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Altered Soil Properties Inhibit Fruit Set but Increase Progeny Performance for a Foundation Tree in a Highly Fragmented Landscape
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Failing to test multiple or non-standard variables in studies that investigate the effects of habitat fragmentation on plant populations may limit the detection of unexpected causative relationships. Here, we investigated the impacts of habitat fragmentation on the pollination, reproduction, mating system and progeny performance of Eucalyptus wandoo, a foundation tree that is bird and insect pollinated with a mixed-mating system. We explored a range of possible causative mechanisms, including soil properties that are likely to be altered in the agricultural matrix of a landscape that has naturally nutrient-poor soils and secondary soil salinization caused by the removal of native vegetation. We found very strong negative relationships between soil salinity and fruit production, thus providing some of the first evidence for the effects of salinity on reproduction in remnant plant populations. Additionally, we found unexpectedly higher rates of seedling survival in linear populations, most likely driven by increased soil P content from adjacent cereal cropping. Higher rates of seed germination in small populations were related to both higher pollen immigration and greater nutrient availability. Trees in small populations had unexpectedly much higher levels of pollination than in large populations, but they produced fewer seeds per fruit and outcrossing rates did not vary consistently with fragmentation. These results are consistent with small populations having much higher insect abundances but also increased rates of self-pollination, combined with seed abortion mechanisms that are common in the Myrtaceae. This study highlights the need to better understand and mitigate sub-lethal effects of secondary soil salinity in plants growing in agricultural remnants, and indicates that soil properties may play an important role in influencing seed quality.

Keywords: habitat fragmentation, reproduction, mating system, progeny performance, soil salinity, population size, linear populations

INTRODUCTION

In the past two decades many studies have investigated the ecological and genetic processes affecting plant population viability and species persistence in fragmented habitats (for reviews see Hobbs and Yates, 2003; Aguilar et al., 2006, 2008). Together, these studies show that habitat fragmentation generally has a negative impact on plant pollination and reproduction, driving mating systems toward increased inbreeding (Coates et al., 2007; Eckert et al., 2010) with attendant declines in seed production, but variable impacts on progeny fitness (Hobbs and Yates, 2003; Aguilar et al., 2006, 2008). However, most empirical studies to date have typically not reflected landscape and biological complexity in the range of variables studied or in the breadth of their sampling design.

To address the need for a greater understanding of the influences of interacting landscape and biological variables, some recent studies have taken a broader approach to assessing plant responses to fragmentation. These studies found important but unexpected causative relationships, such as the effect of remnant shape on pollen diversity, that may be overlooked by failing to test multiple or non-standard variables (Breed et al., 2012; Llorens et al., 2012, 2013). They also emphasize the need to separate the consequences of different processes (Bunnell, 1999), to integrate abiotic and biotic interactions into the same study (Ouborg et al., 2006), and to treat different landscape parameters as independent variables (Fahrig, 2003; Llorens et al., 2012).

Landscape fragmentation and its associated modification has obvious impacts on fragment and landscape parameters, but can also influence landscape fluxes, such as hydrology and nutrients that are associated with soils. These in turn affect individual fragments and plant populations (Hobbs and Yates, 2003), yet their impacts are rarely considered in studies of plant reproduction (but see Lamont et al., 1994; Llorens et al., 2013). The biodiverse Mediterranean-type climate woodlands and shrublands of the Southwest Australian Floristic Region (SWAFR) provide an excellent opportunity to investigate the impact of both fragmentation and land-use change, as they were extensively cleared for agriculture during the 20th C. The remaining very fragmented vegetation has provided the context for several investigations that have revealed various impacts of altered population parameters, such as size, shape and isolation, on several species (Byrne et al., 2007; Krauss et al., 2007; Yates et al., 2007a,b; Llorens et al., 2012, 2013). However, there has been little investigation of the soil composition of native vegetation fragments, which is likely to have been greatly altered in many areas due to the effects of dryland salinity and the use of fertilizers in this agricultural landscape.

Both increased soil salinity and changed soil nutrient composition are two key factors related to soil health that are considered likely to have a major impact on plant species persistence. The replacement of deep-rooted native plants with annual crops has also led to alterations in landscape hydrology, resulting in secondary soil salinity in lower parts of the landscape (Cramer and Hobbs, 2002). Evidence from crop plants indicates that high soil salinity typically reduces growth and negatively affects reproduction (Kozlowski, 1997), leading us to predict that native plants within salt-affected populations might experience similar sub-lethal effects. The widespread use of fertilizers for cereal cropping is likely to have significantly altered the soil nutrient composition of adjacent remnant vegetation, with initial findings showing that altered soil nutrients in this landscape may be impacting reproduction (Lamont et al., 1994; Llorens et al., 2013) and progeny performance (Llorens et al., 2013) in some plants.

Eucalypt species dominate Australian woodlands with many formerly widespread and abundant tree species now restricted to fragments of native vegetation through much of their range. Here, we investigated the impacts of habitat fragmentation and soil properties on Eucalyptus wandoo Blakely (Myrtaceae), a dominant tree species found across the landscape that has undergone significant recent habitat fragmentation and associated landscape changes through much of its range. Wandoo woodlands tend to occur low in the landscape on valley slopes and floors and therefore may be exposed to the effects of secondary salinity, which in some areas has led to mortality of wandoo trees (Cramer et al., 2004). Salinity-related mortality of wandoo appears to occur as a local ecosystem collapse in response to the breaching of critical salinity thresholds, often following extreme events, rather than as the result of a gradual decline in tree health with increasing salinity (Cramer et al., 2004). Two studies found no relationship between secondary soil salinity and the crown health of live E. wandoo trees (Cramer et al., 2004; Brouwers et al., 2013), but they did not investigate other soil properties or aspects of population ecology such as reproduction.

Eucalyptus wandoo trees are potentially very long-lived, are visited by a suite of generalist insect and bird pollinators and have a mixed mating system (Byrne et al., 2008). Small E. wandoo population fragments show high rates of pollen immigration with up to 65% of pollen sourced from populations at least 1 km away (Byrne et al., 2008), but pollen immigration and some tolerance of inbreeding may not prevent detrimental effects of fragmentation on reproduction, as was shown in studies of the bird-pollinated Calothamnus quadrifidus (Byrne et al., 2007; Yates et al., 2007b). The fragmentation of Australian woodlands has caused major changes to pollinator communities, including the loss of some bird species from small remnants (Ford et al., 2001; Major et al., 2001) and the introduction of the European honeybee Apis mellifera, potentially reducing pollination, outcrossing and reproductive success.

