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Trophic and non-trophic pathways mediate apparent competition through post-dispersal seed predation in a Patagonian mixed forest Fernando D. Caccia, Enrique J. Chaneton and Thomas Kitzberger



Caccia, F. D., Chaneton, E. J. and Kitzberger, T. 2006. Trophic and non-trophic pathways mediate apparent competition through post-dispersal seed predation in a Patagonian mixed forest.  Oikos 113: 469 480. Post-dispersal predation can be a major source of seed loss in temperate forests. Little is known, however, about how predator-mediated indirect interactions such as apparent competition alter survival patterns of canopy tree seeds. Understorey plants may enhance tree seed predation by providing sheltered habitat to granivores (non-trophic pathway). In addition, occurrence of different tree seeds in mixed patches may lead to short-term apparent competition between seed types, because of the granivores’ foraging response to changes in food patch quality (trophic pathway). We hypothesised that understorey bamboo cover and mixing of seed species in food patches would both increase tree seed predation in a Nothofagus dombeyi/Austrocedrus chilensis forest in northern Patagonia, Argentina. Seed removal experiments were conducted for three consecutive years (2000 2002) differing in overall granivory rates. Seed patch encounter and seed removal rates were consistently higher for the larger and more nutritious Austrocedrus seeds than for the smaller Nothofagus seeds. Seed removal was greater beneath bamboo than in open areas. This apparent competition pathway was stronger in a low-predation year (2000) than in high-predation years (2001 2002), suggesting a shift in microhabitat use by rodents. Patch composition had a significant, though weaker, impact on seed survival across study years, whereas seed density per patch enhanced encounter rates but did not influence seed removal. Removal of the less-preferred Nothofagus seeds increased in the presence of Austrocedrus seeds, but the reciprocal indirect effect was not observed. However, this non-reciprocal apparent competition between seed species was only significant in the high-predation years. Our study shows that granivore-mediated indirect effects can arise through different interaction pathways, affecting seed survival patterns according to the predator’s preference for alternative seed types. Moreover, results indicate that the occurrence and relative strength of trophic vs non-trophic pathways of apparent competition may change under contrasting predation scenarios. F. D. Caccia, Depto de Produccio´n Vegetal, Facultad de Agronomı´a, Univ. de Buenos Aires, Av. San Martı´n 4453, AR-1417 Buenos Aires, Argentina ([email protected]).  E. J. Chaneton, IFEVA-CONICET, Depto de Recursos Naturales, Facultad de Agronomı´a, Univ. de Buenos Aires, Av. San Martı´n 4453, AR-1417 Buenos Aires, Argentina.  T. Kitzberger, Laboratorio Ecotono, CRUB, Univ. Nacional del Comahue, Quintral 1250, AR-8400 Bariloche, Rı´o Negro, Argentina



Growing evidence shows that indirect interactions play a major role in community dynamics (Wootton 1994, Abrams et al. 1995, Ostfeld and Keesing 2000, Schmitz et al. 2004). So far ‘density-mediated’ indirect interac-



tions, whereby the effect of one species on another occurs through a density change in a third species, have received most empirical attention. However, recent syntheses suggest that ‘trait-mediated’ indirect effects
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may also shape community structure (Werner and Peacor 2003, Schmitz et al. 2004, Ohgushi et al. 2006). Trait-mediated indirect interactions between two species are transmitted by a change in the phenotype of a third species (Abrams et al. 1995). For example, the intermediary species may respond to the presence of one species through a behavioural change that alters its per capita effect on another species (Werner and Peacor 2003). Indirect effects of this kind often arise between prey species sharing a common natural enemy. In particular, ‘short-term apparent competition’ occurs when the presence of one prey species increases the amount of predation on a second prey, thus reducing its abundance (Holt and Kotler 1987, Abrams 1993, 2004). This indirect interaction can be generated by the aggregative behaviour and/or functional response of a polyphagous predator that feeds upon alternative prey types in a patchy environment (Holt and Kotler 1987, Abrams 1993). Evidence suggests that apparent competition may be widespread, affecting the relative abundance, distribution and diversity of prey species in a variety of terrestrial communities (Holt and Lawton 1994, Chaneton and Bonsall 2000). Apparent competition typically arises through pairwise trophic interactions between the alternative prey and the shared predator (Holt 1977, Holt and Kotler 1987, Abrams 1993, 2004). The outcome of this ‘trophic pathway’ for apparent competition may entail reciprocally negative effects on each prey species, or may be non-reciprocal, when only one prey is affected (Chaneton and Bonsall 2000, Brassil and Abrams 2004). In addition, Connell (1990) proposed that non-trophic interactions associated with habitat use by herbivores may often induce apparent competition between plants. Such ‘non-trophic pathways’ arise when a plant species provides physiological shelter or refuge from predators to a herbivore that consumes other, neighbouring plants, often killing them. Since the ‘food’ plant would otherwise suffer only reduced attack, and the herbivore rarely feeds upon the ‘refuge’ plant, such cases of apparent competition should be strongly asymmetrical (Connell 1990). Whereas a few studies in plant communities have reported apparent competition through entirely trophic pathways (Parker and Root 1981, Thomas 1986, Veech 2000, Rand 2003), many have documented indirect effects resembling herbivore- or granivore-mediated apparent competition via habitat provision (Reader 1992, Burger and Louda 1994, Ostfeld et al. 1997, Caccia and Ballare´ 1998, Holl 2002). Intriguingly, the patterns and relative impacts of trophic vs non-trophic pathways of apparent competition have never been yet investigated within the same plant community. Indirect interactions may involve different plant life stages, from seeds through seedlings to adult plants (Connell 1990, Chaneton and Bonsall 2000). Seeds shed 470



