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Summary (296) 16 

1. Global climate change is threatening ecosystems and biodiversity worldwide and there 17 

is a pressing need to understand how climate and disturbance regimes interact and 18 

influence the persistence of species. We quantify how three ecosystem drivers– rainfall, 19 

fire and herbivory – influence the population dynamics of a perennial resprouting 20 

graminoid, a foundation species of semi-arid Australia. 21 

2. We synthesised data from several studies including an 11 year data set from a fire and 22 

herbivore exclosure experiment, to model growth and survival of established 23 

individuals during the inter-fire period and post-fire recruitment. Regression modelling 24 

quantified the effect of rainfall, inter-fire interval, fire type (wildfire or prescribed fire), 25 

grazing by herbivores (native and feral) and an interaction between fire type and 26 

herbivory on Triodia scariosa populations. 27 

3. Rainfall was the dominant driver of T. scariosa population dynamics. Above-average 28 

rainfall induced population-wide flowering and substantial post-fire germination from 29 

the seedbank; responses that were virtually absent when rainfall was below the long-30 

term average. 31 

4. Herbivory, fire and rainfall had significant effects on survival of seedlings and 32 

resprouting individuals. Strong interactions between these drivers were also identified. 33 

Herbivory following wildfire had a minor effect, but in years of below-average rainfall 34 

herbivory following prescribed fire had a large effect, reducing the survival of seedlings 35 

and resprouting individuals by 20% and over 50% respectively, relative to post-fire 36 

survival under average rainfall conditions. 37 

5. Synthesis. This study highlights the importance of modelling interactions between key 38 

ecosystem drivers when predicting how changes in global climate and disturbance 39 

regimes influence plant population dynamics. Relatively small changes to disturbance 40 

regimes can substantially alter population dynamics, even in perennial resprouting 41 
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species. This work suggests that to conserve foundation species, such as T. scariosa, fire 42 

management decisions will benefit from considering inter-annual weather forecasts and 43 

should be integrated with herbivore management. 44 

 45 

Key words: climate, demography, disturbance, graminoid, plant population and community 46 

dynamics, prescribed fire, regime, survival, synergistic, wildfire 47 
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Introduction 48 

Disturbances are important natural events in many ecosystems that shape community structure 49 

and population dynamics. Alterations to disturbance regimes, including changes in frequency, 50 

intensity, seasonality or disturbance type (sensu Pickett & White 1985) can therefore have 51 

profound effects on demographic processes and ecosystem function (Keith et al. 2008; Franklin 52 

et al. 2016). Although species may be resilient to gradual or small changes in disturbance 53 

regimes, they may not have the capacity to withstand the combined effect of multiple, 54 

interacting changes (Brook, Sodhi & Bradshaw 2008; Lawson et al. 2010; Bonebrake et al. 55 

2014). Climatic variability and the frequency and severity of droughts are predicted to increase 56 

under global warming (Collins et al. 2013) and changes in fire activity are expected as a 57 

consequence of altered ecosystem productivity and interactions with other drivers (Bowman et 58 

al. 2009). As the strength of interactions among these drivers and their effects on biodiversity is 59 

virtually unknown (Darling & Côté 2008; Franklin et al. 2016) it is unclear whether incremental 60 

or rapid changes in ecosystem function will result. 61 

Predictions of how changes in climate and disturbance regimes will influence plant species 62 

persistence depend on understanding and quantifying the processes regulating demography 63 

(Agrawal et al. 2007). Arid and semi-arid ecosystems are shaped by several key environmental 64 

drivers (Holmgren et al. 2006; Morton et al. 2011). A primary driver of arid ecosystems is low, 65 

infrequent and highly variable rainfall (Noy-Meir 1973). Plant dynamics commonly fit a “pulse 66 

reserve” paradigm, whereby otherwise inactive growth and reproductive processes respond to 67 

periods of high rainfall (Noy-Meir 1973; Schwinning et al. 2004). Herbivory also drives system 68 

dynamics through direct impacts of trampling and consumption; though herbivore population 69 

dynamics themselves are largely regulated by the uncertainty and irregularity of rainfall 70 

(Holmgren et al. 2006). Herbivore numbers often increase after large rainfall events due to the 71 
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pulse of primary productivity, then decline at a rate depending on their capacity to browse 72 

during the subsequent dry period. Fire is another main driver; it acts to reduce competition, 73 

release nutrients and has a role in maintaining species and successional diversity (Bowman et 74 

al. 2009; Morton et al. 2011). Fire propagation can be constrained by low biomass (Bravo et al. 75 

2010), or where a perennial fuel source is present, may be limited by ignitions and weather 76 

conditions favourable to fire spread (Noble & Vines 1993; Keeley et al. 2012). Despite their 77 

natural climate variability, the productivity of vegetation in semi-arid systems is highly sensitive 78 

to extreme peaks in the rainfall-climate cycle, which may indicate vulnerability to changes in the 79 

frequency and magnitude of resource pulses through future long-term droughts (Ma et al. 80 

2015). 81 

Fire and herbivory are both natural and anthropogenic disturbances in semi-arid Australia, and 82 

plants possess traits to enable persistence through such disturbances and through drought. The 83 

ability to resprout after fire is recognised as a key trait for persisting under specific fire regimes 84 

(Pausas et al. 2004) but also to confer resilience in low-productivity environments where 85 

recruitment success is highly variable (Bond & Midgley 2001; Zimmermann et al. 2008). 86 

Wildfires occur predominantly during the summer months when weather and fuel moisture are 87 

conducive to ignition and spread. In contrast, prescribed fires are much smaller and lit during 88 

the cooler autumn or spring months, with the aim of controlling the size of future wildfires by 89 

reducing fuel loads. Intensification of agricultural activities in the semi-arid zone, such as the 90 

provision of artificial water tanks, has enabled populations of native, feral and domesticated 91 

herbivores to sustain elevated abundances, semi-independently of local environmental 92 

conditions. Native herbivores, such as red kangaroos, are strongly regulated by the availability 93 

of suitable food and will decline even if artificial water is present, grey kangaroos are less 94 

affected as they have a greater capacity to browse (Dawson, McTavish & Ellis 2004). Goats (feral 95 

and domesticated) browse extensively and thus maintain populations when artificial water is 96 
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present, feral rabbits are similar, but if water is absent declining populations can have large 97 

impacts on native vegetation as food becomes scarce (Tiver & Andrew 1997). 98 

While fire, rainfall and herbivory can have major impacts on arid and semi-arid environments, 99 

the relative and combined influence of these drivers on population dynamics is unclear. 100 

