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Abstract
1.	 Demography varies in response to multiple interactive drivers at varying scales. 
However, these relationships are often assessed piecemeal, particularly without 
consideration of drivers at the landscape level.

2.	 We developed a model to predict population dynamics of an endangered, perennial 
herb Hypericum cumulicola across a range of landscape drivers. We estimated vital 
rates using 22 years of annual census data from 15 populations (10,910 and 38,313 
unique observations) and additional seeding experiments, considering four landscape 
drivers (time-since-fire, patch area, patch aggregation and patch elevation).

3.	 We combined these models into integral projection models to assess population 
parameters. Predictions of occupancy and density were compared with an inde-
pendent dataset of 33 habitat patches. We also evaluated the effect of fire-re-
turn interval on population persistence.

4.	 The landscape drivers had interactive effects on vital rates and demography. 
Occupancy was predicted for most patches, including many that were unoccu-
pied. Abundances were poorly predicted, primarily because projections were un-
reliable for patches having intermediate areas and aggregation. When these 
patches were removed, the model explained 42% of the variance in abundance. 
Projected population growth was greater and extinction risk lower under more 
frequent fire-return intervals, at higher elevations, and in larger and more aggre-
gated patches. Our modelling suggests that fire can be prescribed less often in 
larger than smaller patches to support a viable metapopulation of H. cumulicola.

5.	 Synthesis. The integration of landscape-level drivers and detailed demographic data 
is a valuable tool for understanding species abundances, distributions and dynamics 
at large scales. We evaluated the effect of interactions among fire, patch elevation, 
area and aggregation on the demography of a rare and endangered plant. Our find-
ings reinforce the importance of regional dynamics. These drivers and their interac-
tions suggest locations that can support higher vital rates, occupancy and abundance, 
and what fire-return intervals are optimal depending on landscape characteristics. 
This approach demonstrates a link between plant demography and landscape vari-
ables, although further work is needed to improve ecological predictions.

www.wileyonlinelibrary.com/journal/jec
http://orcid.org/0000-0001-7587-8166
http://orcid.org/0000-0002-9486-4189
mailto:pedro.quintana-ascencio@ucf.edu


2  |    Journal of Ecology QUINTANA-ASCENCIO et al.

1  | INTRODUC TION

Population dynamics result from the interplay between individual 
organisms and their environment. Yet, our ability to adequately pre-
dict population dynamics is limited, particularly over large spatial 
scales and long timeframes in which environmental factors vary 
widely (Gurevitch, Fox, Fowler, & Graham, 2016). Although there are 
thousands of studies of plant population dynamics, many involving 
the use of matrix or integral projection models to analyse life histo-
ries and compare treatments (Crone et al., 2011; Merow et al., 2014), 
most occur at small spatial scales and span few years (Crone et al., 
2011; Menges, 2000; Salguero-Gómez et al., 2015). Advancement 
in this area will require understanding demographic effects of 
drivers over larger spatiotemporal scales that will improve predic-
tions of the distribution and viability of populations in the face of 
global change mediated by human exploitation (Buckley et al., 2010; 
Csergő et al., 2017; Ulrey, Quintana-Ascencio, Kauffman, Smith, & 
Menges, 2016).

Most demographic models, including those at the landscape 
level, overlook environmental drivers and their interactions 
(Ehrlén, Morris, von Euler, & Dahlgren, 2016). Incorporating the ef-
fects of multiple, interactive landscape drivers into demographic 
models can provide better understanding and lead to realistic 
projections of population dynamics across landscapes that bet-
ter explain the complex population dynamics than single factors 
(e.g. Mande, Ticktin, & Zuidema, 2015; Tye, Menges, Weekley, 
Quintana-Ascencio, & Salguero-Gómez, 2016). In this paper, we 
define landscape drivers as the habitat requirements, disturbances 
and spatial structure among patches that contribute to population 
dynamics. For example, ecological disturbances can facilitate or 
disrupt population growth, and the disturbances themselves can 
be affected by landscape structure (Turner, 2010). In particular, 
fire is a predominant ecological disturbance world-wide (Bond & 
Keeley, 2005), and landscape features (e.g. vegetation, elevation) 
contribute to the spatial patterning of fire’s effects (Turner & 
Romme, 1994). Fire plays a fundamental role in the demography 
of many species which display strong ecological and evolutionary 
responses to fire (Hoffman, 1999; Keeley, Pausas, Rundel, Bond, & 
Bradstock, 2011; Menges & Hawkes, 1998). However, effects of 
disturbance regimes on population dynamics can be challenging to 
study because of the large amount of longitudinal data required. 
Long-term studies may be necessary to avoid misleading conclu-
sions built on chronosequence-based short-term studies (Pickett, 
1989). Even when such long-term data are available, decoupling the 
effects of time since disturbance from year and population effects 
(e.g. climate, biotic interactions) requires datasets with replication 
across space and time.

The distribution of species across landscapes ultimately reflects 
the interaction of demography (vital rates such as survival, growth, 
fecundity and recruitment) with landscape and disturbance proper-
ties. However, both demographic inertia (e.g., long life span, dormant 
stages) and landscape history (e.g. environmental legacies) may cre-
ate lags in responses. Therefore, realized species distributions (re-
flecting past interactions) may have different patterns than current 
vital rates. Assessing the relationships between demography and 
landscape-level drivers using detailed long-term monitoring can help 
to disentangle the causes of realized species distributions.

