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Summary  19 

 20 

1. In the prolonged absence of catastrophic disturbance, ecosystem retrogression occurs, which is 21 

characterized by declining soil nitrogen (N) and phosphorus (P) availability, increasing plant and 22 

soil N to P ratios, and reduced plant biomass and productivity. It is, however, largely unknown as 23 

to how the effects of plant communities on soil nutrients change during retrogression or might 24 

contribute to declining nutrient availability as retrogression proceeds. 25 

2. We studied a well-characterized system of 30 lake islands in northern Sweden that collectively 26 

represent a 5000-year post-fire retrogressive chronosequence. For each island, we established an 27 

experiment that involved full factorial removal of three plant functional groups (tree roots, dwarf 28 

shrubs and mosses), and of three species of dwarf shrub (Vaccinium myrtillus, V. vitis-idaea and 29 

Empetrum hermaphroditum). After 19 years, we took various measures of soil N and P 30 

availability, and measured foliar N and P for each dwarf shrub species, for each plot in the 31 

experiment. 32 

3. Although plant removal effects (and particularly removal of tree roots, shrubs, and Vaccinium 33 

species) on belowground N and P measures sometimes changed during retrogression, this seldom 34 

happened in a way that explains the decline in nutrient availability and increase in N to P ratios 35 

that characterizes ecosystem retrogression. The only exceptions were that the positive effects of 36 

tree roots on soil mineral N and P, and of V. myrtillus on soil mineral P, declined during 37 

retrogression.  38 

4. Plant removal effects on community-level measures of shrub N and P varied greatly across the 39 

chronosequence, but these effects again did not align with the changes in soil nutrient availability 40 

or N to P ratios that characterize ecosystem retrogression. 41 

5. Synthesis. Our results suggest that retrogression, and associated changes in nutrient availability 42 

and soil N to P ratios, is driven mainly by longer-term pedogenic processes as opposed to shorter-43 

term effects of plant communities on soil N and P availability. More generally, they illustrate the 44 
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value of long-term and large-scale experimental manipulations of plant communities for showing 45 

how effects of biodiversity loss on ecosystem properties vary across contrasting ecosystems. 46 

 47 

Key-words: Boreal forest, chronosequence, environmental gradient, nitrogen, phosphorus, 48 

plant species effects, removal experiment, retrogression, succession  49 

 50 

Introduction 51 

 52 

Following catastrophic ecological disturbances, primary or secondary succession occurs, and for 53 

the first few hundred years this involves ecosystem development to a maximal biomass phase. 54 

This development is usually characterized by the increasing availability of nutrients for plants, 55 

and accumulation of plant biomass and soil organic matter (Odum 1969; Walker & del Moral 56 

2003). However, in the long term absence of major disturbances this maximal biomass phase does 57 

not persist, and in the time scale of millennia and beyond, a decline or retrogressive phase occurs 58 

in which there is a reduction in soil fertility, plant productivity, and eventually standing plant 59 

biomass (Vitousek 2004; Wardle et al. 2004; Peltzer et al. 2010). This long term decline has now 60 

been characterized for several contrasting chronosequences worldwide with greatly differing 61 

macroclimate and geology, and that span from the boreal zone to the tropics (Wardle et al. 2004; 62 

Selmants & Hart 2010; Laliberté et al. 2012; Wardle et al; 2015; Laliberté et al. 2017). An 63 

important driver of this retrogression is a long-term decline in plant-available nutrients, through 64 

net loss of phosphorus (P) from parent material and occlusion of phosphorus which remains 65 

(Walker & Syers 1976; Vitousek 2004; Turner & Laliberté 2015), and in some instances through 66 

the binding of nitrogen (N) into chemical forms that are less accessible for plant uptake (Northup 67 

et al. 1995; Clemmensen et al. 2015).  68 

 Most studies on declines in soil fertility during retrogression have focused on changes that 69 

occur during pedogenesis and alterations in the chemical forms of major nutrients (Walker & 70 
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Syers 1976; Vitousek 2004; Turner et al. 2007; Peltzer et al. 2010). However, there are plausible 71 

reasons as to why vegetation changes could also conceivably contribute to the reduced nutrient 72 

availability that is observed during retrogression. It is well known that plant species composition 73 

can be a major driver of soil fertility especially in low diversity systems or when individual plants 74 

dominate the ground under them, due to high variation among species in the quality and quantity 75 

of their litter inputs (Hobbie 1992), their impacts on associated soil microbial communities 76 

(Griffiths et al. 1992), and their depletion of nutrients in the soil (Huston & De Angelis 1994). 77 

Further, plant community composition and functional trait spectra often show large changes as 78 

retrogression proceeds (Richardson et al. 2004; Hayes et al. 2014), with a shift towards plants that 79 

produce litter that is more defended and decomposes more slowly (Crews et al. 1995; Wardle et 80 

al. 2009; Lagerström et al. 2013), and that support associated fungal communities that produce 81 

recalcitrant necromass (Clemmensen et al. 2013). As such, it is plausible that shifts towards plants 82 

with more resource-conservative strategies during retrogression could feed back to reduced 83 

availability of soil nutrients. However, to demonstrate this convincingly would require formal 84 

experimentation, and such experimental tests are currently lacking.  85 

 In the present study, we focused on an ongoing long term plot-based experiment 86 

established across a well-characterized retrogressive chronosequence involving 30 forested lake 87 

islands in the boreal forested zone of northern Sweden (Wardle et al. 1997; 2012). These islands 88 

vary in time since their most recent wildfire, and collectively represent a post-fire chronosequence 89 

of 5000 years duration (Wardle et al. 2004). With increasing time since fire soil nutrient 90 

availability declines, leading to changes in the plant community towards species with more 91 

resource-conservative functional traits, and impairment of decomposition processes, plant 92 

productivity and standing plant biomass (Wardle et al. 2003; 2012; Kumordzi et al. 2015; 93 