by different species are unlikely to compete for resources but may interact through short-term apparent competition (or mutualism) when they occur in mixed patches (Veech 2001). Seed removal studies have shown that patch selection and diet choice strategies displayed by vertebrate granivores can promote indirect effects between seed types (Brown and Mitchell 1989, Brown and Morgan 1995, Garb et al. 2000, Veech 2000, 2001). Density-dependent foraging, granivore’s preference for alternative seed types and prey switching were pointed out as potential behavioural mechanisms leading to apparent competition at the seed stage (Veech 2001). Even though foraging theory suggests that indirect effects through post-dispersal predation may often affect seed survival patterns (Holt and Kotler 1987, Brown and Mitchell 1989), to date only two studies (Veech 2000, 2001) found apparent competition between native seed species exposed to resident granivores in their natural habitat. In another field study, Hulme and Hunt (1999) failed to find indirect effects via rodent predation between woodland tree seeds. The foraging behaviour of polyphagous consumers reflects a multi-step process (Holt and Kotler 1987, Brown and Morgan 1995), involving decisions about where to seek food (habitat use), what food patches to exploit and for how long (patch use), and what to eat (diet choice). Herbivores also face a tradeoff between maximizing food intake and reducing the time of exposure to predators (Brown 1988, Lima and Dill 1990). Predation risk has been found to alter microhabitat use and foraging decisions in small mammals (Kotler et al. 1991, Kotler 1997, Pusenius and Ostfeld 2000). Thus, rodents may exhibit strong preference for highly vegetated habitats that provide refuge from predators (Manson and Stiles 1998, Jacob and Brown 2000). Such a tradeoff is also affected by overall resource availability (Holt and Kotler 1987) and rodent densities (Schnurr et al. 2004). Changes in total seed supply and rodent activity may influence patterns of food exploitation across microhabitats (Kollmann et al. 1998, Meiners and LoGiudice 2003, Schnurr et al. 2004), by altering the probability that rodents will risk venturing into open areas (Ylo¨nen et al. 2002, Kelt et al. 2004). Microhabitat use by rodents could then alter the survival of different seed types and, possibly, the strength of indirect effects between co-occurring seeds, a form of ‘interaction modification’ (sensu Wootton 1994). Post-dispersal predation by small mammals has been recognised as an important source of seed loss in temperate forests (Wada 1993, Dı´az et al. 1999, Abe et al. 2001, Schnurr et al. 2002, 2004). It has been suggested that forest understorey plants may act to ‘filter’ canopy tree recruitment (George and Bazzaz 1999) through their impact on small-scale rodent activity and seed predation patterns (Wada 1993, Abe et al. 2001, Schnurr et al. 2004). Such effects may well depend on OIKOS 113:3 (2006)



seed size; that is, the differential quality of tree seed species as a food item to granivores. Moreover, preference for different seed types could affect the outcome of rodent-mediated interactions at the seed stage (Veech 2001). Thus, understanding how indirect effects generate species-specific patterns of seed predation in space and time may help to predict tree recruitment in forests (Condit et al. 1992, Schnurr et al. 2004). In this study we examine the hypothesis that shortterm apparent competition derived from habitat provision and food patch quality to post-dispersal predators alters tree seed survival in a Patagonian mixed forest (Fig. 1). In this system, the forest understorey comprises a mosaic of tall and dense bamboo thickets alternating with areas lacking bamboo (Pearson et al. 1994, Veblen et al. 1996). Bamboo patches create habitat for many vertebrate species and influence their interactions with food resources (Jaksic and Lima 2003, Reid et al. 2004). Very little is known about the patterns of tree seed predation by rodents in native forests of Patagonia. Specifically, we tested the indirect effects of bamboo cover and seed patch composition on granivory rates for the dominant canopy trees Nothofagus dombeyi (small-seeded) and Austrocedrus chilensis (large-seeded). The following questions were addressed (Fig. 1):



1) 2)



3)



4)



Does the amount of post-dispersal seed predation increase in bamboo microhabitats? How does bamboo cover affect the granivores’ preference for tree seed species of different quality (measured by seed mass and nutritional content)? Do granivores mediate indirect interactions between seed species found in mixed patches? If so, what is the sign and relative strength of indirect effects on seed types of different quality? Does bamboo cover alter granivore-mediated indirect effects between co-occurring tree seeds (interaction modification)?



Seed removal experiments were conducted in three consecutive years (2000 2002) that differed with regard to overall granivory rates. While it has long been suggested that indirect effects might be highly variable in time (Schoener 1993), experiments have rarely been replicated to assess the temporal consistency of apparent competition. We hypothesised that bamboo effects on seed survival would be stronger and more consistent than indirect effects arising between tree seed species. Hence, we also focus on how the importance of trophic and non-trophic pathways for granivore-mediated interactions varied among years.