Mating system studies have shown that increased within-plant foraging and reduced local mate availability appears to affect pollen quality in fragmented populations of many eucalypts and other Myrtaceae, resulting in reduced seed set (Krauss et al., 2007; Yates et al., 2007b; Gauli et al., 2014), while late-acting self-incompatibility mechanisms may have prevented outcrossing rates from being significantly affected by fragmentation in many species (Ottewell et al., 2009; Gauli et al., 2014; Breed et al., 2015), but not all (Butcher et al., 2005; Mimura et al., 2009; Breed et al., 2015). Despite changes in pollen quality, the level of pollination and pollinator abundance was unchanged in Calothamnus quadrifidus (Yates et al., 2007a), while honeybees have increased (González-Varo et al., 2009) or decreased (Hingston et al., 2004) pollination rates in some species of Myrtaceae. In addition, progeny performance measured as germination and seedling fitness among eucalypts is often unaffected by fragmentation (Krauss et al., 2007; Yates et al., 2007b; Breed et al., 2015; but see Burrows, 2000; Breed et al., 2012).

To evaluate the influence of a broad range of factors, including those not commonly investigated, such as soil properties, we undertook a study of potential effects of fragmentation on the pollination, reproduction, mating system and progeny performance of E. wandoo. We aimed to reveal likely causative mechanisms by independently testing multiple variables as surrogates of fragmentation, as well as a range of potentially important soil properties likely to be greatly altered in fragmented populations. We predicted that for E. wandoo: (i) soil properties would affect plant reproduction; (ii) reproduction would be lower for trees in highly fragmented populations; (iii) trees would show similar rates of pollination regardless of degree of population fragmentation; (iv) the realized mating system would not be affected by fragmentation due to self-incompatibility mechanisms and inter-population pollen flow; and (v) progeny performance would be unaffected by fragmentation. We also assessed the genetic diversity of the populations to indicate the likely diversity of potential mates and to provide baseline data for future comparison.

MATERIALS AND METHODS

Study Species and Sites

Eucalyptus wandoo trees occur across broad, undulating valleys on sandy or loamy soils over laterite or granite and grow to 25 m in height. Trees produce masses of protandrous white-cream flowers from December to May but often flower asynchronously. Flowers require animal pollination to set fruit (Griffin et al., 1987), which is a serotinous woody capsule. Eucalypt seeds typically have limited dispersal. Two subspecies of E. wandoo are recognized, but only the more common E. wandoo subsp. wandoo is found in the study area and is hereafter referred to as E. wandoo.

We conducted the study in the Dongolocking catchment, approximately 250 km south-east of Perth, Western Australia (Figure 1). The area previously consisted of complex mosaics of woodland, heath and shrublands, and E. wandoo was a key component of the extensive but patchy woodlands. Clearing for agriculture occurred from the early 20th C to the 1980s and approximately 18% of the original vegetation remains. Eucalyptus wandoo trees are distributed among a variety of landscape contexts, including isolated paddock trees, linear remnants along road verges and rail lines, and remnant patches of varying size on private land, in conservation reserves or in other public reserves.
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FIGURE 1. Location of the 19 Eucalyptus wandoo study populations in south-western Australia, and (inset photo) an intact E. wandoo remnant. Remnant vegetation (shown in green) was surveyed for E. wandoo within the 50 × 50 km study area.



We surveyed a 50 × 50 km area for habitat fragments containing E. wandoo, and selected 19 populations that covered a wide range of population sizes and remnant characteristics (Table 1). We determined the size of small populations by direct count and of large populations by multiplying plant densities estimated using the T-square sampling method (Krebs, 1999) with area of population occupancy determined using aerial photography in ArcView 3.2. Population isolation was defined as the absence of habitat surrounding a fragment (Fahrig, 2003) and was estimated by taking the inverse of the percentage area of remnant vegetation within a 3 km radius of each population, calculated in ArcView. We estimated population shape using the diversity index of Patton (1975), which measures the complexity of population shape compared to a circular shape of the same size. Shape was calculated as Shape = P/(2√(Aπ)), where P was the total population perimeter (measured in ArcView) and A the population area. A larger value indicates a more complex shape with greater edge dominance, which in this landscape often equates to greater linearity. Using linear regression in STATISTICA 7.1 (StatSoft), we identified a significant negative linear relationship between log-transformed values for population size and population shape (r2 = 0.265, P = 0.024), but not between other combinations of fragmentation variables.


Table 1. Physical characteristics of 19 Eucalyptus wandoo populations sampled for this study.
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We estimated site disturbance for each population by measuring soil chemical properties and weed cover. Within each population, eight 1 × 1 m quadrats were nested within a larger 10 x 10 m quadrat, and from each smaller quadrat we obtained an estimate of weed cover and collected samples from the top 10 cm of soil. Bulked soil samples were analyzed for soil pH (H2O), soil salinity (electrical conductivity in water, EC), organic carbon (C), total nitrogen (N), NaHCO3-extractable phosphorus (P) and NaHCO3-extractable potassium (K). Soil analyses were performed by the Western Australian Chemistry Centre using methods described by McArthur (1991).

Pollination, Reproductive Effort, and Reproductive Output

For 12 populations, we selected ten trees spread throughout the population on which to measure pollination and flower, fruit and seed production. In very small fragments, all reproductive individuals were used. Logistical issues prevented us from measuring reproduction in the remaining seven populations. In each of 2 years (y1 and y2), we collected from around the canopy of each tree 10 mature fruits that resulted from peak flowering. In the laboratory, we counted the number of intact, mature seeds in each fruit and weighed a random selection of 20 seeds per plant from y1. At peak flowering and the following peak fruiting in y2 and y3, we counted the numbers of flowers and fruits on each of three widely-spaced tagged branches. For some trees, the loss of flagging tape to ants led to the selection of new branches for fruit counts in y3.

At peak flowering in y2 we collected 10 flowers from around the canopy of each tree and preserved them in 90% ethanol. Preserved flowers were dissected and five styles per plant were hydrated through an ethanol series (at least 10 min for each of 70% ethanol, 30% ethanol and two changes of dH2O), softened in 0.8 N NaOH overnight at 60°C, soaked in aniline blue for 10 min in the dark, and mounted on a slide in 80% glycerol. The number of pollen tubes at the base of each style was counted in ultraviolet light under a microscope.