Clemmensen et al. 2015). The experiment we used involves full factorial manipulations (by 94 

experimental removals) of three plant functional groups (tree roots, dwarf shrubs, and mosses), 95 

and of three dominant dwarf shrub species (Vaccinium myrtillus, Vaccinium vitis-idaea and 96 
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Empetrum hermaphroditum), on all 30 islands (Wardle & Zackrisson 2005; Fanin et al. 2018, 97 

2019; Kardol et al. 2018). Here, V. myrtillus is the most resource-acquisitive of the three species 98 

and it declines during retrogression, while E. hermaphroditum is the most resource-conservative 99 

and it increases during retrogression. The experiment was initiated in 1996 and here we report on 100 

results obtained from it 19 years after set-up. This experiment is the longest running plant 101 

diversity manipulation experiment in existence across contrasting ecosystems, and it provides 102 

unique opportunities for assessing how plant communities affect soil nutrient availability as 103 

retrogression proceeds.  104 

 For this experiment we took measurements in every plot of total soil N and P, soil mineral 105 

N and P, absorption of mineral N and P by ionic resin capsules, and total foliar N and P of each 106 

dwarf shrub species present. Because we know from earlier work in this chronosequence that 107 

during retrogression there is a shift towards plant species and associated fungal communities that 108 

are more resource-conservative (Wardle et al. 2003; 2012; Lagerström et al. 2013; Clemmensen 109 

et al. 2015), we predicted that our experimental plant removals would have increasingly positive 110 

effects on N and P availability as retrogression proceeds. Specifically, we sought to test each of 111 

three hypotheses. First, for the plant functional group removals, we hypothesized that removal of 112 

each of the three groups would have stronger positive effects on available soil N and P levels with 113 

increasing time during retrogression. Second, for the species removal experiment, we 114 

hypothesized that across the chronosequence, removal of the most resource-conservative shrub 115 

species (E. hermaphroditum) which increases during retrogression would have stronger positive 116 

effects on available soil N and P than would the most acquisitive species (V. myrtillus) which 117 

declines during retrogression. Third, we hypothesized that the increasingly positive effects of 118 

plant removals on soil N and P availability as retrogression proceeds would be mirrored 119 

aboveground in terms of increased foliar N and P concentrations in the shrub community. By 120 

testing these three hypotheses in combination, we sought to better understand how plant 121 

communities may drive the availability of nutrients during retrogression.  122 
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 123 

Materials and methods 124 

 125 

STUDY SYSTEM, EXPERIMENTAL SET-UP AND FIELD SAMPLING 126 

 127 

The study system consists of 30 islands in lakes Hornavan and Uddjaure in northern Sweden 128 

(65°55°N to 66°09°N; 17°43°E to 17°55°E). The mean annual precipitation is 750 mm, and the 129 

mean temperature is +13 °C in July and -14 °C in January. All islands were formed following the 130 

retreat of land ice about 9000 years ago. The only major extrinsic factor that varies among islands 131 

is the history of lightning ignited wildfire, with larger islands having burned more frequently than 132 

smaller islands because of their larger area to intercept lightning (Wardle et al. 1997, 2003). 133 

Previous studies on these islands have shown that as they become smaller and time since fire 134 

increases, they enter a state of ‘ecosystem retrogression’ (Peltzer et al. 2010) in which there is a 135 

reduction in soil N and P availability, an increase in soil N to P and C to P ratios, and a decline in 136 

plant biomass and ecosystem productivity (Wardle et al. 2004; 2012) (Table S1). 137 

Consistent with our previous work in this study system (e.g. Wardle & Zackrisson 2005; 138 

Fanin et al. 2018, 2019; Kardol et al. 2018), we divided the 30 islands into three size classes with 139 

10 islands per class: large (> 1.0 ha), medium (0.1–1.0 ha) and small (< 0.1 ha), with a mean time 140 

since last major fire of 585, 2180 and 3250 years, respectively. The use of size classes in this way 141 

enables simple statistical testing of interactive effects of island size with other factors such as 142 

experimental treatments. All islands have burned at least 60 years ago (and up to 5350 years ago) 143 

and so have not been subjected to differing fire disturbance regime for several decades prior to the 144 

present study. The overstorey vegetation of the island system is dominated by Pinus sylvestris, 145 

Betula pubescens and Picea abies, which achieve their greatest relative biomass on large, medium 146 

and small islands, respectively. The understory vegetation is dense and short (< 20 cm) and 147 

dominated by the dwarf shrubs Vaccinium myrtillus, V accinium vitis-idaea and Empetrum 148 
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hermaphroditum (which achieve their greatest relative biomass on large, medium and small 149 

islands, respectively) and the understorey feather mosses Hylocomium splendens and Pleurozium 150 

schreberi (which are abundant for all island size classes). The vascular plant species that dominate 151 

on small islands (notably P. abies and E. hermaphroditum) have resource-conservative strategies 152 

rather than resource-acquisitive strategies, relative to species that dominate on large islands  153 

(Wardle et al. 2012; Kumordzi et al. 2015). 154 

 Here, we used an ongoing long term plant removal experiment, as described in Wardle & 155 

Zackrisson (2005), Gundale et al. (2010), Fanin et al. (2018, 2019) and Kardol et al. (2018). 156 