Methods Study system
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Fig. 1. Proposed web of direct and indirect effects induced by post-dispersal seed predation in a Patagonian mixed forest. Granivore-mediated apparent competition at the seed stage may arise through interaction pathways comprising either trophic (/f/food provision) or non-trophic (/h/habitat provision) linkages. The arrow thickness denotes the relative strength of each interaction. Solid arrows: direct effects; dashed arrows: indirect effects; dotted arrow: interaction modification (im). Block arrows (top) emphasise the influence of ‘context’ on the focal interaction web, as mediated by changes in rodent foraging behaviour. OIKOS 113:3 (2006)



The study was conducted in a large tract of Nothofagus dombeyi /Austrocedrus chilensis native forest located at /800 m a.s.l. on the east-facing slope of Lake Gutie´rrez (418 11? S, 718 25? W), Nahuel-Huapi National Park, Argentina. The site is representative of low-elevation, evergreen, mixed forests extending along the eastern foothills of the Andes in northern Patagonia (Veblen et al. 1996). Annual precipitation is /1600 mm, occurring as rain and snow mostly during autumn and winter (April September). Mean monthly temperatures vary from 3.28C in July to 14.08C in January (1984  2003, INTA weather station, ca 15 km from study site). The overstorey ranges from 50 70% in cover, Nothofagus dombeyi being the dominant canopy species ( /80%). The understorey is dominated by Chusquea culeou (Poaceae, Bambusoideae), a native bamboo forming dense thickets, interspersed with areas sparsely covered by shrubs (mainly Schinus patagonicus, Aristotelia chilensis and Berberis darwini ). Bamboo thickets reach densities of 30 40 culms m 2 and may grow up to 5 m height (Pearson et al. 1994). We focused on this bamboo patchwork to test for apparent competition via habitat provision to seed predators (Fig. 1). The experiments were conducted in three consecutive years (2000 2002) during mid autumn (April May) and before the first snowfall, the period of peak rodent 471



activity coinciding with synchronous seedfall for the main canopy trees (Bustamante 1996). Tree seed production shows large year-to-year variability (Veblen et al. 1996). Both changes in tree seed supply associated with mast years and extrinsic environmental drivers may account for interannual changes in rodent population sizes and granivory rates (Gonza´lez et al. 1989, Schnurr et al. 2002). Climatic conditions during the growing season (October March) varied substantially among study years. The 1999 2000 season was dry (36% below average rainfall), particularly in spring (28% of the mean), whereas the 2000 2001 season was rather wet throughout (52% above average). In 2001 2002 a very dry spring was followed by a very wet summer (75 and 95%, below and above average, respectively). The October March period preceding each experiment tended to be warmer than average in all three seasons (range: 11.9 13.08C), but mean temperatures during the previous winter were slightly colder in 1999 (3.28C) than in 2000 and 2001 (4.18C). Seeds of Nothofagus dombeyi (Fagaceae) and Austrocedrus chilensis (Cupressaceae) (hereafter referred to by genus) were collected before dispersal during March  April of each study year. While both species have relatively small seeds, the Austrocedrus seeds are noticeably larger (Table 1). The two seed types are also remarkably different with regard to nutritional content. Protein and lipid concentrations are much higher in the Austrocedrus seeds, whereas the Nothofagus seeds contain a greater fraction of non-digestible fiber (Table 1).



Seed removal experiments We evaluated the effects of bamboo cover, seed patch composition and seed density on seed predation rates using seed removal trials. Although experiments were repeated in each study year, some aspects of the basic design were varied in order to investigate different factors that might affect predator-mediated indirect effects at the seed stage. Seeds were presented to natural predators in plastic petri dishes (9 cm diam, 1.2 cm deep) filled with sieved soil from the study site; seeds were placed on the soil surface. To prevent rain from washing the seeds away, each dish was covered with a clear plastic Table 1. Size and nutritional quality of canopy tree seeds exposed to post-dispersal rodent predation in a mixed Patagonian forest, Argentina. Seed mass: mean9/SE (n/30). Chemical constituents expressed on a dry-mass basis (%).



Austrocedrus chilensis Nothofagus dombeyi
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Seed mass (mg)



Protein



Lipids



Fiber



Ash



4.319/0.06



21.2



36.0



37.8



4.6



2.429/0.03



3.7



5.9



47.6



2.7



panel (15 /20 cm) supported by wooden pegs at 25 cm height. Seeds were always handled while wearing latex gloves to avoid scent contamination. In May 2000, we established 120 feeding stations in a three-way factorial design that comprised two microhabitats (bamboo present or absent), two patch densities (10 or 80 seeds/dish) and three patch compositions (Nothofagus alone, Austrocedrus alone, or both species mixed). Seed densities per patch resembled those found on the forest floor for years with contrasting Nothofagus dombeyi seed crops (Burschel et al. 1976, Veblen et al. 1996) (no published data exist on Austrocedrus seed rain). In 2000, mixed patches received an equal amount (50:50%) of Austrocedrus and Nothofagus seeds (cf. 2001 2002, below). The 2000 experiment had 12 treatments, each replicated 10 times in a fully randomised design. Seed dishes were haphazardly assigned to understorey areas either covered by a thick bamboo canopy or lacking bamboo. The latter ‘open’ areas were /3 6 m in diameter and had no woody understorey plants present. The large spatial extent of the irregularly shaped bamboo thickets allowed dishes in the bamboo understorey to be placed at least 5 m apart. Minimum distance between seed patches located in adjacent bamboo and non-bamboo areas was 3 m. This spatial layout reduced the likelihood that foraging behaviour at the patch scale was influenced by seed patches in the immediate vicinity. Seed removal trials were repeated in the same forest in April 2001 and May 2002. Feeding stations were relocated for each experiment. The 2001 and 2002 experiments were identical to each other, except that total seed density per patch was adjusted to allow for seed availability (100 and 80 seeds/dish, for 2001 and 2002, respectively). In each experiment we set up 100 feeding points, equally distributed between two microhabitats: bamboo present or absent. Seed dishes were randomly assigned to a given patch composition taken from the following substitutive series: 100:0, 75:25, 50:50, 25:75 and 0:100, which represented the percentage of Nothofagus and Austrocedrus seeds per patch, respectively. All dishes received the same total number of seeds. Each experiment comprised 10 treatments arranged in a fully randomised factorial design with 10 replicates. The spatial layout of seed patches was equivalent to that described for 2000. Since dispersal of these tree species occurs synchronously during late summer, both single and mixed seed patches should occur on the forest floor. Nevertheless, we expect their actual frequency and composition to vary reflecting the abundance and spatial arrangement of parent trees (Condit et al. 1992, Clark et al. 1998, Schnurr et al. 2004), considering that most seeds fall within 20 m (Nothofagus ) to 50 m (Austrocedrus ) from the parent tree (Kitzberger 1994). Bamboo patches show no clear spatial association with canopy species distribution. Hence, it is reasonable to expect that OIKOS 113:3 (2006)