Seed Germination, Seedling Growth, and Mortality

We used seeds produced in y1 to conduct glasshouse experiments on seed germination and seedling growth for the 11 populations for which sufficient seeds were available (Population L did not produce any seeds). Thirty seeds from each of up to eight maternal plants were sown into 200 mm diameter black plastic pots containing a standard commercial potting mix (Richgrow Professional) with a 2 cm layer of Richgrow Seed Raising Mix on top. For each maternal plant, the 30 seeds were evenly spread across two pots. The pots were watered to field capacity daily and their position was regularly randomized within the shade house. We recorded seedling emergence for 12 weeks, after which seedlings were thinned to the five tallest seedlings per pot. Seedlings were grown for a further 24 weeks, at which time we recorded seedling survival, harvested remaining seedlings at the root/shoot node and measured the weight of oven-dried shoots.

Mating System

We used seeds produced in y1 to investigate the mating system in 6–15 plants from six populations. We germinated up to 25 seeds per plant on moistened filter paper at 15°C and used seedlings with recently-emerged radicles for isozyme electrophoresis with the Helena Laboratory cellulose acetate plate electrophoresis system. Sample preparation and isozyme methods are described by Coates (1988). We assayed five enzyme systems: aspartate aminotransferase [AAT, Enzyme Commission (E.C.) number 2.6.1.1], alcohol dehydrogenase (ADH, E.C. 1.1.1.1), malate dehydrogenase (MDH, E.C. 1.1.1.37), phosphoglucose isomerase (PGI, E.C. 5.3.1.9) and phosphoglucomutase (PGM, E.C. 5.4.22). These produced seven polymorphic loci suitable for estimating mating system parameters (AAT-1, AAT-2, AAT-3, ADH-1, MDH-1, PGI-2 and PGM-1).

Genetic Diversity

We assessed genetic diversity and structure for the 19 study populations to provide background information on the population genetic characteristics of E. wandoo. We collected fresh leaves from up to 30 plants spread throughout each population, and sampled all adult plants in the smallest populations. Leaves were stored at −80°C and genomic DNA was extracted and genotyped using the co-dominant Restriction Fragment Length Polymorphism (RFLP) technique as per Byrne et al. (1998). The DNA was digested with either Bg1II or EcoRV, Southern blotted and hybridized with 16 RFLP probes (c135, c170, c238, c299, c333, c395, c411, g59, g86, g95, g99, g154, g195, g233, g243, g250) developed for eucalypts (Byrne et al., 1998). Probes were selected that detected a single locus, were spread across the genome, were not closely linked and were not biased according to polymorphism (Byrne et al., 1998). Probe plasmids were amplified through PCR and labeled with 32P using the random priming method. Banding patterns were interpreted following a Mendelian multi-allelic model and scored in order of decreasing fragment size.

Statistical Analyses

For each pollination, reproduction and progeny performance measure, we calculated the mean value for each maternal plant and from these we calculated population means. We calculated fruit:flower ratios for each plant in y2. Seedling survival was expressed as the proportion of plants that survived from thinning to the end of the experiment and seed germination was the proportion of seeds that germinated. We used paired t-tests in STATISTICA to determine whether tree means for the number of flowers or fruits per branch or the number of seeds per fruit varied between sampling years. Variables were transformed where necessary to achieve approximate linearity, constant variance and normality of residuals. We assessed whether each reproductive and progeny performance measure varied among populations using generalized linear models with population as a fixed factor.

Mating system parameters were estimated using the mixed and correlated matings models implemented in MLTR 3.4 (Ritland, 2002). For each population, we estimated the multilocus outcrossing rate (tm), the difference between multilocus and single- locus estimates of outcrossing (tm− ts), which provides a measure of biparental inbreeding, and the multilocus correlation of outcrossed paternity (rp), with standard errors based on 500 bootstraps with re-sampling among maternal plants. Pollen and ovule gene frequencies were estimated separately using the expectation-maximization (EM) method, and the Newton–Raphson method or the EM method was used to calculate mating system parameters. Family-level estimates for tm, tm− ts and rp were also calculated separately for each maternal plant using the method of Ritland (2002).

We estimated genetic diversity as the proportion of loci that were polymorphic (PL), mean number of alleles per locus (Na), mean number of private alleles per locus (Np) and unbiased expected heterozygosity (He) using GENALEX 6.5 (Peakall and Smouse, 2012). To standardize for sample size variation, we estimated the number of alleles (Ar) and the number of private alleles (Apr) per locus using rarefaction in HP-RARE 1.0 (Kalinowski, 2005). Wright's fixation index Fis was estimated according to Weir and Cockerham (1984) in GENEPOP 4.2 (Rousset, 2008) and exact tests were used to test for heterozygote deficiency within populations. Global genetic differentiation among populations was estimated using FST and Dest in GENALEX, with significance determined using 9999 permutations. We tested for isolation by distance (IBD) among populations using Mantel tests of log(FST/(1 − FST)) against log(geographic distance+1) in GENALEX with 9999 permutations, with pairwise FST calculated in GENEPOP.

To assess whether habitat fragmentation variables (population size, isolation and shape) may explain variation in reproductive, progeny performance or site disturbance measures or in genetic diversity or mating system parameters, we performed hierarchical partitioning using hier.part (Walsh and Mac Nally, 2013) in R 2.15.3 (R Development Core Team, 2013). As soil chemical properties can affect plant reproduction, we also used hierarchical partitioning to assess whether the six soil parameters measured could explain variation in flower, fruit or seed production. The predictor variables were ranked by their independent explanatory power (I) for each response variable using r2 as the goodness-of-fit measure. The statistical significance of each I was determined by randomizing the data matrix 2,000 times; observed I-values that exceeded the 95th percentile were considered significant (Mac Nally, 2002). The results were expressed as Z-scores, with significance at P ≤ 0.05 when Z ≥ 1.65. Significant relationships were further described using linear regression in STATISTICA. Where different predictor variables appeared to both contribute equally to variation in flower, fruit or seed production we carried out multiple regressions to determine which predictor variable was having the most influence.

