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a b s t r a c t The emergent behaviors of nature are not only the sum of interactions among ecosystem parts but also depend on the organization of these interactions. Fire, climate and vegetation patterns produce nonlinear ﬁre propagation across the landscape. Environmental heterogeneity, like outcrop presence and hare density, increases landscape patchiness and makes possible the occupation of ﬁre refuges by plants, like Fabiana imbricata shrubs. We monitored shrub recruitment and cover during nine postﬁre years in northwestern Patagonia grasslands and we studied the long-term population dynamics under different environmental conditions through a matrix model, exploring different ﬁre frequencies and spring precipitation regimes. Both, the ﬁeld monitoring and the model seem to conﬁrm the relationships between ˜ shrub invasion and ﬁre. The climate change forecast predicts an increase in the frequency of El Nino Southern Oscillation phenomena that could causes more coupled ﬁres—rainy springs in northwestern Patagonia, and consequently, more recruitment windows for shrubs, like F. imbricata. The matrix model also indicates that this scenario would be the most favourable for shrub invasion. Our results contribute to the knowledge of the ecosystem properties and processes, providing useful information to improve the grasslands sustainable use. © 2009 Elsevier B.V. All rights reserved.



1. Introduction An increasing number of climate impact studies provide evidence that climate change is affecting the species distribution, and the composition and structure of communities and ecosystems (Walther et al., 2005). Assessing impacts of climatic variability is complicated by the difﬁculties related to translating models across spatial and temporal scales because of the self-organized structure of ecosystems (Peterson, 2000). Particularly, it is difﬁcult to downscale global models to local sites. For example, the consequences ˜ Southern Oscillation are very different depending on the of El Nino region of the word where they happen. Local non-linearity combined with spatial heterogeneity makes difﬁcult to predict local processes (Peterson, 2000). For instance, ﬁre, climate and vegetation patterns produce non-linear ﬁre propagation across the landscape. Environmental heterogeneity (e.g. outcrops) favours landscape patchiness that generates different ﬁre frequencies and make possible the occupation of ﬁre refuges by shrubs. For the last three decades scientists have studied the relationships between ﬁre occurrence and shrub abundance in ﬁre-prone Mediterranean communities (Keeley and Zedler, 1978; Lloret et al.,
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1999; Bond and Midgley, 2003; Franzese et al., 2009). Bellingham and Sparrow (2000) suggest that the seeders (plants that recruit postﬁre only by seeds) would increase with low and very high ﬁre frequency although seeder shrubs can only persist in the community if they reach the sexual maturity before plants are killed by ﬁre (Bond and Midgley, 2003). After ﬁre, seedling density of seeder shrubs may be high (Iglesia et al., 1998; Ferrandis et al., 1999) but very few seedlings survive to dry and hot postﬁre summers (Seligman and Zalmer, 2000). Long-term climate changes, like precipitation increase related to El ˜ Southern Oscillation (ENSO), favour shrub seedling establishNino ment and then, their invasion (Drewa et al., 2001). Besides climate conditions, rabbit and hare browsing is another factor that has a signiﬁcant effect on shrub seedling survival and morphology (Cohn and Bradstock, 2000; Drewa et al., 2001). In northwestern Patagonia landscape, environmental heterogeneity and ﬁre regime create a vegetation mosaic of grasslands and Fabiana imbricata shrublands (Ghermandi et al., 2004). These environments are economically important because they are used for stockbreeding and forestry. Due to the fact F. imbricata is an unpalatable shrub, their invasion could decrease grassland productivity. In the frame of global climate change, the study of shrubland dynamics could be useful to evaluate the impact of shrubland invasion in grasslands. For this purpose the use of matrix models constitute a valuable tool that allows simulating different scenarios,
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assessing population trends, and evaluating management options (Burgman and Lamont, 1992). In the classical discrete-time theory, population is described at each time t by a projection matrix; and the long run population dynamics is absolutely determined by this matrix if the environmental conditions remain constant. However, populations experience temporal variation in their demography because of both intrinsic species dynamics and environmental changes. Particularly, strong changes in demography can occur due to large-scale disturbances like ﬁre (Pickett and White, 1985). Moreover, the knowledge about the interactions between ﬁre and weather conditions is crucial for the understanding of population dynamics (Li et al., 1999). The effects of ﬁre regime on population dynamics have been studied through various modeling approaches (e.g. Silva et al., 1991; Canales et al., 1994; Kaye et al., 2001; Menges and QuintanaAscencio, 2004; Stokes et al., 2004). The theory of stochastic demography has been largely developed in the last three decades, and it has made possible to examine the effects of stochastic variation in environments on the population dynamics (Tuljapurkar, 1990; Tuljapurkar and Caswell, 1997; Caswell, 2001; Tuljapurkar et al., 2003). Environmental stochasticity can be incorporated in the model in several ways. Silva et al. (1991) studied the population responses to ﬁre of Andropogon semiberbis by a matrix model. They examined the effect of ﬁre in two opposite situations: annual ﬁre frequency and ﬁre exclusion. Their results reveal that the burnt population increases rapidly, whereas the unburned population is unable to persist. They conclude that there is a critical ﬁre frequency below which this species was unable to maintain itself. Pascarella and Horvitz (1998) constructed a model (the megamatrix) to study the population dynamics of a tropical shrub affected by hurricanes. The megamatrix is a large matrix that uses two nested projection matrix models and includes two dynamics processes: the stochastic dynamics of the environment and the dynamics of the plant within each environmental state. We are not aware of other studies in which the effect of environmental variation on population dynamics has been assessed using megamatrix analysis. For 9 years we monitored new potentially invasive foci of F. imbricata shrub in northwestern Patagonia grasslands, and we studied the landscape distribution of this species in relation to the spatial heterogeneity represented by outcrops presence and hare abundance. Also, we modeled the inﬂuence of different ﬁre frequencies and abundant spring precipitations on the long-term demography of this shrub, using a megamatrix approach. The aim of this work was to evaluate the inﬂuence of ﬁre, climate and spatial heterogeneity on the potential invasion of F. imbricata shrubs.