Nothofagus and Austrocedrus seeds will have similar probabilities of dispersing into bamboo patches and open understorey areas. Seed removal rates were evaluated after five day/nights of field exposure. Both the seeds removed from dishes and those damaged but remaining in place were considered as being predated by resident granivores. Rodents were assumed to be the main post-dispersal predators in the system (Bustamante 1996). Although a few omnivorous birds may feed upon seeds on the forest floor (e.g. chucao tapa-culos, Scelorchilus rubecula ), most bird species in these forests are specialist canopy insectivores or frugivores (Grigera et al. 1996, Deferrari et al. 2001, Reid et al. 2004). Lastly, seed remains and faecal pellets found in the petri dishes confirmed that rodents were likely to be the main granivores in our study. We assessed two components of predation: (i) patch encounter, the probability of at least one seed being removed from a dish; and (ii) seed removal, the proportion of seeds being predated once a dish was encountered (Hulme 1994). These variables relate to different aspects of foraging behaviour, patch selection and diet choice, respectively, and both may promote short-term indirect effects between alternative seed types (Holt and Kotler 1987, Brown and Morgan 1995, Veech 2001).



Small mammal trapping To assess patterns of microhabitat use by rodents, in May 2000 we laid out 80 live-capture Sherman traps (7.5/9 /22.5 cm) over a total area of /12 ha. Unfortunately, logistic constraints prevented us from sampling rodent activity in 2001 2002. Rodent trapping ran concurrently with the seed predation experiment. Half of the traps were haphazardly distributed across eight open areas lacking bamboo cover, while the other half were placed inside eight bamboo thickets. Each of the sampling areas received five traps placed at 3 m intervals along a transect, for a total of 40 traps per microhabitat type. Transects located in nearby bamboo and non-bamboo patches were at least 3 m apart. Traps were inspected after each of two consecutive nights; rodents were identified to species, marked and released at the point of capture.



Data analysis Treatment effects on seed patch encounter, a binary response variable, were evaluated through log-linear analyses implemented in STATISTICA for Windows (Statsoft Inc. 1995). In these analyses the initial model included all higher-order interactions but only terms showing a significant partial association (x2 statistic, PB/0.05) with the response variable were retained. OIKOS 113:3 (2006)



Seed removal was analysed through generalised linear modelling (PROC GENMOD, SAS 1996). The proportion of seeds removed per patch was modelled using a binomial error distribution and a logit link function, with the total seed number per dish as the binomial denominator (Crawley 1993, Hulme 1994). Treatment effects were tested through analysis of deviance, a maximum-likelihood equivalent of analysis of variance (McCullagh and Nelder 1989). We started by fitting a model including all higher-order interactions and then proceeded to simplify the model (backward elimination) until all remaining parameters were significant (PB/0.05). We checked for overdispersion, i.e. the appropriateness of assuming binomial errors, by looking at the ratio of the residual scaled deviance to the residual degrees of freedom (Crawley 1993). Models for overdispersed data were adjusted by running the ‘dscale’ procedure of SAS (1996) and hypotheses were then tested using an F statistic (Crawley 1993). The rationale for testing the single and interactive effects of bamboo cover, patch composition, seed density, species, and study year was the same for patch encounter and seed removal rates. Because not all treatments in the 2000 and 2001/02 experiments were the same, we conducted separate analyses to test how various factors might affect the strength of predation and the nature of indirect effects between seed types. First, we fitted models to the 3-year data set with four main factors (species, bamboo cover, patch composition and study year), but including only the single-species and 50:50 mixed patches (high-density patches for 2000). Second, we ran separate analyses for each tree species within the 2000 and 2001/02 data sets, which allowed us to test more accurately for indirect effects on each seed species in years with contrasting granivory levels. For the 2001/02 analyses, we used all mixed patch compositions (4 levels per species) and fitted models including bamboo cover, patch composition and year as main factors. Third, we tested for density-dependence of seed predation with the single-species patches of the 2000 experiment by fitting a model that comprised three factors: species, bamboo cover and patch density. While this approach entailed using some of the data more than once, it allowed us to test specific questions always through balanced designs. However, in this context marginal effects (P /0.05) need be interpreted conservatively. The potential for apparent competition through habitat provision was evaluated by comparing seed predation between bamboo and non-bamboo areas. To test for apparent competition between seed types we compared predation on each tree species when placed in mixed- vs single-species patches. A significant interaction between bamboo cover and patch composition would suggest that the understorey microhabitat modified the indirect interaction between seeds 473
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Table 2. Summary of statistical results for patch encounter (loglinear analysis) and removal rates (analysis of deviance) of Austrocedrus chilensis and Nothofagus dombeyi seeds in the three-year study (2000 2002). Analyses comprised high-density patches (80 100 seeds/dish), with both species offered alone or in 50:50 mixtures ( /patch composition). Parameters having a significant (PB/0.05) contribution to either final model are shown in bold. Seed removal was modelled assuming binomial errors (residual deviance df/231). Model parameter
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Seed encounter by rodents was generally high but still varied widely among years (Table 2). Mean patch encounter ranged from 69% in 2000 to 98% in 2001/ 2002. On average, seed removal per patch ranged 35 56% among study years. Removal rates for Austrocedrus, the larger and more nutritious seed type, were much higher (grand mean /82.5%) than those for Nothofagus (21%) irrespective of year and bamboo microhabitat (Table 2). Both patch encounter and seed removal rates depended strongly on the presence of bamboo (Table 2, Fig. 2A, 2B). Bamboo cover similarly increased predation on both seed species (bamboo /species: encounter P/0.35, removal P/0.91), and in single and mixed species patches (bamboo /patch composition: encounter P/0.6, removal P/0.27). Significant bamboo-byyear interactions (Table 2) indicated that the effect of bamboo cover on components of seed predation was
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(Fig. 1: im). Indirect effects were examined while keeping total seed density per patch constant. This protocol avoids confounding the effects of patch composition and seed density, a problem affecting the interpretation of additive trials in which single-species patches of a given density are compared against two-species patches with double that density (Chaneton and Bonsall 2000). Still, note that patch quality did vary between single- and mixed-species patches. For instance, replacing half the Nothofagus seeds for Austrocedrus seeds enhanced patch quality by /1.5- and 5.5-fold, in terms of food mass and protein content, respectively (Table 1).
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Fig. 2. Interactive effects of bamboo cover and study year (A, B) and patch composition and tree seed species (C, D) on seed predation rates for high-density patches (80 100 seeds). Seed species were presented alone or in 50:50% mixtures. Statistical results in Table 2.



