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Abstract  21 

To understand how the environment drives spatial variation in population dynamics, we need 22 

to assess the effects of a large number of potential drivers on the vital rates (survival, growth 23 

and reproduction), and explore these relationships over large geographical areas and long 24 

environmental gradients. In this study, we examined the effects of a broad variety of abiotic 25 

and biotic environmental factors, including intraspecific density, on the demography of the 26 

forest understory herb Actaea spicata between 2017 and 2019 at 40 sites across Sweden, 27 

including the northern range margin of its distribution. We assessed the effect of potential 28 

environmental drivers on vital rates using generalized linear mixed models (GLMMs), and then 29 

quantified the impact of each important driver on population growth rate (λ) using integral 30 

projection models (IPMs). Population dynamics of A. spicata were mostly driven by 31 

environmental factors affecting survival and growth, such as air humidity, soil depth and forest 32 

tree species composition, and thus those drivers jointly determined the realized niche of the 33 

species. Soil pH had a strong effect on the flowering probability, while the effect on population 34 

growth rate was relatively small. In addition to identifying specific drivers for A. spicata’s 35 

population dynamics, our study illustrates the impact that spatial variation in environmental 36 

conditions can have on λ. Assessing the effects of a broad range of potential drivers, as done 37 

in this study, is important not only to quantify the relative importance of different drivers for 38 

population dynamics but also to understand species distributions and abundance patterns. 39 

Keywords 40 

Environmental drivers, Integral projection model, Plant demography, Population dynamics, 41 

Population growth rate, Spatial variation 42 

 43 

.CC-BY-NC-ND 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 2, 2020. ; https://doi.org/10.1101/2020.02.29.969428doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.29.969428
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

3 
 

Introduction 44 

Abiotic and biotic environmental conditions such as climate and competition vary across time 45 

and space and drive the population dynamics of species through effects on vital rates such as 46 

survival, growth and reproduction (Bruna and Oli 2005, Doak and Morris 2010). These vital 47 

rates vary both with regards to how sensitive they are to different environmental factors and to 48 

how much they influence population dynamics (Silvertown et al. 1993, Pfister 1998, Nicolè et 49 

al. 2011, Ehrlén and Morris 2015). Yet, underlying demographic mechanisms are not 50 

accounted for in standard models of species distributions and abundances (Guisan and Thuiller 51 

2005, Araújo and Rahbek 2006, Elith and Leathwick 2009; but see Merow et al. 2017). 52 

Moreover, species distribution models based on occurrence patterns are typically based on the 53 

assumption that species are in equilibrium with their environment, and thus do not capture 54 

ongoing or recent changes in environmental drivers. To achieve an in-depth understanding of 55 

the population dynamics of a species, and to describe and predict distributions and abundances, 56 

we need to assess how environmental variation is linked to demographic variation (Ehrlén and 57 

Morris 2015). Using environmentally explicit demographic models allows us to disentangle 58 

which vital rates are most affected by the environment, and how those vital rates contribute to 59 

population growth rate (λ). Such a more mechanistic understanding of the processes underlying 60 

a species’ distribution and abundance allows for more accurate predictions of species responses 61 

to environmental and climate changes (Doak and Morris 2010, Csergő et al. 2017). 62 

Environmentally explicit demographic models also provide a means to identify the drivers of 63 

the short-term dynamics and of the realized niches of species. 64 

To avoid preconceived notions about which drivers are important, assessments of 65 

environmental effects on population dynamics should include a broad range of potential 66 

drivers, ideally including climatic and other abiotic factors, as well as biotic and anthropogenic 67 
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factors such as land use (Ehrlén et al. 2016). In addition to assessing many potential drivers, 68 

data collection covering as big a part of the environmental gradients a species experiences as 69 

possible should allow for more reliable models (Ehrlén et al. 2016). Meeting these needs 70 

regarding the number of drivers and accurately estimating their variation will likely often mean 71 

that data have to be collected over large geographical areas. However, although the modelling 72 

tools for assessing the effects of environmental conditions on population dynamics and 73 

distributions are available (Merow et al. 2014a, 2014b), few studies have investigated the 74 

relationships between multiple vital rates and environmental drivers on large geographical 75 

scales (but see Merow et al. 2017). 76 

We conducted a large-scale study of the environment-driven demography of the long-lived 77 

understory forest herb Actaea spicata based on data from a large geographical extent. We 78 

collected demographic data as well as data on 18 putative environmental drivers, from 40 79 

populations throughout the Swedish distributional range of A. spicata from 2017 to 2019. The 80 

putative drivers were 15 abiotic factors related to climate, topography and soil nutrient richness, 81 

and three biotic factors concerning plant community structure and intraspecific population 82 

density. We asked the following questions: (1) How do the various environmental factors 83 

influence the vital rates of A. spicata? We expected strong effects of both the physical 84 

environment, in terms of nutrient levels, and the biotic environment, in terms of shading by 85 

other plants, in line with previous smaller-scale studies (Dahlgren and Ehrlén 2009, 2011). 86 

Specifically, we expected soil potassium concentrations to positively influence growth and 87 

increasing proportion of coniferous trees to negatively influence growth (Dahlgren and Ehrlén 88 

2009, 2011). Furthermore, we expected strong climatic effects due to the large geographical 89 

range of the study, and the fact that the study was conducted at the northern range limit of A. 90 

spicata. (2) How do detected effects of environmental drivers on vital rates influence the 91 

population growth rate of A. spicata? We expected that the environmental drivers affecting 92 
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survival and growth would have a larger effect on population growth rate than those affecting 93 

reproduction, because such dynamics are described for other long-lived herbs (Silvertown et 94 

al. 1993). We used generalized linear mixed models (GLMM) to link the environmental drivers 95 

to vital rates describing survival, individual growth, flowering probability and fruit number. 96 

