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Abstract

Background: Plants are affected by several aspects of th e  soil, which have the potential to  exert cascading effects on the 
performance of herbivorous Insects. The effects of biotic and abiotic soil characteristics have how ever mostly been 
investigated in isolation, leaving their relative im portance largely unexplored. Such is the case for the dune grass 
Ammophila, w hose decline under decreasing sand accretion is argued to  be caused by either biotic or abiotic soil properties.

Methodology/Principal Findings.-By manipulating dune soils from three different regions, we decoupled the contributions 
of region, the  abiotic and biotic soil com ponent to  th e  variation in characteristics of Ammophila arenaria seedlings and 
Schizaphis rufula aphid populations. Root mass fraction and total dry biomass of plants were affected by soil biota, although 
the latter effect was not consistent across regions. None of the m easured plant properties w ere significantly affected by the 
abiotic soil com ponent. Aphid population characteristics all differed betw een regions, irrespective of w hether soil biota 
were present or absent. Hence these effects were due to  differences in abiotic soil properties betw een regions. Although 
several chemical properties of the soil mixtures were m easured, none of these w ere consistent with results for plant or 
aphid traits.

Conclusions/Significance: Plants were affected more strongly by soil biota than by abiotic soil properties, w hereas the 
opposite was true for aphids. Our results thus dem onstrate  tha t the relative im portance of the abiotic and biotic com ponent 
of soils can differ for plants and their herbivores. The fact tha t not all effects of soil properties could be detec ted  across 
regions m oreover em phasizes the need for spatial replication in order to make sound conclusions abou t the generality of 
aboveground-below ground interactions.
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Introduction

Plants are heavily affected by bo th  the abiotic and  biotic 
properties o f the soil in w hich they are rooted. Abiotic properties 
include the availability o f nutrients and  w ater, w hich are necessary 
for p lan t growth. Soil b io ta com prise m utualists as well as 
antagonists, exerting positive o r negative effects on p lan t growth 
respectively.

T hese effects o f  soil properties on  the p lan t can further affect 
leaf herbivores. Firstly, herbivores a re  generally lim ited by  the 
nutrients they can obtain  from  plants, some of w hich these plants 
extract from  soil [1], such as nitrogen [2,3] an d  phosphorus [4], 
Secondly, soil b io ta  can  exert positive, negative o r neutra l effects 
on  leaf herbivores, th rough  a variety o f m echanism s (reviewed in 
[5-10]). Positive effects can for instance arise w hen soil b io ta 
im prove the nutritional quality o f leaves [11-13], or dam age 
production  sites o f defence molecules in the roots [14], M ost 
negative effects o f soil b io ta  on  leaf herbivores have been 
a ttribu ted  to the systemic induction o f chem ical defences that

spread from  roots to shoots [15], although root-feeders can  also 
cause a  lowering o f am ino acid levels in leaves [16],

A lthough bo th  biotic and  abiotic soil com ponents clearly have 
the potential to affect the perform ance o f plants and  their 
herbivores, their relative contribution  to these effects has rarely 
been  addressed. In  a  cross-inoculation experim ent o f soil biota, 
Joosten  et al. [17] dem onstra ted  that bo th  soil-borne m icroorgan­
isms and  the type of sterile soil affected dry mass, sh o o t/ro o t ratio 
and  the total am ount and  com position o f pyrrolizidine alkaloids in 
Jacobaea vulgaris. As these com pounds are toxic to generalist 
herbivores, bu t preferred  by specialists, it is concluded that bo th  
the abiotic and  biotic soil com ponent have the potential to affect 
herbivores o f J . vulgaris. T o  our knowledge only a  few studies have 
explicitly tested the com bined effect o f abiotic an d  biotic soil 
com ponents on  aboveground herbivores. H aase  et al. [18] 
investigated the interactions betw een collembolans (Folsomia 
candida) an d  aphids (Rhopalosiphum padi) on  the grass Poa annua 
under different levels o f nu trien t availability. T hey  dem onstrated  
that collembolans strongly increased aph id  num bers a t low and
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m oderate nu trien t availability, while this effect was m uch weaker 
a t high nu trien t availability. It has furtherm ore been dem onstrated  
th a t the effect o f m ycorrhizal fungi on  the perform ance of an  insect 
can depend on  the am oun t o f nutrients in the soil [9], especially P 
[12,13] an d  N  [19]. T h e  use o f artificial fertiliser an d  the addition 
o f large quantities o f sod organism s in m ost o f these studies raise 
the question w hether these findings can be extrapolated  to the 
field. M oreover, none o f these studies accounted  for the potential 
spatial variation in n u trien t availability a n d /o r  sod organism  
density and  identity one m ight expect to occur in natural 
ecosystems.