Removal experiments are a type of biodiversity manipulation recognized as a powerful tool for 157 

investigating the effects of subsets of the resident flora on ecological processes in natural 158 

ecosystems (Díaz et al. 2003; McLaren & Turkington 2011; Li et al. 2018). In August 1996, 14 159 

plots were established on each of the 30 islands (420 plots in total), each representing a different 160 

removal treatment. The experiment consists of two components: (1) a plant functional group 161 

removal component that involves a full factorial combination of three different plant functional 162 

group removals (eight treatments in total); that is, tree root removal (performed by root 163 

trenching), ericaceous shrub removal (performed manually) and feather moss removal (performed 164 

manually) and (2) a plant species removal component that involves a full factorial combination of 165 

three ericaceous dwarf shrub species removals (eight treatments in total; two in common with the 166 

functional group removal component); that is, removal of V. myrtillus, removal of V. vitis-idaea 167 

and removal of E. hermaphroditum. The three plant functional groups represent > 99% of all plant 168 

biomass present on the islands, while the three shrub species represent > 97% of all dwarf shrub 169 

biomass present (Wardle & Zackrisson 2005). There are few other types of plants in the study 170 

system, so when all shrubs and mosses are removed the plots remain largely free of higher plants. 171 

This design allows assessment of the contributions of all possible interactions among functional 172 

groups and among major species within a functional group to ecosystem processes at local spatial 173 

scales across the island size gradient. Removal treatments are implemented on each plot each year 174 
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(in its nineteenth year on the sampling date), and we have shown that the legacy effects of 175 

removal disturbances had mostly ceased by 2003, i.e., by the seventh year (Wardle & Zackrisson 176 

2005). All plots are 55 cm × 55 cm, but only the inner 45 cm × 45 cm area is measured. Because 177 

these soils are nutrient-limited, concentrations of mineral N and P are low and mineral nutrients 178 

are unlikely to travel across buffer zones between adjacent plots; this is borne out through an 179 

ongoing fertilizer experiment that is near to these plots (Wardle et al. 2016), where we did not 180 

find large amounts of mineral N and P in control (unfertilized plots) even when high fertilizer 181 

additions caused very large increases in mineral N and P in adjacent treatment plots. Plots are 182 

located at similar distances from the island shore irrespective of island size, to minimize the 183 

potential of confounding factors covarying with island size, such as edge effects and 184 

macroclimate (Wardle et al. 2012). 185 

 186 

FIELD SAMPLING AND VEGETATION MEASUREMENTS 187 

 188 

Field sampling of soil for the present study is as described by Fanin et al. (2018). From 3 August 189 

to 15 August 2015, five soil humus cores (3 cm diameter, 10 cm depth) were sampled per plot. 190 

One of these cores was taken in the centre of the plot for determining bulk density so that soil 191 

nutrient measures could be expressed on a per area basis. The remaining four cores (each taken in 192 

one corner of the plot 20 cm from the plot centre) were collected for measurements of soil C and 193 

total and mineral N and P. Further, from each plot we collected a sample of at least 20 leaves 194 

produced in the current year’s growing season from each of the three dwarf shrub species (V. 195 

myrtillus, V. vitis-idaea and E. hermaphroditum) whenever present in the plot, for nutrient 196 

analyses. 197 

 Over 3-15 August 2015, we also quantified each of the dwarf shrub species in each plot 198 

using the point intercept method, as described by Wardle & Zackrisson (2005) and Kardol et al. 199 

(2018). For each plot, we recorded the total number of times each species present was intercepted 200 
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by 100 downwardly projected points equally distributed throughout each plot. This provides a 201 

measure of cover density of each species, and within species is strongly correlated with standing 202 

biomass (Wardle et al. 2003). We therefore converted cover data for each species to standing 203 

biomass using previously established calibration equations (Wardle et al. 2003). 204 

 205 

NUTRIENT MEASUREMENTS 206 

 207 

For each soil sample measurements were made of total C, N, P, δ15N, nitrate, ammonium and 208 

phosphate. Total C, N and δ15N were measured by combustion and thermal conductivity detection 209 

using a Flash 1112 Elemental Analyzer (Thermo Scientific, Waltham, MA, USA) linked to an 210 

Isotope Ratio Mass Spectrometer. Total P was measured by combustion and dissolution of ash in 211 

1 M H2SO4, followed by phosphate detection using automated molybdate colorimetry on a Lachat 212 

Quikchem 8500 analyzer (Milwaukee, WI, USA). Ammonium, nitrate and phosphate were 213 

measured on a subsample of soil extracted by KCl by colorimetry on an Auto-Analyzer III (Omni 214 

Process, Solna, Sweden). These data were used to calculate the ratios of C to N, C to P, N to P, 215 

mineral N (ammonium + nitrate) to total N, phosphate P to total P, and mineral N to mineral N + 216 

mineral P. For each plot total and mineral nutrient concentrations were converted to a per unit 217 

area basis to 10 cm soil depth by using the measurement from that plot of humus bulk density.  218 

 For all dwarf shrub leaf samples, N and P concentrations were determined 219 

colorimetrically from micro-Kjeldahl digests, and the N to P ratio was also determined. In 220 

addition, for each plot we determined community-weighted values of N, P, and N to P ratio 221 

by using the following equation according to Garnier et al. (2007):  222 

nutrientagg  nutrienti 223 

where nutrientagg is the aggregated (or weighted average) value of the nutrient variable (N, 224 

P or N to P ratio) for all species collected in that plot, pi is the biomass of species i as a 225 


=

=
n

i

ip
1
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proportion of the total biomass for all vascular plant species collected in that plot, and 226 

nutrienti is the value of the nutrient variable for species i.  227 

One mixed bed ionic resin capsule (PST1 capsule, Unibest, Bozeman, USA) was buried at 228 