Herbivory can limit plant survival and recruitment and important interactions between 101 

herbivory and fire have been found in other ecosystems. Such as in the American tallgrass 102 

prairie, where landscape heterogeneity is dependent on a grazing-fire interaction that releases 103 

forbs from competitive dominance by tall graminoids (Fuhlendorf & Engle 2004). Climate 104 

warming is predicted to increase variability in large-scale ocean-atmospheric interactions, 105 

decreasing annual rainfall and increasing temperatures and drought frequency (Collins et al. 106 

2013). It is anticipated that the combined effect of decreased post-fire rainfall, altered fire 107 

season and extent, and the presence of herbivores will have the most detrimental effect on plant 108 

establishment and persistence, but to date few studies have evaluated how co-occurring drivers 109 

interact, whether these interactions occur as a function of other environmental conditions and 110 

the impact on population dynamics (but see Elderd & Doak 2006; Enright et al. 2014; Mandle, 111 

Ticktin & Zuidema 2015). 112 

In this study we evaluated: (i) the importance of climate in regulating recruitment and survival; 113 

(ii) whether post-fire survival is affected by fire type or herbivory; and (iii) whether an 114 

interaction between rainfall, fire and herbivory exerts an important influence on population 115 

dynamics? Models of population dynamics have the potential to advance current understanding 116 

of the mechanisms underpinning observed responses by addressing more directly the ecological 117 

processes that drive change and interactions among them (Cuddington et al. 2013). The species 118 

we investigate is the perennial resprouting hummock grass, Triodia scariosa (N.T.Burb), a 119 

dominant component of the understorey in the semi-arid mallee woodlands of south-eastern 120 

Australia that provides important faunal habitat. Large nature reserves, managed primarily for 121 
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biodiversity conservation, are common in this region, and land management focuses on multiple 122 

drivers including fire regimes and herbivory by introduced and native species (Keith & Tozer 123 

2012; Giljohann et al. 2015). Previous studies have found T. scariosa to exhibit responses to fire 124 

that vary among populations, from regeneration entirely reliant on resprouting to entirely 125 

reliant on seeding recruitment (Noble & Vines 1993; Rice & Westoby 1999; Cohn & Bradstock 126 

2000). Much of what is known of the species’ population dynamics is based on changes in 127 

biomass cover: biomass rapidly increases post-fire, attaining a maximum at 20–30 years, after 128 

which it slowly declines (Noble & Vines 1993; Haslem et al. 2011). 129 

To investigate the relative effect of fire (wildfire and prescribed fires), herbivory (by native and 130 

feral species) and climate on multiple population processes we modelled the entire life-cycle of 131 

T. scariosa. We focused particularly on the importance of the climate surrounding the fire event 132 

in regulating regeneration and recruitment and whether these are in turn influenced by the 133 

different seasons in which wild and prescribed fires occur. The substantially smaller size of 134 

prescribed fires relative to wildfires may increase herbivore impacts, but it is unknown how this 135 

response might be mediated by the climate surrounding the fire event. The study spanned a 136 

period of climatic extremes; encompassing the 1997–2009 ‘Millennium drought’ and the record 137 

high rainfalls of 2010–2011 (Australian Bureau of Meteorology & CSIRO 2014), offering a 138 

fantastic opportunity to build on earlier demographic work (Noble & Vines 1993; Cohn & 139 

Bradstock 2000). 140 
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Methods 141 

Study Area 142 

The study was conducted in a red sand dunefield landscape within three adjoining nature 143 

reserves in south-eastern Australia: Tarawi Nature Reserve, Scotia Sanctuary and Danggali 144 

Conservation Reserve (33.44 ˚S, 131.16 ˚E). The area has low topographic relief and the soils are 145 

nutrient poor (Blackburn & Wright 1989). The climate is semi-arid with mild winters and hot 146 

dry summers; mean daily maximum temperatures range from ~18 ˚C in the winter to 30+ ˚C in 147 

the summer. The rainfall is typically non-seasonal and highly variable, with a low annual median 148 

of 230 mm (coefficient of variation = 0.5, 1967–2012; Australian Bureau of Meteorology, 149 

www.bom.gov.au). Prolonged droughts with infrequent rain events are common. 150 

The vegetation is predominantly highly flammable mallee shrubland and woodland dominated 151 

by regularly spaced mallee Eucalyptus trees (<10 m). Summer wildfires profoundly influence 152 

the mallee ecosystem, with individual fires varying from less than a hundred up to tens of 153 

thousands of hectares (Avitabile et al. 2013). Fire return intervals span decades to more than a 154 

century, for although the vegetation is highly flammable, low biomass, limited ignitions and 155 

suitable weather conditions (e.g. strong dry winds) constrain fire propagation and spread 156 

(Pausas & Bradstock 2007). Prescribed fire is used within mallee nature reserves 157 

predominantly to minimise the risk of reserve-wide fires (Sandell et al. 2006). Prescribed fires 158 

are generally much smaller than wildfires (<100 ha) and are conducted in autumn or spring 159 

when fire risk is lower. The main large native herbivores are kangaroos (Macropus fulignosus, M. 160 

robustus and M. rufus) and the primary feral herbivores are goats (Capra hircus) and rabbits 161 

(Oryctolagus cuniculus). 162 
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Study Species 163 