O n e  of the best studied and  m ost debated  cases o f  negative 
plant-soil feedback is th a t o f Ammophila species in the early 
succession o f coastal dune vegetation. Both the N orth  A m erican A. 
breviligulata and  the E uropean  A. arenaria exhibit strongly sup­
pressed grow th as sand accretion ceases, m aking way for later 
successional p lan t species. T herefore, vigorous stands o f Ammophila 
are found in foredunes an d  large, dynam ic inland dunes with 
sufficient sand-drift, whde stands in stabilised dunes, often a t the 
inner dune edge, occur as degenerate relics. This phenom enon of 
loss o f vigour under conditions o f stabilisation has been  coined 
“ the Ammophila p rob lem ” by M arshall [20]. T h e  earlier work 
proposed interspecific com petition with o ther p lan t species [21,22] 
and  lack of nutrients because o f an  inefficient replacem ent o f old 
roots [20,23] as explanations for the problem . How ever, further 
study on A. arenaria revealed th a t the accum ulation o f biotic sod 
factors in stabilised soils was responsible for reduced grow th [24— 
26]. T h e  w indblown sand w ould thus serve as a  tem porary  enem y- 
free space for the p lan t to roo t in, this is the so called “escape 
hypothesis” . C ontinued  investigation along this line led to the 
conclusion th a t bo th  p lant-parasitic nem atodes and  pathogenic 
fungi m ight be the causing agents o f the observed decline [27-29]. 
T h e  effect o f antagonistic nem atodes on p lan t perform ance was 
shown to be  m itigated by the positive influence of m ycorrhizae 
[30,31] and  endophytic fungi [32]. T h e  outcom peting o f harm ful 
nem atodes by less detrim ental nem atode species furtherm ore 
proved to be beneficial for the p lan t [33,34], bu t see B rinkm an 
et al. [35]. M oreover, it was shown th a t different species o f root- 
feeding nem atodes can  be controlled in specific ways by sod 
m icroorganism s, o ther nem atodes and  m icroarthropods [36,37]. 
A lthough these studies po in t a t the com plex na ture  o f  the 
interactions betw een different sod b io ta  involved in this system, 
their n e t effect seems to be negative, indicating th a t m utualists are 
generally no t able to overcom e the effects o f  antagonists [25,37]. 
In  recent years, the original hypothesis o f roo t efficiency of 
nu trien t uptake has revived [38]. A study by K ooijm an et al. [39] 
furtherm ore attributes the expansion of A. arenaria in lime- and  
iron-poor dunes to the lim itation by N  as a  result o f  the relatively 
h igher availabdity o f P  w hen it is no t sequestered into iron  and  
a lum inium  phosphates.

In  a  previous study, we dem onstra ted  th a t the na tura l root- 
feeding nem atode com m unity o f A. arenaria was capable o f 
reducing the population  grow th of the specialist aph id  Schizaphis 
rufula under laborato ry  conditions. Yet no correlation betw een 
nem atode and  aph id  abundances could be  detected in a  field 
survey conducted  a t six spatially separated sites. Both nem atode 
and  aphid  abundances could however be  explained by several 
p lan t characteristics [7]. T his suggests th a t the effect o f nem atodes 
on  aphids m ight be overruled in the field by  o ther environm ental 
factors w ith stronger effects on those p lan t traits th a t determ ine the 
aphids’ perform ance.