5 cm depth in the centre of each plot during August 3-18 2014. These capsules were left for one 229 

year and harvested over August 3-15 2015 for measurement of ammonium, nitrate and phosphate; 230 

these measurements were used as an integrated measure of the supply rate of these nutrients from 231 

the soil solution (De Luca et al. 2002). Ionic capsules were extracted using three consecutive 232 

rinsings of 10 mL 1 M KCl (30 mL total) and nutrient concentrations were reported on a per 233 

capsule basis (Gundale et al. 2014). For each plot this data was also used to calculate the ratio of 234 

mineral N to mineral N + mineral P in the capsule. 235 

 236 

DATA ANALYSIS 237 

 238 

For all response variables we analyzed the data separately for the functional group removal and 239 

species removal components of the experiment, using linear mixed models, as described in Fanin 240 

et al. (2018, 2019). For the functional group component we used island size class as the main plot 241 

factor, and plant functional group removals (i.e., tree removal, shrub removal and moss removal) 242 

as subplot factors, with island identity included as a random effect to account for the natural 243 

variation among ecosystems. For the species removal component the analyses were performed the 244 

same but with species removals (i.e., V. myrtillus removal, V. vitis-idaea removal and E. 245 

hermaphroditum removal) as subplot factors. Post-hoc testing using Tukey’s test at α = 0.05 was 246 

then used to help assess differences among island size classes or among removal treatment 247 

combinations. All statistical analyses were done using R version 3.1.1 (R Development Core 248 

Team 2009). 249 

 250 

Results  251 
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 252 

FUNCTIONAL GROUP REMOVAL EFFECTS ON SOIL N AND P 253 

 254 

Total C and N per unit area were both significantly enhanced overall by shrub removal (Table 255 

S2), by 8.3% and 7.9% respectively. Meanwhile, P per unit area was significantly higher overall 256 

when mosses were removed (mean ± SE = 6.07 ± 0.16 g/m2) than when they were present (5.76 ± 257 

0.14 g/m2). There were also interactive effects of tree root removal, shrub removal and island size 258 

class on both N and P per unit area (Table S2, Fig. S1). For N this was because tree root removal 259 

effects were most positive on large islands where shrubs were removed, and for P this was 260 

because tree root removal effects were most negative on medium islands where shrubs were 261 

removed (Fig. S1). Soil C to N ratios were affected by island size (i.e., 21.3% greater on large 262 

than small islands), and by tree root removal, the interaction of shrub removal and island size 263 

class, and the interaction of all three factors (Table S2) because positive effects of shrub removal 264 

were greatest on large islands and when tree roots were not removed (Fig. 1). Soil C to P ratios 265 

were stimulated overall by 11.1% by shrub removal but were otherwise unresponsive to 266 

treatments (Table S2, Fig. 1). Soil N to P ratios were 28.5% greater on small than large islands, 267 

and were promoted by 6.0% by tree root removal and by 7.9% by shrub removal; there was also a 268 

significant interactive effect between island size and shrub removal because shrub removal effects 269 

were greater on small islands (Table S2, Fig. 1). Meanwhile, soil δ15N was enhanced by 17.2% 270 

overall by shrub removal and 7.6% by moss removal (Table S2, Fig. 2). Further, there was an 271 

interactive effect of island size and tree root removal on soil δ15N because removals had their 272 

strongest negative effects on medium islands (Table S2, Fig. 2). 273 

 Mineral N per unit area and the mineral N to total N ratio were both substantially higher 274 

on medium than on large or small islands, and both measures were stimulated overall by ca. 20% 275 

by shrub removal (Table S2, Fig. 3). There were also significant interactive effects of island size 276 

and tree root removal on both variables because the removals had their largest negative effects on 277 
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medium islands. Meanwhile, mineral P per unit area and the mineral P to total P ratio were both 278 

least on the small islands, and both measures were reduced overall by ca. 37% when shrubs were 279 

removed, and by ca. 32% when tree roots were removed (Table S2, Fig. 3). There were also 280 

significant interactive effects of island size and tree root removal on both variables because the 281 

removal had their weakest effect on small islands. The ratio of mineral N to mineral N + P ratio 282 

was significantly stimulated overall by 11.2% by tree root removal, and by 21.5% by shrub 283 

removal (Table S2, Fig. 3). 284 

 Nutrients retrieved by resin capsules were strongly affected only by shrub removal (Table 285 

S2). As such, resin N and P were reduced overall by 13.0% and 38.8% by shrub removals 286 

respectively, while the ratio of resin N to resin N+P was promoted by 11.2% (data not presented).  287 

 288 

SHRUB SPECIES REMOVAL EFFECTS ON SOIL N AND P 289 

 290 

Total C per unit area was significantly greater when V. vitis-idaea was removed (mean ± SE = 291 

4368 ± 399 g/m2) than when it was present (4156 ± 379 g/m2), but no other treatment effects were 292 

significant (Table S3). Total N per area was affected only by island size through being highest on 293 

small islands, while P per unit area was unaffected by any factor (Table S3). Soil C to N ratio was 294 

greatest on large islands, and reduced overall by 3.6% by the removal of V. myrtillus (Table S3, 295 

Fig. 4). Soil C to P ratio and N to P ratios were both enhanced overall by V. vitis-idaea removals, 296 

by 10.6% and 8.0% respectively (Table S3. Fig. 4). Soil N to P ratios were also greatest on small 297 

islands, and there was an interactive effect between island size and E. hermaphroditum removal 298 

because removal promoted N to P ratios on small islands (by 5.6%) but not on medium or large 299 

islands (data not presented). Meanwhile, soil δ15N was enhanced overall by 8.8% by V. vitis-idaea 300 

removal, and was marginally non-significantly greater with V. myrtillus removal and on medium 301 

islands (Table S3, Fig. S2). 302 
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 Mineral N and the mineral N to total N ratio were both impacted only by island size (Table 303 

