published during the last two decades. We found 107 studies that reported type III responses, but these studies ranged across various taxa, interaction types, and ecosystems. To put these studies into context, we also discuss the various biological mechanisms that may lead to the emergence of type III responses. We summarize how three different and mutually independent intricacies bedevil the empirical documentation of type III responses: (1) challenges in statistical modeling of functional responses, (2) inadequate resource density ranges and spacing, and (3) biologically meaningful and realistic design of experimental arenas. Finally, we provide guidelines on how the field should move forward based on these considerations.
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1. Introduction


1.1. What are functional responses?

Researchers use functional responses to quantitatively describe the interactions of consumers and resources, including, but not limited to, predator-prey, parasitoid-host, parasite–host, or filter-feeder-plankton interactions. The functional response concept (Solomon, 1949; Holling, 1959a,b) is a cornerstone of population and food-web ecology and is still widely relevant (e.g., DeLong, 2021; Gobin et al., 2022). Solomon (1949) introduced the idea by stating:


“…there must be a functional response to (say) an increase in the host density, because of the increased availability of victims: as host density rises, each enemy will attack more host individuals,…”.
 

Holling (1959b) subsequently defined three basic functional response types: the rectilinear type I, H1, (often linear without satiation, H0), the hyperbolic type II, H2, and the sigmoid type III, H3 (Figures 1A–C; Table 1). Over the following decades, scientists developed dozens of modifications for these three basic functional response types: dome-shaped types (e.g., Jeschke et al., 2004), multi-resource types (e.g., Oaten and Murdoch, 1975; Koen-Alonso, 2007), consumer-interference types (Beddington, 1975; DeAngelis et al., 1975; Crowley and Martin, 1989), consumer-resource-ratio types (Hassell and Varley, 1969; Arditi and Ginzburg, 1989), and many more (see Jeschke et al., 2002). Combining types is possible, e.g., sigmoid consumer-resource-ratio responses (e.g., Hossie and Murray, 2016). H1 has long been considered the dominant form in filter feeders (Jeschke et al., 2004). However, Sarnelle and Wilson (2008) suggested that H1 is often an artifact due to the lack of low resource densities in laboratory settings (Figure 1C). Moreover, natural resource densities are frequently narrow, with very high densities missing, leading to unsaturated H0 (Coblentz et al., 2022a; Figure 1C).
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FIGURE 1
 We show the three basic functional response types as grey lines and the corresponding per-resource item consumption risks as black lines (A–C). The type I functional response appears in the literature as a rectilinear [(A), solid grey line, H1] or strictly linear function [(A), dashed grey line, H0], but see Table 1 for details. An inadequate resource density range may lead to incorrect response type classification (C). The rectilinear functional response (H1) may be found if low resource densities are lacking in experiments (Sarnelle and Wilson, 2008), as shown by the orange line and blue dotted-dashed line in (C). The strictly linear functional response (H0) may be found if high, saturating resource densities rarely occur in natural conditions (Coblentz et al., 2022a); see magenta dashed and red lines in (C). The generalized or θ-sigmoid functional response (D) can exhibit differently strong s-shapes controlled by the θ exponent. (E) The population dynamics of a three-species food chain (Otto et al., 2007) across a gradient of the θ exponent. Every data point denotes a single maximum or minimum of a time series, but see Rall et al. (2023) for methodology and Rall (2023) for code. (F) The species richness of a 10-species food web (Williams and Martinez, 2004) across a gradient of the θ exponent, but see Rall et al. (2023) for methodology and Rall (2023) for code.




TABLE 1 The three basic functional response models introduced by Holling (1959b), including some newer interpretations and generalizations.
[image: Table1]

Real (1977) developed a functional response type allowing for seamless shifting from H2 to H3 (see Figure 1D and Eqns 5/6 in Table 1 for details): the generalized or θ-sigmoid response. If the shaping parameter θ (Theta) is 1, the generalized response becomes H2, and if the shaping parameter θ is larger than 1, the generalized response becomes H3 (see Figure 1D and Eqns 5/6 in Table 1 for details). Because of their implications for population dynamics, we focus on resource-density-dependent H3 (θ > 1, see Eqn. 4–7) and why they are rare compared to the most often reported H2 (θ = 1).