We then incorporated the GLMMs into an integral projection model (IPM, Easterling et al. 97 

2000) to assess the effects of environmental drivers on the population growth rate of A. spicata. 98 

Methods 99 

STUDY SPECIES 100 

Baneberry (Actaea spicata L., Ranunculaceae) is distributed over most of Europe and parts of 101 

Asia and North America (Anderberg A. and Anderberg A.-L. 2017). In northern Europe, it 102 

occurs in shady, well-drained and nutrient rich forests, often on limestone (Pellmyr 1984). The 103 

plant is common throughout Sweden but does not occur in the far north (Mossberg and 104 

Stenberg 2014). Actaea spicata has a morphology typical of many early summer flowering 105 

forest herbs, with a greater height than spring ephemerals and an umbrella-like leaf display (cf. 106 

Givnish 1987). Previous studies have found that individuals can produce several shoots, each 107 

typically bearing up to four inflorescences (Eriksson 1995), with the first, top inflorescence, 108 

typically bearing most flowers and fruits. Each black berry contains 8-16 seeds (Zeipel et al. 109 

2006) which germinate below ground one year after release, and aerial parts emerge one year 110 

thereafter (Ehrlén and Eriksson 2000, Fröborg and Eriksson 2003). The entire plant is toxic 111 

(Anderberg A. and Anderberg A.-L. 2017). Estimated mean life span of individuals surviving 112 

to reproduction is 20.2 years (Ehrlén and Dahlgren, unpublished data). Population growth rate 113 

is more sensitive to survival and growth than to reproduction (Dahlgren and Ehrlén 2009), as 114 

is typical for long-lived herbs (Silvertown et al. 1993). 115 
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STUDY AREA 116 

Potential study populations were selected using Artportalen (www.artportalen.se), an online 117 

reporting system for species observations (including citizen science observations) and 118 

information about Swedish flora and fauna developed by the Swedish University of 119 

Agricultural Sciences (SLU). We visited more than 100 populations across the country 120 

distributed with the aim of covering the entire Swedish distribution of the species and to obtain 121 

a representative sample of the environments experienced by the species (favoring reported 122 

occurrences with more exact coordinates). We aimed for populations with at least 50 123 

established non-seedling individuals, but occasionally populations with fewer individuals were 124 

included in the study to guarantee a good spatial coverage. We identified 43 suitable 125 

populations across Sweden (Appendix S1: Fig. S1). In these populations permanent plots were 126 

established in 2017 and followed until 2019. Over the course of the study, we lost three 127 

populations due to grazing and wild boar activity, leaving 40 study populations in which data 128 

was collected in all three years. Distance to nearest population ranged between 30 km and 139 129 

km (mean distance = 73 km) and plot size depended on the plant density and ranged from 6 to 130 

363 m2. The habitat varied substantially between sites, with some sites located in pure broadleaf 131 

forest and others in pure coniferous forests. 132 

DEMOGRAPHIC DATA COLLECTION 133 

Up to 50 non-seedling individuals were included at each population in 2017. All plants were 134 

marked by placing a small flag (steel wire with a piece of tape) in the soil, and mapped to 135 

enable relocation in following years. All seedlings were counted and followed individually 136 

from the year after emergence. In total, 2263 plants were surveyed over the course of the study. 137 

Presence (1 or 0), state (flowering or vegetative), plant height, shoot diameter, and fruit number 138 

per inflorescence were recorded for all established plants between July and August in all years. 139 
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An individual was considered dead in 2018 if it lacked above-ground structures in both 2018 140 

and 2019. Individuals that were only missing in 2018 had either been dormant or the above-141 

ground tissues had been damaged before the demographic census. Because dormancy in one 142 

year could only be detected in retrospect after revisiting the site in the following year, we 143 

assumed the same proportion (3.6%) of individuals lacking above-ground structures were 144 

dormant in 2019 in the statistical models for survival. Plant size was defined as the natural 145 

logarithm of the product of plant height and squared shoot diameter, where height is the 146 

distance from the ground to the horizontal plane formed by the largest leaves (as in Dahlgren 147 

and Ehrlén 2009; see Appendix S2: section 1). Growth was defined as the difference in size 148 

between censuses.  149 

ENVIRONMENTAL DATA COLLECTION 150 

We collected a range of environmental variables including 15 abiotic factors related to climate, 151 

topography and soil properties, and three biotic factors concerning plant community structure 152 

and intraspecific population density. We collected weather data throughout the whole study 153 

period, with air-temperature and humidity data loggers (EasyLog EL-USB-2, Lascar 154 

electronics) placed at the center of each plot and covered with a plastic cup to protect them 155 

from direct sunlight and rain. We used the logger data to calculate (i) growing degree days 156 

(base temperature: 5 °C) for the spring period 15th May-15th June.06, (ii) the start of spring, 157 

using the definition from the Swedish meteorological office (SMHI 2011) and (iii) vapor 158 

pressure deficit (hereafter VPD), the difference between the actual vapor pressure in the air and 159 

that of saturated air, where vapor pressure is a temperature corrected measure for moisture 160 

(Anderson 1936, Jones 2014). VPD was calculated for the summer period (15th June - 15th 161 

August) using the R package plantecophys (Duursma 2015). We measured slope inclination 162 

and slope aspect and used them to calculate the extent to which the ground was slanted towards 163 
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the sun, as an additional indicator of the exposure to light and moisture (hereafter “slope”). In 164 

addition, we recorded exact latitude and longitude positions with a Garmin GPS map 64s, 165 

estimated site area and calculated intraspecific plant density for each site as the number of 166 

individuals per m2. In 2018 we collected soil samples and analyzed the concentrations of nitrate 167 

