Effects of Simultaneous versus Sequential Settlement on the Territorial Behaviour of Juvenile Rainbow Trout (Oncorhynchus mykiss)
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Abstract
The aggression hypothesis predicts that territories will be smaller and more numerous when individuals arrive simultaneously rather than sequentially, due to the prior residency effect, whereas the attraction hypothesis predicts the opposite. In this study, we test the predictions of these contrasting hypotheses by releasing 12 juvenile rainbow trout (Oncorhynchus mykiss) either simultaneously, all on one day, or sequentially, 2 per day for 6 days, in artificial streams. After the fish spent an average of one week in the streams, we quantified the number of territories established, territory size, aggression rate and growth rate. There was evidence of a prior residency effect – early arrivers were more aggressive and grew faster than late arrivers – but this effect did not alter the number or size of territories established. We concluded that the temporal patterns of arrival have no strong effects on the territorial dynamics of juvenile rainbow trout. 
Introduction
Two contrasting hypotheses have emerged in the literature about how the temporal patterns of settlement will affect the number and size of territories in an environment (Adams 2001). The aggression hypothesis (sensu Stamps 1992) predicts that fewer individuals will establish territories if they arrive sequentially rather than simultaneously (van den Assem 1967). This intuitive prediction is based on observations that residents aggressively defend their territories, whereas new arrivers may take hours to days to become aggressive (reviewed in Waser and Wiley 1979; see also Krebs 1982; Beletsky and Orians 1987; Ydenberg et al. 1988). Moreover, many studies have shown a prior residency effect, where residents are typically dominant to intruders and win the majority of aggressive encounters within their territories (Maynard Smith and Parker 1976; Leimar and Enquist 1984; Huntingford and Turner 1987; Huntingford and Garcia de Leaniz 1997). Therefore, individuals arriving simultaneously in an unoccupied habitat will encounter relatively little aggression, so that many individuals will successfully establish small territories. When individuals arrive sequentially, however, the first arrivers establish larger territories that quickly fill the available habitat, so that late arrivers will be excluded entirely. Hence, the aggression hypothesis predicts more and smaller territories when settlers arrive simultaneously, and fitness will decline with time when arrival is sequential. Despite its intuitive appeal, there is little direct support for the aggression hypothesis (van den Assem 1967; but see Clayton and Vaughan 1986; Stamps 1992).  . 
In contrast, the attraction hypothesis (sensu Stamps 1992) predicts that new arrivers prefer to settle in areas with prior residents, assuming that individuals use conspecifics as a cue for a suitable habitat (for reviews see Stamps 1988; Smith and Peacock 1990). Support for this hypothesis comes from removal studies, where individuals settle more quickly on a previously occupied territory than the time required for the initial settlement of the removed resident (reviewed in Patterson 1980). If the territorial behaviour of residents acts as an advertisement of habitat quality, then sequentially arriving individuals will be more likely to establish territories nearby than simultaneously arriving individuals surrounded by unsettled conspecifics (Stamps 1992). Furthermore, individuals may benefit from having nearby neighbours (Lack 1948; Allee 1951), the so-called “dear enemy effect” (Wilson 1975). As a result, the probability of successful settlement may increase as more individuals settle, until the habitat becomes saturated with territories. Hence, the attraction hypothesis predicts that more territories will be established when arrival is sequential than simultaneous. While there is considerable anecdotal evidence supporting the idea that territorial animals are attracted to one another during settlement (Stamps 1988), only one study has tested the attraction hypothesis; the number of territorial individuals was higher during sequential than simultaneous settlement, but only when later arrivers were attacked at a low rate – i.e. the prior residency effect was weak (Stamps 1992).
We tested the predictions of these two contrasting hypotheses by comparing the behaviour of individuals arriving in a habitat either simultaneously or sequentially. We tested for a prior residency effect in sequential treatments, by comparing the territory size, settlement success, and growth rate of early versus late arrivers. Second, we tested the predictions that: (1) territories will be smaller and more numerous during simultaneous than sequential settlement; or (2) vice-versa. We manipulated the arrival of juvenile rainbow trout (Oncorhynchus mykiss) into stream channels in two treatments: simultaneous, all 12 trout arrived on the same day; and sequential, 2 trout arrived each day for 6 consecutive days. After fish spent an average of 7 days in the channels, we quantified the number and size of territories established, and the growth rate of individual fish.
Experimental Protocol