unburned shrubland in San Ramón site (Near SR), (2) Far (250 m) from the same unburned shrubland (Far SR), and (3) Far (200 m) from unburned shrubland in Pichileufu site (Far P). 2.2. Study species F. imbricata is a long-lived shrub (more of 100 years), of 1.5–3 m height that reaches the sexual maturity approximately at 6 years. Their seeds are very small (0.1-mg) and form persistent seed bank (Gonzalez and Ghermandi, 2008), two typical characteristics of a potential postﬁre invader. Shrublands are distributed along the forest – steppe ecotone (Dimitri, 1972) covering variable extensions (100 m2 to several hectares) and frequently are located in the middle slope (Anchorena and Cingolani, 2002). F. imbricata shrubs do not resprout, and it recruits in spring almost exclusively after ﬁre. 2.3. Experimental design 2.3.1. Postﬁre shrub establishment In November 1999 (ﬁrst postﬁre spring), we recorded the seedling recruitment and survival in eight plots (0.25 m2 each one) on the burned edge of unburned shrubland in Near SR. The following year (2000) we added one plot (n = 9). From November 1999 to January 2005 we yearly counted the seedlings and, in the following 3 years (2006–2008), we estimated the plant cover because the lateral growth made it impossible to distinguish the individuals. Monitoring lasted 9 years (1999–2008) and we calculated seedling survival. In January 2002 we detected a second invasion focus (Far SR) in another sector of burned grassland, located 250 m down hill from the Near SR. There, we monitored the seedling size (height and two radii) and survival in eight circular plots (3.14 m2 each one) for 7 years (2002–2008). We detected a third invasion focus in other burned grassland, situated in Pichileufu ranch, far from unburned shrubland (Far P). The same ﬁre that in January 1999 affected the San Ramón ranch also burned the Pichileufu site. In the Far P site we estimated plant density and height in March 2006. 2.4. Data analysis We tested data for normality; data were then log-transformed as needed, prior to analysis. If no transformation yielded normal data, we used non-parametric tests. Plant density and cover were analyzed by one-way repeated-measures ANOVA and post hoc Tukey test. We used non-parametric Mann–Whitney test to compare plant height.



2. Methods



2.5. The model



2.1. Study site



We choose a matrix model because several reasons. On one hand, matrix models are easy to construct, and relatively easy to analyze, parameters are easy to estimate and, under certain conditions, results are strong. On the other hand, they allow including the differences that individuals have along their development process and the environmental variability. The general formulation for a matrix projection model invariant in time takes the form:



The study was carried out in San Ramón ranch (41◦ 03 S – 71◦ 01 W) and Pichileufu ranch (41◦ 10 S – 70◦ 41 W) in NW Patagonia, Argentina. Precipitation regime is Mediterranean (60% falls in autumn and winter). In San Ramón ranch the mean annual temperature is 9 ◦ C and the mean annual rainfall is 582 mm, whereas in Pichileufu ranch the mean annual temperature is 8 ◦ C and the mean annual rainfall is 308 mm (Bustos and Rocchi, 1993). The study area is dominated by Stipa speciosa and Festuca pallescens grasslands with F. imbricata shrublands (Ghermandi et al., 2004). These grasslands are ﬁre-prone and in January 1999 a severe and very extensive wildﬁre affected the study area. In burned grassland we detected three incipient foci of F. imbricata invasion: (1) Near to



n(t + 1) = A.n(t)



(1)