greater in 2000 than in 2001/2002 (Fig. 2A, 2B). Patch composition had no effect on seed encounter throughout the study (Fig. 2C, Table 2). In contrast, patch composition interacted with seed species identity in determining removal rates (Table 2). While removal of Austrocedrus seeds was unaffected by the presence of Nothofagus within a patch, the presence of Austrocedrus significantly increased the fraction of Nothofagus seeds being removed from mixed patches compared to pure ones (26 vs 16%, respectively; Table 2, Fig. 2D). Bamboo cover did not affect the direction, nor the magnitude, of such a non-reciprocal form of apparent competition between seed types (bamboo /patch composition /species: encounter, x2 /0.36, P /0.55, df /1; removal, F/0.69, P /0.41, df /1, 216). Given the large interannual variation in granivory levels (Fig. 2), and the different designs used in 2000 and 2001/02, the two data sets were analysed separately. Notice that in this case the 2001/02 analyses comprised all mixed patch compositions (4 levels per species). These analyses showed that both the impact of bamboo cover and the strength of apparent competition between seed species changed among years. Patch encounter rates for Austrocedrus (x2 / 6.07, P/0.014, df /1) and especially for Nothofagus (x2 /23.27, PB/0.0001, df /1) were higher beneath bamboo in 2000 (Fig. 3A). Yet, this microhabitat effect disappeared in 2001/02 due to high overall patch encounter rates (pooled means, Austrocedrus/100%, Nothofagus /96%; Fig. 3B). Patch composition did not affect the encounter of Austrocedrus (P/1.0, 2000 and 2001/02) nor that of Nothofagus seeds (2000: x2 /1.57, P /0.21, df/1; 2001/02: x2 /0.32, P/0.96, df /3; Fig. 3A, 3B). OIKOS 113:3 (2006)
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Fig. 3. Seed encounter and removal rates in relation to bamboo cover and patch composition in the 2000 (A, C) and 2001/02 (B, D) experiments. Seed encounter was unaffected by patch composition (A, B), while removal of Nothofagus seeds was generally increased by the presence of Austrocedrus in mixed patches (C: 2000, P /0.06; D: 2001/02, P B/0.0001). See text for full statistics.



Bamboo cover increased removal rates of both seed species in 2000 (Austrocedrus : F1, 38 /29.36, Nothofagus : F1, 36 /54.77, both P B/0.0001; Fig. 3C) and 2001/02 (Austrocedrus : F1, 157 /41.16, Nothofagus : F1, 154 / 27.85, both P B/0.0001; Fig. 3D). In 2000, removal of Nothofagus seeds tended to be greater in mixed than in pure patches (Fig. 3C), but this effect was not statistically significant (F1, 37 /3.77, P/0.06) after the marginally non significant bamboo by patch composition interaction was dropped from the model (F1, 36 /3.68, P/0.063). Seed removal rates were slightly higher in 2001 than in 2002, both for Nothofagus (30 vs 23%; F1, 154 /5.86, P / 0.017) and Austrocedrus (94 vs 92%; F1, 157 /4.22, P/0.042), but this had no influence on the effects of bamboo cover and patch composition on predation rates (for each species, all 2- and 3-way interactions: P/0.10). In the 2001/02 experiments, removal of Nothofagus seeds significantly increased in mixed patches containing an increasingly higher fraction of Austrocedrus seeds (F3, 154 /8.89, PB/0.0001). Nothofagus removal was almost twice as high for some mixed patch types as for pure seed patches (Fig. 3D). Bamboo cover did not modify the negative impact on Nothofagus induced by the presence of Austrocedrus seeds (patch type /bamboo: P/0.35). A large fraction of Austrocedrus seeds was consistently removed by rodents regardless of patch composition and microhabitat (Fig. 3C, 3D). Hence, no reciprocal indirect effect associated with OIKOS 113:3 (2006)