We assess the effects of landscape factors varying temporally 
and spatially on the population dynamics of Hypericum cumulicola, 
a pyrogenic, endangered Florida scrub endemic plant species. We 
take advantage of an ongoing 22-year study that has monitored 
many populations (sampled in 15 independent habitat patches) with 
a rich disturbance history (14 independent fires), well-described 
habitat requirements (for open gaps in Florida scrub dominated 
by Ceratiola ericoides; Quintana-Ascencio & Morales Hernández, 
1997; Quintana-Ascencio & Menges, 2000) and a strong spatially 
patterned landscape (Miller, Quintana-Ascencio, Maliakal-Witt, & 
Menges, 2012). Past work has demonstrated critical roles of fire 
and human disturbances as drivers of individual H. cumulicola pop-
ulations (Quintana-Ascencio, Menges & Weekley, 2003, Quintana-
Ascencio, Weekley, & Menges, 2007) and the distribution of the 
species in the landscape (Miller et al., 2012; Quintana-Ascencio & 
Menges, 1996). However, we lack a comprehensive understanding 
of the interplay between H. cumulicola demography and landscape 
drivers, and this information is critical for proper habitat manage-
ment for this species. We evaluate the following questions: (1) 
How will H. cumulicola vital rates change as a function of spatial 
and temporal variation of landscape variables? (2) How does the 
spatial and temporal variation of landscape variables affect abun-
dance, occupancy, growth and persistence among populations of 
this species?

We built population models to evaluate the interactive effects of 
drivers on H. cumulicola population dynamics at the landscape level. 
We used integral projection models (Easterling, Ellner, & Dixon, 
2000) incorporating submodels of vital rates based on stage, plant 
size, year, population and four landscape drivers: time-since-fire, 
patch elevation, patch area and patch aggregation. We recognize 
that while other components such as dispersal and metapopulation 
dynamics are important to population dynamics, we focus here on 
the temporal and spatial variation of habitat suitability and will ad-
dress these other components in future work. Relative elevation, 
patch area and patch aggregation, which can affect both resource 
availability and local biotic interactions, were evaluated as measures 
of habitat suitability that could be characterized across the landscape 
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(Bradley & Mustard, 2006). This landscape IPM approach allows us 
to model not only censused populations, but also other populations 
occurring in patches that were not sampled but for which we have 
spatiotemporal data. We evaluated the ability of our model to pre-
dict H. cumulicola occurrence across the landscape by comparing our 
model results (constructed from census data of 15 populations) to 
abundance and occurrence data from an independent sample of 33 
habitat patches. Finally, we used our model to simulate population 
growth and extinction under various fire frequencies in order to 
evaluate different management options.

2  | MATERIAL S AND METHODS

2.1 | Species natural history

Our model system was the Highlands scrub hypericum, H. cumulicola 
(Small) P. Adams. This short-statured perennial herbaceous species 
is endemic to Polk and Highlands Counties in central Florida, USA. 
(Christman & Judd, 1990; Estill & Cruzan, 2001) and listed as en-
dangered by the US Fish and Wildlife Service (US Fish and Wildlife 
Service, 1999) and the state of Florida (Coile & Garland, 2003). 
Reproduction predominantly occurs between June and September. 
Its flowering branches are many flowered and indeterminate. It is self-
compatible but depends on pollinators to set seed (Evans, Menges, & 
Gordon, 2003). Above-ground individuals are killed by fires (Dolan, 
Yahr, Menges, & Halfhill, 1999; Menges & Kohfeldt, 1995; Quintana-
Ascencio & Morales Hernández, 1997), but seeds in the soil survive 
fire and form long-lived seed banks (Quintana-Ascencio, Dolan, & 
Menges, 1998). Fire suppression threatens this species because 
it depends on disturbances to reduce competition from dominant 
shrubs (Quintana-Ascencio & Menges, 2000; Quintana-Ascencio  

et al., 2003; Quintana-Ascencio & Morales Hernández, 1997). This 
species has a high degree of genetic differentiation (Dolan et al., 
1999) and a distribution consistent with metapopulation dynamics 
(Miller et al., 2012; Quintana-Ascencio & Menges, 1996).

2.2 | Study site and environmental context

We conducted this study at Archbold Biological Station, Highlands 
County, Florida (USA).

Detailed community descriptions are given by Abrahamson, 
Johnson, Layne, and Peroni (1984), Menges and Kohfeldt (1995), 
and Menges (1999). The Archbold property contains a complex 
mosaic of habitats with different fire histories, including areas not 
burned since the late 1920s (Menges, Main, Pickert, & Ewing, 2017). 
Fire frequency varies among habitats due to different community 
structure, chances of ignition, rates of fuel accumulation and fire 
propagation (Abrahamson et al., 1984; Menges, Main, et al., 2017). 
Our focal community, the Florida rosemary scrub is an open shrub-
dominated community that occurs on sandy, well-drained soils on 
ridges and knolls in central and coastal Florida and southeastern 
United States (Abrahamson et al., 1984). Florida rosemary occurs 
as patches at the highest elevations within a matrix of denser oak 
dominated communities and seasonal wetlands. The Florida scrub 
patches themselves are composed of several gaps of bare sand sur-
rounded by a variable, but generally sparser matrix of shrubs. In cen-
tral Florida, stands of uneven-aged Florida rosemary (C. ericoides) 
often dominate the shrub layer (Gibson & Menges, 1994; Johnson 
& Abrahamson, 1990). Other common shrubs in this community 
are xeromorphic oaks (Quercus spp.) and palmettos (Serenoa repens 
and Sabal etonia). Ground lichens (Cladonia spp. and Cladina spp.) 
and several herbaceous species, many of them endemic, proliferate 