To further investigate the biological basis for variation in progeny performance measures, we performed hierarchical partitioning on maternal plant means or values across all populations. We assessed the relative contributions made by what we assumed to be the most likely predictor variables to variation in maternal plant means of progeny performance measures, and described significant relationships using linear regression. We also used linear regression on maternal plant data to investigate whether pollen tube quantity may influence tm and whether there is a relationship between tm and the mean number of seeds per fruit.

RESULTS

Soil Nutrients, Salinity, and Weed Cover

The recorded values of soil chemical properties (Table 1) were within the ranges described for sandy soils in Western Australia (McArthur, 1991). Hierarchical partitioning revealed that significant independent contributions were made by population size to among-population variation in EC and total N, by population size and population shape to bicarbonate extractable P, and by population isolation to weed cover (Tables 2, 3A). Linear regressions revealed that population size was negatively related to EC (r2 = 0.30, P = 0.015), N (r2 = 0.49, P < 0.001) and P (r2 = 0.46, P = 0.001), P was higher in more edge-dominated populations (r2 = 0.39, P = 0.004) and more isolated populations had higher weed cover (r2 = 0.21, P = 0.058).


Table 2. Summary of the independent contributions of population size, isolation, and shape to variation in measures of soil chemical properties, weed cover, reproduction, progeny performance, mating system and genetic diversity for 19 populations of Eucalyptus wandoo, determined by hierarchical partitioning.
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Table 3. The percentage independent contribution (I) of population size, isolation and shape to variation in measures of (A) soil chemical properties and weed cover, (B) reproduction, (C) progeny performance and (D) the mating system and genetic diversity for 19 populations of Eucalyptus wandoo, determined by hierarchical partitioning.
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Independent contributions were made by P and N to variation in weed cover (Tables 4, 5). Weed cover increased with increasing P and N (P: r2 = 0.28, P = 0.020; N: r2 = 0.18, P = 0.069).


Table 4. Summary of the independent contributions of soil chemical properties to variation in measures of reproduction, progeny performance and weed cover for 19 populations of Eucalyptus wandoo, determined by hierarchical partitioning.
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Table 5. The percentage independent contribution (I) of soil chemical properties to (A) reproduction and (B) progeny performance and weed cover for 19 populations of Eucalyptus wandoo, determined by hierarchical partitioning.
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Reproductive Output

The number of flowers per branch (t98 = 4.48, P < 0.001) and the number of fruits per branch (t98 = 6.91, P < 0.001) varied significantly between years but the mean number of seeds per fruit did not (t96 = −1.89, P = 0.062). We found significant differences among populations (P < 0.05) for all reproductive variables. Trees in the very small population L did not produce any fruits or seeds. Population means for reproductive variables are given in Table 6.


Table 6. The mean number of flowers, fruits, seeds and pollen tubes for 12 populations of Eucalyptus wandoo.
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Population size made a significant independent contribution to variation in three reproductive measures. Trees in larger populations had more fruits per branch (y2: r2 = 0.43, P = 0.020; y3: r2 = 0.33, P = 0.052), higher fruit:flower ratios (r2 = 0.45, P = 0.017) and more seeds per fruit in y2 (r2 = 0.57, P = 0.005; Tables 2, 3B; Figures 2A–E). Population isolation made a significant independent contribution to the number of flowers per branch in y3, but this was due to a single outlying value.
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FIGURE 2. Relationships between population size and various reproductive measures for 12 populations of Eucalyptus wandoo. Regression lines are presented with r2- and P-values. (A,B) the mean number of fruits per branch in each of two years, (C) fruit:flower ratio, (D,E) mean number of seeds per fruit in each of two years, (F) mean number of pollen tubes at the base of the style.



Significant independent contributions were made by EC to among-population variation in fruit production for the two sampling years and to fruit:flower ratio (Tables 4, 5). As EC increased, the number of fruits per branch (y2: r2 = 0.64, P = 0.002; y3: r2 = 0.51, P = 0.009) and fruit:flower ratio (r2 = 0.74, P < 0.001) decreased strongly (Figure 3).
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FIGURE 3. Relationships between soil electrical conductivity and (A,B) the mean number of fruits per branch in each of 2 years and (C) fruit:flower ratio for 12 populations of Eucalyptus wandoo. Regression lines are presented with r2- and P-values.



Although both population size and EC made significant independent contributions to variation in fruit production and fruit:flower ratio, multiple regression revealed that EC rather than population size was the largest contributor to the number of fruits per branch in both y2 (EC: P = 0.035; population size: P = 0.471) and y3 (EC: P = 0.083; population size: P = 0.651) and to fruit:flower ratio (EC: P = 0.009; population size: P = 0.499).

Pollination and the Mating System

We found significant differences among populations (P < 0.05) for the number of pollen tubes at the base of the style (Table 6). Population size made a significant independent contribution to variation in the number of pollen tubes at the base of the style. Trees in larger populations had fewer pollen tubes at the base of the style (r2 = 0.58, P = 0.004) (Tables 2, 3B; Figure 2F). Soil chemical properties did not contribute significantly to variation in the number of pollen tubes (Tables 4, 5A).

Outcrossing rates were moderate to high in all populations, with tm ranging from 0.690 to 0.907, and all were significantly less than one (Table 7). However, family-level tm estimates were quite variable and ranged from 0.202 to 1.197. The differences between multilocus and mean single locus estimates of outcrossing were all positive, suggesting some biparental inbreeding, but were significantly greater than zero for only one population. The correlations of outcrossed paternity (rp) were moderate and significantly greater than zero for five populations, and ranged from 0.084 to 0.213. None of the population variables (size, shape or isolation) made significant independent contributions to any of the mating system parameters (Tables 2, 3D).


Table 7. Mating system and genetic diversity parameters estimated for Eucalyptus wandoo plants from up to 19 populations.
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Linear regressions revealed that the multilocus outcrossing rate (tm) was significantly lower both for plants with more pollen tubes at the base of the style (r2 = 0.14, P = 0.032; Figure 4A) when a single outlying plant with no pollen tubes was removed, and for plants that produced more seeds per fruit in y1 (r2 = 0.15, P = 0.020; Figure 4B).
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FIGURE 4. Relationship of the multilocus outcrossing rate (tm) with (A) the number of pollen tubes at the base of the style and (B) the number of seeds per fruit, for 35 maternal Eucalyptus wandoo plants. Regression lines are presented with r2- and P-values.