the presence of Nothofagus was detected for Austrocedrus (2000, patch type: P/0.78, patch type /bamboo: P /0.59; 2001/02, patch type: P/0.53, patch type / bamboo: P /0.56). Data from the 2000 experiment were used to examine the influence of patch density on granivory patterns. We found that augmenting total seed density in single-species patches significantly increased encounter rates (Table 3, Fig. 4A). Averaged across species and microhabitats, seed encounter varied from 45% in low-density patches, to 65% in high-density patches. Despite the lack of significant interactions (Table 3), it appeared that the effect of density was to increase the encounter of Nothofagus patches beneath bamboo, and that of Austrocedrus patches in open areas (Fig. 4A). However, patch density had no significant effect on the proportion of seeds removed from single-species patches, either in the presence or absence of bamboo (Fig. 4B, Table 3). In the 2000 experiment, bamboo cover differentially increased the removal of each seed species (species /bamboo, Table 3). Removal of Nothofagus seeds from single-species patches increased from 0% in open areas to 14% beneath bamboo, while removal of Austrocedrus seeds showed a 3-fold increase in the presence of bamboo (31% to 93%). This indirect effect was independent of seed patch density (Fig. 4B, Table 3). Moreover, linear models including both seed density and patch composition as independent variables showed no significant effects of density on removal of either seed species (P B/0.10, data not shown). Live trapping in autumn 2000 showed remarkable differences in understorey habitat use by rodents. In total we captured 8 individuals of Abrothrix olivaceus and 1 of Oligoryzomys longicaudatus (both Muridae: Sigmodontinae), and all of them occurred in traps placed beneath bamboo cover. Overall rodent activity appeared to be rather low (0.056 ind. trap 1 night 1).



Table 3. Results of seed patch encounter (log-linear analysis) and removal rates (analysis of deviance) in the 2000 experiment. Analyses comprised only single-species patches at two different densities (10 vs 80 seeds/dish). Parameters making a significant (P B/0.05) contribution to each final model are shown in bold. Seed removal was modelled assuming binomial errors (residual deviance df/76). Model parameter



df



Patch encounter x



Density Species Bamboo cover Density/species Density/bamboo Species/bamboo Density/species /bamboo



1 1 1 1 1 1 1



2



5.19 27.62 27.62 0.19 0.20 0.23 1.07



Seed removal



P B/



F



PB/



0.023 0.0001 0.0001 0.67 0.66 0.63 0.31



2.54 89.82 53.37 0.06 0.14 6.51 3.16



0.12 0.0001 0.0001 0.81 0.72 0.013 0.081
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Fig. 4. Seed patch encounter (A) and removal rates (B) in relation to total seed density in single-species patches in the 2000 experiment. Patches contained 10 or 80 seeds, for the low and high density treatments, respectively. Seed density enhanced patch encounter rates (PB/0.05) but had no effect on removal rates (P/0.10). Full statistics in Table 3.



Discussion Many factors interact to alter seed survival probabilities in the forest floor, including canopy cover and composition, microhabitat features, litter cover, pathogens, and predators (George and Bazzaz 1999, Dı´az et al. 1999, Schnurr et al. 2004). Little attention has been given to the indirect effects of forest understorey plants and food patch quality on patterns of seed predation by rodents. Our results indicate that both trophic and non-trophic interaction pathways associated with seed patch composition and habitat use by rodents, respectively, may be important in mediating apparent competition in forest communities. Previous studies showed that apparent competition may affect plant survival and distribution through various mechanisms (Parker and Root 1981, Reader 1992, Burger and Louda 1994, Veech 2000, Rand 2003). To our knowledge, this is the first study to document the relative impacts of trophic and non476



trophic apparent competition pathways in a terrestrial community. Most importantly, we found that the significance of trophic and non-trophic apparent competition pathways varied in opposite ways among years differing in overall granivory rates. Although post-dispersal predation was generally high, patch encounter and seed removal rates were on average lower in 2000 than in 2001 2002 (Fig. 2A, 2B). Our experiments showed that the negative impact of bamboo cover on tree seeds was stronger in a low-predation year (2000), whereas apparent competition in mixed seed patches was only significant in the high-predation years (2001 2002). Interannual changes in the occurrence and strength of apparent competition pathways likely corresponded with a shift in rodent foraging strategy. First, differences in seed exploitation between understorey microhabitats declined from 2000 to 2001 2002, presumably because of a change in risk sensitivity by rodents (Ylo¨nen et al. 2002). Second, selectivity for different tree seeds was reduced in 2001  2002, as rodents expanded their diet by removing a larger fraction of a lower-quality seed type (Brown and Mitchell 1989, Garb et al. 2000). In general, seed species identity and bamboo cover explained most of the variation in seed patch encounter and removal rates within any given year (Table 2, 3). The marked preference for Austrocedrus over Nothofagus seeds is consistent with the higher nutritional value and greater mass of the former (Table 1). Larger seeds may be also more readily encountered by small mammals (Garb et al. 2000). The high removal rates recorded for Austrocedrus suggest that, at least in certain years, seedling recruitment of this sub-dominant canopy species might be compromised, if not limited, by seed predators. This could be especially true within bamboo patches, where seed removal was consistently very high (Fig. 3C, 3D). We hypothesise that seed predation could be a contributing factor in addition to competition for light that helps to explain the observed lack of Austrocedrus regeneration in bamboo thickets (Veblen et al. 1996). Furthermore, opportunity windows for survival and subsequent emergence of Austrocedrus seeds in the relatively ‘safe’, open understorey areas would be restricted to years with high seed crops and/or reduced rodent activity. The low impact of post-dispersal predators on Nothofagus seed survivorship is consistent with the common dominance of this tree species in mixed Patagonian forests with dense bamboo understories (Veblen et al. 1996). Tree seed predation was consistently enhanced by the presence of bamboo (Fig. 1). This result agrees with those of others (Wada 1993, Abe et al. 2001) who found strong negative effects from understorey plants on tree seed survival mediated by rodent predation. In the present study, the strength of bamboo apparent competition on tree seeds was inversely related to overall OIKOS 113:3 (2006)