Triodia scariosa is a perennial resprouting hummock grass. It is an abundant and important 164 

component of the mallee ecosystem, providing fuel for fire propagation, sand stabilisation and 165 

habitat for a range of fauna (Brown, Clarke & Clarke 2009; Kelly et al. 2013). A scleromorphic 166 

graminoid with C4 photosynthesis, T. scariosa can survive high temperatures and moisture 167 

stress (McWilliam & Mison 1974). Due to its rigid, rolled and pointed leaf blades, it is generally 168 

unpalatable to herbivores (Burbidge 1953), however foliage resprouting in the first year 169 

following fire is softer and is consumed by goats, rabbits and kangaroos. 170 

Models of population dynamics 171 

Our models of population dynamics are based on an individual hummock of T. scariosa across a 172 

mixture of age and size classes (Fig. 1). In the model, annual age classes characterise the 173 

seedling and post-fire resprouting hummock life stages and non-annual stages characterise the 174 

seedbank and established hummock size classes (juvenile and mature 1–3). Four size classes of 175 

established hummocks reflect change in size over time and change in reproductive output with 176 

size (see Appendix S1–S2 in Supporting Information): juveniles are non-reproductive and 177 

mature classes 1–3 sequentially increase in size and reproductive output. Although flowering in 178 

the mature size classes can occur annually, in other Triodia species allocation of effort to 179 

reproduction is sensitive to rainfall (Jacobs 1973) and there is evidence that production of 180 

viable seed follows a masting pattern (Jacobs 1973; Wright, Zuur & Chan 2014). Germination 181 

from the soil-stored seedbank occurs only in the year immediately following fire (Cohn & 182 

Bradstock 2000). Annual age classes represent variable survival of seedlings during the first 183 

two years post-fire due to sensitivity to rainfall fluctuations and grazing; after which the 184 

survivors progress linearly through the size classes. We assumed fires kill all extant seedlings 185 

because they lack established root systems to support resprouting, but established individuals 186 
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are likely to survive fire and resprout. Annual age classes also represent variable survival of 187 

resprouting hummocks during the first two years post-fire due to sensitivity to rainfall and 188 

potentially grazing. Survivors then transition into one of three size classes as dictated by their 189 

size prior to the fire, which, in turn, is determined by the length of the inter-fire interval. 190 

Survival of established individuals is generally high and is assumed equivalent across the four 191 

size classes, yet variable growth rates results in individuals remaining in each of the size classes 192 

for different lengths of time. 193 

To investigate the impact of and interactions among co-occurring drivers on population 194 

dynamics, we modelled the entire life-cycle of T. scariosa and estimated growth, survival and 195 

recruitment in relation to changes in rainfall, fire and herbivory. As survivorship and 196 

regeneration capacity are likely to vary with age or time since last disturbance we explored this 197 

using length of the inter-fire interval. This required: estimating recruitment, from the 198 

proportion of the population that flowered and the seedling establishment rate; estimating the 199 

survival rates of seedlings and of resprouting hummocks in the first two years post-fire; and 200 

estimating survival rates and growth rates for established individuals in the inter-fire period. 201 

Demographic data 202 

We utilised T. scariosa data from two sources. Data for recruitment and post-fire survival of 203 

seedlings and resprouting hummocks were from an 11-year experimental monitoring project 204 

within Australia’s Long Term Ecological Research Network (LTERN; Keith 2014) investigating 205 

the response of plant populations to varying fire (wildfire and prescribed fire) and herbivory 206 

using herbivore exclusion plots (Keith & Tozer 2012). The LTERN data applicable for the 207 

following analyses comprise 37 sites with up to six 225 m2 contiguous plots sampled at each site 208 

(Appendix S3). The plots are in the form of exclosures which were closed to vertebrate 209 

herbivores during the first 12 months post-fire. After a year the fences were modified to enable 210 
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herbivore species to access the plots either singly (rabbits or kangaroos) or in combination 211 

(rabbits, kangaroos and goats). Either one or two exclosures remained closed to vertebrates at 212 

each site. In the following analyses herbivore impacts were pooled, such that we modelled the 213 

presence or absence of all herbivores as one. Sites were censused at 12 and 24 months post-fire, 214 

except for sites burnt by prescribed fire where a pre-fire census was also undertaken. At each 215 

census, the abundance by life-stage of live, dead and flowering individuals was recorded, 216 

although for logistical reasons, not all variables could be recorded at each site at every census. 217 

Inter-fire survival and growth were modelled using data from LTERN and augmented with data 218 

from the Mallee Fire and Biodiversity Project (MFBP; Haslem et al. 2011; Watson et al. 2012). 219 

The MFBP data are projective foliage cover and hummock dimensions of T. scariosa from a 220 

chronosequence of post-fire age classes which we converted to hummock size (Appendix S1) 221 

and abundance (Appendix S4). We used data from 91 sites spanning 4–101 years post-fire 222 

collected in the Tarawi-Scotia region; which is a subset of the available data. At each of the sites 223 

a 50 m point intercept transect and a maximum of 12 hummocks were sampled. The hummocks 224 

were the four individuals closest to the 0, 25 and 50 m transect points and within a 10 m belt. 225 

Data from 30 of the LTERN sites (148 plots) were suitable for modelling the proportion of the 226 

population flowering. These sites were censused between 2000 and 2011. The number of 227 

seedlings establishing per hummock was modelled using data from 77 LTERN experimental 228 

burn plots across 16 sites that were censused both immediately prior to and at one year post-229 

fire. All burns were conducted in late autumn and plots were sampled between 2001 and 2007. 230 

Survival of seedlings and resprouting hummocks during the first year post-fire was modelled 231 

using data from 202 LTERN plots across 37 sites representing eleven pre-fire interval lengths 232 

from 17 to 92 years. Data are from two wildfires and eight prescribed fires. Survival in the 233 

second year post-fire was estimated from a subset of the plots used to model first year post-fire 234 

survival (114 plots across 20 sites; one wildfire and six prescribed fires). Survival of established 235 
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hummocks during the inter-fire period was modelled using data from 34 LTERN sites (156 236 

plots) and the 91 MFBP sites in a space-for-time model. The LTERN data spanned 19 post-fire 237 

interval lengths, 3–27 years and 83–92 years, and the MFBP data 23 post-fire interval lengths 238 

over 4–101 years. Hummock growth was modelled using the same 91 MFBP sites as inter-fire 239 

survival. 240 

Climate and fire data 241 

To determine relationships between weather and population parameters we sourced daily 242 

rainfall data from weather stations located at Tarawi Nature Reserve (1966–2012) and Scotia 243 