(NO3
-), exchangeable ammonia (NH4

+), plant available phosphorus (P), phosphate (PO4
3-), 168 

plant available potassium (K) as well as soil pH. Lastly, we collected data on the plant 169 

community structure at each site: To determine the percentage of coniferous vs. broadleaf trees 170 

we recorded the abundance of each tree species using a relascope, a forestry instrument to 171 

measure basal area, for each tree visible from the center of the site. We took canopy cover 172 

pictures using the back camera of a Sony Xperia L1 with an attached fisheye-lens (180° 173 

Supreme Fisheye Lens, Model MFE4 by MPOW Inc) which were then processed in ImageJ 174 

(Schneider et al. 2012) using the plugin Hemispherical 2.0 (Beckschäfer 2015) to calculate the 175 

gap fraction (see Appendix S2: section 2 for further details on the environmental data 176 

collection). 177 

Table 1: Observed values of environmental drivers in the field. For each environmental driver we 

present minimum and maximum observed value on our 40 field sites as well as the mean of all 

observations. 

Environmental driver Min value Max value Mean value 

Growing Degree Days 142.5 430 310.1 

First spring date 2018-03-06 2018-07-19 2018-04-23 

Vapor Pressure Deficiency -0.038 kPa 0.929 kPa 0.55 kPa 

Potassium concentration 0.03 mg/g TV 1.54 mg/g TV 0.28 mg/g TV 

pH in the soil  4.77 7.73 5.91 

Soil depth 4.8 cm 42.8 cm 11.59 cm 

Percentage of coniferous trees 1 % 100 % 49 % 

Gap fraction 6.31 % 38.28 % 18.08 % 

Aspect distance to South 0° 190° 101.72° 

Slope 0° -388° -18.84° 

 178 

 179 
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STATISTICAL ANALYSES 180 

To avoid the effects of overfitting (Harrell 2001), we limited the number of environmental 181 

variables included in the regression models, and did not evaluate interactive effects. If two 182 

environmental variables showed bivariate correlations of > 0.7, we omitted the variable we 183 

expected less likely to have an effect on the population growth rate of A. spicata based on 184 

knowledge of the system (Appendix S1: Fig. S2). To further reduce the number of putative 185 

drivers, we performed a principal component analysis (PCA) on the soil variables. All soil 186 

variables except pH were aligned with the first PCA-axis, which explained 46.8% of the 187 

variation, and soil pH was aligned with the second PCA-axis, which explained 22.3% of the 188 

variation (Appendix S1: Fig. S3). Based on this, we chose to retain only soil potassium and pH 189 

as soil potassium has previously been shown to have important effects on A. spicata (Dahlgren 190 

and Ehrlén 2009, 2011). Final models thus included the following environmental variables in 191 

the vital rate regression models: VPD, soil potassium concentration, soil pH, soil depth, 192 

percentage of coniferous trees, intraspecific density, canopy gap fraction and slope. 193 

We assessed effects of environmental variables on vital rates (probability of survival, growth, 194 

probability of flowering, and number of fruits) using generalized linear mixed models (GLMM) 195 

and linear mixed models (LMM) in the R package lme4 (Bates et al. 2015). Predictions lines 196 

and 95% confidence intervals were generated with the R package effects (Fox and Weisberg 197 

2018). We standardized all variables by subtracting the arithmetic mean and dividing by the 198 

standard deviation to ease interpretation when comparing effect sizes and to improve model 199 

convergence. For modelling the probability of survival and flowering we used logistic 200 

regressions with binomial error distributions and logit link functions. Growth was modelled 201 

with a ordinary Gaussian linear model and fruit number was modelled using a Poisson error 202 

distribution and log link function. We pooled the data for both annual transitions for analysis 203 
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and accounted for the spatial structure of the data and repeated measurements of individuals by 204 

including site and plant ID as random effects. We also analyzed the two years separately, to 205 

investigate the consistency of effects. In all models, we included plant size as a fixed effect. 206 

We included all environmental variables and intraspecific population density as both linear and 207 

quadratic fixed-effect terms. To ease interpretation and avoid effects of overfitting (Harrell 208 

2001) we then created a reduced model, which only included those quadratic terms that where 209 

statistically significant following strict cut-off points (for the GLMMs: P < 0.05; for the LMMs: 210 

no P-values are provided by the lme4 package, we therefore used - 1.96 < t < 1.96 which 211 

corresponds to a P-value of < 0.05 in models with high degrees of freedom). We used this 212 

reduced model to assess the statistical significance of remaining linear and quadratic terms, and 213 

we evaluated the statistical significant of effects according to the same criteria as above. We 214 

conducted all modelling, data exploration and visualization using R version 3.5.1 (R Core 215 

Team 2018). 216 

INTEGRAL PROJECTION MODELLING  217 

An IPM is a population model with similar properties as a matrix population model but with 218 

continuous instead of discrete stage classes and a projection kernel instead of a projection 219 

matrix (Easterling et al. 2000). We constructed the IPM in this study as described in Dahlgren 220 

and Ehrlén (2009) based on R code presented in Merow et al. (2014a, Appendix F). To allow 221 

for a delay of seedling establishment (see Study species) and treatment of seeds and seedlings 222 

as discrete classes (cf. Rees et al. 2006) our environmentally explicit IPM consisted of three 223 

coupled equations: 224 

𝑛𝑡+1(𝑥′) =  𝑝𝑠𝑝𝑑(𝑥′) 𝑆2 (𝑡) ∫ 𝑠(𝑥′, 𝜃) 𝑔(𝑥′, 𝑥, 𝜃) 𝑛𝑡(𝑥)𝑑𝑥 
𝑈

𝐿
           eqn 1 225 

 𝑆2 (𝑡+1)=𝑝𝑒 𝑆1 (𝑡)                 eqn 2 226 

 𝑆1 (𝑡+1)= ∫ 𝑝𝑓(𝑥, 𝜃) 𝑓𝑛(𝑥, 𝜃)𝑓𝑠(𝑥𝑡)𝑑𝑥 
𝑈

𝐿
.             eqn 3 227 
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Each relevant component of the IPM included a vector 𝜃 for the significant environmental 228 