Id Area (ha) Aggregation Fire years Gaps Quadrats

1 North 0.56 2.85 <1966, 1999 3 9

1 South 1.31 2.96 <1966 3 10

29 1.40 3.68 1985, 1997, 2015 1 20

32 0.22 4.83 1985, 1997 1 20

42 1.70 7.66 1993, 2010 3 20

45 (103) 0.23 5.37 1986, 1996, 2010 2 20

50 0.38 10.70 1968, 1993, 2010 1 20

57 0.09 11.80 1967, 1968, 1993, 2010 2 20

59 0.37 9.67 1968, 1991, 2010 7 20

62 0.55 11.50 1967, 2004, 2010 3 20

67 0.60 11.50 1972, 1986, 2008 1 20

87 0.17 9.33 1972, 1986, 2008 1 50

88a 0.27 10.30 1972, 1986, 2008 1 20

91 0.81 8.37 1972, 1986 1 40

93 0.70 6.86 1972 9 20

aWe have not found any Hypericum cumulicola above-ground individuals in this patch since 2008.

TABLE  1 Rosemary scrub patch-
identification number (id) of populations 
studied for demography, and their patch 
area (ha), patch aggregation index, burned 
years (1967–2014), number of studied 
gaps and permanent quadrats
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in the open areas among the shrubs. Fire-return estimates for this 
community range between 10 and 100 years (Menges, Main, et al., 
2017). Fires merge gaps and increase gap sizes, increasing occu-
pancy of gap specialist herbaceous plants (Dee & Menges, 2014; 
Gibson & Menges, 1994; Menges, Crate, & Quintana-Ascencio, 
2017; Young & Menges, 1999). Hypericum cumulicola is mostly lim-
ited to gaps between vegetation patches in Florida rosemary scrub.

2.3 | Demographic data

We recorded 38,313 unique observations from a sample of 10,910 
individuals of H. cumulicola, from 15 independent Florida rosemary 
scrub patches (Table 1). Plants were censused during their peak of 
reproduction annually in July and August between 1994 and 2015. 
Annually, in every population, we tagged and evaluated c. 100 
plants. In years when <100 plants were found, new tagged plants 
were added (c. 20–40 individuals) to the existing sample. Plants 

were classified into six possible stages: dead, alive, yearling (new 
plants just reaching its first census), new plant (plants of unknown 
age), missing and previously dead. For each tagged plant, we meas-
ured maximum height and recorded reproductive status annually. 
We counted total number of reproductive structures (flowers and 
fruits) for every plant in 1994–1999, 2001, 2002, 2010–2012 and 
counted reproductive structures for a sample of individuals in other 
years. Each year, coinciding with the annual census, we counted 
the number of plants in 0.5 × 1 m quadrats which summed area 
represented c. 2% of the open area in each focal patch (Table 1). 
Additional plant counts were performed in these plots in February 
of each year until 2008. Plants were classified by stage (yearling vs. 
adult) according to their recruitment year, but new plants outside 
of permanent density plots with unknown recruitment year at the 
census time were classified as adults if height >15 cm and number 
of stems >1, otherwise they were considered yearlings. We checked 
the location of previously dead plants after a year of first detection 

F IGURE  1 Map of Florida rosemary 
patches at Archbold Biological Station 
(n = 92). Approximate mean relative 
elevation (m) for each habitat patch is 
indicated with different colours
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to assess possible plant dormancy. Less than 0.01% of previously 
declared dead plants were found subsequently alive and we did not 
include any plant dormancy.

Several reproductive metrics (fruiting, seed production, seed 
germination, seedling survival and seed dormancy) were quantified 
separately from the annual census. From observations of 20 plants 
that were visited once a week during the whole flowering season in 
1995, we estimated that 55% of the flowers become viable fruits and 
produce seeds (P. F. Quintana-Ascencio & E. S. Menges, unpublished 
data). We estimated recruitment in the permanent quadrats in each 
site. We evaluated seed germination in burned and unburned micro-
sites (Quintana-Ascencio & Menges, 2000) and survival of seedlings 
from February to August (1994–2008) in permanent plots within 
each studied patch (P. F. Quintana-Ascencio & E. S. Menges, unpub-
lished data). For our models, we used seedling survival multiplied by 
1.5 to produce estimates consistent with counts of yearlings in the 
field (Figure S16). We evaluated long-term seed dormancy of seeds 
in nylon mesh bags buried 5–10 cm for 1 and 2 years (Quintana-
Ascencio et al., 1998). In 1995, 1996, and 1998, we counted under a 
microscope the number of visually viable seeds in a sample (n = 20) 
of fruits randomly taken from plants in every population (n = 15) 
studied for demography.