Progeny Performance

We found significant differences among populations in seed weight [F(9, 92) = 3.82, P < 0.001], the proportion of seeds that germinated [F(10, 64) = 7.07, P < 0.001] and the proportion of surviving seedlings [F(10, 64) = 2.05, P = 0.042], but not in seedling dry weight [F(10, 57) = 1.31, P = 0.245]. Mean seed germination ranged between 41 and 98%, with the lowest germination recorded in the largest population. Mean seedling survival ranged from 80 to 99% for all but one population that had 67% survival (Table 8).


Table 8. Progeny performance measures for seeds collected from 11 Eucalyptus wandoo populations.
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Population size contributed significantly to variation in seed germination, with smaller populations showing higher germination rates (r2 = 0.40, P = 0.036; Tables 2, 3C; Figure 5A). Population shape contributed significantly to variation in seedling survival, with higher seedling survival recorded for plants in more edge-dominated populations (r2 = 0.46, P = 0.023; Tables 2, 3C; Figure 5B).
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FIGURE 5. Relationships between (A) population size and seedling survival, (B) population shape and seed germination and (C) bicarbonate extractable P and seedling survival for 11 populations of Eucalyptus wandoo. Regression lines are presented with r2- and P-values.



Significant independent contributions were made by EC to among-population variation in seed weight, and by P to variation in seedling survival (Tables 4, 5B). The linear relationship of EC with seed weight was not significant (r2 = 0.23, P = 0.156), but P was positively related to seedling survival (r2 = 0.48, P = 0.018; Figure 5C).

Hierarchical partitioning conducted at the level of maternal plants revealed that mean seed weight made a significant independent contribution to variation in seed germination (Table 9). Trees that produced heavier seeds recorded higher germination rates (r2 = 0.15, P = 0.002). Neither of the tested mating system variables (tm and rp) contributed significantly to variation in seed weight, seedling survival or seedling dry weight (Table 9).


Table 9. The percentage independent contribution (I) of each of two mating system and two reproductive variables to variation in measures of progeny performance for maternal Eucalyptus wandoo plants, determined by hierarchical partitioning.
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Genetic Diversity and Structure

Details of genetic diversity for populations are given in Table 7. Genetic diversity was moderate and similar to levels recorded for other eucalypts (Byrne, 2008). Population values for PL ranged from 0.56 to 0.94, Na from 1.75 to 5.75 and He from 0.327 to 0.437. Most populations contained private alleles. Significant heterozygote deficiencies were recorded for nine populations ranging from small to the largest populations.

Population size contributed significantly to variation in the proportion of loci that were polymorphic (Tables 2, 3D), with greater polymorphism recorded in larger populations (r2 = 0.53, P < 0.001), but this relationship was not observed when the four very small populations (N ≤ 9) were removed. None of the population variables (size, shape or isolation) made significant independent contributions to other genetic diversity parameters.

We found low but significant genetic differentiation among populations (overall FST = 0.033 ± 0.003, Dest = 0.008 ± 0.003; P = 0.001). After removing the three smallest populations (N ≤ 5), there was no significant IBD (r16 = 0.041, P = 0.320).

DISCUSSION

Our study shows that investigation of a broad range of factors can reveal unexpected and unconventional relationships regarding impacts of habitat fragmentation on plant species persistence. As expected, we found that Eucalyptus wandoo trees in small populations tended to produce fewer fruit and seeds, and population selfing rates did not vary consistently with fragmentation. We also observed a very strong negative relationship between soil salinity and fruit production. However, we found some unexpected results with trees in small populations having much higher levels of pollination and seed germination, while trees in more linear populations had higher rates of seedling survival. Furthermore, increased soil phosphorous in small populations actually increased progeny performance despite the significantly reduced seed and fruit production. Our results indicate that it is critical to separate the different processes operating in this fragmented landscape in relation to progeny performance and reduced reproductive output. While increased soil salinity appears to be the major factor driving reduced fruit production, small population processes, associated with the Allee effect and inbreeding, are the key causes of reduced seed set.

Reproductive Output and Soil Salinity

Altered reproductive output in fragmented plant populations is typically attributed to biotic factors, such as pollination, mate limitation and outcrossing, while the potential role of abiotic environmental conditions is often overlooked (Saunders et al., 1991; Hobbs and Yates, 2003; Aguilar et al., 2006). Thus, in small populations the Allee effect and inbreeding are considered to be the primary contributors to reduced reproductive output. However, our data indicate that increased soil salinity, rather than biotic processes associated with small population size, is likely to be making a significantly greater contribution to reduced reproductive output in the form of reduced fruit production observed in trees from smaller E. wandoo populations. The number of fruits per branch and fruit:flower ratio were both much more strongly correlated with soil salinity than with population size. Additionally, the relationship of the number of fruits per branch with salinity was consistent across 2 years while the relationship with population size was not. Although soil salinity tended to be higher in small populations (<40 trees), which were all found on road verges, it was also high in some of the larger, non-verge remnants.

Increased salinity can reduce fruit production in crop trees (Kozlowski, 1997; García-Sánchez et al., 2003), with apparent mechanisms including ion toxicity, osmotic stress, induction of nutrient deficiency and limitation of water uptake (Al-Yassin, 2005). However, there have been few attempts to determine if a similar effect exists for plants in remnant vegetation. A study of another Myrtaceous shrub in the same landscape, Calothamnus quadrifidus, showed no relationship between soil salinity and seed or fruit set (Yates et al., 2007b), but salinity levels were lower and much less variable than in our study, as C. quadrifdus occurs in higher parts of the landscape where salinity is likely to be lower. A study of Quercus robur in Europe similarly showed no relationship between salinity and fruit weight, but all study sites were highly saline (Uhl and Wölfling, 2015). Our study sites were not visibly affected by secondary salinization, yet fruit production was nearly an order of magnitude lower in E. wandoo populations with higher soil salinity, suggesting that even relatively mild secondary salinization may reduce long-term population viability.

Reproductive Output and Small Population Processes

While reproductive output expressed as fruit production is strongly influenced by salinity, seed set in E. wandoo was strongly correlated with population size in one of 2 years, with large populations producing up to 10 times as many seeds per capsule as small populations. A reduction in seed set is one of the most consistently-observed impacts of habitat fragmentation on plants, and is usually attributed to reduced levels of pollination or outcrossing (Cunningham, 2000; Aguilar et al., 2006).