drivers identified in the regression models as covariates. n(xt)dx is the distribution of size x at 229 

time t while L and U are the upper and lower bounds of possible sizes. In equation 1, ps is the 230 

probability of seedling survival and pd the probability density function of sizes of surviving 231 

seedlings. S1 is the number of seeds and S2 the number of seedlings. The function s(x’, 𝜃) 232 

describes survival and g(x’,x, 𝜃) is the growth function, describing individuals of size x at time 233 

t which survive reaching size x’ in time t+1. In equation 2, pe is the probability of seedling 234 

establishment given the survival of seeds (S1). In equation 3, pf(x) is the probability of flowering 235 

and fn the number of fruits. fs is the number of seeds per fruit, which was assumed to be 9.61, 236 

as in Dahlgren and Ehrlén (2009). 237 

We first used the IPM to calculate population growth rate (λ) as the dominant eigenvalue of the 238 

kernel (Ellner and Rees 2006, Ellner et al. 2016) for each study site. We then estimated the 239 

correlation between λ and latitude using a linear regression model. To evaluate the effects of 240 

each significant environmental variable on λ, we constructed a separate kernel for each 241 

environmental variable and calculated λ for the observed mean values of the tested variable as 242 

well as for a range corresponding to three standard deviations away from the mean (i.e. ranging 243 

from -3 to 3) while holding all other variables constant at their mean value. 244 

Results 245 

Over the two observed transitions the average yearly survival of individuals was 91%. The 246 

mean change in size from year t to year t+1 was -3.6%. On average 24% of all individuals 247 

flowered and the number of fruits per individual ranged from 0 to 90 (mean = 16.15). The first 248 

inflorescence carried on average 82% of all fruits. 249 
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 250 

Figure 1. Map of Sweden showing the population growth value (λ) for the corresponding site for the 

time period 2017-2019. 

Individual plant size was correlated with all four investigated vital rates; survival, growth, 251 

probability of flowering, and number of fruits (Appendix S1: Fig. S4 and table S1). Soil depth, 252 

soil pH, VPD, intraspecific density and percentage of coniferous trees were significantly 253 

related to one or several vital rates (Fig. 2). Most environment–vital rate relationships were 254 

linear, but density and percentage of coniferous trees had significant quadratic relationships 255 

with fruit number (Fig. 2d). In our regression models, the percentage of coniferous trees 256 
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affected survival positively (Fig. 2a) whereas fruit number was highest at average values of 257 

percentage of coniferous trees (Fig. 2d). VPD negatively influenced growth and flowering 258 

probability (Fig. 2b and c). Soil depth had a positive relationship on growth (Fig. 2b). Soil pH 259 

was negatively related to flowering probability (Fig. 2c) and the effect of intraspecific density 260 

on number of fruits was u-shaped with higher fruit production at lowest and highest density 261 

values (Fig. 2d). The effects of environmental variables were similar in both transitions 262 

(Appendix S1: table S4). 263 

264 
Figure 2. Influence of environmental drivers on vital rates of A. spicata. Panel (a) shows the influence 265 
of coniferous trees (β = 0.38, ± = 0.11 SEM, P = < 0.01) on survival, (b) VPD (β = -0.07, 266 
± = 0.03 SEM, t = -2.209) and soil depth (β = 0.06, ± = 0.03 SEM, t = 2.071) on growth, (c) pH (β = -267 
0.24, ± = 0.09 SEM, P = < 0.01) and VPD (β = -0.26, ± = 0.09 SEM, P = < 0.01) on the probability of 268 
flowering and (d) density (β = 0.17, ± = 0.07 SEM, P = 0.01; β = -0.12, ± = 0.04 SEM, P = < 0.01 for 269 
density and density2, respectively) and percentage of coniferous trees (β = -0.04, ± = 0.04 SEM, 270 
P = 0.25; β = 0.15, ± = 0.06 SEM, P = < 0.01, for coniferous trees and coniferous trees2, respectively) 271 
on the number of fruits. Polygons show 95% confidence intervals. 272 

 273 
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The mean population growth rate was 0.96 over all transitions and sites. However, populations 274 

were on average increasing during the first transition (mean λ2017-2018 = 1.04, sd = 0.05), but 275 

decreasing during the second transition (mean λ2018-2019 = 0.87, sd = 0.05). Population growth 276 

rates also varied between sites (Fig. 1) and ranged from 0.84 to 1.05 over the study period 277 

(sd = 0.05, Appendix S1: table S2). We found no significant relationship between population 278 

growth rate and latitude (P = 0.77).  279 

Our IPMs showed that coniferous trees and VPD had the largest influence on population growth 280 

rate, closely followed by the effect of soil depth (Fig. 3, Appendix S1: Fig. S5 and table S3). 281 

While the effects of increasing proportion of coniferous trees and soil depth were positive, 282 

increasing VPD had a negative association with λ. The influence of increasing pH was also 283 

negative but smaller than the effect of VPD. The effect of density was negligible. 284 

 285 

Figure 3. Influence of the environmental drivers of vital rates on the population growth rate (λ). 
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Discussion 286 

Our results demonstrate substantial effects of climatic, non-climatic abiotic, and biotic 287 

environmental drivers on the population dynamics of the perennial herb Actaea spicata. 288 