2.4 | Rosemary scrub patch data

We characterized Florida Rosemary scrub patches at Archbold 
and validated our models comparing the model output to occur-
rence data generated from broad surveys of these patches (Miller 
et al., 2012; Quintana-Ascencio & Menges, 1996). We identified 
92 Florida rosemary scrub patches using available Archbold veg-
etation maps (Abrahamson et al., 1984; Figure 1). We surveyed 
for all vascular plant species in each rosemary patch in June 1988 
and August 1989 and again in November 2004 and March 2005 
(Miller et al., 2012; Quintana-Ascencio & Menges, 1996). There 
were 52 patches occupied by H. cumulicola in the first survey and 
53 patches in the second. Between surveys, 11 patches changed 
status; 6 gained H. cumulicola occupancy and 5 lost it. We used 
historical records to document the occurrence of multiple natural, 
accidental and prescribed fires since 1967 (Menges, Main, et al., 
2017). We used available GIS polygons to obtain data on patch 
area and geographic coordinates of each patch centroid to es-
timate patch aggregation with the index of Hanski and Thomas 
(1994).

where dij is the distance in kilometres from focal patch i to patches j 
to n and Aj is patch area in hectares. We used ∞ = 1 as in Quintana-
Ascencio and Menges (1996) to facilitate comparisons between 
studies. In 2016, total counts of reproductive plants in a sample of 
33 of these patches were used to validate model projections (see 
below; Table S7).

For each patch, we calculated relative elevation using ESRI’s ArcGIS 
10.3.1. We used zonal statistics and an existing Lidar dataset (flown in 

April, National Center for Airborne Laser Mapping, 2005) to calculate 
relative elevation for each studied gap and the mean elevation of all 92 
rosemary scrub patches. Buffers at 50 m intervals were constructed 
around each rosemary scrub patch and searched for intersecting wet-
lands or seasonal ponds. The relative elevation for each patch was cal-
culated as the average elevation of the rosemary scrub patch minus 
the average elevation of the wetland edges within the selected buffer 
surrounding the rosemary scrub patch. A 50-m buffer was used for 
the majority of the patches; however, some required searching up to 
over 150 m. The relative elevation was similarly calculated for gaps (as 
defined in Menges, Crate, et al., 2017) within studied rosemary scrub 
patches as the elevation of the gap point minus the average elevation 
of the wetland edges within the selected buffer surrounding the rose-
mary scrub patch. We used the relative elevation at the gap level to 
assess vital rate variation but the patch level elevation for modelling.

2.5 | Evaluating drivers of vital rates

The integral projection model was comprised of submodels that esti-
mated vital rates as a function of the different drivers. In these mod-
els, we recognized three life-history stages (seed, yearling and adult) 
and used the natural logarithm of individual height (size) as the con-
tinuous state variable (with a quadratic response). We modelled vital 
rate variation using GLMM. Variation of population within year was 
included as a random effect in all models when data permitted (αs(yi)). 
We used binomial error distributions for survival (σ) and probability 
of reproduction (φ0), and normal distributions for changes in size of 
yearlings and adults (γ), and counts of reproductive structures (φ1). 
We preferred a normal distribution instead of Poisson or negative bi-
nomial for reproductive structures because of the large number pro-
duced per plant (x̄=124, SE = 2.5; up to 6,000 structures, n = 7,055 
plants; data were transformed with natural logarithms). We replaced 
models of yearling fecundity with those for adults when generated 
unreliable results associated with low sample sizes. The hierarchi-
cal models describing survival (σ), growth (γ), probability of flowering 
(φ0) and fecundity (φ1) of yearlings and adults were defined as:

where α and β are coefficients for data at individual ( j) and patch 
(i) levels for each driver (k) and their interactions (*). The term 
(βkv ×patchi) included the additive and interactive effects of patch 
size and aggregation (v). Data for all independent variables, except 
plant size, were scaled to facilitate model convergence. We used 
model selection based on Akaike Information Criterion corrected 
for small sample sizes (AICc; Burnham & Anderson, 2002) to identify 
the most plausible combination of landscape drivers (time-since-fire, 
relative elevation, patch area and patch aggregation) and their inter-
actions explaining variation of each vital rate of above-ground indi-
viduals (survival, growth, probability of reproduction and fecundity).

Annual individual seed production was partitioned among 
deceased seeds, seeds that remained dormant and seeds that 

(1)Si= −
(

∑n

j
exp (−adij)∗Aj

)

(2)
G(μj(iy))= α0+

�

α1×sizej+α2×size
2
j

�

∗α3[stagej]∗βk

× elevationi ∗βk×TSFi+
∑

(βkv ×patchi)+αs(yi)
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germinated and survived through the annual census. We evaluated 
the variation of these seed and seedling vital rates as function of 
time-since-fire and relative elevation and identified the most plausi-
ble models. Seed germination proportions in burned and unburned 
microsites were point estimates (Quintana-Ascencio & Menges, 
2000). We used a linear model with quadratic response of time-
since-fire for seed dormancy, and seed survival.

where α are coefficients for data at patch (i) level used for each indi-
vidual seed ( j). We used a general additive model (procedure GAM in 
package r mgcv, Wood, Pya, & Saefken, 2016) with cubic regression 
splines and normal distributed errors to assess the variation in seed-
ling survival as a function of time-since-fire. Using AIC to compare 
models with a range of values (4–12) for the smoothing term, we 
identified the most likely term (6).