Sanctuary (1994–2012; Australian Bureau of Meteorology). Daily maximum temperature data 244 

was sourced from the Australian Water Availability Project (Jones, Wang & Fawcett 2009). The 245 

influence of inter-fire interval (time since last fire) and fire type was explored using a 246 

combination of fire history data: fire scars converted from satellite imagery from 1972 to 2011 247 

by Avitabile et al. (2013) and for sites burned prior to 1972 we used predictive mapping by 248 

Callister et al. (2016). 249 

Continuous variables (e.g. rainfall, temperature, time since last fire) were centred and 250 

standardised by twice the standard deviations to allow comparison of effect sizes with binary 251 

variables (Gelman et al. 2015). The binary variables fire type and herbivory were coded such 252 

that 0 represents wildfire and 1 represents prescribed fire, and 0 represents herbivore absence 253 

and 1 represents herbivore presence (all species pooled). Predictor variables included in the 254 

final models were not highly correlated (Spearman’s rho <0.7). 255 
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Parameter estimation 256 

Recruitment 257 

To quantify viable reproductive output of the T. scariosa population, we modelled the annual 258 

probability of flowering and observed seedling establishment rate. 259 

The proportion of hummocks flowering per plot was modelled as a function of antecedent 260 

rainfall using a logit link function, with a random intercept to account for extra variation among 261 

sites. Rainfall accumulated over weeks or years is an important trigger for many long-lived 262 

perennial species in arid and semi-arid environments (Chesson et al. 2004). As flowering in 263 

other members of the genus is opportunistic in response to antecedent rainfall (Jacobs 1973; 264 

Wright et al. 2014), we investigated the effect of antecedent rainfall on floral initiation over two 265 

different time frames: 0–12 months prior to the census and 13–24 months prior to the census. 266 

We used data on the total number of hummocks and the number of those that were flowering. 267 

The number of flowering hummocks was modelled as a binomial sample from the total number 268 

of hummocks, with the probability of flowering for each hummock (Fit) in year t at site i given 269 

by: 270 

 

Fit ~ binomial(1, fit) 

logit(fit) = α + β1R1t + β2R2t + εi 

 eqn 1 

Where α + β1 and β2 are regression coefficients, R1t is rainfall in the 0–12 months prior to the 271 

census, and R2t is rainfall in the 13–24 months prior to the census. The term εi is the site random 272 

effect, which was modelled as being drawn from a normal distribution with mean zero and a 273 

standard deviation that was estimated. 274 

The number of germinating seedlings was modelled as a function of the number of pre-fire 275 

adults using a Poisson distribution with a log link, three covariables (post-fire rainfall, post-fire 276 
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temperature, post-fire live resprouting individuals) and a random intercept to account for extra 277 

variation among sites. As the number of pre-fire hummocks should influence the number of 278 

germinating seedlings, the number of pre-fire hummocks (Ait) was specified as an offset term 279 

(McCullagh & Nelder 1989). In effect, the model defined the expected number of germinants Git 280 

per pre-fire hummock Ait at site i in year t as a function of the explanatory variables in μit: 281 

 

Git ~ Poisson(λit), 

log(λit) = Ait * μit, 

μit = α + β1Dit + β2Rt + β3Tt + εi 

eqn 2 

Where α and β1–β3 are regression coefficients, Dit is the post-fire density of live resprouting 282 

hummocks, Rt is total rainfall and Tt is average maximum daily temperature over three 283 

alternative time periods (see below). The term εi is the site random effect, which was modelled 284 

as being drawn from a normal distribution with mean zero and a standard deviation that was 285 

estimated. As germination can be delayed due to unfavourable environmental conditions, the 286 

influence that variation in post-fire rainfall and temperature have on germination (Gibson et al. 287 

2016) within one year post-fire was investigated by comparing three alternative time periods, 288 

0–3, 0–6 and 0–12 months post-fire. The best fitting model was selected on the basis of lowest 289 

AIC with ∆AIC < 2 indicating models that are effectively indistinguishable. 290 

Post fire survival of seedlings and resprouting hummocks 291 

As survival of seedlings and post-fire resprouting hummocks is expected to vary over time, 292 

survival rates during the first two years post-fire were modelled separately. For first year 293 

survival we used data on the total number of live and dead individuals at the first post-fire 294 

census (12–15 months), and in the second year data on the number of live individuals at the 295 

first and second post-fire censuses (12–15 and 24 months respectively). For each life-stage by 296 
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post-fire year combination, we modelled the proportion surviving using a logit link function 297 

with a random intercept to account for extra variation among sites. The number of seedlings 298 

surviving was modelled as a binomial sample from the total number of seedlings, with the 299 

probability of survival for each seedling Sit in year t at site i given by: 300 

 

Sit ~ binomial(1, sit) 

logit(sit) = α + β1Dit + β2Rt + β3Fit + β4Hit + β5Fit:Hit + εi 
eqn 3 

Where α and β1–β5 are regression coefficients, Dit is the post-fire density of live hummocks, Rt is 301 

rainfall over three alternative time periods (see below) and Fit and Hit are the binary fire and 302 

herbivory variables respectively. The interaction Fit:Hit between fire type and herbivory tests 303 

the hypothesis that herbivory depends on fire type (Bradstock & Cohn 2002). The term εi is the 304 

site random effect, which was modelled as being drawn from a normal distribution with mean 305 

zero and a standard deviation that was estimated. As variation in rainfall is likely to influence 306 

early seedling establishment (Enright et al. 2014), we investigated three post-fire rainfall 307 

periods: total rainfall over the first 12 months, summer rainfall (December–February) and 308 

spring rainfall (September–November). The same covariates were employed for second year 309 

seedling survival, except the only rainfall period investigated was the total over the second 12 310 

months post-fire (commencing after the second census). The best fitting model was again 311 

selected on the basis of lowest AIC value. 312 

For resprouting hummocks the number surviving was modelled as a binomial sample from the 313 

total number of hummocks, with the probability of survival for each hummock Uit in year t at 314 

site i given by: 315 

 316 
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Uit ~ binomial(1, uit) 

logit(uit) = α + β1Li + β2Rt + β3Fi,t + β4Hit + β5Fit:Hit + εi 
eqn 4 

Where α and β1–β5 are again regression coefficients, Li is the length of the inter-fire interval 317 