G iven this m ultitude o f studies using A. arenaria to investigate 
plant-soil interactions, we chose this species as a  m odel system. 
Based on the evidence th a t soil-borne organism s are involved in

the Ammophila-problem , we hypothesise th a t plants should grow 
be tte r on  sterile soils com pared to soils w ith naturally  occurring 
biota. O n  the o ther hand , if  this phenom enon  is to some extent 
caused by an  increased availability o f nutrients in dynam ic dune 
soils, p lants should perform  bette r on dynam ic than  on stabilised 
dune soils, irrespective o f their biotic state. W e inoculated sterile 
soils from  dynam ic and  stabilised dunes with b io ta  from  either 
location and  used a fully sterile soil as control. O n  these soils we 
grew seedlings o fT . arenaria, on ha lf o f w hich we let a  population  o f 
S. rufula develop. This setup was replicated w ith soils from  three 
distinct regions along the Belgian coast, to assess the generality o f 
potential results across large spatial scales [40]. This fully-crossed 
experim ent allowed us to specifically address the following 
questions: 1) w hat is the relative im portance o f biotic and  abiotic 
soil properties regarding their effect on  aph id  population 
dynamics? 2) are potential effects consistent across spatially 
separated dune systems, or are there  regional differences? 3) if 
abiotic soil properties are im portant, w hich ones w ould m ake 
plausible candidates to explain the observed effects? W e 
hypothesise th a t the lower availability o f nutrients should cause 
the perform ance o f aphids on  plants grown in sterile soils to be 
lower for stabilised than  for dynam ic dune soils. Because the 
accum ulation o f p lan t pathogens in stabilised dune soils is 
expected to result in reduced p lan t growth, we hypothesise that 
aphids should perform  worse on  soils inoculated w ith stabilised 
dune biota. G iven the usual variability in the distribution of soil 
nutrients and  organisms, we expect the m agnitude o f these effects 
to differ betw een regions. W e hypothesise th a t the availability o f 
nitrogen and  phosphorus in soils should m atch  the perform ance of 
aphids be tte r th an  th a t o f o ther abiotic elements.

Materials and Methods

Experimental setup
Soil was collected from  three different regions a t the coast on 5 

N ovem ber 2008: na ture  reserve W esthoek at D e Panne (Belgium), 
na ture  reserve T e r  Yde a t O ostduinkerke (Belgium) and  Le 
Perroquet a t Bray-D unes (France). In  each region soil was 
collected from  two sites; one situated in dynam ic dunes with 
sand-drifts w here A. arenaria grows very vigorously an d  one situated 
a t the inner dune edge, w here conditions are m ore stabilised and  
the p lan t only occurs as degenerate relics. All these dune areas are 
spatially separated (distances betw een sites from  different regions 
ranging from  2.1 to 12.6 km). A t each site, a  com posed sam ple o f 
soil was taken, collected from  und ern ea th  different stands o f A. 
arenaria, com prising a  m ixture o f upper roo t zone soil an d  freshly 
deposited soil from  above the roo t zone. In  the laboratory  each 
sample o f  soil was divided into two parts, one o f w hich was 
sterilised by  autoclaving for 1 hour a t 120°C an d  1 atm . For each 
site three types o f soil were p repared: fully sterile soil, sterile soil 
w ith an  inoculum  o f unsterile soil from  the same site and  sterile soil 
w ith an  inoculum  o f unsterile soil from  the o ther site w ithin the 
same region. So for each region the com binations were: D, D+s , 
D +d, S, S+d, S+s, w ith D = sterile dynam ic dune soil, S = sterile 
stabilised dune soil, d  = unsterilised dynam ic dune soil inoculum , 
s = unsterilised stabilised dune soil inoculum . T h e  inoculum  
com prised 21 volum e percen t o f the soil m ixture, w hich did not 
affect any o f the purely abiotic properties o f the soil m ixture (see 
T ex t S I, Fig. S I, Fig. S2, Fig. S3, T ab le  SI an d  T able  S2). This 
way the effect o f the soil’s abiotic and  biotic com ponent could be 
decoupled.