where A is the population projection model (Caswell, 2001) incorporating data as survival, birth and growth rates for each population stage, and n(t) is a vector with the abundance of individuals in each life cycle stage at time t. In environments characterized by vari-
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ations that modify demographic parameters, A can change over time. We construct a model to describe environmental dynamics, and another model to describe population dynamics within each environmental-speciﬁc state, and then we join these models into a megamatrix (Pascarella and Horvitz, 1998). 2.5.1. The environmental dynamics The environmental dynamics was modeled as a linear Markov process, described by an environmental state transition matrix, say C. Each entry c˛ˇ in C is the conditional probability for the environment to get the characteristics of the ˇ-state in time t + 1, given the characteristics of the state ˛ in time t. The parameters used to calculate the entries of C, are the probabilities of ﬁre and wet spring occurrence. The four environment states in each time period (1 year) are: (1) ﬁre and wet spring (Burned Wet, BW); (2) ﬁre and normal spring (Burned Normal, BN); (3) no ﬁre and wet spring (Unburned Wet, UW); (4) no ﬁre and normal spring (Unburned Normal, UN). We considered three ﬁre frequency which represent different environmental scenarios. The ﬁrst, modeled the current ﬁre frequency. The entries of its matrix were calculated from NW Patag˜ onia data on historical ﬁres (Ghermandi, unpublished) and El Nino Southern Oscillation records for the last 20 years (National Weather Service, Climate Prediction Centre, 2008). We chose other two scenarios by setting two different ﬁre frequencies: high ﬁre frequency (once each 6 years, allowing plant reproduction), and low ﬁre frequency (once each 100 years, at least once in the plant life), and maintaining the same wet spring occurrence probability. Thus, we obtained three environmental state transition matrices, one for each environmental scenario (Table 1). To determine the predicted distribution of environmental states at landscape level we found the column eigenvector f* associated with the dominant eigenvalue of environmental state transition matrices.
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Table 1 Environmental transition matrices for each ﬁre frequency. Each entry c˛ˇ in C is the conditional probability for the environment to get the characteristics of the ˇ-state in time t + 1, given the characteristics of the state ˛ in time t. BW: ﬁre and wet spring, BN: ﬁre and normal spring, UW: no ﬁre and wet spring, and UN: no ﬁre and normal spring.
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2.5.2. Population dynamics within each environmental state Population dynamics of F. imbricata was analyzed by using a Lefkovitch stage-classiﬁed matrix model (Caswell, 2001) (Eq. (1)), using a combination of age and reproductive status criteria. Adults were the reproductive plants. The pre-reproductive individuals were separated in three classes, according to their vulnerability to environmental conditions. In semiarid regions, ﬁrst year seedlings have high mortality rates (Tiver and Andrew, 1997), while second year seedlings and juveniles, have higher survival probability (but differential) to summer stress (Jiménez-Lobato and Valverde, 2006). The four classes where: ﬁrst year seedlings (S1 ), second year seedlings (S2 ), juveniles (J) (3–5 years) and adults (A) (reproductive 6–100 years old plants). We did not consider a “seed class” in the model because seeds do not represent a limiting condition for recruitment (seed production was estimated in 200 000 seeds per adult, Ruete, 2006). By counting growth rings, we determined F. imbricata longevity in 100 years approximately (Ghermandi, unpublished). We assume that no plants survive after 100 years. For each environmental-speciﬁc state, population dynamics was described by a 4 × 4 time invariant projection matrix L, where each entry, say lij , represents the contribution of individuals in the jth class at time t to the ith class at time t + 1. The life cycle diagram (Fig. 1) shows the possible transitions among classes from a year to the next. 2.5.3. Parameter estimation For each set of environmental conditions, fecundity (A ), stasis ( i ) and growth (˛i ) probabilities for individuals in each category were calculated from ﬁeld monitoring and greenhouse experi-
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Table 2 Population projection matrices by environmental state. Parameter values in italics were not derived directly from empirical data. S1 : ﬁrst year seedlings, S2 : second year seedlings, J: juveniles, A: adults; BW: ﬁre and wet spring, BN: ﬁre and normal spring, UW: no ﬁre and wet spring, and UN: no ﬁre and normal spring. Environmental state
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ments (Ruete, 2006) and were incorporated in the relevant matrix entries. Annual seedling emergence was estimated by the percentage of germination in greenhouse conditions under two different watering levels: high (wet spring) and low (normal spring, Ruete, 2006). From this data we calculated the number of new seedlings per adult. Due to the fact that in environments without ﬁre, ﬁrst year seedlings are seldom observed we established very low fecundity values only to guarantee primitivity of the projection matrices. Annual transition probabilities from S1 to S2 and from S2 to J were calculated from postﬁre monitoring (see Section 3.1). For wet springs these transitions were obtained from Ruete (2006). We used December–December census interval. The observed survival probability of juveniles and adults equaled unity. If this matrix entry is given a value of one, it would effectively imply that shrubs are immortal, which is certainly not the case. Thus, we assumed (following to Jiménez-Lobato and Valverde, 2006) that, in unburned environments the survival probability of juveniles was 0.99, and the survival probability of adults was 0.98. This assumption appears reasonable for a steppe shrub such as F. imbricata. The later wildﬁre that affected the study area burned 70% of the San Ramon ranch. Then, we assumed that the ﬁre affects all individuals with the same probability, killing the 70% of the whole population. We consider that although this assumption is arbitrary, it will not affect our results given that we use this model for comparative purposes. Then, we generated four population projection matrices, one for each possible environmental state (Table 2), named environmental state-speciﬁc population projection matrix. We calculated the dominant eigenvalue L of each environmental state-speciﬁc matrix, which is an estimate of the asymptotic population growth under ﬁxed environmental conditions. It is a measure of the ﬁtness of individuals in a given environment. The associated right column eigenvector wL and left row eigenvector vL , that gives the stable stage distribution and the stage speciﬁc reproductive value respectively, were also calculated (Caswell, 2001). 2.5.4. The population growth under environmental variability: the megamatrix analysis As a measure of population growth under environmental variability we calculated the growth rate of average population M ,