Young-of-the-year (YOY) rainbow trout were purchased from Pisciculture des Arpents Verts, Ste-Edwidge-de-Clifton, Quebec, Canada, and kept in holding tanks at approximately 150 C on a 12 hour: 12 hour light: dark cycle for 2 - 12 weeks before trials began. Fish were fed granulated fish feed (Optimum 0.7, Corey Feed Mills) once per day while in holding tanks. Laboratory trials were conducted from October 2009 to March 2010.

All trials were conducted in 1.95 m x 0.77 m (l x w) artificial stream channels. Stream channels were filled with continuously re-circulating, filtered, de-chlorinated tap water on a 12 hour: 12 hour light: dark cycle. Ten percent of new water was added per day to prevent the buildup of odour cues (Griffiths and Armstrong 2000; Ellis et al. 2005). Water temperature in stream channels varied with the outdoor temperature and was approximately 150C (mean ± SD = 14.8 ± 3.1oC). The substrate of each stream channel consisted of a layer of light coloured aquarium gravel overlaid by a 4x8 grid of medium-sized cobbles (mean diameter = 7.84 cm; range = 5.7 – 10.5cm). The stones were spaced approximately 22 cm apart along the length of the stream channel and 15 cm apart along the width. This grid acted as a visual marker to aid fish in establishing territories (La Manna and Eason 2003), and facilitated the recording of fish positions during observations. 
To simulate natural stream drift, food was delivered at a constant rate over the 12 hour daylight period by way of an automatic belt feeder. Fish received a daily ration of food (Optimum 0.7 granulated fish feed, Corey Feed Mills) that was equivalent to 5% of the total fish biomass in the stream channel. To promote growth, this ration was slightly above the daily recommended maintenance ration of 4.38% at 15°C (Cho 1990).
Fish were tagged by a subcutaneous injection of visual implant elastomers along the dorsal and/or caudal fins for identification (Dewey and Zigler 1996), and were then released into the channels in either a simultaneous or sequential treatment. Twelve fish (~8/m2) were placed in each channel, equivalent to high densities for fish of this size in the wild (Grant and Kramer 1990; see below). In the simultaneous treatment, all 12 fish were released into the channel on day one and removed on day seven. Conversely, in the sequential treatment, 2 fish were released per day for 6 days. In the latter case the total duration of the trial was 10 days in order to achieve a mean duration of 7 days in the channel for fish in both treatments. Juvenile rainbow trout in these stream channels take approximately 24 hours to settle and begin defending a territory (Wood 2008). Therefore, releasing the fish one day apart is expected to allow released fish time to settle and begin defending territories before the next group arrives. Because the behaviour of individual fish was not independent of other fish in the tank, we used the tank as a datum in our analyses for 7 replicates for each treatment. One replicate from each treatment was completed each week to control for any seasonal effects. Fish were only used once and experienced only one of the treatments. 