Seeds o f A. arenaria were collected from  the na tu re  reserve 
W esthoek from  a  single stand. Seeds were surface sterilised by 
subm ersing in  4%  household bleach solution, rinsing 10 times with
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dem ineralised water, subm ersing in 10% ethanol and  rinsing 
ano ther 10 times w ith dem ineralised water. This sterilisation 
m ethod  effectively elim inates endophytic fungi th a t otherwise 
could colonise the young seedling. Seeds w ere subsequendy 
germ inated  a t a  light regim e of 9 /1 5  hours d a rk /lig h t in plastic 
1 L pots filled with 190 cm 3 o f com m ercial white sand th a t was 
autoclaved for 1 hour a t 120°C and  1 atm . T h e  sand was 
saturated  with dem ineralised water. Plastic foil th a t covered the 
pots was perforated  to allow of enough ventilation. M oisture level 
was reset to near saturation 3 times a  week.

For each unique soil type, twenty replicate 1062 m L glass jars 
were each filled with 300 m L o f the trea tm en t sod. E ach ja r  
received one six week old seedling, and  from  then  on  w ater was 
added  twice a week, alternately with and  w ithout fertiliser (Compo 
N P K  16-9-20, 1 g L -1 tap  water).

A fter having grown on the different soils for 5 weeks, ten  plants 
o f  each trea tm en t sod type received a  single first instar nym ph of 
the specialist aph id  S. rufula, th a t was allowed to becom e adult and  
reproduce parthenogenetically. Aphids were counted  dady. W hen 
a  substantial decrease in aph id  num bers occurred, the p lan t was 
harvested an d  all rem aining aphids were transferred to 70% 
ethanol. T he p lan t was uproo ted  an d  roo t and  shoot w ere weighed 
fresh. T h ey  were subsequendy oven dried  a t 65°C overnight and  
weighed again.

Plants th a t did no t receive aphids acted  as a  control. T hey  were 
uproo ted  12 weeks after transplantation  to the different soil types. 
R oot and  shoot were weighed fresh before they were oven dried  at 
65°C overnight to determ ine dry weights. O f  each sod type three 
replicates were selected for soil analysis. T h e  following sod 
characteristics w ere determ ined: percentage m oisture (g w ater per 
100 g of fresh sod), N 0 3-N  (mg kg-1 o f dry sod), N H 4-N  (mg kg-1 
o f dry sod), p lan t avadable P  (mg kg- 1 , O lsen method), pH -K C l, 
percentage organic m atter pe r dry sod and  percentage C a C 0 3 (see 
T ex t SI for methodology).

Analyses
T h e  effects o f the sod treatm ents on p lan t perform ance were 

tested within the control group of plants th a t did no t receive 
aphids, because the effect o f  aphids on plants can potentially 
in teract w ith the effects o f  the soil treatm ents. T ested  p lant 
variables w ere total dry weight, the roo t p roportion  o f total dry 
weight and  relative w ater content o f the shoot, w hich was highly 
correlated  w ith the relative w ater con ten t o f the entire plant. 
T hese variables were chosen because they represent a  m easure o f 
total biomass p roduced, the relative allocation of biomass to roots 
and  shoots, and  the vitality o f the p lan t tissue respectively.

Several aph id  population  param eters were tested in function o f 
the sod treatm ents. T h e  num ber o f  days betw een introduction  of 
the first instar and  the appearance o f the first offspring was used as 
an  approxim ation  o f generation  time. T h e  num ber o f aphids a t the 
population  peak equates the m axim um  population  size a  p lan t can 
sustain. For each population, an  exponential grow th curve was 
fitted th rough  the aph id  abundances from  day one un td  te day of 
population  peak. T h e  grow th constan t k o f the curve N  = N 0.ekt 
served as a  m easure o f population  grow th speed.

T o  determ ine w hich treatm ents o r interactions betw een 
treatm ents significandy affected p lan t and  aphid  characteristics, 
a  perm utational 3 x 2 x 3  A N O V A  was perform ed for each 
dependent variable. T h e  trea tm en t “region” was com posed of 
levels “W esthoek” (WE), “T e r Y de” (TY) an d  “P erroquet” (PE). 
T h e  trea tm en t “ sod” refers to the sterile p a rt o f  each trea tm en t sod 
with levels “ dynam ic du n e” (D) and  “ stabilised du n e” (S). T he 
trea tm en t “ inoculum ” refers to the unsterde sod inoculum  with 
levels “ none” (/), “ dynam ic du n e” (d) and  “ stabilised du n e” (s).