2.6 | Implementing the integral projection model

We used the fixed effects of vital rate models to build the kernels 
of integral projection models (Easterling et al., 2000; Ellner, Childs, 
& Rees, 2016; Ellner & Rees, 2006) summarizing the H. cumulicola 
life cycle (Figure 2a) for each rosemary patch’s specific combina-
tion of time-since-fire, relative elevation, patch area and patch 

aggregation. The mid-point rule approximation to the continuous 
form of these IPMs (from Ellner et al., 2016) was a Goodman ma-
trix (Goodman, 1969) model (with 301 × 301 cells, Figure 2b) that 
describes the population dynamics of three stages, one discrete 
(dormant seeds) and two continuous (yearlings and adults). Every 
IPM consisted of two merged rectangular matrices (of 300 × 150 
cells each for yearlings and adults, respectively), one vector for 
germination of dormant seeds and their survival to census, an-
other vector for recently produced seeds (150 × 2 cells each) and 
one scalar describing long-term seed dormancy. The responses of 
coupled equations are integrated over L = −2.3 and U = 4.5 (loga-
rithm values of 0.1 to 90 cm in height, respectively) using the mid-
point approximation into m = 300 size classes of width h = (U−L)/m. 
Models with 200 bins per stage were commensurate and we kept 
150 because computation ease. The discrete form of the IPM is 
described as:

where n(zjk,t+1) is the number of individuals in size class j and stage k 
at time t + 1 from individuals in size class i and stage k at time t given 
the matrix kernel (K) and number of individuals at time t n(zjkt). We 
defined two continuous kernel functions for yearlings and adults, 
one including survival and growth (Pj,i) and another for recruitment 
(Fj,i; as surviving dormant seeds [Seed(j,i)] and yearling recruitment 
[Yearling(j)]).

(3)g(μj)=α0+α1∗TSFi+α2TSF
2

i

(4)n(zjk,t+1)=h
∑m

i=1
K(zjk,zik)n(zikt)

F IGURE  2  (a) Hypericum cumulicola 
life cycle diagram. Stage transitions are 
indicated with wide arrows. Labels 1–8 
relate these transitions across panels. (b) 
Demographic transitions are depicted as 
a Goodman’s matrix incorporating the 
kernels of the integral projection model. 
Lighter colours denote higher values. 
Transitions 3–7 are size-based, with 
larger plants to the right and towards the 
top of each box. The axes are relative 
encompassing a matrix of 301 by 301 
bins. The width of the vectors for new 
produced dormant seeds (rectangles at 
the bottom), yearlings germinating from 
the seed bank (left rectangles; seeds do 
not produce adults directly) and dormancy 
(bottom left square) are exaggerated. (c) 
3-D depiction of the Goodman’s matrix in 
(b) that better illustrates seed production 
by yearlings (7) and adults (8) along the 
Z-axis
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where j is the index for the vector of size classes n at t + 1 and i the 
one of time t. Recruitment as seeds included estimates of probabil-
ity of seed survival (s), reproduction (φ0), number of reproductive 
structures (φ1), fruit set (φ2), number of viable seeds per fruit (φ3) and 
proportion going dormant (δ).

Recruitment as new yearlings (seedlings surviving until the an-
nual summer census) included estimates of germination from the 
seed bank (Seed(x, t)ξ), probability of reproduction (φ0), number of 
reproductive structures (φ1), fruit set (φ2), number of viable seeds per 
fruit (φ3), germination probability (ξ = 1 − δ) and seedling survival (φ4).

Yearlings were assigned initial heights using normal distribu-
tions of logarithmic plant height with a common mean (log [6 cm]) 
but time-since-fire specific standard deviations. We used the eigen 
structure of our models to quantify the population growth rate (λ) 
for each population with specific time-since-fire, patch relative el-
evation, patch size and patch aggregation. We calculated 100 boot-
strap iterations for eight scenarios bracketing observed variation 
with lambda as a function of time-since-fire, relative elevation, patch 
size and patch aggregation to obtain 95% CI and minimum and max-
imum λ.

We used the IPM to obtain predictions of the number of 
above-ground adult (flowering) individuals, comparing predic-
tions to numbers counted in 33 randomly chosen rosemary scrub 
patches in 2016. Simulations started in the year 1964 and fol-
lowed patch specific historical burn frequencies, each initiated 
with a common vector (271,170 seeds, 2,809 yearlings and 10,749 
adults). The absolute numbers in the vector are subjective (50% of 
all observed plants) and were used to obtain relative assessments 
among patches, not absolute estimates. We used the overall data 
to establish the relative abundance of yearlings and the number 
per size bin in the initial vector (Figure S1). We used an estimate 
of 20/1 seeds per plant in the initial vector based on the mean 
ratio in the simulated data. We assumed all simulated populations 
started 9 years since the last fire. We compared predicted num-
bers to observed complete patch counts of above-ground adult 
plants in 2016 year. We focused on adult plants because they are 
conspicuous in the field, providing accurate density estimates. 
We considered the patch to be occupied if the number of above-
ground individuals at the end of the simulation was >1. We cal-
culated the Yule coefficient, a test of association between two 
binary variables (Yule, 1912; using r package psych; Revelle, 2017), 

to assess the overall agreement between observed and expected 
occurrences in these patches.

2.7 | Fire simulations

We evaluated the effect of different fire frequencies on population 
dynamics with simulations. We used Weibull functions to model the 
probability of fire as a function of time-since-fire. Each fire occur-
rence was simulated collecting uniform random numbers and com-
paring them to the value of the function. If the function generated 
value was higher it was presumed that a fire would happen. The mean 
fire returns used were at 20, 40 and 60 years (Figure S17). These val-
ues bracket current prescribed time-since-fire at Archbold Biological 
Station (Menges, Main, et al., 2017). Cumulative probability of quasi-
extinction (n < 1 above-ground individuals) after 200 years was es-
timated for 200 simulations of each combination of fire frequency, 
relative elevation (0.5 and 1.5 m), patch area (small = 0.08 ha and 
large = 10 ha) and patch aggregation (isolated with index = 5 and 
aggregated with index = 10). All populations started with the same 
vectors and 9 years post-fire (see Figure S17 for the shape of func-
tions determining simulated fire returns).