(years), Rt is rainfall over three alternative time periods (see below), and Fit, Hit, are the binary 318 

fire and herbivory variables respectively. The interaction term Fit:Hit and site random effect εi 319 

are the same as in eqn. 3. As rainfall prior to, and after a fire may both be important for building 320 

energy reserves to enable successful resprouting (Enright et al. 2011) we investigated three 321 

rainfall periods: for first year survival this was total rainfall over the 12 months spanning the 322 

fire, the total rainfall over the 12 months prior to the fire and the total rainfall over the 12 323 

months post-fire. The same covariates were employed for second year survival, except the only 324 

rainfall period investigated was the total over the second 12 months post-fire. The best fitting 325 

model was again selected on the basis of lowest AIC value. 326 

Survival and growth of established hummocks in the absence of fire 327 

We used space-for-time substitution to model survival of established hummocks (3+ years post-328 

fire) during the inter-fire period. This data requires the additional assumptions that density 329 

varies randomly in space, that the distribution of plots randomly samples this variation and that 330 

site history characteristics are equivalent. First, we averaged the expected number of 331 

hummocks per plot (Appendix S4) across all sites for each post-fire year in each dataset and 332 

then scaled these values to approximate abundance over a 500 m2 area. Survival over time in 333 

each post-fire year t was modelled as the expected number of individuals Nt per 500 m2 using a 334 

negative exponential function with a constant mortality rate and the effect of time since the last 335 

fire: 336 
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 Where P is the estimated initial number of hummocks present at three years post-fire due to 337 

mortality, time and environmental variation, η is the mortality rate and t denotes years since the 338 

last fire. Once hummocks are established (3+ years) their survival is thought to be comparable, 339 

therefore a constant mortality rate was a reasonable assumption post year 3. Parameters were 340 

estimated by minimising the mean squared error between the predictions (N) and the observed 341 

data. The complement of the mortality rate η' provides an estimate of annual survival: 342 

To estimate hummock growth, we back-calculated using a time-series of the standing size 343 

structure of hummocks and determined the growth rates that would result in the observed 344 

population (Caswell 2001). The time series ranged from 4 to 101 years post-fire with 23 entries. 345 

As this method assumes that mortality does not vary between size classes the first two years 346 

post-fire were excluded from the analysis; the survival of seedlings and post-fire resprouting 347 

hummocks are likely to differ markedly from established hummocks. In each of the four size 348 

classes hummock volume was calculated as a hemisphere, or hemi-torus for ring-like 349 

hummocks, using measurements of height, radius and internal space (Appendix S1). Size classes 350 

reflect a juvenile stage and three increasing sizes of mature hummocks: 1 = ≤ 0.005 m3, 2 = 351 

0.005–0.01 m3, 3 = 0.1–0.55 m3, 4 = 0.55–2.5 m3 (Appendix S2). Using the observed data, for 352 

each year t =1…T in the time-series we calculated the fraction of the population q in each of four 353 

size classes which we denote as the matrix D: 354 

D = (

𝑞𝑡,1 ⋯ 𝑞𝑡,4

⋮ ⋱ ⋮
𝑞𝑇,1 ⋯ 𝑞𝑇,4

) 355 

 Nt = P e-ηt  eqn 5 

 η' = exp(-η) eqn 6 
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The first year in the time-series defines the initial proportion of the population in the four 356 

classes (n0). The growth parameters to be estimated from the elements of matrix D for the four 357 

classes are pij the probability of surviving and persisting in the same class at the next time step (t 358 

+ 1) and gij the probability of surviving and growing into the next class at the next time step. 359 

These parameters form the diagonal and sub-diagonal elements respectively of the matrix A 360 

which is referenced by the rows i and columns j and takes the form: 361 

 362 

For each column of the matrix, the sum of pj and gj equals an individual’s annual survival 363 

probability η' (eqn 6) which is assumed constant across the four classes. The expected 364 

proportion of individuals remaining in the population E for each year t in the time series of 365 

observed data can be expressed as: 366 

 
Et = (AT)t.n0 eqn 7 

 

MSE =  min [
∑ (𝐄𝑡 − 𝐃𝑡)2𝑇

𝑡=1

𝑇
] 

subject to     0 ≤ pij ≤ η’ 

and where   gij = η’ - pij 

eqn 8 

Where AT is the transpose of A and n0 is the initial population vector. Parameters were 367 

estimated numerically using constrained optimization by minimising the mean squared error 368 

(MSE) between the projected number of individuals Et and the observed data Dt. Estimates of pij 369 

were constrained between a lower bound of 0 and an upper bound set by the annual survival 370 

rate η', and the gij defined as annual survival less the probability of persisting in the same class, 371 

η' – pij. 372 
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Models were run in RStudio Statistical Software version 3.1.1. The binomial and Poisson models 373 

were fitted using the lme4 package (Bates et al. 2015). AIC values were calculated using package 374 

bbmle (Bolker 2014) and R2 values for mixed effects models were also calculated (Nakagawa & 375 

Schielzeth 2013). Survival and growth models were fitted using the package optimx (Nash & 376 

Varadhan 2011) and reliability of parameter estimates assessed using 95% confidence intervals 377 

calculated from profile likelihoods (alpha = 0.05, df = 1; Burnham & Anderson 2002). Plots were 378 

created using packages arm (Gelman et al. 2015) and ggplot2 (Wickham 2009). 379 
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Results 380 

Recruitment 381 

The probability of flowering was positively related to rainfall over the 24 months prior to the 382 

census. Rainfall 13–24 months before the census had approximately twice the influence on 383 

probability of flowering than rainfall 0–12 months before the census (Fig. 2). Regression 384 

modelling showed that individual plants have an 8% (SE 0.02) probability of flowering after 385 

average rainfall in the preceding 0–12 and 13–24 months (220 mm annually). Above average 386 

rainfall coupled with record high rainfall during the same 0–12 and 13–24 month periods (800–387 