Despite the reduction in seed set, pollination rate did not decline with decreasing population size in E. wandoo, and we found no relationship between seed set and soil properties. The most likely explanation for the observed pattern is that trees in small populations receive lower quality pollen through higher proportional transfer of self-pollen. Although we found no decline in effective outcrossing rate, the likelihood of increased selfing in small populations is consistent with evidence from other Eucalyptus species that incomplete pre- or post-zygotic ovule abortion mechanisms typically lead to reduced seed set when faced with increased self-pollination (Griffin et al., 1987; Ellis and Sedgley, 1992; Kennington and James, 1997; Pound et al., 2003; Krauss et al., 2007; Gauli et al., 2014). In addition, the very high rates of pollen immigration into small E. wandoo populations (Byrne et al., 2008) appear insufficient to mitigate the impact of high selfing rates on seed set. Indeed, the preferential elimination of selfed seeds means that gene flow measured through viable seeds (Byrne et al., 2008) is likely to mask the proportion of pollen deposition in small populations that is from local trees.

Pollination and the Mating System

The much higher rates of pollination observed in the smallest E. wandoo populations may be due both to increased pollinator abundance and to more intensive pollinator foraging. Small and isolated populations can act as stepping stones in a fragmented landscape and attract pollinator visits, leading to high rates of pollen immigration (White et al., 2002; Bacles et al., 2005; Byrne et al., 2007, 2008; Ottewell et al., 2009), but levels of pollination are nevertheless usually either unchanged (Yates et al., 2007a), reduced or erratic (Aizen and Feinsinger, 1994; Ottewell et al., 2009). A similar effect may have occurred for insect pollinators within E. wandoo populations, as nutrient enrichment and enhanced productivity at edges appears to have led to greater species diversity and abundance of some canopy-dwelling insects in highly fragmented E. wandoo woodland remnants (Majer et al., 2000). In contrast, the bird-pollinated SWAFR endemic Calothamnus quadrifidus showed similar numbers of honeyeater visits and pollen tubes regardless of population size (Yates et al., 2007a), but experienced high rates of pollen immigration into small populations (Byrne et al., 2007). Within highly fragmented E. wandoo populations, pollen immigration has been shown to be substantial (Byrne et al., 2008) and locally-foraging insects may effect most local pollinations while birds may be responsible for most pollen immigration.

According to optimal foraging theory, pollinators may concentrate their foraging effort among fewer trees as population size decreases, leading to increased within-plant foraging effort (e.g., Yates et al., 2007a). This is supported by lower within-population outcrossing in several small E. wandoo populations (Byrne et al., 2008), and by the negative relationship of effective outcrossing rates with pollen tube abundance in comparisons among maternal plants. Combined with asynchronous mass-flowering that exacerbates reduced mate availability, this should lead to self-pollination being more prevalent in small populations.

Outcrossing rates for E. wandoo were comparable with those generally observed in widespread eucalypts (Byrne, 2008). The wide variation observed among and within populations may reflect individual variation in the strength of seed abortion mechanisms (McGowen et al., 2010) as well as variation in flowering intensity and asynchrony. We found no obvious relationship between effective outcrossing rates estimated in seed progeny and population fragmentation variables, consistent with many other studies in eucalypts (e.g., Ottewell et al., 2009; Breed et al., 2012, 2015). This is most likely due to the post-zygotic seed selection mechanisms in eucalypts that preferentially eliminate selfed progeny, with the surviving seeds that are used to estimate mating system parameters largely the result of outcrossing (see Kennington and James, 1997).

The presence of biparental inbreeding in all populations suggests that limited seed dispersal may result in the geographic proximity of half-sibs. We did not detect any relationship between fragmentation and either correlated paternity or biparental inbreeding, in contrast to some studies where this has been observed (Yates et al., 2007a; Mimura et al., 2009; Breed et al., 2015).

Progeny Performance

Most plant species appear to display either negative (Nason and Hamrick, 1997; Kéry et al., 2000; Breed et al., 2012; Llorens et al., 2013) or no (Costin et al., 2001; Yates et al., 2007b; Breed et al., 2015) impact of habitat fragmentation on different aspects of progeny performance. In contrast to those studies, we identified evidence in E. wandoo for enhancement of both seedling survival and seed germination with increasing fragmentation. These results appear to be highly unusual, although a study of seedlings in E. salmonophloia found larger basal stem diameters in fragmented populations than in large, unfragmented populations (Krauss et al., 2007).

Survival of E. wandoo seedlings was greater in populations with a higher shape index and was positively correlated with soil P content. In edge-dominated remnants, most trees are close to the agricultural boundary and hence have access to elevated levels of soil P and N. Supplemental addition of these nutrients typically increases shoot growth in eucalypts (Grove, 1988; Kirschbaum et al., 1992) and may also allow mature trees to better provision seeds in these nutrient-poor soils. Seeds produced in high-P environments may contain more P, which can increase offspring vigor (Marco and De Marco, 1990; Hanley and Fenner, 1997). In contrast, seedling survival for the SWAFR shrub Banksia sphaerocarpa declined as populations became more edge-dominated, a result that also appeared to be partly mediated by increased nutrient availability but via different mechanisms (Llorens et al., 2013). The influence of population shape on progeny fitness clearly warrants further investigation.

The absence of fragmentation effects on germination rates has typically been attributed to high levels of pollen immigration and/or self-incompatibility mechanisms eliminating inbred seeds (Krauss et al., 2007; Yates et al., 2007b). A combination of these is likely to have led to the observed strong trend for greater germination rates in seeds collected from smaller E. wandoo populations. Pollen immigration rates in these small populations are typically higher than local outcrossing rates (Byrne et al., 2008), while the reverse is likely to occur in large populations due to their much higher local mate availability (e.g., White et al., 2002; Bacles et al., 2005). Several studies have found immigrant pollen to produce fitter seeds than local outcross pollen due to heterosis (Dudash, 1990; Heliyanto et al., 2006; Bermingham and Brody, 2011). It is also possible that enhanced soil availability of N and P in small populations may have influenced germination rates via increased seed nutrient content.

Conservation Implications

Higher pollination rates and improved progeny performance in highly fragmented populations of E. wandoo suggest that pollinator services have been somewhat resilient to fragmentation and that soil nutrient content may play an important but poorly-understood role in influencing seed quality. Small patches and linear remnants form an integral part of a landscape-scale network of interconnected populations (Byrne et al., 2008) and our study confirms that apart from the smallest populations (<10 trees), they should form a vital component of seed sourcing strategies for restoration. Nevertheless, substantially reduced seed production may limit the use of small populations as seed sources and compromise future recruitment success.