3  | RESULTS

We monitored H. cumulicola in 15 populations, all of which have 
unique burn histories (Table 1). Between 1966 and 2015, individual 
populations burned 1–5 times during 14 different years, creating 
many combinations of calendar year and time-since-fire (TSF). H. cu-
mulicola occurs over several metres of relative elevation, but tends 
to have its highest occupancy at intermediate elevations (Figures 1 
and 3). All plausible models for annual vital rate variation of above-
ground individuals included plant stage (whether plants were adults 
or yearlings [1 year old plants]), quadratic terms for size (natural 
logarithmic plant height) and several landscape drivers: TSF, patch 
relative elevation, patch area, patch aggregation and multiple inter-
actions (Tables S1 and S2–S5 with the significance of the coefficients 
for each vital rate).

3.1 | Summary of vital rates

Survival: H. cumulicola was characterized by extremely low seedling 
(newly recruited plants found prior to census) survival. Estimated 
seedling survival was highest in recently burned patches (0.006), 
decreasing at intermediate TSF and long-unburned patches (0.001; 
Figure S16). Most yearlings (new plants reaching their first census) 
were shorter than 15 cm, the threshold for reproduction, and had a 
log-normal distribution in height while adult heights were normally 
distributed with a mean of 32 cm (SE = 0.1; Figure S1). Annual transi-
tions indicated more yearlings and adults survived than died (overall 
0.649 and 0.790, respectively; Figures S2–S4). In general, adult sur-
vival was highest for smaller and intermediate plant heights, lower 
TSF and relative elevations, and larger and more aggregated patches 

(5)Kz(j,i)=P(j,i)+F(j,i)

(6)P(j,i)=σ(i)×γ(j,i)

(7)F(j,i)=Seed(j,i)+Yearling(j)

(8)Seed(y, t+1)= s(x, t)+

U

∫
L

φ0(x)φ1(x)φ3sδdx

(9)Yearling(y,t+1)=Seed(x,t)ξφ4+∫
U

L

[

φ0(x)φ1(x)φ2(x)φ3(x)ξφ4

]

dx
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(Figures S2 and S4), with clear interactions (e.g. large plants had rela-
tively higher survival than small plants in smaller patches and at lower 
elevations; [Figure S4]; survival for small plants decreased faster with 
TSF in lower elevations [Figure S4]). Yearling data, based on smaller 
sample sizes, was more uncertain but indicated a decrease in survival 
with TSF and patch area at higher relative elevations (Figures S3 and 
S4).

Growth: H. cumulicola had consistent growth patterns from 
year to year (Figure 4). Yearlings and small plants tended to grow 
while adults were more stable in height. Plant growth (change 
in height) decreased with size particularly among large adults 
(Figures S5–S7). Both adult and yearling growth decreased with 
time-since-fire at lower relative elevations. At intermediate ele-
vations, fire had little effect on growth (TSF lines very close to-
gether; Figure S7), and at higher elevations growth increased with 
TSF (Figure S7).

3.1.1 | Reproduction

Most plants taller than 15 cm (91%) produced fruits, with the num-
ber of fruits increasing exponentially with height (Figure 4 and 
Figure S8–S13). Time-since-fire effects on fruit production were 
relatively subtle, especially for yearlings, and interacted with eleva-
tion, patch area and aggregation (Figure S10). Reproduction started 
at smaller plant sizes for adults than yearlings, and at higher eleva-
tions and in larger patches for both adults and yearlings (compare 
levels in Figure S10). Fecundity of adult plants was higher in long-
unburned sites with lower elevations and less affected by TSF at in-
termediate and higher relative elevations. Adult fecundity for small 
plants was higher in recently burned sites at lower elevations and 
lower in recently burned sites at higher elevations (Figure S13, left 
panels). Across all sizes of yearlings, fecundity increased with TSF in 
lower elevation patches but decreased with TSF in higher elevation 
patches (Figure S13, right panels).

3.1.2 | Seed production

We estimated an average of 13 (SD = 0.97; Table S8) viable seeds 
per fruit. Most seeds (60%–80%) became dormant for one year or 
more (Figure S14). Approximately 30–50% of the dormant seeds 
remained dormant each year with higher dormancy at intermediate 
TSF (Figure S15). Variation in height for yearlings at census time de-
creased with time-since-fire.

3.2 | Integral projection modelling of growth rates

Population growth (λ) increased during the first few years post-fire 
with a peak around 5–6 years, then quickly declined, reaching its 
lowest values between 10 and 20 years post-fire. Our models pro-
jected higher population growth at higher elevations and in larger 
and aggregated patches. There was more variation in λ among boot-
strap projections with higher elevation during the first few years 
post-fire but this pattern reversed in long-unburned conditions 
(Figure 5).

We found no evidence of overall agreement between observed 
and projected occurrences (−0.12; CI = −0.87, 0.80; Yule associa-
tion coefficient, alpha = 0.05; Yule, 1912; Figure 6). Our model was 
biased towards predicting occurrences (30 out of 33 patches were 
predicted having H. cumulicola). Predictions of occurrence were 
particularly unreliable for patches with small patch area and small 
aggregation (the lower and left sections in Figure 6). Our models 
also did not predict overall abundance of plants in occupied patches 
(Figure 7, n = 23 patches). Predictions of abundance were particu-
larly unreliable for patches with intermediate areas and aggrega-
tion (Figure 6). However, when these patches (those with asterisks 
in Figures 6 and 7) were removed, our model explained 42% of the 
variance in plant abundance within occupied patches in 2016 (log of 
observed count = 2.4 + 0.49 × log of predicted count (SE = 0.86 and 
0.19, respectively; n = 10).