Tests were based on type III sums o f squares and  99.999 
perm utations o f the residuals un d er a  reduced m odel. A backw ard 
stepwise pooling o f non  significant term s (P>0.05) was perform ed 
to obtain  robust P-values in the final m odel. If  the final m odel 
happened  to retain  only one p red ictor variable, the test was 
repeated  with unrestricted perm utation  o f raw  data , which 
provides an  exact test for the one-way case [41]. H om ogeneity  
o f variances was tested w ith a  perm utational Levene’s test using 
99.999 perm utations. In  the case o f  unequal variances, a  non- 
param etric  test was perform ed by applying the above-described 
perm utational A N O V A  to the ranks o f the original data. Pairwise 
differences betw een levels o f significant factors were tested for each 
final m odel by  m eans o f a  perm utational t-test w ith 99.999 
perm utations. W hen  the num ber o f unique perm utations was 
lower than  100, M onte C arlo sam pling was used to obtain  reliable 
P-values.

C orrelations betw een each aph id  population  param eter an d  the 
different p lan t characteristics were determ ined across all replicas 
th a t had  received aphids. T h e  p lan t feature th a t correlated best 
with each dependent variable was incorporated  as a  continuous 
covariate into the above-described A N O V A  models. By com par­
ing m odels w ith and  w ithout covariate, effects o f sod treatm ents on 
aphids th a t are due to differences in  p lan t grow th or vitality could 
be decoupled from  additional p lan t physiological effects.

O u t o f 180 in troduced aph id  nym phs, 16 died before 
reproducing and  these replicas were om itted from  all analyses. 
Seedlings th a t died in the early stages after transplantation  (77 out 
o f  360) were replaced, b u t since this replacem ent affected the 
m easured characteristics, only the initial plants were retained in all 
analyses. T h ere  were no significant differences in seedling 
m ortality  betw een regions, soil types, o r inocula (Vandegehuchte 
et al. unpub. data).

T o  determ ine w hether the sod properties o f our trea tm en t sods 
significandy differed according to region, sod, inoculum , o r an 
interaction, a  perm utational 3 x 2 x 3  A N O V A  with a  backw ard 
selection procedure was perform ed for each sod param eter in  a 
sim dar way as described above.

Results

Plants
Plant dry weight differed significandy according to an 

interaction betw een region and  inoculum  (pseudo-F493: 3.7 6 74, 
P. 0.0068, Fig. 1), w ith the m ain  effect o f inoculum  being 
significant (pseudo-F293: 3.49 2 2, P. 0.0336) an d  the m ain effect o f 
region being m arginally significant (pseudo-F2j93: 2.7 0 43, P. 
0.0711). T h e  type o f sterile sod did no t affect p lan t dry weight. 
Pairwise com parisons revealed th a t on  soils from  W esthoek and  Le 
P erroquet there was no effect o f sod b io ta  on total dry weight, 
regardless o f their origin. O n  T er Yde soils, however, dry weight 
clearly increased w hen no sod bio ta  were inoculated (Table S3).

A lthough for p lan t dry weight the Levene’s test was significant 
(P. 0.0269), the F-test o f A N O V A  is very robust against unequal 
variances, and  a significance level o f  0.01 has been suggested for 
hom ogeneity tests p rio r to A N O V A  [42,43]. W e therefore 
consider the presented  results valid. T h e  non-param etric  test 
m oreover confirm ed the significant interaction betw een region 
and  inoculum  (pseudo-F4 93: 3.2103, P. 0.0165).

H om ogeneity  o f variances could no t be confirm ed for the 
relative w ater content o f  the shoot (Levene’s test, P: 0.001), and  
according to the non-param etric  test, none o f the treatm ents h ad  a 
significant effect.