1.2. Why is it essential to investigate the functional response type?

We can answer this question by looking at populations and communities. The risk of resource individuals being consumed decreases for H2 with increasing resource densities (Figure 1B; black lines). If resources grow in abundance, top-down control exerted by the consumer diminishes, leading to the well-known consumer-resource cycles (e.g., the lynx-snowshoe hare cycles; Elton and Nicholson, 1942). Due to the initial increase in predation risk with increasing resource densities (Figure 1C; black line), H3 tends to stabilize consumer-resource systems (Murdoch and Oaten, 1975). If resource abundance increases, consumers’ top-down pressure increases. Resources cannot escape the consumers’ control, and the resulting population dynamics lead to a stable equilibrium (Murdoch and Oaten, 1975; Rall et al., 2008).

For instance, the population dynamics of a three-species food chain (Otto et al., 2007) are chaotic for H2 (Figure 1E; very left side of the graph). If the shape becomes more sigmoid (H3), regular cycles occur first (θ ≈ 1.02), followed by stable equilibrium dynamics (θ ≈ 1.04; Figure 1E; middle to the right side of the graph). These changes in population dynamics also affect biodiversity (Figure 1F; Williams and Martinez, 2004). While the functional response becomes more sigmoid (H3), species diversity increases and remains on a diversity plateau. In the case of weak interactions, biodiversity may decrease again for extreme s-shapes (θ ≈ 2.2; Figure 1F). This decrease happens because population densities are trapped at low values, and higher trophic levels cannot be sustained (Rall et al., 2008). Natural ecosystems are assumed to be stable and biodiverse (MacArthur, 1955), contrasting the mathematical findings of diverse systems (May, 1972). These mathematical predictions are, however, based on simple H1 and H2 responses, whereas more recent studies showed that large ecosystems could be stable and biodiverse because of the H3 response (e.g., Williams and Martinez, 2004; Rall et al., 2008). Considering these theoretical findings, H3 should also be frequent in nature and subsequently frequently reported in the literature.



1.3. The appearance of type III functional responses in former literature

Contrasting the considerations above, review studies that compared the appearance of different functional response types in the literature concluded that the proportion of H3 is generally below ~15% (Jeschke et al., 2004; Kalinkat and Rall, 2015). Therefore, meta-studies typically focused on the parameters of the H2 model (Hansen et al., 2003; Englund et al., 2011; Pawar et al., 2012; Rall et al., 2012; Li et al., 2018; Uiterwaal et al., 2022). We postulate that this previous focus on H2 created a precarious knowledge gap, particularly given that the shape of the functional response is essential if we want to learn about the stability of natural systems in times of global change and beyond.

Here, we address if and why the sigmoid type III functional response, H3, is still rare in the literature. First, we review the conditions leading to H3. Second, we reviewed studies from the past ~20 years that found H3. Third, we highlight the experimental and statistical challenges of detecting H3. Fourth, we provide an outlook in our conclusion on where the field should be moving.




2. What causes type III functional responses?


2.1. Learning, adaptive foraging, and prey switching

Various mechanisms can cause the H3 response. Holling (1966) assigned H2 to invertebrate consumers and H3 to vertebrate consumers. He justified this separation by suggesting that vertebrates can learn to use more abundant resources better. This early classification was the basis for the H3 occasionally being called the “vertebrate functional response.” However, Holling (1966) acknowledged that invertebrate consumers like cephalopods or Hymenoptera might also be able to generate an H3. This idea was later proven correct: researchers found H3 for many different invertebrate consumers (e.g., Hassell et al., 1977; Akre and Johnson, 1979; Colton, 1987; Sarnelle and Wilson, 2008; Kreuzinger-Janik et al., 2019).

All empirical examples for H3 by Holling (1966) included at least one alternative resource. This remarkable feature was picked up in later research and became known as prey switching (e.g., Murdoch et al., 1975; Akre and Johnson, 1979) or adaptive foraging (e.g., Kondoh, 2003; Heckmann et al., 2012). Prey switching was used as the overarching hypothesis to explain H3 responses (e.g., Akre and Johnson, 1979), independent of whether the predator was a vertebrate. Later research showed that two single-resource-H3 combined in a multi-species functional response framework might lead to patterns that look like prey switching (Kalinkat et al., 2011). In other words, researchers need to consider that H3 can come about in single resource scenarios, in which prey switching would not be the mechanism leading to the sigmoid shape of the functional response. Many older studies that documented an H3 in the presence of an alternative resource did not test the single-resource case. Thus, in many cases, prey switching may not be the true reason for finding H3 (see Colton, 1987; Kalinkat et al., 2011; DeLong, 2021).