S3), through being greatest on medium islands (data not presented). Meanwhile, mineral P and the 304 

mineral P to total P ratio were both least on the small islands, and both were reduced overall by 305 

ca. 17% by removal of V. myrtillus and ca. 18% by removal of V. vitis-idaea (Table S3, Fig. 5). 306 

For the mineral P to total P ratio there was also a significant interactive effect between V. 307 

myrtillus removal and island size, because removal effects were greatest on large and medium 308 

islands. The ratio of mineral N to mineral N+P was enhanced by 6.5% and 7.7% by removal of V. 309 

myrtillus and V. vitis-idaea respectively (Table S3, Fig. 5).  310 

 There were no significant effects of removals on data obtained from the resin capsules, 311 

except for a very weak three-way interactive effect of island size, V. myrtillus removal and E. 312 

hermaphroditum removal on resin P (Table S3, data not presented). However, there were two-way 313 

interactive effects of all possible species pairs on the ratio of resin N to resin N+P (Table S3, Fig. 314 

S3), with the highest value occurring when all three species were removed together and the lowest 315 

values when particular pairs of species were removed.  316 

 317 

REMOVAL EFFECTS ON PLANT BIOMASS AND FOLIAR N AND P 318 

 319 

Biomass of V. myrtillus, V. vitis idaea and E. hermaphroditum were overall greatest on large, 320 

medium and small islands, respectively (Tables S4, S5, Fig. S4). As such, biomass for V. myrtillus 321 

(mean ± SE) overall was 65.5 ± 8.8 g/m2, 22.2 ± 5.0 g/m2, and 22.5 ± 4.7 g/m2 for large, medium 322 

and small islands, respectively. Meanwhile, V. vitis-idaea biomass was 27.6 ± 4.6 g/m2, 67.6 ± 9.3 323 

g/m2, and 39.2 ± 6.2 g/m2 for large, medium and small islands, respectively, and E. 324 

hermaphroditum biomass was 6.2 ± 0.7 g/m2, 2.7 ± 0.3g/m2, and 64.5 ± 4.8 g/m2 for large, 325 

medium and small islands, respectively. Total shrub biomass and biomass of each species were 326 

unaffected by tree root and moss removals (Table S4). Total shrub biomass was however reduced 327 

by the removal of each of the three species (Table S5, Fig. S4), and there were significant 328 
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interactive effects between the removal of each species and island size class because loss of each 329 

species had its strongest effects on the island size class that it dominated (Fig. S4). 330 

 For the functional group removal component of the experiment (Table S4), island size 331 

class affected V. myrtillus foliar N to P ratio (mean ± SE = 7.8 ± 0.1 on both large and medium 332 

islands; 9.3 ± 0.2 on small islands), E. hermaphroditum foliar P (0.206 ± 0.002 %, 0.190 ± 0.004 333 

% and 0.183 ± 0.003 % on large, medium and small islands, respectively) and community-level 334 

foliar N (1.25 ± 0.03 %, 1.01 ± 0.02 % and 1.16 ± 0.02 % on large, medium and small islands, 335 

respectively). Functional group removals generally had no effects on shrub N or P variables 336 

(Table S4), however, tree root removal significantly reduced E. hermaphroditum foliar N overall 337 

(1.17 ± 0.11 % and 1.26 ± 0.12 % with and without removal, respectively), and moss removal 338 

reduced the community-level foliar N to P ratio (7.47 ± 0.11 and 7.18 ± 0.12 with and without 339 

removal, respectively).  340 

 For the species removal component of the experiment (Table S5), the foliar N to P ratio of 341 

V. vitis-idaea was reduced by removal of both V. myrtillus (7.01 ± 0.14 and 6.55 ± 0.11 with and 342 

without removal, respectively) and E. hermaphroditum (6.98 ± 0.12 and 6.59 ± 0.13 with and 343 

without removal, respectively). Further, V. vitis-idaea removal reduced both E. hermaphroditum 344 

foliar N (1.20 ± 0.02 % and 1.24 ± 0.02 % with and without removal respectively) and foliar P 345 

(0.185 ± 0.003 % and 0.192 ± 0.003 % with and without removal respectively). 346 

 Most main effects of the removal of all three species on community-level foliar N and P, 347 

as well as several of their interactive effects with island size, were highly statistically significant 348 

(Table S5, Fig. 6). As such, V. myrtillus removal reduced community foliar N and P with this 349 

effect being greatest on large islands, V. vitis-idaea removal enhanced community foliar N and P 350 

with this effect being greatest on medium and small islands, and E. hermaphroditum removal 351 

enhanced community foliar N but only on medium and small islands. Further, V. myrtillus 352 

removal reduced community foliar N to P ratios on all island size classes, V. vitis-idaea removal 353 
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promoted community N to P ratios but most strongly on medium islands, and E. hermaphroditum 354 

removal promoted community N to P ratios but most strongly on small islands (Table S5, Fig. 7). 355 

 356 

Discussion  357 

 358 

EFFECTS OF FUNCTIONAL GROUPS ON SOIL N AND P 359 

 360 

Of the three functional groups, dwarf shrubs consistently had the strongest effects on both soil N 361 

and P variables, which is in line with their high productivity and turnover in our study system; 362 

despite comprising about 5% of total plant biomass they account for nearly half of total net 363 

primary productivity (Wardle et al. 2012). As such, throughout the chronosequence they reduced 364 

total and mineral soil N while promoting mineral soil P. For the resin capsules, which quantify 365 

uptake of nutrients at a specific position in the manner that might be encountered by a plant root 366 