While we have focussed here on seed production and seedling performance over the years of this study, E. wandoo is a long-lived tree (>150 years) and we are unable to assess lifetime reproductive fitness. However, we noted no recent recruitment in any populations. This is common in many remnant eucalypt woodlands in the Western Australian wheatbelt (Yates et al., 1994). The reasons for this are many fold and include changes in natural disturbance regimes which initiate episodic recruitment in tree populations (Yates et al., 1994; Parsons and Gosper, 2011), and changes in the environments of woodland remnants which have a negative impact on seedling establishment (Yates et al., 2000a). We suggest that the declines in reproductive performance for trees like E. wandoo are another critical factor affecting the long-term viability of small remnant woodlands in the region.

The dramatic decline in fruit production in some sites indicates the need to better understand sub-lethal effects of secondary soil salinity in plants growing in agricultural remnants. Attempting to mitigate rising salinity levels in remnants with the greatest conservation value may improve reproductive output in E. wandoo, a species that is a key component of remnant woodlands in this fragmented landscape. Additional active conservation management will be required to enable future recruitment into fragmented populations, as natural recruitment is unlikely to occur in these agricultural landscapes (Yates and Hobbs, 1997; Yates et al., 2000b). Tree decline is also occurring on the inland semi-arid margin of the range of E. wandoo, consistent with contraction under current changing climates (Dalmaris et al., 2015). This is likely to be one of a growing number of species that are currently under stress from fragmentation but may be further threatened by climate change.
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Seeds were germinated and grown in pots in a shadshouse.

N, number of matemnal plants sampled. Population means were taken across matemal
plants with standard error (SE) in parentheses.

982 days after sowing.

5254 days after sowing.
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Meting system parameters were estimated with the mixed mating model using seven allozyme loci, whie geneic diversity was estimated from 19 populations using 16 RFLP markers.
Nms, number of maternal plants sampled for the mating system; tm, multiocus outcrossing rate; tm - s, diflerence between mult- and single-locus outcrossing rates; , correlation of
outcrossed patemity; Nga, number of matemal plants sampled for genefic diversity; PL, proportion of koci polymorphic; Ne, mean number of alees per locus; N, totel number of private
allees; Ar, mean number of llees per locus, adjusted by rarefaction; Apr, mean number of private alleles per locus, adjusted by rarefaction; He, unbiased expected heterozygosity; Fis,
multiocus estimate of Wright's inbreeding coefficient. 'P < 0.05, "P < 0,01, where P is the significance of departure from Herdy-Weinberg equilbria using exact tests. Means across
loci and populations are given with standard error (SE) in parentheses.
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*Log10 transformed.

®ArcSin(Sart(x) transformed; y1, year 1. tm, multiocus outcrossing rate; rp, correlation
of outcrossed patemity. Data were matemal plant means or values. Z-score, result of
randomizing the data matrix o -velues 2,000 times. "P < 0.05. The figure in bold indicates
signifcarce at P = 0.06 for lncar regressions performed between predictor and response
ke
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N, number of matemal plants sampled: y1, yearT; y2, year 2; y3, year. Population means were taken across matemal plants with standard error (SE) in parentheses.
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Property 1 z 1 z 1 z 1 z 1 z 1 z 1 z 1 z
EC* 191 -026 53 -056 334  169* 414  1.90* 339  227* 385 138 205 121 80 041
pH 39 029 199 052 27 -076 52 -065 132 025 268 077 39 -068 127 047
Total N2 161 -038 276 116 206 077 171 018 170 069 102 -030 171 028 328 111

P(NaHCOz* 125 -049 143 048 169 042 154 010 147 047 7.4 51 23 -010 244 065
K(NaHCOz* 65 -067 184 051 102 -015 82 -043 80 -021 7.7 -045 214 066 70 -0.49
OrganicC* 119 -0.52 145 013 162 082 127 -014 182 032 94 36 158 018 161 0.02

®)

Soil Seed weight?  Proportion seeds germinated®  Proportion seedling survival®  Seedling dry weight  Proportion weed cover®
Property 1 z 1 z 1 z 1 z 1 z

EC? 340 167 56 98 -0.42 76 -072 204 1.39

pH 278 119 206 10 -0t 06 -0.96 10

Total N 88 -033 98 19.8 015 454 056 300 228"
P(NaHCOz® 66 -053 63 57.4 244 271 -0.01 202 243"
K(NaHCOgP 94  -031 845 46 ~074 54 -079 33 ~049
OrganicC* 134 004 142 74 -056 139 -050 18.1 084

2Log10 transformed.

b ArcSin(Sqrt) transformed.

EC, electrcal conductiviy; y1, yearl; y2, year 2; y3, yeard; Z-score, result of randomizing the data matrix of Ivalues 2,000 times. P < 0.05, “P < 0.01. Figures in bokd indicate
significance at P = 0.0 for near regressions performed between predictor and response variables. Data for response variables are population means or values taken across matemel
plants.
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Population Remnant Population Population Population ~ Weed EC pH  TotalN  P(NaHCO3) K (NaHCOg) Organic G

type size  isolaion?  shape®  cover(%) (mS/m) 2] (mg/kg) (mgrkg) )
J Road verge 2 0083 183 600 18 55 0292 76 140 0.3
L Road verge 5 0333 284 33 50 55 0438 1 % 043
s Road verge 5 0067 243 39 2 62 o012 10 7 0.4
K Road verge 9 0067 197 384 11 62 0184 6 170 043
o Road verge 0 0500 314 326 13 60 0470 33 67 015
R Road verge 40 0111 1.49 18 23 6.3 0111 7 94 0.29
F Road verge 46 1.000 202 913 10 59 0147 13 & 052
c Smal remnant 107 0200 127 13 9 65 0065 2 49 0.0
N Smal remnant 173 0125 157 20 6 63 0053 1 8 o018
E Small reserve 174 0.111 1.41 163 6 54 0.067 2 85 058
G Smal remnant 493 0143 121 24 15 59 0130 5 130 058
) Smal remnant 605 0167 188 04 7 62 0106 4 140 040
I Smal remnant 704 0143 1.45 03 6 6.1 0.061 1 [ 008
Q Nature reserve® 761 0.025 1.41 0.0 49 59 0.096 3 120 0.02
M Small reserve 1898 0333 1.45 150 5 58 0063 2 140 044
A Small reserve 2315 04167 1.49 65 4 56 0057 2 44 028
P Small reserve 2581 0167 139 54 10 59 0064 2 8 041
H Lagereserve 14732 0071 183 30 5 58 0046 2 s7 0.40
) Nature reserve® 17656 0,023 128 04 9 57 0103 4 180 027