Initial body mass did not differ significantly between treatments (simultaneous:  mean ± SE = 1.02 ± 0.05g, n = 84 (7 replicates x 12 fish per replicate); sequential: 0.94± 0.05g, n=84; ANOVA, F1,12= 1.321, p=0.252) or between fish released in the first half versus the second half of the sequential trials (paired t-test: t6=-1.022, p=0.346).  We calculated the specific growth rates of each fish as: G = (logeW2-logeW1)/t, [image: image2.png]
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where G is the specific growth rate, W2 is the weight at the end of the trial, W1 is the weight at the beginning of the trial, and t is the duration of the trial in days (Ricker 1975). Seven days is sufficient to detect significant growth differences between treatments in these channels, using similar densities of fish and rations of food (Wood 2008; Toobaie 2011). 
Each fish was monitored for 15 minutes on the last day of the trial, day 7 or 10 for simultaneous versus sequential trials, respectively. While 15 minutes is not sufficient time to quantify territory size at low population densities (e.g. Keeley and Grant 1995), at the high densities in our experiment territorial fish averaged 9.5 aggressive interactions per 15 min. During this observation, the location of the focal fish was recorded continuously, as well as the direction (1-12 o’clock, 12=upstream) and the distance (in body lengths) of foraging attempts and aggressive acts (see Steingrímsson and Grant 2008). Lateral displays, chases and fleeing (sensu Keenleyside and Yamamoto 1962) were observed during each trial. The locations of aggressive acts were defined as the position of the intruder when the resident fish initiated the aggressive interaction (Keeley and Grant 1995; Steingrimsson and Grant 2008). Individuals were deemed to be territorial if they were observed to defend an area within the stream channel. Moreover, we defined individuals as subordinate if they were the target of more aggression than they instigated, whether or not they were territorial. 
Mapping individual movements was facilitated by a grid of labelled cobbles that acted as a Cartesian coordinate system within the stream channels. Using these measurements, a digital map was created of each stream channel and the space-use patterns of each fish using ArcView GIS version 3.2 in conjunction with the Animal Movement extension (Hooge and Eichenlaub 2000). Territory area was calculated using the coordinates of all aggressive acts and observed locations (mean = 26.6 per focal fish), with the removal of spatial outliers (5%) via the harmonic mean method, to create a 95% minimum convex polygon (Schoener 1981; Hooge and Eichenlaub 2000). 
Statistical Analysis 

We included week of the experiment as a blocking variable to capture the effects of seasonal changes in water temperature and the slight increase in body size of the fish over the course of the experiment. Because no significant block effect was detected, one-way ANOVAs were used to determine whether there was a main effect of settlement treatment on rate of aggression, territory size, number of territorial individuals and growth rate among individuals using SPSS 12.0.1 for Windows. Territory size data were log10-transformed to meet the assumptions of normality (Kolmogorov-Smirnov Test, P=0.996) and homogeneity of variances (Levene’s Test, P=0.998) for parametric tests. Within the sequential treatment, fish were classified based on arrival time as being either “early arrivers” (released on days 1, 2 and 3) or “late arrivers” (released on days 4, 5 and 6). All comparisons of early versus late arrivers were examined using 2-tailed paired t-tests. 

Results

There was some evidence of a prior-resident advantage effect in our sequential trials. In the latter half of the sequential trials, any fish released into a channel was always immediately chased upon entry. Conversely, within the simultaneous treatment, aggressive interactions were never observed at release, even though fish density was high. Consistent with this observation, early arrivers were less likely to be subordinates (mean ± SE: early = 2.57 ± 0.20; late = 3.86 ± 0.26; paired t-test: t6 = -4.50, p = 0.004), although there was no difference in aggression initiated between early and late arrivers (paired t-test: t6 = 1.12, p = 0.305). Moreover, early arrivers grew faster than late arrivers (mean ± SE: early = 0.049 ± 0.002 (∆ln(g)/day); late = 0.039 ± 0.003 (∆ln(g)/day); paired t-test: t6 = 3.5, p = 0.013). However, in contrast to the predictions of the prior-resident advantage hypothesis, there was no difference in the number of territories established (paired t-test: t6 = 1.00, p = 0.356; Fig. 1a) or the territory size of early and late arrivers (paired t-test: t6 = 0.55, p = 0.600; Fig. 1b).  Nevertheless, both results were in the direction predicted by the prior-resident advantage hypothesis. 
In contrast to the predictions of both the aggression and attraction hypotheses, the number of territories (F1,12 = 2.53, p = 0.138; Fig. 2a) and average territory area (F1,12 = 0.75, p = 0.402; Fig. 2b) did not differ significantly between simultaneous and sequential  treatments. Similarly, there was no difference in the number of subordinate individuals (F1,12 = 0.74, p = 0.407; Fig. 2c), although total aggression per trial tended to be higher in the synchronous treatment (F1,12 = 2.61, p = 0.132). Furthermore, specific growth rates did not differ between treatments (mean ± SE: simultaneous = 0.044 ± 0.003 (∆ln(g)/day); sequential = 0.045 ± 0.002 (∆ln(g)/day); F1,12 = 0.20, p = 0.659). 
Discussion
The crucial difference between the two competing hypotheses is the importance of the prior residency effect. In our study, two of four variables differed significantly between early and late arrivers in a manner consistent with the prior residency effect; early arrivers grew faster and were less likely to be subordinates than late arrivers. While the size and number of territories established did not differ significantly between early and late arrivers, the direction of change was consistent with the prior residency effect. However, the number of replicates that would have been required to make these observed differences significant (i.e. P<0.05) was 44 and 181, respectively. Taken together, our data suggest a weak prior-residency effect in the sequential trials.  