UN



which is the dominant eigenvalue of the megamatrix. The megamatrix M is organized in 4 × 4 blocks, which are arranged in 4 rows and 4 columns corresponding to the transition between the four environmental states. Each entry of the megamatrix (mij˛ˇ ) refers to the transition probability from stage j in the environmental state ˇ to stage i in environmental state ˛ (Pascarella and Horvitz, 1998). We obtained three megamatrices, one for each environmental scenario deﬁned by different ﬁre frequencies. The dominant eigenvalue of the megamatrix M is an estimate of the asymptotic overall population growth in the dynamic system including ﬁre and spring precipitations. The associated right eigenvector wM is proportional to the stable stage by environmental state distribution. The reproductive value vector vM is given by the left eigenvector of the megamatrix corresponding to M . The elements of vM give the relative value to long-term population growth of each class and environmental state (Caswell, 2001). The reproductive value was calculated by multiplying the left eigenvector of the megamatrix vM (summed by class or summed by environmental state) by f*, which weights the reproductive value by the stable environmental state frequency (Pascarella and Horvitz, 1998). For each environmental scenario, we built elasticity matrices of the megamatrix as: eij˛ˇ =



mij˛ˇ ∂ ∂(log ) =  ∂mij˛ˇ ∂(log mij˛ˇ )



where mij˛ˇ corresponds to each element of the megamatrix (Caswell, 2001). Elasticity represents the proportional changes in ﬁnite rates resulting from proportional changes in matrix elements and permits to evaluate the relative contribution of different matrix entries to population growth rate. Because elasticities sum to one, they can be summed in subsets with respect to environmental states, classes, environmental states transitions or class transitions, to provide a proportional measure of the importance of each class for population growth (Tuljapurkar and Caswell, 1997). We use elasticity analysis to evaluate which demographic processes are most important to changes in growth rate caused by ﬁre and spring precipitations. To evaluate the relative contribution to population growth of proportional perturbations in life-stage transitions summed within environmental state, as well as summed by class, both within and across environmental states, we calculated three types of summed elasticities (Pascarella and Horvitz, 1998): 1) Environmental state elasticity, which was calculated with the following equation:







eij˛ˇ = Eˇ



(2)



ij˛



Fig. 1. Conceptual model of the life cycle of F. imbricata. S1 : ﬁrst year seedlings, S2 : second year seedlings, J: juveniles, A: adults. Arrows represent the transition from one stage class to another (˛S1 , ˛S2 , ˛J : growth probability), permanence within a class ( J ,  A : stasis) and reproduction (A : fecundity).



This yields a 1 × 4 vector (one sum for each environmental state) that gives the importance of life history events within one environmental state compared overall to life history events in another environmental state.
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Fig. 2. Postﬁre plant density (mean ± SE): (a) near and (c) far to the unburned shrubland; and postﬁre plant cover (mean ± SE); (b) near and (d) far to the unburned shrubland. Lower case letters indicate signiﬁcant differences among years.



2) Class elasticity by environmental state deﬁned for a given state ˇ and a given class j summed over all i and ˛:







eij˛ˇ = Ejˇ



(3)



i˛



This yields a 1 × 16 vector of class elasticity by initial environmental state. It gives the magnitude of the impact on  produced by a proportional perturbation to the elements of the megamatrix that involve a particular class within a particular environmental state, relative to other (or the same) class in other environmental states. 3) Summed class elasticity: for a given class, summed over ˛, ˇ and i:







eij˛ˇ = Ej



(p < 0.05) since 2004 year, reaching the lowest density in 2007 (75 plants/m2 ± 14.6, 55% survival) (Fig. 2a). Cover increased signiﬁcantly since 2005, achieving 60% (p < 0.05, Fig. 2b). In 2002 monitoring in Far SR site seedling density was 1.4 plants/m2 (±0.18), signiﬁcantly higher than 2006–2008 density (1 plants/m2 ± 0.2, 71% survival, p < 0.05) (Fig. 2c). Maximum cover was reached in 2006–2008 years (≈4.2%) and it was signiﬁcantly higher than the ﬁrst 2 years (p < 0.05) (Fig. 2d). Eight years after ﬁre, in Far P site, plant density was 0.18 plants/m2 (±0.1). Plant high in this site (61 ± 9 cm), was signiﬁcantly different (p < 0.05) from that found in Far SR site (16 ± 0.9 cm). 3.2. The environmental dynamics



(4)



i˛ˇ



This yields a 1 × 4 vector (one sum for each class) that gives the importance of life history events involving a particular class compared overall to other life history stages. Eigenvalues, scaled eigenvectors, and elasticity matrices were calculated using PopTools version 2.7.1 (Hood, 2005).



The environmental state transition matrices for each environmental scenario are shown in Table 1. For all ﬁre frequencies the stable environmental state distribution (f*) predicts that UN environments will be the most common (45.5, 55.0, and 59.3% for high, current, and low ﬁre frequency, respectively). The UW environments will have an intermediate frequency (29.8, 36.0 and 38.9%), and the BN and BW environments will have the lowest frequency (14.9, 5.4 and 1.1%; and 9.8, 3.5 and 0.7%, respectively) (Fig. 3).



3. Results 3.3. Population growth rates 3.1. Postﬁre shrub establishment Ten months after ﬁre, in Near SR invasive focus, seedling density was 165 plants/m2 (±28). Seedling density decreased signiﬁcantly



Several demographic parameters varied from one environmental state to another (Table 2). Recruitment was enhanced with ﬁre, especially when it was followed by a wet spring. Survival was obvi-
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Fig. 3. Stable distribution (f*) of environmental states for high, current and low ﬁre frequency (bars) and population growth rates () of environmental state-speciﬁc matrices (line). BW: ﬁre and wet spring, UW: no ﬁre and wet spring, BN: ﬁre and normal spring and UN: no ﬁre and normal spring.