*1/jpercentage area of remnant vegetation within a 3km radus).
Estimated using the diversity index of Patton (1975), where a lerger value indicates greater edge dominance.
¢Large reserve.
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No.fuitsbranch - ns  ns ns ns ns
2

No.fuitshbranch - ns  ns ns ns ns
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Fritfowerratioy2 - ns  ns ns ns ns
No.seeds/fityl ns ns  ns ns ns ns
No.seeds/fity2 ns ns  ns ns ns ns
No.pollentubes  ns ns  ns ns ns ns
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Proportionseeds  ns ns  ns ns ns ns
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Proportion ns nsons + ns ns
seediing sunvival

Seeding dry ns onsons ns ns ns
weight

Proporonweed  ns ns  (+) ++ ns ns
cover

The direction of significant reletionships, -+ or -, of response variables with increasing
magnitude of population variables was determined using linear regression. Relationships
ot significant at P = 0.0 with linear regression are in parentheses. Detailed results of
the hierarchical perttioning analyses are presented in Table 5.

EC, electrical conductivty; y1, year; y2, year 2; y3, year3; ns, not significant; +, - P <
0.05; ++, P < 0.01, as determined by hierarchical partitioning using Z-scores following
randomization of the data meix 2,000 times. Data or response variables are population
means or values taken across maternal plants.
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EC — ns ns
pH ns ns ns
Total N s ns ns
P (NaHCO3) - ns +
K (NaHCOg3) ns ns ns
Organic G ns ns ns
Proportion weed cover ns ) ns
No. flowers/branch y2 ns ns ns
No. flowers/branch y3 ns “+4 ns
No. fruits/branch y2 ++ ns ns
No. fuits/branch y3 ) ns ns
Fruit:flower ratio y2 + ns ns
No. seeds/fit y1 ns ns ns
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No. pollen tubes - ns ns
Seed weight ns ns ns
Proportion seeds germinated - ns ns
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Seeding ciry weight ns ns ns
tm ns ns ns
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The direction of significant relationships, + or —, of response variables with increasing
magnitude of population variables was determined using inear regression. Relationships
ot signiffcant at P = 0.0 with lnear regression are in parentheses. Detaied resus of
the hierarchical partiioning analyses are presented in Table 3.

91/ fpercentage area of remnant vegetation within a 3k racius).

bEstimated using the diversity index of Patton (1975), where a larger value indicates
greater edge dominance.

EC, electrical conductivity; y1, year1; y2, yoar 2; 3, yearS; tm, multiocus outcrossing rate;
im — ts; diferonce botween multi- and single-locus outcrossing rates; 1, corrlation of
outcrossed patemity; PL, proportion of loci polymorphic; Ay, mean number of alefes per
focus, adjusted by rarefaction; Apr, mean rumber of private alllos per locus, adfusted
by rarefaction; He, unbiased expected heterozygosity; Fis, multiocus estimate of Wrght's
inbreeding coefficient; ns, not significant; +, — P < 0.05; ++,~-P < 0.01; 4++,---P<
0,001, as determined by hierarchical partitoning using Z-scores following randomization
of the data matrix 2,000 times. Data for response variables are population means or values
taken across matemal plants.
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Population Ec? pH Total N P (NaHCOZ)? K(NaHCO3)®  OrganicC?  Proportion weed cover®
Parameter | Z oz z 1 z 1 z 1 z 1 z
size? 695 274" 585 047 747 478" 545 355" 93 -062 642 141 825 113
Isolation®® 109 -021 358 004 18 071 49 -038 852 078 168 -020 49.1 208"
Shape?d 196 019 57 -068 235 098 406 232 55 068 190 -0.13 184 025
Population  No. No. Fruitflower No. pollen

flowers/branch nowm/bnncn ir\ms/branoh fruits/branch  ratio (y2) seed:mun seedsllnm tubes at

2 3) 2 3) (0 2 base of style

Parameter | z [ z 1 z 1 z 1 z 1 z 1 z
Size® 820 003 158 007 805 286" 781 202° 723  228° 654 089 604 283" 751  356™
lsolation®® 45 084 794 342 118 -034 185 -0.13 139 -024 91 -062 288 09 43 -060
Shape?d 185 070 48 -056 77  -054 84 -051 138 -022 255 -017 108 -0.15 206 035
Population Seed weight? Proportion seeds germinated® Proportion seedling survival® Seedling dry weight
Parameter [ z [ z 1 z 1 z
Size® 479 1.24 654 168" 90 ~0.48 39.4 ~079
Isolationb® 1.0 -073 40 -076 168 -0.10 462 -073
Shape®d 511 1.35 306 030 741 249™ 144 —081
Population tm tm-ts » PL Ar Apr He Fis
Parameter | z 1 z [ z 1 Z I z I z 1 z [ z
Size? 263 005 281 -046 67 -106 713 508" 485 027 733 049 287 -046 48 -076
lsolationl®® 439 061 653 015 796 -08 34  -047 190 -040 175 -043 128 -063 794 -040
Shape®d 208 008 166 078 137 107 2583 184 825 -004 92 084 635 006 161 -072
*Log10 transformed.
b 1/foercentage area of remnant vegetation within a 3km radius).
°Sart transformed.
9Estimated using the dversity index of Patton (1975).
*ArcSin(Sqrt(x)) transformed.

EC, electrical conductivity; tm, multiocus outcrossing rate; tm - ts; difference between mutt- and single-locus outerossing rates; rp, corrlation of outcrossed patemity; PL, proportion
of loci polymorphic; Az, mean number of alleles per locus, adjusted by rarefaction; Apr, mean number of private aleles per locus, adjusted by rarefaction; He, unbiased expected
heterozygosity; Fis, multiocus estimate of Wright's inbreeding coeficient; Z-score, result of randomizing the data matrix of I-values 2,000 times. P < 0.05, "P < 0.01, ™P < 0.001.
Figures in bold indicate signiicance at P = 0.05 for linear regressions performed between predictor and response variables. Data for response variables are popuation means or values
taken across matemal plants.
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