(Pampolino & Hatano 2000; Qian & Schoneau 2002), we found shrubs to promote both N and P 367 

uptake, though with much greater promotion of P. Two likely mechanisms for this are that the 368 

dwarf shrubs actively promote microbial biomass and activity (Wardle & Zackrisson 2005), and 369 

that these shrubs support ericoid mycorrhizal fungi that are highly capable of extracting 370 

recalcitrant compounds in the humus layer (Read et al. 2004), which in turn would lead to greater 371 

mineralization of N and P from the soil humus. In the case of N, this promotion of N 372 

mineralization would enhance N uptake by ericaceous shrubs, which may cause the reduction of 373 

humus δ15N that we observed. It is well known that ericaceous shrubs are depleted in 15N relative 374 

to other plant functional types (Craine et al. 2009).  Thus inputs of new plant derived organic 375 

matter associated with ericaceous shrub production should be 15N depleted relative to N losses 376 

that occur during N mineralization processes, which in turn would lead to the long term decline in 377 

soil organic matter δ15N through time, as we observed (Högberg 1997, Houlton et al. 2006). The 378 

differential effects of shrubs on soil N and P led to them reducing ratios of total N to P, mineral N 379 
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to mineral N + P and resin N to resin N + P, providing consistent evidence that shrubs change soil 380 

stoichiometry by depleting soil N relative to P. 381 

 Tree roots also had some effects on soil N and P measures, though generally lesser than 382 

the shrubs, and when they did occur they generally worked in the same direction. The strongest 383 

effect was for the promotion of soil mineral P by tree roots, which was likely because of greater 384 

mineralization due to ectomycorrhizal fungi associated with the roots, and turnover of labile 385 

necromass produced by the fungi (Clemmensen et al. 2015). In contrast to shrubs, tree roots only 386 

promoted δ15N values. This can be explained by tree roots and associated ectomycorrhizal fungi  387 

redistributing 15N enriched N from deeper soil layers to the surface (Hobbie and Högberg 2012), 388 

or alternatively as a result of recalcitrant ectomycorrhizal necromass accumulation in surface soils 389 

which would be 15N enriched relative to soil N losses (Craine et al. 2009, Hobbie et al. 1999). 390 

Feather mosses reduced total soil P but had little effect on measures of soil total or mineral N. 391 

This is despite their role in governing decomposition processes and in serving as an important 392 

source of ecosystem N input through N2-fixation by associated symbiotic cyanobacteria (Lindo et 393 

al. 2013, Jonsson et al. 2015). However, mosses did reduce δ15N, which could be due either to 394 

increased inputs of fixed N2 that would have a lower δ15N signature, or reduced N mineralization 395 

and turnover and thus decreased fractionation of N (Hyodo & Wardle 2009).  396 

 Despite relatively strong effects of plant functional group removals on soil N and P 397 

variables, effects of removals varied with island size class (as revealed by significant interactions 398 

between removal factors and size class) in relatively few cases. Further, when these effects did 399 

occur then they were usually strongest on the most productive medium or large islands, and this 400 

included effects of tree root and/or shrub removals on soil total N and P, C to N ratio, δ15N, and 401 

various measures of mineral N and P. These results align with previous work pointing to removals 402 

of subsets of the vegetation from these plots having the strongest effect on the remaining 403 

vegetation on medium or large islands (Kardol et al. 2018). This suggests that ecological effects 404 

of plant identity may be greatest in ecosystems that are more productive and where plant nutrient 405 
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uptake and litter inputs are therefore highest. These findings are generally contradictory to our 406 

first hypothesis predicting greater positive effects of removals on nutrients on small islands that 407 

had undergone retrogression. However, our finding that positive effects of tree roots on soil 408 

mineral N and P were generally strongest on medium and large islands suggests that retrogression 409 

on the small islands could be associated with the effects of tree roots on available nutrients being 410 

less positive. This is in line with previous work in this study system showing that tree root-411 

associated fungal mycorrhizal communities on larger islands are likely to produce more labile and 412 

less defended necromass that is more readily mineralized (Clemmensen et al. 2015). Meanwhile, 413 

the only effect of removals that was actually largest on the small islands was that of shrub 414 

removal on soil N to P ratios, and this involved the shrubs suppressing the ratio. Since the soil N 415 

to P ratio increases during retrogression, this means that the shrubs have an effect on this ratio that 416 

works in the opposing direction to the changes that occur in soil during retrogression. The 417 

increase in the soil N to P ratio that often characterizes retrogression (Wardle et al. 2004; Peltzer 418 

et al. 2010), including in our study system, therefore cannot be driven by effects of plants during 419 

the 19-year time scale of our study, but is instead likely determined by pedogenic changes that 420 

operate over a much longer period (Walker & Syers 1976; Vitousek 2004).  421 

 We recognize that while changes in mineral N and P caused by manipulation of plant 422 

groups may be rapid, changes in total soil N and P (and their ratio) will be considerably slower. 423 

Indeed, after 7 years of removals in this experiment there was no detectable change in total soil N 424 

and P caused by the removals (Wardle and Zackrisson 2005), while changes were clearly 425 

detectable after 19 years (this study). Although no other comparable study of this duration exists, 426 

it is conceivable that as the experiment continues to run for longer, stronger effects of removals on 427 

total soil N and P may arise. However, there is no reason to expect that these stronger effects 428 

would work in a different direction to that which we are already detecting after 19 years.  429 