T h e  roo t fraction o f dry weight was only affected by  sod 
inoculum  (pseudo-F2;99: 4.8511 , P. 0.0025), as a  larger p roportion
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Figure 1. Effect of different soil treatm ents on characteristics of
A. arenaria seedlings (mean +  SE). A) Effect o f region and soil 
inoculum on total dry m ass of th e  plant. B) Effect of soil inoculum  on 
the  root fraction of th e  total plant dry mass. Significant pairwise 
differences are indicated by different letters above the  bars (P<0.05). 
Region - PE: Le Perroquet, WE: W esthoek, TY: Ter Yde. Inoculum -/: no 
inoculum, d: dynam ic dune biota, s: stabilised dun e  biota. 
doi:10.1371/journal.pone.0012937.g001

o f the total d ry  weight was allocated to roots in plants grown on 
soils inoculated with b io ta  from  dynam ic dunes (Fig. 1). This effect 
was irrespective o f w hether the sterile soil pa rt originated from 
dynam ic o r stabilised dunes and  o f the region along the coast. 
V ariances were hom ogeneous according to Levene’s test (P. 
0.3768). Sum m arising these results, it can be concluded that A. 
arenaria seedlings w ere m ost affected by soil biota.

Aphids
T h e  p lan t feature th a t correlated  best with aph id  m axim um  

density was the fresh weight o f the shoot (Pearson’s r: 0.74221). 
T o tal fresh weight correlated  best with generation tim e (Pearson’s 
r: 0.49349), while the exponential grow th constant correlated best 
with relative w ater content o f  the shoot (Pearson’s r: 0.32240).

Results o f the A N O V A  dem onstrate a  significant effect on 
m axim um  aphid  density only of region (pseudo-F2 161: 7.174, P. 
0.001, Fig. 2). M odelling shoot fresh weight as a  covariate (pseudo- 
F 1160: 194.88, P. 0.00001) still resulted in a  significant effect o f
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Figure 2. Effect o f soil region of origin on S. rufula aphid  
population dynamics (mean +  SE). A) Effect o f region on the  
maximum num ber of aphids. B) Effect o f region on the  generation  tim e 
of the  first aphid. C) Effect of region on the  grow th  constan t k of the  
exponential grow th curve. Significant pairwise differences are indicated 
by different letters above the  bars (P<0.05). Region - PE: Le Perroquet, 
WE: W esthoek, TY: Ter Yde. 
doi:10.1371/journal.pone.0012937.g002

region (pseudo-F2 160: 6.7923, P  0.0008). This indicates that 
regional soil effects do not only operate  th rough  changes in p lant 
shoot weight, bu t also th rough  additional m echanism s. Again only 
region was re ta ined  as a  significant factor affecting aphid  
generation time, bo th  in the m odels w ithout (pseudo-F2 161:
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3.1168, P. 0.0356) an d  with (pseudo-F2160: 3.6218, P. 0.0252) total 
fresh weight (pseudo-F1160: 52.845, P: 0.00001) as a  covariate. No 
significant pairw ise differences could be detected, b u t the 
differences betw een Le Perroquet and  W esthoek (P. 0.0554) and  
betw een W esthoek an d  T er Yde (P: 0.0601) w ere alm ost 
significant (Fig. 2, T ab le  S3). R egion tu rned  ou t to be the only 
factor significandy affecting the aphids’ population  growth 
constant (pseudo-F2161: 3.1898, P. 0.0427). A similar result 
(pseudo-F2160: 3.24 88, P. 0.0403) was obtained w hen the relative 
w ater content o f the shoot was m odelled as a  covariate (pseudo- 
F 2;i6o: 18.729, P. 0.00007). A phid populations on plants from  T er 
Yde were characterised by  stronger exponential growth, short 
generation  times and  larger m axim um  population  sizes (Fig. 2). In 
all final models for aph id  population  param eters, variances did not 
significandy differ betw een groups (Levene’s test, R>0.05).

In  contrast to the plants they lived on, S. rufula aphids seemed 
no t to be  affected by the presence or na tu re  o f the b io ta  in the sod. 
O n  the o ther hand, all tested population  param eters significandy 
differed betw een regions w here sod was collected. Since no 
interaction w ith inoculum  was significant, some abiotic difference 
betw een the three  dune regions m ust have been responsible for the 
observed differences. Therefore, we conclude th a t aphids are m ore 
affected by the abiotic properties o f the sod th an  by the biotic sod 
com ponent.