900 and 300–400 mm respectively) resulted in almost population-wide flowering. Model fit was 388 

high and explained 80% of the variation in the recruitment data. 389 

Rainfall and mean daytime temperatures over the first three months post-fire had a significant 390 

positive effect on the number of seedlings established per pre-fire individual and the observed 391 

data were well explained by the model (R2 = 0.83; Fig. 2). However the parameter estimates for 392 

both these covariates were uncertain. The effect of rainfall over 12 months was twice as strong 393 

but much less certain than over 3 months, whereas there was no identifiable effect of rainfall 394 

over 6 months (∆AIC = 7.6 relative to 6 months, ∆AIC = 12 relative to 12 months). An increase in 395 

the density of live resprouting individuals post-fire reduced the number of seedlings. No 396 

seedling establishment occurred when rainfall during the 3 months post-fire was below 397 

average. Under conditions of average temperature and rainfall, the ratio of seedlings to pre-fire 398 

individuals was predicted to be approximately 0.5:1. High or extreme high temperature or 399 

rainfall are predicted to increase the ratio of seedlings per adult to approximately 4:1. 400 
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Post-fire survival of seedlings and resprouting hummocks 401 

Survival of both seedlings and resprouting individuals in the post-fire environment was 402 

positively associated with rainfall. First year seedling survival increased markedly with spring 403 

rainfall and total annual rainfall during the second year post-fire also increased survival (Fig. 3). 404 

The effect of spring rainfall was 150% that of annual rainfall, whereas summer rainfall only had 405 

half the effect of spring rainfall (∆AIC = 8.6 relative to annual rainfall, ∆AIC = 11.6 relative to 406 

summer rainfall). A higher abundance of established resprouting individuals decreased first 407 

year survival but increased second year survival. Prescribed fire and herbivory interacted to 408 

decrease survival of first year seedlings; only prescribed fire had a detectable effect in isolation, 409 

which was almost as strong as the interaction although more uncertain. Average probability of 410 

survival during the first year, after wildfire and in the absence of herbivores, was approximately 411 

75%. The presence of herbivores after prescribed fire reduced average survival by 25%.  412 

Survival during the second year post-fire was predicted to be on average 20% lower than during 413 

the first year and herbivory had no detectable effect. In contrast to the first year response, 414 

prescribed fire substantially increased seedling survival. The variation explained by both 415 

models was low (R2: year 1 = 0.28, year 2 = 0.29). 416 

Post-fire survival of established individuals was high, but was significantly reduced by the 417 

combined effects of prescribed fire, herbivory and low rainfall during the first year (Fig. 4). The 418 

probability of survival during the second year was 15% lower at sites burnt by prescribed fire 419 

as opposed to wildfire, and the presence of herbivores reduced expected survival by another 420 

5%. Average probability of survival during the first year, after wildfire and in the absence of 421 

herbivores, was 95% and in the second year 98%. Century long inter-fire intervals reduced 422 

survival during the first year by approximately 7% relative to decade long intervals; there was 423 

no detectable effect in the second year. Total rainfall during the 12 month period spanning the 424 

fire had a large positive effect on the survival of resprouting hummocks during the first year 425 
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post-fire (Fig. 3), rainfall over the prior 12 months had 80% of the effect, whereas rainfall over 426 

the subsequent 12 months had only 50% the effect on survival (∆AIC = 29.4 relative to prior 12 427 

months, ∆AIC = 49.5 relative to post 12 month rainfall). In similarity to second year seedling 428 

survival, rainfall over the second year post-fire did not increase survival (Fig. 3). The variation 429 

explained by the first year model was greater than for the second year model (R2: year 1 = 0.42, 430 

year 2 = 0.28). 431 

Survival and growth in the absence of fire 432 

Annual probability of survival for established individuals during the inter-fire period was 433 

predicted to be 99% (see Appendix S5 for parameter estimates). The model explained 33% of 434 

the variation in the data. 435 

Best fit parameter estimates in A for the growth of established individuals (3+ years post-fire) 436 

show growth to be on average slow, although there was substantial uncertainty in one of the 437 

transition rates (as indicated by 95% confidence intervals). 438 

 439 

Given the parameters in A, individuals are expected to remain in the first (juvenile) stage for an 440 

average of 6 years (inverse of the growth parameter) with 2 years and 50 years the 95% 441 

confidence intervals. The mean residence time for the second stage is 38 years and 100 years 442 

for third and fourth stages. The longer mean residence time of the second, third and fourth 443 

stages reflect the uneven distribution of size between the stages. The expected volume added 444 

per year in the later stages is more than double that expected in the first stage.  445 
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Discussion 446 

We modelled the life-cycle of T. scariosa and found interactions between climate, fire type and 447 

herbivory were important drivers of demographic rates. Interaction strength varied as a 448 

function of biotic and abiotic conditions. Our results show that a long-lived resprouting species, 449 

although highly resilient to naturally occurring disturbances and a wide range of climatic 450 

conditions, is sensitive to human-induced changes in disturbance regimes. These findings 451 

highlight the importance of quantifying interactions between ecosystem drivers to understand 452 

plant population dynamics in semi-arid ecosystems. Understanding the processes regulating 453 

demography is of importance for predicting how changes in global climate and disturbance 454 

regimes will influence plant species persistence. 455 

Interactions between herbivory, prescribed fire and rainfall 456 

A synergistic interaction between herbivory and prescribed fire reduced the survival of 457 

seedlings and resprouting plants in the first year post-fire. This interaction was particularly 458 

pronounced when post-fire rainfall was below average. On its own herbivory following wildfires 459 

had a minor effect on survival that was only magnified at below average rainfall. These results 460 

reveal the importance of understanding the combined effect that multiple interacting changes in 461 

ecosystem drivers can have on population dynamics. 462 

Our results confirm that T. scariosa is palatable for only a short time, with herbivory 463 

diminishing rapidly with time since last fire and becoming negligible within 2 years. In mallee 464 

woodlands, wildfires are generally large (>1000 ha), intense summer fires that remove all above 465 

ground vegetation, whereas prescribed fires are smaller (<100 ha), less intense autumn or 466 

spring fires. The change in fire regime characteristics from wildfire to prescribed fire is likely to 467 

have a two-fold effect on the herbivore response. First, the severity and scale of wildfires acts to 468 

reduce local herbivore density, either through direct mortality or indirectly by necessitating 469 
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movement out of the fire zone (Tyler 1995). Second, although herbivores are known to 470 

preferentially target recently burnt areas to exploit higher quality forage (Fuhlendorf & Engle 471 