Specifically, we showed that population growth rate is strongly influenced by vapor pressure 289 

deficit (VPD), soil depth, and tree composition. There was also a substantial difference in the 290 

relative importance of the various environmental drivers on the different vital rates. The three 291 

environmental factors influencing survival and growth had large effects on overall population 292 

dynamics, illustrating that the population growth rate of A. spicata, as well as other long-lived 293 

plants, is more sensitive to changes in those vital rates (Silvertown et al. 1993, Dahlgren and 294 

Ehrlén 2009). In accordance with the low influence of reproduction on population growth rate 295 

of A. spicata, soil pH had small effects on population dynamics, even though it had a strong 296 

negative effect on the probability of flowering. The effect of intraspecific density on fruit 297 

number translated to an even smaller effect on population growth rate. These results illustrate 298 

how effects of environmental factors and the sensitivity to the affected vital rates jointly 299 

determine the realized niches of species by putting limits on population growth. 300 

The negative effects of VPD on several vital rates and population performance is particularly 301 

interesting in the context of ongoing climatic changes. If humidity in Sweden will increase at 302 

the same rate as it has during the last 50 years (Wern 2013), and temperature increases as 303 

predicted by Sjökvist et al. (2015), the predicted average population growth rate of A. spicata 304 

across Sweden would increase from λ = 0.97 to λ = 1.01 (see Appendix S3 for details). The 305 

positive influence of lower VPD values on population growth rate, and the expectation of a 306 

future decrease, highlight the importance of understanding the effects of climate change on 307 

plant populations. Like several previous studies in temperate areas (Nicolè et al. 2011, Sletvold 308 

et al. 2013), we found that direct effects of climate change on plant populations will likely be 309 
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positive. If this is a general trend, and that most species would be affected positively, then this 310 

should mean that effective competitors may be the most successful plants in the future. In 311 

addition to direct effects on A. spicata and its competitors, changes in climate might affect 312 

forest community structure and soil composition (e.g. Lükewille and Wright 1997, Garten et 313 

al. 1999), which in turn affect its population dynamics. In a changing climate, a combination 314 

of these factors will lead to a shift in the geographical distribution of suitable conditions for 315 

A. spicata. 316 

Some of the effects that we detected contrasted with our expectations. The positive effect of a 317 

high percentage of coniferous trees on individual survival and population growth rates is the 318 

opposite of the effect found in previous studies with the same species (Fröborg and Eriksson 319 

2003, Dahlgren and Ehrlén 2011). It also contrasts with that A. spicata tends to be more 320 

common in broadleaf forests (Mossberg and Stenberg 2014). It is possible that the percentage 321 

of coniferous trees in our study was correlated with, for example, low light availability, high 322 

soil moisture or low maximum temperatures. This could explain why its effect on population 323 

growth was stronger in the 2018-2019 transition following an extremely warm and dry in 2018, 324 

suggesting the positive effect of coniferous trees on survival may have been due to a buffering 325 

of the drought. Previous studies also detected effects of soil potassium, but no effects of soil 326 

pH, soil depth and variables related to soil moisture and temperature (Dahlgren and Ehrlén 327 

2009, 2011). The differences in detected effects are likely due to the different scale of the 328 

studies, where the previous were focused on patterns at a few sites close to each other while 329 

this study covers the Swedish distribution of the species. The difference in results highlight the 330 

importance of scale for demographic studies. Large-scale studies are likely to cover larger 331 

environmental gradients and therefore more likely to detect responses to an environmental 332 

driver (e.g. Levin 1992, Chave 2013).  333 
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We detected both biotic and abiotic drivers and several of these might alter due to 334 

anthropogenic influences, such as effects of forestry on tree species composition. Our findings 335 

are in line with other studies that have assessed effects of multiple drivers of population 336 

dynamics (Nicolè et al. 2011, Diez et al. 2014) and a recent study found that the impact of 337 

abiotic, biotic and anthropogenic factors on population growth rate are equally important and 338 

should therefore all be considered in environmentally explicit population models (Morris et al. 339 

2020). Our results emphasize that the performance of a species is affected by multiple 340 

environmental drivers, and that we should consider as many drivers as possible, given 341 

considerations of sample size and potential overfitting, when assessing environmental drivers 342 

and predicting how environmental change will affect species. We conclude that 343 

environmentally explicit demographic models, fitted to data over large geographical scales, 344 

and including a broad variety of environmental drivers are a valuable tool for identifying 345 

species’ niches. We also assert that these analyses can be valuable for designing management 346 

strategies for species of special interest. Finally, combining these demographic models with 347 

classical species distribution models (e.g. Greiser et al. 2020) has the potential to lead to a 348 

deeper understanding of the drivers of changes in species abundances and distributions. 349 
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Appendix S1  

 

Figure S1. Map of all initial fieldwork sites of Actaea spicata in Sweden. Sites are distributed over the whole 

climatic range of Sweden and we tried to spread them out evenly both over latitudinal and longitudinal 

gradients. Site 100A was lost due to grazing in 2018, site 170A was heavily frequented by wild boar in 2018 

and 2019 and Site 138A could not be accessed in 2018 and 2019. Those sites were therefore removed from 

the analyses.  

.CC-BY-NC-ND 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 2, 2020. ; https://doi.org/10.1101/2020.02.29.969428doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.29.969428
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Actaea spicata – demography 

2 
 

 

 

Figure S2: Correlation table with all environmental variables initially included in the analyses. Variables that 

have been collected over several years are included for each of those years and are naturally highly 

correlated. 
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Figure S3: Results from Principal component analysis of the soil variables.  
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Figure S4. Influence of size on vital rates of A. spicata. Panel (a) shows the influence of size on survival 

(β = 0.31, ± = 0.03 SEM, P = < 0.01), (b) on growth (β = 0.86, ± = 0.01 SEM, t = 83.8), (c) on the probability of 

flowering (β = 1.17, ± = 0.05 SEM, P = < 0.01) and (d) on the number of fruits (β = 0.28, ± = 0.02 SEM, 

P = < 0.01). For all relationships the 95% CI is included in the figures. 
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Figure S5: Effects of pairs of environmental variables on population growth rate. We analyzed two drivers 

simultaneously by evaluating λ for every possible combination of the range of the pair of drivers to 

produce a matrix of λ-values. The top row shows the effect of percentage of coniferous trees on the x-

axis combined with (a) soil depth, (b) VPD and (c) pH. While the second row shows VPD on the x-axis 

combined with (d) pH and (e) soil depth. (f) Combined effect of pH and soil depth. The bottom two rows 

show effects of density combined with (g) percentage of coniferous trees, (h) VPD, (i) soil depth and (j) pH. 