2.2. Physiology and other behavior

Hassell et al. (1977) reviewed studies showing H3 in invertebrates without an alternative resource. The authors argued that it is energetically inefficient to continue foraging with the same effort at low resource densities, which would lead to a decrease in encounters with decreasing resource availability. This insight is also true for filter feeders that reduce their clearance rate if resources become scarce (e.g., Sarnelle and Wilson, 2008; Sarnelle et al., 2015; Uszko et al., 2015). Hassell et al. (1977) also indicated that this effect is even more evident if consumers are faced with a sub-optimal resource (e.g., not the optimal size). Along the same line, induced defenses of the resource may shift H2 to H3 (Hammill et al., 2010) as better-defended resources require more energy to consume. In addition, the clumping of resource organisms can also induce a shift to H3 (Hossie and Murray, 2016).



2.3. Environment

The resources’ role in explaining the H3 seems promising, following the discussion by Hassell et al. (1977) and the findings of Hammill et al. (2010). For instance, spatial refuges in a structurally complex habitat protect a certain number of resource individuals, creating less consumption pressure at very low resource densities and, ultimately, an H3 (e.g., Scheffer and De Boer, 1995). This mechanism is related to the relative size of consumers and resources: resources much smaller than the consumer can escape into small refuges inaccessible to large predators (Vucic-Pestic et al., 2010a; Kalinkat et al., 2013a; Barrios-O’Neill et al., 2015, 2016). However, a habitat-induced shift in predator-hunting strategy can also lead to H3 (Hossie and Murray, 2010). Notably, body size alone can cause an H3 even without habitat (Barbosa et al., 2014), explainable by the energy-saving principles mentioned above (see also Kalinkat et al., 2013b).

Additionally, the temperature may influence the functional response shape (Uszko et al., 2017; Daugaard et al., 2019). Warming can induce a shift from H3 to H2, which may potentially destabilize population dynamics (Daugaard et al., 2019). However, suppose consumers are more likely to reduce search rates at low resource densities below and above their optimum temperature. In that case, warming can lead to more complex shifts in functional response shapes (Uszko et al., 2017).



2.4. Conclusions on mechanisms

In conclusion, we can roughly categorize H3-inducing effects into changes in physiology, behavior, or morphology that can but do not have to be induced by the presence of an alternative resource. Environmental properties, such as the availability of refuges or changing temperatures, can also cause H3. Additionally, the different mechanisms leading to H3 may interact. For instance, only smaller resource individuals can hide in refuges that large consumers cannot access. Generally, suboptimal resources or circumstances for the predator may lead to H3 (Hassell et al., 1977; Vucic-Pestic et al., 2010a,b; Barrios-O’Neill et al., 2016; Uszko et al., 2017; Daugaard et al., 2019). These mechanisms can manifest across various taxonomic groups, habitat types, and consumer types, challenging the common belief that H3 is restricted to only a handful of specific scenarios.




3. Literature review

We found 107 studies that reported H3 [see the data and data methods by Kalinkat et al. (2023) on Zenodo for details] and categorized them according to (1) habitat, (2) taxonomy, (3) consumer types, (4) experimental setting (field vs. laboratory), and (5) methodology. Further, we (6) checked if the observed H3 could be attributed to any of the above mechanisms.

We noticed that organisms from terrestrial habitats feature disproportionately often in studies that found H3 (~17% freshwater, ~25% marine, and ~ 57% terrestrial). This finding contrasts the recently assembled functional response database in which habitats were relatively evenly distributed in the functional response literature (Uiterwaal et al., 2022). Experimental arenas for terrestrial organisms often provide refuges, which may generate H3 (e.g., Vucic-Pestic et al., 2010a,b). Nevertheless, H3 can also occur in unstructured (e.g., pelagic) habitats (e.g., Sarnelle and Wilson, 2008). Researchers in different habitat types possibly employed different standard experimental settings or model fitting techniques that could cause the mismatch. However, analyzing this was beyond the scope of the present review.

The consumer taxonomy was also unevenly distributed: ~79% of all studies included invertebrate consumers, ~21% vertebrate consumers, and protists and fungi occurred only in single studies (<1% each). This finding further confirms that H3 is not exclusive to vertebrate consumers (Hassell et al., 1977). The relatively high frequency of invertebrates in our analyses might be because invertebrates are well-suited laboratory animals in a field where laboratory studies dominate (see below).

The consumer types were dominated by true predators (~64%), followed by parasitoids (~21%), filter feeders (~13%), and grazers and parasites that occurred only in single studies (<1% each). This uneven distribution is partially due to the abundance of biological control studies, which predominantly use terrestrial invertebrate predators.

Laboratory studies (82%) dominated the literature for experimental settings compared to field-based studies (18%). Given the vast discrepancy in logistics and costs, this might be expected. While data for a simple laboratory study can be generated in a few days, field-based studies are often more laborious, time-consuming, and costly.