 430 

EFFECTS OF SHRUB SPECIES ON SOIL N AND P 431 
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 432 

The shrubs had the strongest effect of all three functional groups, and in our experiment they are 433 

represented by three species, V. myrtillus, V. vitis-idaea and E. hermaphroditum. Of these, the two 434 

Vaccinium species, which are more resource-acquisitive than E. hermaphroditum, also had the 435 

strongest effects. These effects worked in a similar way as for the effects of all shrubs: V. 436 

myrtillus enhanced soil C to N ratios, V. vitis idaea reduced C to P and N to P ratios, and both 437 

species promoted mineral P and reduced mineral N to mineral N + P ratios.  438 

There were few interactive effects between removals of any of the three species and island 439 

size, although we did find that positive effects of V. myrtillus on soil mineral P were greatest on 440 

the medium and large islands where it is most abundant, suggesting that retrogression on small 441 

islands could be linked in part to less-positive effects of V. myrtillus. In that light, V. myrtillus has 442 

a high relative turnover of biomass, and produces high quality litter that stimulates decomposition 443 

processes relative to other plant species in the study system (Wardle et al. 2003); it also has its 444 

lowest abundance on small islands. Further, we found little support for our second hypothesis 445 

predicting the greatest positive effects of species removals when E. hermaphroditum is lost from 446 

the small islands that it dominates. We did however find a greater negative effect of E. 447 

hermaphroditum on soil N to P ratios on small islands, and this aligns with what we found for the 448 

effects of total shrub removals. This means that despite producing poor quality and well-defended 449 

litter that supresses soil processes (Nilsson et al. 1993; Tybirk et al. 2000), an increasing 450 

abundance of this highly resource-conservative species during retrogression does not contribute to 451 

the increase over time in humus N to P ratios and may actually serve to counteract it.  452 

 453 

FUNCTIONAL GROUP AND SPECIES EFFECTS ON FOLIAR N AND P 454 

 455 

Despite removal treatments sometimes exerting strong effects on belowground N and P variables, 456 

there were few effects of removals on foliar nutrients for each of the three shrub species. When 457 
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these did occur, they always revealed weakly positive responses of foliar N, P or N to P ratios to 458 

the presence of other shrub species or functional groups. This only partially aligns with what we 459 

observed belowground, where plant functional groups or species sometimes promoted the 460 

availability of N and P, but consistently only reduced ratios of N availability to P availability. 461 

Further, there was virtually no evidence for these effects varying among island size classes, 462 

meaning that in contrast to what we sometimes observed belowground, any effects of removals on 463 

foliar nutrients are constant across highly contrasting ecosystems. The relatively weak response of 464 

foliar nutrient levels of these species, both to removal treatments and to the variety of 465 

environmental conditions that occur across island size classes, suggests that their nutrient status 466 

has low plasticity relative to most other plant species (see Siefert et al. 2015) and that they 467 

respond to variation in soil nutrients mostly by altering their biomass rather than their nutrient 468 

levels. This result also points to contrasting responses of the aboveground and belowground 469 

subsystems, in line with what has sometimes been found for other boreal and subarctic 470 

ecosystems (Marshall et al. 2011; Wardle et al. 2013), and is inconsistent with our third 471 

hypothesis predicting that responses of foliar N and P to plant removals should mirror 472 

belowground responses of N and P availability.  473 

 We did however find clear effects of shrub species removal on community-level measures 474 

of foliar nutrients for the remaining shrubs. This was driven by differences in nutrients between 475 

and not within species, and by the differences among species being large (averaged across all 476 

plots in the experiment, foliar N was 1.53%, 0.90% and 1.21%, foliar P was 0.187%, 0.038% and 477 

0.189%, and N to P ratio was 8.27, 6.93 and 6.44, for V. myrtillus, V. vitis-idaea and E. 478 

hermaphroditum respectively). This means that loss of V. myrtillus will inevitably depress 479 

community-level measures of foliar N and P and promote N to P ratios, while loss of V. vitis-480 

idaea will elevate community-level foliar N and P. Further, there were strong interactive effects 481 

of species removals with island size on community-level foliar nutrient measures, but these were 482 

driven by species turnover across the gradient, with the loss of each species having its strongest 483 
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effect on the island size class for which it made up the greatest proportion of total biomass. As 484 

such, although within- and across-species trait variation often both drive community-level trait 485 

variation (Albert et al., 2010; Violle et al. 2012), the low intraspecific plasticity of foliar nutrients 486 

in our study means that only across-species variation has an important role. Our finding that 487 

effects of removals on community-level foliar N and P are determined by the relative abundance 488 

of the species that is removed and the magnitude of its difference from the remaining community, 489 

and not by changes in belowground N and P, also contradicts our third hypothesis.  490 

 491 

CONCLUSIONS 492 

   493 

We found by exploring the effects of plant removals on a number of measures of ecosystem N and 494 

P availability that although plant removal effects sometimes varied across the island size gradient, 495 

this seldom happened in a way that explains the decline in nutrient availability and increase in soil 496 

N to P ratios that characterizes ecosystem retrogression. The only exceptions were the less 497 

positive effects of tree roots on soil mineral N and P, and of V. myrtillus on soil mineral P, on 498 

small islands. As such, we propose that retrogression is driven mostly by longer-term pedogenic 499 

processes as opposed to direct effects of plant communities on these properties.  500 

Our results have several implications. First, they contribute more generally to 501 

understanding how effects of biodiversity loss may vary across natural ecosystems. Despite some 502 

claims to the contrary (e.g., Duffy 2009), there is growing recognition that the effects of 503 

biodiversity loss can indeed vary greatly among ecosystems (Ratcliffe et al. 2017; Baert et al. 504 