All environmental variables are standardized by subtracting the arithmetic mean and dividing by the 

standard deviation 
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Table S1: Significance of environmental variables in the vital rate regression models over all transitions. 

Estimates (with standard deviations in parentheses) are from models including all tested environmental 

factors, but with non-significant polynomial terms omitted. ● = p < 0.1, * = p < 0.05, ** = p < 0.01, 

*** = p < 0.001, NS = quadratic term was not significant in the model where all non-linear terms were 

included and has therefore not been included in the reduced model. 

Environmental driver Survival Growth Flowering Fruits 

Size 0.32 (0.03) *** 0.86 (0.01), t = 83.79 1.17 (0.05) *** 0.28 (0.02) *** 
VPD -0.07 (0.11) -0.07 (0.03), t = -2.21 -0.26 (0.5) ** -0.05 (0.04) 
VPD^2 NS NS NS NS 
K -0.11 (0.13) -0.001 (0.03), t = -0.026 -0.29 (0.15) * 0.07 (0.05) 
K^2 NS NS 0.08 (0.05) ● NS 
pH 0.17 (0.11) 0.01 (0.03), t = 0.305 -0.24 (0.09) ** 0.04 (0.04) 
Soil depth 0.19 (0.11) ● 0.06 (0.03), t = 2.071 -0.002 (0.08) -0.006 (0.04) 
% coniferous trees 0.38 (0.11) *** -0.01 (0.03), t = -0.495 0.1 (0.08) -0.04 (0.03) 
% coniferous trees^2 NS NS NS 0.15 (0.06) ** 
Gap fraction  -0.04 (0.14) 0.02 (0.04), t = 0.604 -0.08 (0.1) -0.002 (0.05) 
Slope -0.03 (0.08) -0.002 (0.02), t = -0.109 -0.05 (0.06) -0.07 (0.04) ● 
Density -0.01 (0.12) 0.05 (0.03), t = -0.333 -0.04 (0.09) 0.17 (0.07) * 
Density^2 NS NS NS -0.12 (0.04) ** 
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Table S2: Population growth rates (λ) for all populations shown for all transitions pooled and for both 

transitions individually. Direction shows the difference between λ-values in the two individual transitions, 

where “+” indicates an increase in λ from the transition 2017-2018 to the transition 2018-2019 and “-“ 

indicates a decrease. Values were calculated without including environmental variables. 

 Population growth rate (λ) 

direction Site 2017-2019 2017-2018 2018-2019 
102A 0.84 0.93 0.85 - 
104A 0.9 1.06 0.73 - 
105A 1.05 1.09 0.98 - 
107A 0.91 1.03 0.82 - 
108A 0.99 1.11 0.84 - 
111A 1.01 1.09 0.89 - 
113A 1.04 1.11 0.95 - 
115A 0.96 1.04 0.87 - 
116A 0.90 1.01 0.84 - 
117A 0.96 1.03 0.89 - 
119A 0.94 1.02 0.83 - 
121A 1.00 1.06 0.90 - 
129A 0.97 1.09 0.83 - 
130A1 0.87 0.94 0.81 - 
130A2 0.95 1.03 0.80 - 
131A 0.95 0.94 0.90 - 
132A 0.94 0.96 0.90 - 
133A 0.98 1.03 0.92 - 
134A 0.96 1.04 0.92 - 
135A 0.94 1.02 0.87 - 
136A 0.96 1.03 0.83 - 
137A 0.96 0.99 0.89 - 
139A 0.97 1.03 0.88 - 
141A 0.95 1.03 0.89 - 
142A 0.88 1.01 0.88 - 
143A 0.98 1.08 0.84 - 
146A 1.00 1.08 0.90 - 
148A 0.99 1.03 0.91 - 
150A 0.95 0.99 0.83 - 
151A 0.96 1.09 0.79 - 
152A 1.02 1.04 0.88 - 
154A 0.91 1.03 0.80 - 
159A 0.96 1.05 0.87 - 
160A 0.88 1.00 0.81 - 
164A 0.99 1.07 0.91 - 
165A 0.97 0.96 0.93 - 
166A 0.95 1.05 0.83 - 
167A 0.95 1.04 0.86 - 
168A 1.02 1.05 0.93 - 
171A 1.01 1.09 0.92 - 
average 0.96 1.04 0.89 - 
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Table S3: Overview of the influence from pairwise combinations of significant environmental drivers on 

population growth rates.  

Combination  Min λ  Max λ Mean λ 

Density + coniferous trees 0.84 1.03 0.95 

Density + VPD 0.88 1.03 0.96 

Density + soil depth 0.90 1.01 0.96 

Density + pH 0.95 0.98 0.96 

Coniferous trees + pH  0.83 1.04 0.95 

Coniferous trees + soil depth 0.78 1.07 0.95 

Coniferous trees + VPD 0.75 1.09 0.95 

VPD + pH 0.88 1.04 0.96 

VPD + soil depth 0.83 1.07 0.96 

pH + soil depth 0.89 1.03 0.96 
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Table S4: Significance of environmental variables in the vital rate regression models for the individual transitions. Estimates (with standard deviations 

in parentheses) are from models including all tested environmental factors, but with non-significant polynomial terms omitted. ● = p < 0.1, 

* = p < 0.05, ** = p < 0.01, *** = p < 0.001, NS = quadratic term was not significant in the model where all non-linear terms were included and has 

therefore not been included in the reduced model. 