The method used to estimate the functional response was nearly always counting resource items before and after the experiment and applying a standardized statistical model fit (e.g., Juliano, 2001). We found this combination in 99% of the laboratory studies in the dataset, which are 82% of all studies. Methods that have also been used include stomach content analyzes (7%, 37% of field studies), fecal analyzes (5%, 26% of field studies), and counting of prey items delivered to juveniles (2%, 11% of field studies). We also found more advanced methods like radioactive labeling of food items (Fussmann et al., 2005) and complex population modeling approaches (Koen-Alonso and Yodzis, 2005; Maszczyk et al., 2018).

The search for a specific mechanism explaining the functional response shape was the goal of only a few studies. In most cases, the H3 was simply the better statistical fit, and mechanisms were minimally discussed. One of the rare examples where authors tested a mechanism was by Hammill et al. (2010), where induced prey defenses caused a shift from H2 toward H3. If the study authors did not explicitly test for a mechanism, we assigned it based on the study design and discussion provided by the authors, which was possible for 61% of all studies. Prey switching (15% of all studies) and energy saving at low prey densities (10% of all studies) were relatively common. Field studies documented prey-switching disproportionately often, and this finding is likely caused by the fact that alternative resources are naturally present. But as it is nearly impossible to measure single-resource functional responses in the field without alternative prey, it is also unclear if prey switching was the mechanism causing H3 or whether the single-prey functional response would have also been H3 (Kalinkat et al., 2011).

In conclusion, we see a strong need for future studies that explicitly test for the mechanisms behind the H3 in various taxa. We also encourage researchers to consider potential mechanisms of different functional response shapes when designing and interpreting their feeding experiments and field observations.



4. Future challenges


4.1. Experimental design

Several studies have discussed the challenges in setting up functional response experiments to make them logistically feasible while simultaneously ensuring biologically realistic conditions. For instance, arena size and edges, experimental duration, and consumers’ starvation may substantially affect functional response parameter estimates (Li et al., 2018; Uiterwaal and DeLong, 2018; Uiterwaal et al., 2019; Juliano et al., 2022). More specifically, the detection of H3 might be biased if using resources unknown to the consumer or generally non-favorable experimental settings (Hassell et al., 1977).

We mentioned above that several biological and environmental mechanisms might lead to H3. For instance, if no habitat structure is provided, the probability of detecting H3 is reduced (e.g., Vucic-Pestic et al., 2010a). Therefore, habitat structure is an essential part of experimental design for many (but not all) consumer-resource interactions. Also, energy savings at low resource densities can lead to H3, so low resource densities are necessary for any setup (Sarnelle and Wilson, 2008). In addition, using logarithmic scaling for choosing the experimental resource densities further improves the detectability of H3 (Uszko et al., 2020; Novak and Stouffer, 2021b).

To establish low prey densities, larger experimental arenas are needed. Larger experimental arenas, however, lead to a concentration of consumers and resources at the arena edges (Uiterwaal et al., 2019), increasing foraging rates and altering parameter estimates. In some cases, resource aggregation can conversely cause resource density to shrink virtually (Vucic-Pestic et al., 2010a), eventually leading to reduced predation, rendering H3 detection difficult. Thus, efforts to reduce resource densities through large arenas should consider the behavioral effects of these arenas on experimental organisms.



4.2. Statistical approaches

The chance of detecting H3 depends on the amount and quality of the acquired data. Reduced availability and high variability of observed data, especially at low resource densities, can prevent a correct characterization of the response type. In particular, H2 may be chosen due to its parsimony compared to the generalized functional response (two versus three fitted parameters, respectively) if the variance is high (Marshal and Boutin, 1999). Additionally, the best-fitting functional response model may depend on the sample size (Novak and Stouffer, 2021a). For instance, the weaker an H3 is (e.g., θ close to 1), the more data is needed to find significant results supporting an H3 (Marshal and Boutin, 1999).

A hallmark of H3 is an accelerating feeding rate at low resource densities. The classical approach is fitting a polynomial to the predation risk data (see Figures 1A–C; black lines) and checking for the significance of the (negative) quadratic term (Juliano, 2001). Subsequently, the researchers fit either H2 (Eqn. 3) or H3 (Eqn. 4) to the feeding data. Alternatively, testing the significance of the shaping exponent, θ (Eqn. 5–6), in the generalized functional response model (e.g., Vucic-Pestic et al., 2010b) or comparing a variety of models using information criteria (e.g., Rosenbaum and Rall, 2018) might be promising alternatives. However, all these methods may fail to detect H3, especially if the acquired data at low resource densities are scarce (Okuyama, 2013).