ously affected by ﬁre. The transition from S1 to S2 was close to 0 in UN (0.5%) and BN (0.2%) due to S1 response to water stress, and close to 1 in UW (98%). In BW environment, this transition was 37% because of the effect of ﬁre. Juvenile survival and transition to adult class were only affected by ﬁre. Population growth rates for speciﬁc environmental state matrices (L ) ranged from 0.411 within BN to 1.755 within BW; and they were intermediate and closely similar for UW ( = 0.988) and UN ( = 0.980) (Fig. 3). The stable stage distribution showed that for burned environments, the highest proportion of individuals was concentrated in S1 , while in unburned environments it was concentrated in adult class. Juvenile proportion was always less than 4%. S2 represented the 16.8% of the stable distribution for BW, and was less than 1% in the other environmental states (Fig. 4a). In BW reproductive values were concentrated in adult class. In BN and UN reproductive values for juvenile and adult classes were closely similar (44.3 and 51.3% in BN, and 46.6 and 48% in UN) and higher than S1 and S2 reproductive values. In UW, all reproductive values were similar, ranging from 21.5 to 28%, being Juvenile class the highest (Fig. 4b).



Fig. 4. (a) Stable distribution (%) and (b) reproductive values (%) by environmental state-speciﬁc matrix for each class. S1 : ﬁrst year seedlings, S2 : second year seedlings, J: juveniles, A: adults; BW: ﬁre and wet spring, BN: ﬁre and normal spring, UW: no ﬁre and wet spring, and UN: no ﬁre and normal spring.



class for all ﬁre frequencies. S1 reproductive values summed always less than 1.2% (Fig. 5d).



3.4. Megamatrix analysis 3.5. Elasticity analysis Asymptotic overall population growth rate (M ) for the megamatrices were 1.06 for low, 1.19 for current, and 1.24 for high ﬁre frequency. All matrices were tested to be primitive, and irreducible and by the strong ergodic theorem (Caswell, 2001), the long-term dynamics is described by the population growth rate and the stable population structure, independently of the initial conditions. Thus, under our modeling assumptions the results are robust. Summing across all classes by environmental state, the stable distribution had higher plant frequency in environments without ﬁre (Fig. 5a). Summing by classes across all environmental states, the stable stage was characterized by high frequency of S1 (Fig. 5b). It was followed by S2 , juveniles and adults, except for low ﬁre frequency, where adults are present in higher proportion than S2 and juveniles. Summing across classes, the highest reproductive values were concentrated in unburned environments for all ﬁre frequencies. In burned sites reproductive values increase as ﬁre frequency increases. In unburned environments, the lower the ﬁre frequency, the higher the reproductive value (Fig. 5c). Summing across environmental state, reproductive values were concentrated in adult



Elasticities of population projection matrices for each environmental state are shown in Fig. 6. In UW and UN, all the elasticity was contained in adults class (95 and 99%, respectively), while it was lower in BW and BN (6.4 and 76.7%, respectively). In BW, higher elasticities corresponded to fecundity, and growth to a larger class (22% approximately). Stasis in juveniles and adult classes elasticities were both lower than 7%. Summing across environmental states, UN elasticity increased as ﬁre frequency decreased. For low and current ﬁre frequency, UN elasticity was the highest (52.1 and 44.2%, respectively), and for high ﬁre frequency, UW elasticity was lightly higher (38.4%), followed by UN elasticity (36.4%). For all ﬁre frequencies, BW and BN contributed always less than 13%, which were the most uncommon (Fig. 7). Megamatrix elasticities of each class within an environmental state are shown in Fig. 8, organized by class (Fig. 8a) and by environmental state (Fig. 8b). For S1 , elasticity was higher in UW environment for all ﬁre frequencies. BN, BW and UN environments had close to 0 S1 elasticities. For S2 and J, unburned environments had higher
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Fig. 5. Megamatrix analysis for high, current and low ﬁre frequency. Stable distribution (%) summed (a) by classes for each environmental state and (b) by environmental state for each class. Weighted reproductive values (%) summed (a) by classes for each environmental state and (d) by environmental state for each class. S1 : ﬁrst year seedlings, S2 : second year seedlings, J: juveniles, A: adults; BW: ﬁre and wet spring, UW: no ﬁre and wet spring, BN: ﬁre and normal spring, and UN: no ﬁre and normal spring.



elasticities than burned environments. For both classes, the highest elasticities occurred in high and current ﬁre frequencies. For adults, unburned environments had the highest elasticities, and they were higher in the low ﬁre frequency (Fig. 8a).



Class elasticity by environmental state shows that the lowest elasticities were in the burned environments. Adults showed higher elasticities than the other classes within each environmental state (Fig. 8b).



Fig. 6. Elasticity of population projection matrices for each environmental state. Darker cells represent higher elasticity values. BW: ﬁre and wet spring, UW: no ﬁre and a wet spring, BN: ﬁre and normal spring, and UN: no ﬁre and normal spring.



Fig. 7. Environmental states elasticity (bars) and the stable distribution of environmental states (f*) (lines) for high, current and low ﬁre frequency. BW: ﬁre and wet spring, BN: ﬁre and normal spring, UW: no ﬁre and wet spring, and UN: no ﬁre and normal spring.
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Fig. 8. Class elasticity by environmental state for high, current and low ﬁre frequency, organized by (a) environmental states and (b) classes.