Environment
al driver 

Survival 
2017-18 

Survival 
2018-19 

Growth 
2017-18 

Growth 
2018-19 

Flowering 
2017-18 

Flowering 
2018-19 

Fruits 
2017-18 

Fruits 
2018-19 

Size 0.45 (0.05) 
*** 

0.24 (0.04) 
*** 

0.93 (0.02), 
t = 59.573 

0.81 (0.01), 
t = 61.364 

1.3 (0.08) *** 1.13 (0.08) 
*** 

0.35 (0.02) 
*** 

0.37 (0.02) 
*** 

VPD -0.39 (0.16) * 0.13 (0.12) -0.1 (0.04),  
t = -2.413 

-0.03 (0.04), 
t = -0.764 

-0.45 (0.11) 
*** 

-0.27 (0.13) * -0.03 (0.03) -0.12 (0.07) ● 

VPD^2 NS NS NS NS -0.18 (0.07) * NS NS NS 

K -0.26 (0.18) -0.21 (0.14) -0.01 (0.05), 
t = -0.234 

-0.01 (0.05), 
t = -0.165 

-0.03 (0.11) -0.49 (0.22) * -0.04 (0.04) 0.02 (0.08) 

K^2 NS NS NS NS NS 0.09 (0.07) NS NS 

pH 0.28 (0.16) ● 0.05 (0.13) -0.04 (0.04), 
t = -0.984 

0.01 (0.05), 
t = 0.187 

-0.25 (0.1) * -0.26 (0.13) * 0.04 (0.04) 0.11 (0.07) 

pH^2 NS 0.25 (0.9) ** NS 0.06 (0.03), 
t = 1.955 

NS NS NS NS 

Soil depth 0.93 (0.3) ** 0.04 (0.12) 0.01 (0.04), 
t = 0.223 

0.09 (0.04), 
t = 2.21 

0.39 (0.17) * -0.1 (0.12) -0.14 (0.07) * 0.08 (0.07) 

Soil.depth^2 -0.14 (0.07) * NS NS NS -0.08 (0.04) ● NS 0.03 (0.02) * NS 

% coniferous 
trees 

0.16 (0.16) 0.46 (0.11) 
*** 

-0.08 (0.04), 
t = -2.085 

0.07 (0.04), 
t = 1.89 

-0.19 (0.1) ● 0.3 (0.12) * -0.04 (0.04) -0.04 (0.07) 

% coniferous 
trees^2 

-0.68 (0.21) 
** 

NS NS NS NS NS 0.1 (0.05) * NS 

Gap fraction  -0.21 (0.18) 0.24 (0.15) -0.03 (0.05), 
t = -0.66 

0.1 (0.05), 
t = 2.042 

-0.23 (0.12) ● 0.07 (0.15) -0.02 (0.05) 0.07 (0.08) 

Slope -0.18 (0.11) 0.05 (0.08) 0.01 (0.03), 
t = 0.22 

-0.001 (0.03), 
t = -0.025 

0.07 (0.07) -0.11 (0.08) -0.43 (0.19) * -0.003 (0.05) 

Slope^2 NS NS NS NS NS NS 0.05 (0.02) * NS 
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density 0.12 (0.16) -0.18 (0.14) -0.01 (0.05), 
t = -0.188 

-0.04 (0.05), 
t = -0.885 

-0.07 (0.1) -0.14 (0.13) ● -0.01 (0.04) -0.03 (0.07) 

density^2 NS NS NS NS NS NS 0.06 (0.03) * NS 
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demographic variation in a perennial plant. Ecology 

 

Appendix S2 

Section 1: Demographic data collection 

Size data 
The size of individuals of Actaea spicata was calculated from plant height and stem diameter following 

Dahlgren and Ehrlén (2009) and as given in 

𝑆𝑖𝑧𝑒 = log(𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟2) ∗ ℎ𝑒𝑖𝑔ℎ𝑡 

Where height is defined by the distance from the ground to the horizontal plane formed by the largest leaves. 

To measure this, we used a ruler starting with 0 and measure from ground to horizontal plane, ignoring the 

inflorescences (Fig. S1). Stem diameter was measured on the vegetative stem, 1 cm below the point, where 

the different leaves branch. The diameter of A. spicata is not round but oval. We therefore measured the 

point with the largest width as shown in Fig. S2.  

 

Figure S1: Measurement of plant height for Actaea spicata 

 

 

Figure S2: Measurement of shoot diameter for Actaea spicata 
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Fecundity data 
Actaea spicata has up to four inflorescences, sometimes even more. The inflorescences do not start growing 

at the same time and therefore were in various stages during the census (e.g. flowering or already having 

fruits). The order in which inflorescences appear is shown in Fig. S3. We recorded the number of flowers or 

fruits in each inflorescence separately. 

 

Figure S3: Flowering-order of Actaea spicata 
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Section 2: Environmental variable collection 

In addition to the demographic data we collected a range of environmental variables regarding climate, soil 

nutrients, topography and plant community for each site. We collected weather data throughout the whole 

study period. Air-temperature and humidity loggers (EasyLog EL-USB-2 from Lascar electronics) were placed 

in the center of each plot, tied to a wooden pole and protected from rain with a plastic mug equipped with 

holes to provide air circulation (as described in Terando et al. 2017). We used the logger data to calculate 

growing degree days with a base temperature of 5 °C for the spring period 15.05-15.06 and first spring date 

by the definition from the Swedish meteorological office (SMHI 2011), which is seven days in a row with mean 

temperatures above 0 °C after the 15th of February. In addition, we calculated Vapor Pressure Deficiency, a 

temperature corrected measure for moisture in the air (Jones 2014), during summer (15.06-15.08, hereafter 

VPD) using the R package plantecophys (Duursma 2015) since it is highlighted as more important for plants 

compared to relative humidity (Ashcroft and Gollan 2013).  