2004), the large area burnt by wildfire conceivably acts to reduce grazing pressure (Vandvik et 472 

al. 2005). The difference in T. scariosa survival between wildfires and prescribed fires raises 473 

questions about whether the timing and size of prescribed fires can be optimised to minimise 474 

the impact on plant populations. 475 

That herbivory had the greatest impact on survival after below-average rainfall reveals the 476 

detrimental impact that unabated grazing during dry periods (i.e. through provision of 477 

agricultural water and addition of exotic species) can have on perennial plant species. This dry 478 

weather response may be due to a physiological deficit in starch reserves needed to sustain 479 

repeated resprouting (Lamont, Enright & He 2011) or may reflect an indirect response whereby 480 

grazing pressure increases as a result of a reduced germination and growth of more palatable 481 

species. However, given that artificial water points have been closed on Tarawi since 1997 and 482 

closure ongoing on Scotia since 2002, the observed impact of herbivory is likely to be 483 

substantially less than on surrounding leasehold land where agricultural water is still available. 484 

Over-grazing is a serious concern in many semi-arid regions as degradation of perennial plant 485 

populations can alter ecosystem states (Scheffer et al. 2001; Bestelmeyer et al. 2009; Eldridge et 486 

al. 2016) and the interaction between grazing and drought are emphasised as key factors 487 

influencing desertification (Peters et al. 2006). 488 

Our detection of temporal variability in the effect of herbivory is an important new insight. This 489 

was only possible by conducting long-term research (>10 years) that spanned both the 490 

‘Millennium drought’ and subsequent record breaking rainfall. Previous studies that found 491 

inconclusive or conflicting evidence for an interaction between prescribed fire and herbivory 492 

may have been because the range of climatic conditions sampled did not encompass such 493 

extremes (Noble & Vines 1993; Cohn & Bradstock 2000). 494 



25 

 

In the first year post-fire, survival of seedlings and resprouting hummocks was lower after 495 

prescribed fire than after wildfire. This trend persisted into the second year post-fire for 496 

resprouting individuals, although it was offset by the increased survival of seedlings during the 497 

second year at sites burnt by prescribed fire. The implementation of management burns in a 498 

different season (autumn cf. summer wildfires) and with lower fire intensity are likely 499 

explanations for lower survival of resprouting hummocks following prescribed fire. Alterations 500 

to season and intensity of fire have been found to adversely affect resprouting and seeding plant 501 

species (Bond & Midgley 2001; Keith et al. 2007a; Lamont et al. 2011); including resprouting 502 

mallee eucalypts that co-occur with T. scariosa in this system (Noble 1984). 503 

Climate is an important driver of demography in semi-arid environments 504 

The multiplicative effect of rainfall on flowering, germination and survival in T. scariosa 505 

corresponds with previous work that shows productivity in semi-arid environments is strongly 506 

limited by inter-annual variability in precipitation (Chesson et al. 2004; Zimmermann et al. 507 

2008; Wright et al. 2014). Building on this previously established relationship, we showed that 508 

relationships between plant demographics and rainfall were complex and differed markedly 509 

between plant life history life stages. 510 

Above-average rainfall stimulated population-wide flowering and substantial rainfall in the 511 

three months post-fire considerably enhanced post-fire germination from the soil seedbank. 512 

When minimal rain fell in the immediate post-fire environment, the modelled seedling 513 

establishment rate was unlikely to result in effective recruitment given the low probability of 514 

seedling survival under these conditions. The low ratio of seedlings to pre-fire hummocks we 515 

found may not be indicative of the response after large wildfires, as high severity fires have 516 

been found to produce greater recruitment than low severity fires in other species (Bond, Vlok 517 

& Viviers 1984; Keith 2012). 518 
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Triodia scariosa hummocks demonstrated vigorous resprouting ability even when fire followed 519 

below average rainfall, and average rainfall resulted in almost population-wide survival of 520 

resprouting hummocks. Many semi-arid graminoids are vigorous post-fire resprouters (Vesk, 521 

Warton & Westoby 2004) that allocate a higher proportion of biomass to the root system and 522 

have deeper rooting profiles than non-sprouting or resprouting species from less arid 523 

environments (Jackson et al. 1996; Poorter et al. 2011). These traits are likely to confer 524 

increased resilience to adverse environmental conditions and to changes in the fire regime such 525 

that fire affects population structure more than population size. 526 

Density of live resprouting individuals moderated both germination and seedling survival. In 527 

seedlings this is likely to reflect increased competition for resources (Bond et al. 1984; Keith et 528 

al. 2007a). For germinants it suggests that the expected correlation between number of 529 

reproductive individuals and emergent seedlings is being overridden by some form of density-530 

dependent process - whereby live resprouting hummocks suppress seedling emergence and 531 

establishment  (Zimmermann et al. 2008) or hummock density regulates reproductive effort in 532 

the pre-fire environment (Harper 1977). Yet, it also suggests that higher rates of fire-induced 533 

mortality can be compensated by increased survival in recruits, such as observed in seedlings 534 

during their second year (Mandle & Ticktin 2012) - but only when there is sufficient post-fire 535 

rainfall. 536 

Resprouting and changing environmental conditions 537 

Sensitivity to short intervals between successive fires is well known in obligate seeders (Enright 538 

et al. 2015), but little is known about the effect of very long fire intervals. We found that century 539 

long inter-fire intervals decreased survival in resprouting individuals. Although the population-540 

level impact was minor, as far as we are aware it is the first time long inter-fire intervals have 541 

been shown to influence the resprouting rate of a long-lived graminoid. Both very short and 542 
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very long inter-fire intervals can lead to population attrition in resprouting woody species 543 

(Enright et al. 2011), however as the shortest interval in this dataset was 17 years we could not 544 

ascertain whether very short inter-fire intervals would also influence population dynamics. 545 