4. Discussion The scientiﬁc opinions about the role of ﬁre in shrub encroachment are divided. Some authors report negative relationships between ﬁre and shrub invasion (Lloret and Zedler, 1991; Drewa et al., 2001), while other authors show the opposite (Heisler et al., 2004; Pugnaire and Lozano, 1997). The general conclusion of the model suggests that F. imbricata shrublands are currently growing and they will continue growing even if they are affected by the other analyzed ﬁre frequencies. The postﬁre 1999 encroachment foci in San Ramón and Pichileufu sites seem to validate the model results. In the hypothetical situation of ﬁre exclusion F. imbricata shrublands would no advance in the grassland because of the low recruitment and adult mortality. However, the worst situation for these shrublands it will be when the environment will be subjected to annual ﬁres followed by normal or dry springs because the massive mortality that provokes a very fast shrublands disappearance. On other hand, the best situation for the shrublands it will be ﬁre followed by wet springs, but this is the less frequent condition. ˜ years the high precipitations increase the During El Nino ˜ summers biomass growth of ﬁne fuel that dries off during La Nina and then it turn prone to be burned. In fact, since 1972–1999 three ˜ events followed by strong La Nina ˜ were coupled with extenEl Nino sive ﬁres in northwestern Patagonia (National Weather Service,



Climate Prediction Centre, 2008; Ghermandi, unpublished). Global climate change models suggest an increase of frequency and amplitude of ENSO phenomena and, considering that F. imbricata recruitment is strongly favoured by ﬁre and wet springs, it could be also expected more recruitment windows of this species. In our model, we had considered wet spring probability related to current ENSO frequency. It would be interesting to explore the shrublands performance related to higher frequencies of wet or dry growth seasons. In Northwestern Patagonia the dry springs and ˜ events (Daniels and Veblen, 2000) the hot summers during La Nina could be harmful to seedling germination and establishment, which are the most vulnerable stages for population growth. In mature F. imbricata shrublands, we observed an extremely low recruitment, whereas high germination was detected immediately after the ﬁrst postﬁre spring that had been very rainy. Two years after ﬁre we also observed that in the new invasion foci the recruitment stopped and all this patterns could support the hypothesis that F. imbricata seeds need ﬁre cues (e.g. heat and smoke) or the release of some resources to germinate. For example, the establishment of shrub Sarcopterium spinosum is inhibited early, after ﬁre, by the changes in the light spectral composition caused by the canopy close (Seligman and Zalmer, 2000). In semiarid environments, shrub recruitment depends on favourable climate in growth season. In the case of F. imbricata the recruitment after ﬁre, near the unburned shrubland (1 650 000 seedlings/ha) was stimulated by abundant spring rains and was closely similar to those recorded in other Mediterranean species, as Erica australis (1 150 000/ha; Iglesia et al., 1998) and Cistus sp. (1 070 000/ha; Ferrandis et al., 1999). The new focus of invasion established far from the seed source derived from seeds that were transported at long distances by runoff mechanism favoured by the gentle soil inclination. Seed source was the unburned shrubland distant 250 m up hill, and seedling density in the far focus was lower than in near focus (14 000 seedlings/ha vs 1 650 000 seedlings/ha). Seedling survival was different between both foci (45% in near vs 71% in far), probably due to the self-thinning mechanism occurred in near focus where the seedling density was very high. Shrublands distribution at landscape scale is associated with heterogeneity, especially with the outcrops presence (Anchorena and Cingolani, 2002). In the study area there is a ﬁre risk gradient related to the fuel biomass. The extreme values of this gradient correspond to the grassland and the outcrops, and shrublands have an intermediate value. Outcrops can be considered ﬁre refuges because of the low fuel continuity, as a result of their low cover. The mature shrublands are located close to outcrops and have lower herbaceous cover than grasslands. On the contrary, all the new shrublands are located in the foothill and they are completely surrounded by grassland matrix with high ﬁne fuel biomass that notably increases the ﬁre risk. Probably, during ﬁres, all the shrubs in this new shrublands will die. Instead of that, if the new shrublands are not affected by ﬁre during a long time, their persistence will depend on the ability of plants to achieve sexual maturity and to accumulate soil seed bank. However, we have observed that 9 years old plants cannot reach the reproductive maturity when they were severely browsed by hares. Similarly, rabbit grazing was a signiﬁcant factor in decreasing the survival of Acacia (Cohn and Bradstock, 2000), and in Chihuahuan desert, Lepus californicus comprises Prosopis glandulosa in its diet (Drewa et al., 2001). In San Ramon postﬁre focus hare browsing reduced the plant growth, prevented plants to achieve sexual maturity and, consequently, decreased the potential invasiveness of F. imbricata. In fact, in Pichileufu site, where we observed lower hare density, plants were higher than in San Ramón site, and produced seeds 6 years after ﬁre. Though, in San Ramón site the annual precipitation is higher than in Pichileufu site (582 mm vs 308 mm, respectively), this favourable
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climatic condition was not enough to compensate the severe hare browsing damage. Then, at ﬁne scale, high hare density constitutes a ﬁlter to the shrubland invasion. Like outcrops, the variation in hare density is another component of landscape heterogeneity. The model predicted the potential invasion of F. imbricata at all the ﬁre frequencies analyzed but did not consider the spatial distribution of shrublands and the landscape heterogeneity. Shrublands dynamics strongly depend on the landscape heterogeneity, that could change at local scale and then the resultant pattern at regional scale is not easy to predict. Acknowledgments This paper was partially founded by CONICET and the Universidad Nacional del Comahue. We thank to two anonymous reviewers for their helpful comments on this manuscript. References Anchorena, J., Cingolani, A.M., 2002. Identifying habitat in a disturbed area of the forest steppe ecotone of Patagonia. Plant Ecol. 158, 97–112. Bellingham, P.J., Sparrow, A.D., 2000. Resprouting as a life history strategy in woody plant communities. Oikos 89, 409–416. Bond, W.J., Midgley, J.J., 2003. The evolutionary ecology of sprouting in woody plants. Int. J. Plant Sci. 164, 103–114. Burgman, M.A., Lamont, B.B., 1992. A stochastic model for the viability of Banksia cuneata populations: environmental, demographic and genetic effects. J. Appl. Ecol. 29, 719–727. Bustos, J.C., Rocchi, V.C., 1993. Caracterización pluviometrica de 20 estaciones meteorologicas de Río Negro y Neuquén. Comunicación Técnica N◦ 1. Agrometeorología. INTA Bariloche. Canales, J., Trevisan, M.C., Silva, J.F., Caswell, H., 1994. A demographic study of an annual grass (Andropogon brevifolius Schwarz) in burnt and unburnt savanna. Acta Oecol. 15, 261–273. Caswell, H., 2001. Matrix Population Models: Construction, Analysis and Interpretation. Sinauer Associates, MA, 722 pp. Cohn, J.S., Bradstock, R.A., 2000. Factors affecting postﬁre seedling establishment of selected mallee understorey species. Aust. J. Bot. 48, 59–70. Daniels, L., Veblen, T.T., 2000. ENSO effects on temperature and precipitation of the Patagonian-Andean region: implications for biogeography. Phys. Geogr. 21, 223–243. Dimitri, M.J., 1972. La Región de los Bosques Andino-Patagónicos: Sinopsis General. INTA, Buenos Aires, Argentina, 179 pp. Drewa, P.B., Peters, D.P.C., Havstad, K.M., 2001. Fire, grazing and honey mesquite invasion in black grama-dominated grasslands of the Chihuahuan Desert: a synthesis. In: Galley, K.E.M., Wilson, T.P. (Eds.), Proceedings of Fire Conference 2000: the First National Congress of Fire Ecology, Prevention and Management. Tall Timbers Research Station, Tallahassee, FL, pp. 31–39. Ferrandis, P., Herranz, J.M., Martinez-Sánchez, J.J., 1999. Fire impact on a maquis soil ˜ seed bank in Cabaneros National Park (Central Spain). Isr. J. Plant Sci. 47, 17– 26. Franzese, J., Ghermandi, L., Bran, D., 2009. Postﬁre shrub recruitment in a semi-arid grassland: the role of microsites. J. Veg. Sci. 20, 251–259. Ghermandi, L., Guthmann, N., Bran, D., 2004. Early postﬁre succession in northwestern Patagonia grasslands. J. Veg. Sci. 15, 67–76.