granivory rates across years. Live trapping data for 2000, a comparatively low-granivory year, showed that rodents were more active beneath bamboo than in open areas. Predation risk is a critical component of foraging costs affecting habitat and food patch use by small mammals (Brown 1988, Kotler 1997, Jacob and Brown 2000, Pusenius and Ostfeld 2000), and bamboo thickets may provide rodents with sheltered habitat to avoid avian predators such as owls. Interestingly, in 2000, seed loss from single-species patches in open areas exclusively involved the Austrocedrus patches. This suggests that rodents used the more exposed, risky microhabitats only when food patches could yield a high energetic reward. While the likelihood of rodents encountering Austrocedrus was always high, even in open areas, seed removal outside bamboo cover in 2000 was still relatively low (Fig. 3A, 3C), which further suggests that rodents also spent less time feeding on patches located in risky habitats. Interannual changes in small-scale granivory patterns suggest that rodent discrimination between understorey habitats was altered by environmental factors. Habitat use and the incidence of predation risk on foraging decisions depend upon total food availability in the entire habitat (Holt and Kotler 1987, Lima and Dill 1990). Optimal foraging models predict that risk sensitive foragers will tend to avoid exposed habitats, unless overall food supply is low enough that the cost of starvation exceeds the risk of predation. Seed crops and rodent densities exhibit substantial yearly fluctuations in temperate forests (Gonza´lez et al. 1989, Ostfeld and Keesing 2000, Jaksic and Lima 2003). Seed removal by rodents may be inversely correlated with ambient food supply (LoGiudice and Ostfeld 2002), yet granivory patterns will most likely reflect the interplay between food availability and rodent numbers (Schnurr et al. 2002, Ylo¨nen et al. 2002, Kelt et al. 2004). Unfortunately, we lack data on rodent activity for 2001 2002 to evaluate these ideas critically. It seems, however, reasonable to think that higher granivory rates were associated with larger rodent densities (Schnurr et al. 2004). Interannual differences in weather conditions give circumstantial support to this presumption in that the months before the 2001 2002 experiments were rather wet and included warmer winters, whereas the 1999  2000 season was extremely dry and had a much colder winter. We speculate that food availability in 2001 2002 could have been scarce relative to overall rodent activity, forcing rodents to exploit patches more intensively in exposed habitats (Ylo¨nen et al. 2002). This behavioural change would have relaxed the indirect effect of bamboo on tree seed survival (Fig. 2, 3). In a lowgranivory scenario (2000), this apparent competition pathway had a strong impact on Austrocedrus seeds but only a weak effect on the less-preferred Nothofagus seeds. OIKOS 113:3 (2006)



Granivores induced non-reciprocal apparent competition between tree seed species. Nothofagus suffered higher removal in mixed patches with Austrocedrus than when placed alone, but not vice versa (Fig. 2D, Table 2). This indirect effect on Nothofagus seed survival was comparable in magnitude with the negative impact of bamboo on this species, particularly in the high-predation years (Fig. 3). Short-term indirect effects between food types have been observed in various studies with small vertebrates but have rarely been tested for the seeds of naturally co-occurring plants (Hulme and Hunt 1999, Veech 2000, 2001). Experiments have revealed either reciprocal ( , ) or nonreciprocal ( , 0) apparent competition when different seed types were presented, alone and mixed, in depletable patches (Chaneton and Bonsall 2000). For example, Garb et al. (2000) found that gerbils exploited food patches in a way that inflicted apparent competition on both seed types, whereas larks promoted a small negative indirect effect on just one seed type. Two field studies offering non-native seeds to mammalian granivores (Brown and Mitchell 1989, Brown and Morgan 1995) found that augmenting patch quality by adding a second food type always increased predation on the focal resource. In contrast, Veech (2001) reported that apparent competition mediated by captive rodents was non-reciprocal, affecting only the less-preferred seed species. Such different patterns of apparent competition may arise through the predator’s foraging strategy and preference for alternative seed types (Garb et al. 2000, Veech 2000, 2001), or may reflect aspects of experimental design (Chaneton and Bonsall 2000, Brassil and Abrams 2004). Mechanisms leading to short-term apparent competition between seeds may involve the numerical aggregation of granivores and opportunistic removal of different seed types in mixed patches (Holt and Kotler 1987, Veech 2001). If mixed-species patches represent a higherquality food source relative to single-species ones, then optimally foraging predators could induce apparent competition on co-occurring prey types (Holt and Kotler 1987, Abrams 1993). Granivores may be attracted to and/or spend more time feeding on mixed patches that contain a higher total amount of seeds (Brown and Mitchell 1989, Brown and Morgan 1995, Garb et al. 2000). Such density-dependent foraging increases the likelihood for both prey types to suffer apparent competition when foragers use patches following a quitting harvest rate rule (Holt and Kotler 1987, Brown and Mitchell 1989). However, density-dependent behaviour need not be the cause of apparent competition between seeds, especially if preference for co-occurring seed types differs widely (Veech 2001). A flexible dietchoice strategy (e.g. ‘expanding specialist’) that maximises the predator’s instantaneous harvest rate in the patch may generate negative indirect effects between 477