2018). The findings of this work, in combination with other recent results from this experiment 505 

(Fanin et al. 2018, 2019, Kardol et al. 2018), reveal how large scale, long term experiments 506 

repeated across contrasting systems, offer robust insights about the mechanisms by which 507 

biodiversity loss impacts on ecosystems is mediated by environmental context. Second, they show 508 

that effects of plant biodiversity loss depend both on which floristic components are lost and the 509 



21 

 

ecosystems from which they are lost, and that this is not a simple function of the biomass of the 510 

components that are lost. For example, the loss of Vaccinium species which occupy only a few 511 

percent of total plant biomass had a particularly strong impact on our response variables. This 512 

contrasts with the predictions of the ‘mass ratio hypothesis’ of Grime (1988), but is in line with 513 

recent suggestions that minor components of the community often exert disproportionate effects 514 

on ecosystems (Isbell et al. 2017). We recognize however that our experiment only removed tree 515 

root inputs and not leaf litter; long term productivity measurements reveal that tree litter inputs are 516 

about the same as the sum of shrub and moss litter inputs on large islands and half the sum of 517 

shrub and moss inputs on small islands (Wardle et al. 2012). Finally, they help understand how 518 

biotic controls of ecosystem properties change as ecosystems change over time, for example 519 

during succession or as a result of disturbances or global change. In the boreal zone, human-520 

induced changes in climate, land use and fire regime are all likely to greatly modify forest 521 

ecosystems; our results suggest that impacts of plant functional groups and species on ecosystem 522 

properties, including on N and P availability, may show considerable shifts as these ecosystems 523 

change. 524 
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Figure legends 

 

Fig. 1. Soil humus C:N, C:P and N:P ratios in response to island size class (Large, L; Medium, M; 

Small, S) and removal versus non-removal of tree roots (-T, +T) and shrubs (-S, +S) after 19 

years. Error bars are standard errors. Linear model results reporting statistical analyses of this data 

are in Table S2. Island size classes topped by the same capital letter do not differ, and within 

island size classes removal treatments topped with the same lower case letter do not differ, 

according to Tukey’s post-hoc tests at α = 0.05. 

 

Fig. 2. Stable isotope N concentrations (δ15N) of humus in relation to island size and removal 

versus non-removal of tree roots (-T, +T), shrubs (-S, +S) and mosses (-M, +M) after 19 years. 

Error bars are standard errors. Linear model results reporting statistical analyses of this data are in 

Table S2. Within each island size class, removal treatments topped with the same lower case letter 

do not differ, according to Tukey’s post-hoc tests at α = 0.05. 

 

Fig. 3. Humus mineral N (ammonium + nitrate), mineral P (phosphate), and ratios of mineral N to 

total N, mineral P to total P, and mineral N to (mineral N + mineral P), in response to island size 

class (Large, L; Medium, M; Small, S) and removal versus non-removal of tree roots (-T, +T) and 

shrubs (-S, +S) after 19 years. Error bars are standard errors. Linear model results reporting 

statistical analyses of this data are in Table S2. Island size classes topped by the same capital 

letter do not differ, and within island size classes removal treatments topped with the same lower 

case letter do not differ, according to Tukey’s post-hoc tests at α = 0.05. 

 

Fig. 4. Soil humus C:N, C:P and N:P ratios in response to island size class (Large, L; Medium, M; 

Small, S) and removal versus non-removal of Vaccinium myrtillus (-Vm, +Vm) and Vaccinium 

vitis-idaea (-Vv, +Vv) after 19 years. Error bars are standard errors. Linear model results 
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reporting statistical analyses of this data are in Table S3. Island size classes topped by the same 

capital letter do not differ, and within island size classes removal treatments topped with the same 

lower case letter do not differ, according to Tukey’s post-hoc tests at α = 0.05. 

 

Fig. 5. Humus mineral P (phosphate) and ratios of mineral P to total P, and mineral N to (mineral 

N + mineral P), in response to island size class (Large, L; Medium, M; Small, S) and removal 

versus non-removal of Vaccinium myrtillus (-Vm, +Vm) and Vaccinium vitis-idaea (-Vv, +Vv) 

after 19 years. Error bars are standard errors. Linear model results reporting statistical analyses of 

this data are in Table S3. Island size classes topped by the same capital letter do not differ, and 

within island size classes removal treatments topped with the same lower case letter do not differ, 

according to Tukey’s post-hoc tests at α = 0.05. 

 

Fig. 6. Community level shrub foliar N and P concentrations in response to island size class 

(Large, L; Medium, M; Small, S) and the removal versus non-removal of Vaccinium myrtillus (-

Vm, +Vm), Vaccinium vitis-idaea (-Vv, +Vv) and Empetrum hermaphroditum (-Eh, +Eh) after 19 

years. Error bars are standard errors. Linear model results reporting statistical analyses of this data 

are in Table S5. Island size classes topped by the same capital letter do not differ, and within 

island size classes removal treatments topped with the same lower case letter do not differ, 

according to Tukey’s post-hoc tests at α = 0.05. 

 

Fig. 7. Community level shrub foliar N to P ratios in response to island size class and the removal 

versus non-removal of Vaccinium myrtillus (-Vm, +Vm), Vaccinium vitis-idaea (-Vv, +Vv) and 

Empetrum hermaphroditum (-Eh, +Eh) after 19 years. Error bars are standard errors. Linear 

model results reporting statistical analyses of this data are in Table S5. Within each island size 

class, removal treatments topped with the same lower case letter do not differ, according to 

Tukey’s post-hoc tests at α = 0.05.  
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