F IGURE  3 Relative elevation (m) 
of gaps among censused rosemary 
scrub patches (the abscissa is patch-
identification number) ordered from 
higher to lower relative elevation. Gap 
occupancy, within the patch, by Hypericum 
cumulicola is indicated by colour (white 
was unoccupied, grey was occupied). 
The dotted lines mark the median, 25th 
and 75th percent quantiles for relative 
elevation for all Florida rosemary scrub 
patches in Archbold Biological Station 
(n = 92)
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F IGURE  4 Plot of (a) individual heights 
from 1 year to the next and (b) numbers of 
fruits as function of height. All variables 
were natural log transformed. All studied 
Hypericum cumulicola observations were 
included in this plot

F IGURE  5 Lambda as a function of 
time-since-fire, patch size (small = 0.08 ha; 
large = 1.0 ha), patch aggregation 
(isolated = 5, aggregated = 10) and relative 
elevation (low = 0.5 m; and high = 2.5 m). 
Dark grey areas are 95% CI and light grey 
polygons are limited by minimum and 
maximum values both from bootstrapped 
data (n = 100 iterations). The line at 
λ = 1.0 is provided as a reference Time–since-fire
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Cumulative probability of extinction increased with TSF and de-
creased with patch area and patch aggregation (Figure 8). The model 
predicted the lowest extinction probabilities for the fire-return inter-
vals of 20 years (close to the lower limit for Florida rosemary scrub; 
Menges, Main, et al., 2017) and a fast escalation of extinction prob-
abilities with longer fire intervals. Changes in extinction probabil-
ity with time-since-fire were less marked between 0.5 and 1.5 m of 
elevation. Our model predicted that H. cumulicola populations in the 
smallest and more isolated patches are the most prone to extinction, 
with population under fire-return intervals of >40 years becoming 
extinct in less than 50–90 years and those with fire every 20 years 
becoming extinct in 100–200 years (Figure 8). Populations in large 
aggregated patches with fire-return intervals around 40 years could 
persist 70–150 years before becoming extinct and could persist 
>200 years with more frequent fires. Small, aggregated patches had 
similar extinction probabilities to small isolated patches, while large 
isolated patches were more similar to large aggregated patches.

4  | DISCUSSION

The integration of landscape-level environmental drivers and de-
tailed demographic data yields a powerful tool for understanding 
species abundances, distributions and dynamics at larger scales. This 
study, using an unusually detailed, spatially expansive, long-term 

dataset, shows the possibility of unravelling complex interactions 
between landscape patterns and ecological disturbances affecting a 
species’ distribution and demography. We took advantage of a long-
term dataset to decouple effects of disturbance from population and 
year effects. Understanding drivers of demographic change (Ehrlén 
et al., 2016) may improve our ability to predict population changes 
(Crone et al., 2013). Scaling up predictions from populations to land-
scapes allows the evaluation of species responses to changing driv-
ers, such as climate change (Opdam & Wascher, 2004).

In this paper, we use integral projection models parameter-
ized with long-term census data that varied in response to land-
scape variables to analyse the demography of a habitat specialist. 
Similar to our previous work (Quintana-Ascencio et al., 2003), we 
show that H. cumulicola vital rates were strongly related to fire, 
the predominant ecological disturbance. Yet, in the present study, 
we provide further evidence that vital rates were also affected by 
small scale landscape patterns such as elevation that alter the dis-
tance to the water-table (e.g. survival in recently burned patches 
was higher at lower relative elevations) and larger scale patterns 
of patches in the landscape such as patch aggregation (e.g. survival 
was higher in large aggregated patches). Size-dependent patterns 
in vital rates were shifted depending on the ecological context. 
For example, the survival of smaller plants was more sensitive than 
larger plants to time-since-fire, but mainly at lower elevations. 
Reproduction in this species started earlier at higher relative ele-
vations and larger patches.

Population growth was greater at higher elevations. These loca-
tions are farther to the water-table and soils are more prone to dry-
ing (Weekley, Gagnon, Menges, Quintana-Ascencio, & Saha, 2007). 
However, these elevations have lower shrub cover and larger gaps 
(Dee & Menges, 2014; Menges, Wally, Salo, Zinthefer, & Weekley, 

F IGURE  6 Model patch occupancy in 2016 predicted by 
aggregation and patch area. Correct predictions are indicated 
with filled symbols: correctly predicted presences (filled circles) 
and correctly predicted absences (filled squares). Incorrect 
predictions are indicated by open symbols: incorrectly predicted 
presences (open circles) and incorrectly predicted absences (open 
squares). Filled circles with an asterisk were populations with poor 
abundance predictions
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F IGURE  7 Observed vs. predicted number of reproductive 
adults. Each point represents the number of predicted and 
observed plants in an occupied habitat patch in 2016. The dotted 
line is the 1:1 line. Symbols with asterisk were populations with 
intermediate patch area and aggregation shown in Figure 6. 
Symbols indicate the year of the last fire
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2008), suggesting lower interspecific competition. H. cumulicola is 
a microhabitat (gap) specialist, favouring microsites with low shrub 
and litter cover (Quintana-Ascencio & Morales Hernández, 1997) 
and being rarely found in smaller gaps (<4 m2; Menges, Crate, et al., 
2017). The combination of large open gaps and higher elevations 
supports higher population growth, especially in recently burned 
areas.