121



Gonzalez, S., Ghermandi, L., 2008. Postﬁre seed bank dynamics in semiarid grasslands. Plant Ecol. 199, 175–185. Heisler, J.L., Briggs, J.M., Knapp, A.K., Blair, J.M., Seery, A., 2004. Direct and indirect effects of ﬁre on shrub density and aboveground productivity in a mesic grassland. Ecology 85, 2245–2257. Hood, G.M., 2005. Pop Tools Version 2.7.1., http://www.cse.csiro.au/poptools. Iglesia, A., Cascudo, A., Vizcaíno, E.D., 1998. Postﬁre self-succession in shrubland dominated by Erica australis L. in inland Galicia (NW Spain). A study of regenerative strategies. In: Proceeding of the III International Conference on Forest Fire Research, Luso, Portugal, pp. 1495–1508. Jiménez-Lobato, V., Valverde, T., 2006. Population dynamics of the shrub Acacia bilimekii in a semi-desert region in central Mexico. J. Arid Environ. 65, 29–45. Kaye, T.N., Pendergrass, K.L., Finley, K., Kauffman, J.B., 2001. The effect of ﬁre on the population viability of an endangered prairie plant. Ecol. Appl. 11, 1366–1380. Keeley, J.E., Zedler, P.H., 1978. Reproduction of chaparral shrubs after ﬁre: a comparison of sprouting and seeding strategies. Am. Midl. Natl. 99, 142–161. Li, C., Corns, I.G.W., Yang, R.C., 1999. Fire frequency and size distribution under conditions: a new hypothesis. Landscape Ecol. 14, 533–542. Lloret, F., Zedler, P.H., 1991. Recruitment Pattern of Rhus integrifolia populations in periods between ﬁre in chaparral. J. Veg. Sci. 2, 217–230. Lloret, F., Verdú, M., Flores-Hernandez, N., Valiente-Banuet, A., 1999. Fire and resprouting in Mediterranean Ecosystems: insights from an external biogeographical region, the Mexical shrubland. Am. J. Bot. 86, 1655–1661. Menges, E.S., Quintana-Ascencio, P.F., 2004. Population viability with ﬁre in Eryngium cuneifolium: deciphering a decade of demographic data. Ecol. Monogr. 74, 79–99. National Weather Service, Climate Prediction Centre, 2008, http://www.cpc. noaa.gov. Pascarella, J.B., Horvitz, C.C., 1998. Hurricane disturbance and the population dynamics of a tropical understory shrub: megamatrix elasticity analysis. Ecology 79, 547–563. Peterson, G.D., 2000. Scaling ecological dynamics: self-organization, hierarchical structure, and ecological resilience. Climate Change 44, 291–309. Pickett, S.T.A., White, P.S., 1985. The Ecology of Natural Disturbance and Patch Dynamics. Academic Press, Orlando, Florida, USA, 472 pp. Pugnaire, F.L., Lozano, J., 1997. Effects of soil disturbance, ﬁre and litter accumulation on the establishment of Cistus clusii seedlings. Plant Ecol. 131, 207–213. Ruete, A., 2006. Efecto de disturbios en la dinámica de los matorrales de Fabiana imbricata en el noroeste de la Patagonia ¿Arbustización en la estepa? Thesis Universidad Nacional del Comahue. Bariloche, Argentina. Seligman, N.G., Zalmer, H., 2000. Regeneration of a dominant Mediterranean dwarfshrub after ﬁre. J. Veg. Sci. 11, 893–902. Silva, J.F., Raventos, J., Caswell, H., Trevisan, M.C., 1991. Population responses to ﬁre in a tropical savanna grass, Andropogon semiberbis: a matrix model approach. J. Ecol. 79, 345–356. Stokes, K.E., Allchin, A.E., Bullock, J.M., Watkinson, A.R., 2004. Population responses of Ulex shrubs to ﬁre in a lowland heath community. J. Veg. Sci. 15, 505– 514. Tiver, F., Andrew, M.H., 1997. Relative effect of herbivory by sheep, rabbits, goats and kangaroos on recruitment and regenerations of shrubs and trees in eastern South Australia. J. Appl. Ecol. 34, 903–914. Tuljapurkar, S., Caswell, H., 1997. Structured-Population Models in Marine, Terrestrial and Freshwater Systems. Chapman & Hall, New York, 643 pp. Tuljapurkar, S., 1990. Population dynamics in variable environments. SpringerVerlag, New York, 154 pp. Tuljapurkar, S., Horvitz, C.C., Pascarella, J.B., 2003. Growth rates and elasticities in random environments. Am. Natl. 162, 489–502. Walther, G.-R., Hughes, L., Vitousek, P., Stenseth, N.C., 2005. Consensus on climate change. Trends Ecol. Evol. 20, 648–649.



