Despite some evidence of a prior residency effect, it did not translate into more and smaller territories in the simultaneous than in the sequential treatment. However, both trends were in the direction predicted by the aggression hypothesis. To make our observed differences significant (P<0.05) would have required 12 replicates (rather than 7) for the difference in the number of territories and 22 replicates for the difference in territory area. While 12 replicates is not excessive for an experiment of this type, our power analysis suggests that synchrony of settlement had only a modest effect on territory size. 
To put our experiment in a broader context, we compared our results to previous research on the same size and species of fish, held in the same stream channels at similar densities.  A 50% reduction in population density caused a 47% increase in territory size (Wood 2008), an effect size that would have been detected with a power of 0.81 given our degree of replication and measurement error. By contrast, a 50% reduction in food abundance while holding population density constant caused territories to increase by only 15% (Toobaie 2011), an effect size that would have been detected by our experiment with a power of only 0.18. In comparison, manipulating the synchrony of settlement caused a difference in territory size of only 16%, an effect size that we could detect with a power of only 0.21. This analysis suggested that our experimental design had reasonable power (i.e. ~0.80, Peterman 1990) to detect a major effect on territory size, such as population density, but only low power to detect a weaker effect like changes in food abundance. Furthermore, our inability to detect an effect of synchrony of settlement on territory size suggested that it had only a minor effect on territory size, similar in magnitude to the effect of food density while holding density constant. Our equivocal results were not dramatically different from those of van den Assem (1967) and Stamps (1992). Van den Assem (1967) initially found no significant difference in the density of territorial sticklebacks between simultaneous and sequential treatments. He considered this result to be a lab artefact, resulting from the inability of subordinate individuals to emigrate from the population, leading to a swamping effect of subordinates on the dominant individual. To rectify this situation, van den Assem (1967) removed individuals who had failed to establish a territory, which resulted in fewer territories in sequential treatments. However, in the current study it was observed that non-territorial fish would most commonly aggregate at the back of the stream channel and remain out of the upstream territories. On occasion “floaters” would be observed – fish that would spend time navigating through the stream channel in and out of territories looking for food – but these individuals were not abundant. Consequently we believe that no such swamping events were occurring.
Stamps (1992) observed high attack rates on late-arriving lizards, which led to a lower density of settlers in sequential than in simultaneous treatments. However, in the sequential trials when attack rates on arrivers were at rates comparable to those observed in simultaneous trials, the final density of settlers was actually higher in the sequential than in the simultaneous treatment. Stamps (1992) concluded that conspecific-cuing can lead to high densities, but only if individuals are not subjected to overt aggression upon arrival. 
Taken together with the results of van den Assem (1967) and Stamps (1992), there is no compelling evidence for a strong effect of the temporal pattern of arrival on the number and size of territories established. If van den Assem’s (1967) hunch is correct, however, then our modest prior residency effect might have led to differences in the number and size of territories if emigration was permitted, which would occur in the wild (Elliott 1994). Differences in arrival time may be more important in the wild, because individuals that emerge early from nests are typically larger and have higher standard metabolic rates than later-emerging individuals (Metcalfe et al. 1992; Yamamoto et al. 1998).
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Figure 1. Comparison (mean ± SE, n = 7) of early (days 1, 2 and 3) and late (4, 5 and 6) arrivers in sequential trials with respect to (A) the number of territorial individuals, and (B) territory size. 

Figure 2. Effect of settlement condition (mean ± SE, n = 7) on (A) the number of territories, (B) territory size, and (C) the number of subordinate individuals. 
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