Overall, these data indicate the importance of metapopulation 
dynamics. Hypericum cumulicola occupancy and population growth 
predictions were highest in large, aggregated habitat patches, con-
sistent with patterns found in analyses of metapopulation structure 
(Quintana-Ascencio & Menges, 1996) and observed extinctions and 
colonizations (Miller et al., 2012). Large habitat patches may have 
several advantages for metapopulation dynamics, including a larger 
target for rescues, greater diversity of microhabitats, and the ability 
to support larger populations less prone to demographic or environ-
mental stochasticity (Hanski, Moilanen, & Gyllenberg, 1996; Wolf, 
Brodmann, & Harrison, 1999). Larger habitat patches may also be 
more likely to support larger populations of the dominant shrub 
Florida rosemary, which may act as a foundation species for H. cumu-
licola and other herbaceous plants that are vulnerable to competition 
from resprouting shrubs (Menges, 2007). However, previous assess-
ments of occupancy based on landscape configuration of patch ag-
gregation and patch size (Miller et al., 2012; Quintana-Ascencio & 
Menges, 1996) better predicted H. cumulicola patch presence and 

absence than this analysis, where we predicted that the majority 
of patches will be occupied. Model predictions of abundance were 
most reliable for patches with the extremes of patch area or aggre-
gation. Otherwise, abundances in patches with intermediate patch 
area or aggregation were overpredicted in long-unburned patches 
and underpredicted in patches with more recent fires. In this study, 
predictions of occupancy and abundance were weaker for habitat 
patches with small and intermediate size and aggregation. We have 
previously documented that unoccupied patches can be suitable 
habitat for H. cumulicola (Quintana-Ascencio et al., 1998). These re-
sults indicate that limited dispersal and unfavourable matrix habitats 
can synergistically contribute to colonization failure (Angert, Bayly, 
Sheth, & Paul, 2018). Few studies have integrated population models 
and landscape-level environmental drivers to characterize species 
distributions, although this approach has great promise for assess-
ing the consequences of environmental changes (Ehrlén & Morris, 
2015).

Drivers predicting vital rates were not always the same as drivers 
associated with occurrence. For example, H. cumulicola occupancy 
peaked at higher elevations but many vital rates peaked at lower el-
evations. This may reflect lags in demography (demographic inertia; 
Garcia & Zamora, 2003) such as the role of seed banks in allowing 
populations to persist between disturbances (Eriksson, 1996). Better 
understanding of the spatial and temporal dynamics of seed dor-
mancy and dispersal and the role of environmental factors on their 

F IGURE  8 Cumulative probability 
of extinction (N < 1) as a function of 
projected year, fire frequency (20, 40 and 
60 years; in legend), relative elevation 
(0.5 and 1.5 m), patch size (small = 0.08 ha 
and large = 1.0 ha) and patch aggregation 
(isolated = 5 and aggregated = 10)
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variation will greatly benefit our understanding of regional plant 
population persistence. In the Florida scrub, we have documented 
the disappearance of H. cumulicola and Eryngium cuneifolium popula-
tions (a co-occurring gap specialist) between fires, and their genetic 
and demographic recovery after fire (Dolan, Quintana-Ascencio, & 
Menges, 2008; Menges & Quintana-Ascencio, 2004). In addition, 
landscape changes in extreme microsites (e.g. the largest open 
patches) may lag behind other landscape patterns. These persisting 
critical microsites may allow populations in some patches to con-
tinue for many years (Oostermeijer, Van’t Veer, & Den Nijs, 1994). 
Short-term or limited studies in areas with these persisting patches 
may be biased, as patches where all plants have died cannot be a 
source of data. This demographic ghost of mortality past may ex-
plain unexpected demographic patterns in chronosequence studies.

As well as unravelling the interacting effects of fire, local and 
broad landscape patterns on demography, our analyses have im-
portant implications for land management of Florida scrub and other 
ecosystems with spatially and temporally variable fire regimes. Fires 
can occur less frequently at higher elevations than lower elevations 
and still maintain metapopulation viability. Fires need to occur more 
often for small and isolated habitat patches, to promote demograph-
ically healthy populations of H. cumulicola. Because lower elevation 
areas have greater and more continuous vegetative cover, fires 
may be more complete than at higher elevations, supporting use-
ful spatial variation in the fire regime (Menges, Main, et al., 2017). 
Intermediate fire frequencies and modest spatial patchiness in fires 
may minimize extinction of obligate seeding species in many pyro-
genic ecosystems (Bradstock, Bedward, Scott, & Keith, 1996; Ooi, 
Whelan, & Auld, 2006).

Many critiques of demographic modelling have pointed out that 
models do a poor job of predicting beyond more than a few years 
(Crone et al., 2013; Menges, 2000). By incorporating the use of 
common drivers, such as weather, habitat suitability, disturbances, 
landscape patterns and land management, we can improve our 
understanding of temporal and spatial variability in demography 
(Ehrlén & Morris, 2015; Menges, 2007). Weaknesses of population 
models can be attributed to their frequent dependence on short 
spans of data (Menges, 2000) and on their frequent blindness to 
underlying drivers (Ehrlén & Morris, 2015). The scaling up of local 
demography to landscapes, accomplished by a combination of ap-
proaches, can lead to more effective management for ecological 
diversity.
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