Rosenbaum and Rall (2018) compared several methods to fit functional responses. The new approach presented by the authors was the only way to estimate the generalized functional response model parameters correctly. All other models, including the widely used Rogers Random Predator Equation (Juliano, 2001), systematically misestimated the attack coefficient (for [image: image]). Moreover, the method is suitable to fit also more complex H3 formulations (e.g., Eqn. 7), as it simulates the process of predation over time. Uszko et al. (2020) employed this new method and suggested a logarithmic data transformation to improve fit precision and accuracy. Novak and Stouffer (2021b) additionally pointed out the varying geometric complexity of different models (i.e., their flexibility in fitting data) as an essential factor in model choice and parameter estimation. These recent advances, coupled with the development of open-source fitting scripts (e.g., as provided by Rosenbaum and Rall, 2018), can significantly improve the detection of functional response types and reliable parameter estimation.



4.3. Recommendations for future functional response experiments

Researchers planning functional response experiments should take the following advice into account:

(1) Particularly in terrestrial and benthic environments, it is desirable to include habitat structure. Habitat provides hiding space and creates more realistic interactions.

(2) Use a well-balanced experimental arena size.

(3) Always incorporate low resource densities; otherwise, detecting an H3 is impossible!

(4) Space your resource density levels logarithmically.

(5) Use reliable, up-to-date fitting techniques combined with the generalized functional response model to distinguish between H2 and H3.




5. Conclusion

We were motivated to write this review by our observation that Holling’s type III functional responses (H3) seemed underreported in the literature. Moreover, the classical view that H3 is the “vertebrate functional response” seems outdated, as even “simple” consumers may exhibit an H3 (e.g., Sarnelle et al., 2015; Kreuzinger-Janik et al., 2019). Also, H3 is known to stabilize ecosystems and enhance biodiversity. It should therefore be common in the experimental literature, but on the other hand, it seems that many researchers do not fully consider H3 when studying functional responses. We were startled to find just slightly more than 100 H3 studies in 20 years. Still, it is a fair share compared to the 543 studies from 1959 to 2021 reported in a current type-independent functional response database (DeLong and Uiterwaal, 2018, version 2; Uiterwaal et al., 2022). Given what we know about the challenges in experimental design and model fitting, we think that it is very likely that there are many more scenarios out there where H3 responses prevail in nature. Nevertheless, their detection remains limited in both laboratory experiments and field studies. Given the importance of H3 and the need to improve realism in investigating and applying functional response models (Griffen, 2021), we encourage researchers to design experiments to discover type III functional responses.
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‘We present the three basic types,including some commonly used mathematical notations; if you want to know more about the variety of functional response models and their family tree, lease
read Jeschke et al. (2002).

“The per capita consumer feeding rate, F, depends on the resource density, N, and the parameters: the attack rate, @ [a.k.a. instantaneous rate of discovery (e.g, Holling, 19592), maximum
clearance, gy (e.g. Hansen et al,, 2003), space clearance rate (e.g, Coblentz et al, 2022b)]; the maximum feeding rate, £,,,; the handling time, 7;; the half saturation density, Ny (the
resource density at which the half of £, is reached); the attack coefficient, b; and the shape exponent, & (also known as the Hill exponent, . often modeledas /=g +1 (eg, Vucic-Pestic
ctal,, 2010b). In type 11l models, the attack rate, @, depends on the prey density: a=bN or a=bN""', where 6-1=g.

“The linear type I functional response should be seen as an artifact, as real consumers always need time to handle the resource (FHolling, 1959b). However, it remains a cornerstone of theoretical
ecology due to its simplicity.

‘Type 111 models are diverse, and we show the most often used versions. If you are interested in more (and more complex) equations, please read Juliano (2001) and Koen-Alonso and Yodzis
(2005) and the references therein.

“This function is a type 111 response for 6> 1. If 0= 1, the function is a type II response. If @= 1 and T, =0, the function reduces to the linear Type I functional response (H0).

In the case of model ftting, it s possible o apply 0=q+1and test if g i significantly diferent from zero.

“Delong (2021) discussed that the attack rates (or space clearance rates) in Eqn. 4 to Eqn. 6 unrealitically increase to infinity and should satiate. A satiating attack rate function would also allow

a comparison betiween the asymptotic attack rate g and the attack rate in H2 a5 a =, N /(@ + N). The parameter dpgx is the asymptotic maximun atiack rate, and dq s the resource

density at which the attack rates are half of ;. Note that Juliano (2001) also showed an H3 version with a hyperbolic resource density-dependent attack rate.
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