contrasting seed types (Holt and Kotler 1987, Veech 2001). We recorded a negative indirect effect on the lesspreferred seed species, even though all patches had the same initial density and removal rates were independent of seed density (Fig. 4). Hence, non-reciprocal apparent competition between the Austrocedrus and Nothofagus seeds reflected the rodents’ foraging response to differences in patch quality derived from patch composition, not density. The presence of the larger Austrocedrus seeds in mixed patches might be more attractive to rodents, as compared with the smaller-seeded Nothofagus patches. However, the use of Nothofagus seeds in single vs mixed patches differed chiefly in terms of seed removal rather than encounter (Fig. 3 B, 3D). This indicates that the indirect effect of Austrocedrus on Nothofagus may not reflect a patch selection process but an opportunistic diet choice affecting the time rodents spent feeding in mixed patches once encountered (Veech 2001). The Austrocedrus seeds were highly susceptible to being predated regardless of their initial proportion in the patch, which prevented the occurrence of any reciprocal indirect effect (negative or positive). It has been suggested that granivore-mediated apparent competition would be uncommon when seed preferences are too different (Hulme and Hunt 1999, Veech 2000). Here we show that apparent competition between seed types in their natural habitat is possible even when seed species energetic values and relative preferences both differ markedly. An important finding of the present study was the temporal variation of apparent competition between tree seeds across years. We detected apparent competition on the less-preferred Nothofagus seeds only during the highpredation years (2001 2002). Furthermore, while results for the low-predation year (2000) suggested a trend for apparent competition to occur on Nothofagus seeds in bamboo microhabitats, patch quality effects in the highpredation years were unaffected by the presence of bamboo (bamboo /patch composition, P/0.10). Therefore, we conclude that understorey cover did not modify the indirect interaction between tree seeds in the context of this study (cf. Fig. 1: im). If we assume that overall granivory levels reflected a change in ambient food supply or rodent activity between 2000 and 2001  2002, then observed differences in patch composition effects on Nothofagus would be consistent with models predicting that short-term apparent competition depends on total prey availability in the environment (Holt and Kotler 1987). Based on the marginal value theorem, these models predict that a predator foraging optimally in a prey-rich environment will leave a food patch before switching to the less-preferred species. But in a prey-deficient environment, predators will consume the less-preferred species before leaving the patch (Holt and Kotler 1987, Veech 2001). This opportunistic diet 478



strategy should increase the strength of apparent competition on certain prey species as ambient food availability goes down, either through low habitat productivity (Holt and Kotler 1987) or elevated predator numbers. Our results indicate that granivore-mediated apparent competition between seeds may affect Nothofagus recruitment in this forest community, yet mostly in high predation years. Indirect interactions within seed patches require overlapping seed shadows from different tree species. Given the marked dominance of Nothofagus in the forest canopy, mixed seed patches should only be common beneath or near Austrocedrus crowns. Thus apparent competition at the seed stage might be predictably involved in reducing Nothofagus seed survival and regeneration in Austrocedrus neighbourhoods. Conversely, in Nothofagus neighbourhoods, negative indirect effects from the presence of Austrocedrus seeds would be spatially quite variable, if not negligible, because of the low chances of Austrocedrus seeds dispersing into those areas. These hypotheses remain to be critically evaluated. Nevertheless, our study emphasises that spatio-temporal patterns of post-dispersal apparent competition are potentially complex, and could have important consequences on tree recruitment dynamics (Schnurr et al. 2004). In conclusion, behavioural responses associated with rodent microhabitat use and diet selectivity determined apparent competition pathways, altering tree seed survival in space and time. Because empirical tests of apparent competition so far lacked temporal replication, it had not been possible to examine how variable such indirect effects could be in natural communities (Holt and Barfield 2003). Our three-year study shows that the magnitude of alternate pathways for shortterm apparent competition at the seed stage may change under scenarios differing in overall granivore activity. In a high-granivory scenario, greater exploitation of seed patches in open understorey areas reduced the strength of apparent competition through habitat provision on a highly-preferred species (Austrocedrus ). Meanwhile, rodents exhibited an opportunistic feeding strategy that increased the impact of apparent competition on the less-preferred tree (Nothofagus ) in mixed seed patches. We conclude that a comprehensive understanding of trophic and non-trophic indirect effects on seed survival and recruitment will need to consider the influence of habitat productivity and population densities on the granivores’ foraging behaviour. Acknowledgements  We thank N. Tercero, P. Pe´rez and V. Miranda for field help, N. Guthman for rodent trapping and M. Wawrzkiewicz for seed chemical analyses. We also thank the Administracio´n de Parques Nacionales for permitting us to conduct this research within Nahuel Huapi National Park. This study was partly supported by Agencia Nacional de Promocio´n OIKOS 113:3 (2006)
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