During the inter-fire period, survival of established T. scariosa individuals was high and growth 546 

rates low yet variable. The growth model predicted the average age of an individual in the 547 

largest size class to be approximately 200 years, which must reflect growth over multiple fire 548 

intervals given that 93 years had elapsed since the last fire at the oldest site in the data set. As 549 

the model was parameterised using space-for-time data the parameter estimates combine 550 

individuals that commenced as seedlings, and progressed through each stage consecutively, 551 

with resprouting individuals that may have commenced in any of the four stages, but which are 552 

likely to have faster growth rates. Additionally, the estimates do not account for hummock 553 

fragmentation, e.g. retrogression, which may reduce the expected residence times of the larger 554 

stages. In low-productivity environments where favourable growing conditions are intermittent 555 

and recruitment success highly variable great longevity and high survival rates are traits likely 556 

to confer population resilience (Bond & Midgley 2001; Keith et al. 2007b; Lamont, Enright & He 557 

2011). 558 

Population size of T. scariosa relied on the persistence of established individuals. The 559 

persistence of these individuals was sensitive to climatic conditions, to changes in disturbance 560 

regimes and interactions between multiple drivers. These results are in accord with studies in 561 

other systems that show increased mortality of established individuals, caused by changed 562 

disturbance regimes, growing conditions and their interaction, can threaten populations of 563 

resprouting species (Elderd & Doak 2006; Enright et al. 2014; Mandle et al. 2015). 564 

By modelling demographic responses we gain a more complete understanding of T. scariosa 565 

population dynamics than can be derived from the simpler structural analysis completed in 566 

previous studies. The sensitivity of population processes to rainfall is a cause for concern given 567 
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the predicted drying trend in semi-arid ecosystems across Australia (Collins et al. 2013), the 568 

perceived robustness of long-lived resprouting species, such as T. scariosa, and the vulnerability 569 

of vegetation productivity in semi-arid systems to extreme deficits in the rainfall-climate cycle 570 

(Ma et al. 2015). In many communities only a few species strongly affect ecosystem function. 571 

These are often the most abundant species in terms of numbers or biomass (Sekercioglu 2010). 572 

As decline in an abundant species is likely to increase environmental stress or alter ecosystem 573 

functions more than an equivalent decline in a rare species (Collen et al. 2009), understanding 574 

the processes regulating the population dynamics of more abundant species, such as T. scariosa, 575 

is important for maintaining ecosystem-level function and structure. 576 

The stability of semi-arid ecosystems is highly dependent on a capital of established long-lived 577 

plants. In such systems a positive feedback between the presence of perennial vegetation and 578 

seedling recruitment can occur. If the capital of established plants is eroded faster than it is 579 

slowly replaced, this can result in conditions being too harsh for establishment (Bestelmeyer et 580 

al. 2011). A reduction in T. scariosa populations would also directly and negatively influence 581 

semi-arid fauna, especially small mammals like Ningaui yvonneae that rely on T. scariosa 582 

hummocks to avoid predation (Bos & Carthew 2003). Small environmental changes, such as 583 

increased grazing pressure, altered fire regimes, reduced rainfall and their interactions, may 584 

over time result in irreversible system change (Scheffer et al. 2001). 585 

Conclusions 586 

The analyses presented in this study highlight the importance of modelling the effect of key 587 

drivers and their interactions for understanding population dynamics and predicting species 588 

responses to changing disturbance regimes and climatic conditions. By directly addressing the 589 

ecological processes that drive change, a demographic approach can advance current 590 

understanding of the mechanisms underpinning observed responses. We have shown a 591 
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synergistic interaction between prescribed fire, herbivory and rainfall significantly reduced 592 

survival in a long-lived resprouting species. Further, our results show that a perennial 593 

resprouter, although highly resilient to naturally occurring disturbances and variable climatic 594 

conditions, is sensitive to human-induced changes in disturbance regimes that are outside the 595 

range of historical data. This is an important result as prescribed fire is a widely used ecological 596 

management tool in semi-arid environments where large numbers of herbivores, domesticated, 597 

native and feral occur. The temporal and spatial variation in population-level response to 598 

ecosystem drivers and their interactive effects underscores the importance of long time frames 599 

and well-designed experiments when studying population demographics, particularly in arid 600 

environments that display high climatic variability. The conservation of foundation species, 601 

such as T. scariosa, and their dependent biota, will benefit if fire management decisions consider 602 

inter-annual weather forecasts and should be integrated with herbivore management. Our 603 

results emphasise the need for investment in long-term ecological research to address the 604 

increasing complexity of management decision making as global environmental change 605 

proceeds.606 
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839 

Figure 1. The Triodia scariosa life-cycle as a state and transition model. The parameters being 840 

estimated are indicated. Seedlings (S1 and S2) and post-fire resprouts (U1 and U2) are annual 841 

stages whereas the seedbank and four size classes of established individuals (juvenile–mature 842 

3) are non-annual stages which can either grow to the next stage (g) or persist in the current 843 

stage (p). Flowering can occur annually (F) and the seeds are incorporated into the soil 844 

seedbank. Recruitment from the seedbank (G) only occurs after fire. Solid arrows indicate 845 

survival probabilities between and within stages and also the contribution of seeds into the 846 

seedbank. Self-loops indicate stasis probabilities for individuals remaining in the same class. 847 
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 848 

Figure 2. The contributions of environmental variables to flowering and post-fire germination. 849 

Coefficients indicate how environmental drivers modulate the demographic process, while 850 

other characteristics are held at their means. A positive effect size indicates that higher values of 851 

the driver increase probability of flowering or germinant to adult ratio along that 852 

environmental gradient. We consider effect sizes significant if the 95% confidence intervals do 853 

not overlap zero. Points indicate mean effect sizes and bars 95% confidence intervals. 854 
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 855 

Figure 3. The contributions of environmental variables to seedling and resprouter survival 856 

during the first and second years post-fire. Coefficients indicate how environmental drivers 857 

modulate species survival, while other characteristics are held at their means. A positive effect 858 

size indicates that higher values of the driver increase probability of species survival along that 859 

environmental gradient. We consider effect sizes significant if the 95% confidence intervals do 860 

not overlap zero. Points indicate mean effect sizes and bars 95% confidence intervals. 861 
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  862 

Figure 4. Predicted probability of survival in resprouting hummocks at one year post-fire. Solid 863 

lines represent predictions from the binomial model as a function of rainfall in the 12 month 864 

period spanning the fire and categorised by fire type and herbivory. Points represent the raw 865 

data. 866 