In 2018 we took soil samples from five different spots within a site. The soil was taken from around 10 cm 

below ground (after scraping away litter from the surface). The spots were chosen so that they are spread 

out evenly over the site (e.g. like on a dice). If possible, the soil was taken from inside the patch. In case of a 

very small patch or a very dense population, we took samples from the closest possible location. Soil samples 

from one site were mixed and stored in a plastic-zip bag where we pressed out the air before storing them 

in a cooler. The samples were then analyzed in the laboratory at the University of Southern Denmark. In 2018 

we collected soil samples and analyzed the concentrations of several important plant nutrients. Nitrate (NO3
-

) and exchangeable ammonia (NH4
+) was extracted from fresh soil by a 2M KCl solution (Keeney 1982). Both 

NO3
- and NH4

+ were analyzed spectrophotometrically on a SKALAR SANplus Analyzer. Plant available 

Phosphorus (P) was extracted from fresh soil by a 0.5M NaHCO3 solution at pH 8.5 (Olsen 1954) and 

phosphate (PO4
3-) was determined spectrophotometrically, according to Koroleff and Grasshof (1983). Plant 

available potassium (K) was extracted from air dried soil by a mixture of 0.10M ammonium lactate and 0.40M 

acetic acid at pH 3.75 for 90 minutes (Egnér et al. 1960) and analyzed on an ICP OES (Perkin Elmer Optima 

2100 DV instrument). Soil pH was measured pH on a suspension of fresh soil and water. In addition, we 

measured soil depth using a simple metal stick which was put into the ground towards the center of earth – 

disregarding potential slopes of the side. As with the soil samples, we took at least five soil depth samples, 

spread out like on a dice, minimizing the distance from each plant to measurement-points. 

The collected topographic information including exact latitude and longitude positions of the populations, 

taken with a Garmin GPS map 64s when standing in the middle of the plot as well as the slope inclination of 

the site measured using a digital mechanic’s level in the android app Bubble level galaxy. Slope inclination 

was measured from the highest point of the site to the lowest in the way that one person stood at the highest 

point of the site, the other person on the lowest point. The upper person will look at a point on the lower 

person that matches its own eye height. Using the mechanic’s level, we can write down the approximate 

slope of the site (Fig. S4 and S5). Aspect direction of the slope was determined using a compass. Slope 

inclination and aspect direction were used to determine the variable southwards slope, calculated as 

standardized aspect of the site multiplied with the standardized aspect direction as distance to South, were 

0 indicated a slope towards South while 190 indicates a slope aspect towards North. This variable describes 

the extent to which the ground was slanted towards the south and thereby acts as an additional indicator for 

the exposure to light and moisture. In addition, we measured site area and calculated intraspecific plant 

density.  

In 2018 we took canopy cover pictures using the back camera of a Sony Xperia L1 with an attached fisheye-

lens (180° Supreme Fisheye Lens, Model MFE4 by MPOW Inc). Pictures were taken pointing away from the 
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earth center perpendicular to the ground, disregarding the potential slope of the site, from 60 cm above 

ground using a stick to ensure the same distance for every picture. Those images were then processed in 

ImageJ (Schneider et al. 2012) using the plugin Hemispherical 2.0 (Beckschäfer 2015) to calculate the gap 

fraction. If different parts of the site had substantially different canopy covers, several pictures from different 

spots within the site were taken and then averaged. 

Lastly, we collected data on the plant community. We defined tree species and their abundance using a 

relascope, a forestry instrument to measure the basal area, for each tree visible from the center of the site 

to determine the percentage of coniferous vs. broadleaf trees. Looking through the relascope, a tree that is 

smaller than the relascope opening was counted, one that exactly fits the opening counted as 0.5, and trees 

bigger than the opening are counted as one (Fig. S6). Each stem was counted individually at the height of the 

relascope (≙ eye height). One exception for this procedure were hazel trees since they often grow in a cluster 

with stems being too small to be measured in the traditional way. Instead, we measured the stem diameter, 

as we expected it to be if all stems were tightly layered together. Trees that were smaller than 5 cm in 

diameter were not counted. 

 

Figure S4: Upper and Lower are standing on even ground.             Figure S5: Upper stands at the highest point, Lower at the lowest. 

 

 

 

Figure S6: Looking through a relascope the left tree would not count; the right  

tree would be counted as 0.5; trees bigger are counted as 1. 
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Appendix S3 

Calculation of future population growth rates under climate change scenarios 

To get an estimate of how population growth rates (λ) of Actaea spicata will change in the future, we used 

temperature estimates for Sweden from a report of the Swedish meteorological office (Sjökvist et al. 2015). 

The report uses the IPCC scenario RCP 4.5 (IPCC 2014) as baseline for their calculations and predicted an 

increase in temperature of 2°C in southern Sweden and 4°C in northern Sweden until the end of the century 

(Sjökvist et al. 2015). For our calculations we used the mean prognosed temperature increase of 3°C. As an 

estimate of the changes in humidity we used a report about changes in air-humidity stating that relative 

humidity increased by roughly 1% in the past 50 years (Wern 2013). We then calculated a prognosed vapor 

pressure deficit (VPD) value for the year 2100 from those estimates and repeated our analyses with this 

value, leading to an increased average population growth rates of λ = 1.01 (compared to λ = 0.96 during our 

study period). 
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