[image: Ecological Modelling Non-linear ecological processes ...]
Ecological Modelling Non-linear ecological processes ...












[image: Environmental Heterogeneity: Temporal and Spatial]
Environmental Heterogeneity: Temporal and Spatial












[image: Species richness, environmental heterogeneity ... - Wiley Online Library]
Species richness, environmental heterogeneity ... - Wiley Online Library












[image: Environmental Heterogeneity: Temporal and Spatial]
Environmental Heterogeneity: Temporal and Spatial












[image: Unequal Ecological Exchange and Environmental ...]
Unequal Ecological Exchange and Environmental ...












[image: Inhibition of Processes of Ecological Remediation]
Inhibition of Processes of Ecological Remediation












[image: Nonlinear Processes in Geophysics Application of the ...]
Nonlinear Processes in Geophysics Application of the ...












[image: LABORMARKET HETEROGENEITY, AGGREGATION, AND POLICY ...]
LABORMARKET HETEROGENEITY, AGGREGATION, AND POLICY ...















Non-linear ecological processes, fires, environmental heterogeneity ...






Data analysis. We tested data for normality; data were then log-transformed. as needed, prior to analysis. If no transformation yielded normal. data, we used ... 






 Download PDF 



















 897KB Sizes
 0 Downloads
 210 Views








 Report























Recommend Documents







[image: alt]





Ecological Modelling Non-linear ecological processes ... 

Available online 21 August 2009. Keywords: ..... were separated in three classes, according to their vulnerability to ..... Pugnaire, F.L., Lozano, J., 1997. Effects of ...














[image: alt]





Environmental Heterogeneity: Temporal and Spatial 

quantitative genetics, a branch of mathematical biology capable of dealing with the effects ... (generalists are often termed 'Jack-of-all-trades-master-of- none').














[image: alt]





Species richness, environmental heterogeneity ... - Wiley Online Library 

University of Crete, Irakleio, Greece and. 3Department of Ecology and Evolutionary. Biology, University of Arizona, 1041 East. Lowell Street, USA. *Correspondence: K. A. Triantis, Natural. History Museum of Crete, University of Crete,. PO Box 2208, 7














[image: alt]





Environmental Heterogeneity: Temporal and Spatial 

and Spatial. Massimo Pigliucci,University of Tennessee, Knoxville, Tennessee, USA ..... soil, or track the fluctuations in temperature throughout ... Princeton, NJ:.














[image: alt]





Unequal Ecological Exchange and Environmental ... 

and dependency (Frank 1967; Galtung 1971) as well as world-systems analysis (Chase-Dunn 1998). Sharing ... international trade partly accounts for the resource consumption / environmental degradation paradox .... and this natural capital accounting f














[image: alt]





Inhibition of Processes of Ecological Remediation 

ters), Crassostrea gigas Thunberg, and a cell suspen- sion of Saccharomyces cerevisiae [7]. Mollusks were obtained from the Department of Mariculture, Institute of Biology of Southern Seas, National Academy of Sci- ences of Ukraine. The experimental 














[image: alt]





Nonlinear Processes in Geophysics Application of the ... 

Nov 18, 2004 - Part of Special Issue â€œNonlinear analysis of multivariate geoscientific data ... software package has been developed that allows users to perform ...














[image: alt]





LABORMARKET HETEROGENEITY, AGGREGATION, AND POLICY ... 

Abstract. Data from a heterogeneous-agents economy with incomplete asset markets and indivisible labor supply are simulated under various fiscal policy ...


























×
Report Non-linear ecological processes, fires, environmental heterogeneity ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