Soil
A lthough m ost o f  the m easured  soil param eters differed 

significandy according to one or m ore trea tm en t factors, none of 
the observed patterns suggested a logical causal link to the effects 
o f  the soil treatm ents on  p lan t a n d /o r  aph id  characteristics. 
D etads o f the differences in sod param eters betw een trea tm en t sod 
m ixtures are given in T ex t S I, Fig. S I, Fig. S2, Fig. S3, Table SI 
and  T able  S2.

Discussion

Plants
T h e  grow th o f A. arenaria seedlings was clearly m ore affected by 

the biotic than  by the abiotic com ponent o f the sod they were 
p lan ted  in. T here  was no effect o f the origin o f the sterde sod p a rt 
-  dynam ic or stabdised dune -  on  any o f the tested p lant 
characteristics. How ever, the effects o f  soil b io ta  on biomass 
p roduction  were no t consistent across regions.

W e collected soils from  dynam ic dunes in w inter, the period 
w hen m ost sand accretion occurs and  plants have no t yet 
developed roots into the newest layer [28]. T herefore the nutrients 
p resent in the fresh top layer o f sand could no t yet have been 
depleted by plants in the field. Since we could no t detect any 
difference in p lan t perform ance betw een sterde sods from  dynam ic 
and  stabilised dunes, the hypothesis th a t the decline o fT . arenaria is 
due to the decreased availabdity o f nutrients could no t be 
confirm ed in our study. T h e  observation th a t biom ass production  
was reduced by sod-borne b io ta  from  the rhizosphere o f  vital as 
wed as degenerated  plants is in accordance w ith previous work 
[25,27]. How ever, this result was only confirm ed for sods from  T er 
Yde. O n e  explanation  is th a t only T er Yde soils contain  organisms 
able to cause observable reductions in biomass w ithin a lim ited 
am oun t o f time, either because they a re  m ore pathogenic or 
because they have a h igher proliferation rate. For exam ple, some 
studies have dem onstra ted  th a t certain  root-feeding nem atode 
species do no t significandy affect the biomass o f A. arenaria 
[30,33,34,44], M oreover, in  a  study using a com parable 
experim ental setup [7], we found no effect o f  the extracted 
nem atode com m unity o f W esthoek dune soils on  either roo t or

shoot biom ass o f A. arenaria seedlings. A second explanation m ight 
be th a t sods from  T er Yde contain relatively less organisms that 
are beneficial to the plant, such as m ycorrhizae, o r able to control 
p lan t antagonists, such as m icrobes an d  m icroarthropods. O n  the 
o ther hand , plants on sterile sod from  T er Yde produced  
significandy m ore biomass th an  those grown on sterde sod from 
W esthoek. This implies th a t some other, abiotic sod factor is 
lim iting p lan t grow th on W esthoek sods. O u r experim ental setup 
does no t adow determ ining w hether o r no t this abiotic effect is 
overruling a potential effect o f  sod b io ta  as observed on  T e r  Yde 
sods. N one o f the m easured  sod properties was, however, 
indicative o f a  difference betw een T er Yde and  the o ther regions 
th a t could explain the observed p a tte rn  (see T ex t S I, Fig. S I, Fig. 
S2, Fig. S3, Table S I and  T able  S2).

T h e  p roportion  betw een roo t an d  shoot mass was no t affected 
by the origin o f the sterilised sod part, while plants inoculated with 
dynam ic dune b io ta h ad  a h igher relative am o u n t o f roots. Since 
this effect was equal across the three  regions, it seems th a t dynam ic 
dunes, w here A. arenaria thrives best, generally h a rbour sod 
organism s th a t affect the adocation of resources to different p lant 
parts. Several studies have suggested th a t the w indblow n sand 
enables the p lan t to replace its old roots, hence increasing the 
abdity to extract the necessary nutrients [20,23]. O u r results 
dem onstrate th a t even in young seedlings, the form ation o f roots is 
increased in the presence o f soil b io ta specific for the dune stages 
w here sand accretion occurs. Interestingly, b io ta  o f later 
successional sods did no t exert this effect. Relative roo t mass o f 
plants grown on sod inoculated w ith stabdised dune b io ta  was 
equal to th a t o f plants grown on sterde soil. O ne  explanation m ight 
be th a t the soil sam pled a t dynam ic dune sites contains a  lower 
total abundance of roo t antagonists th an  sod from  stabilised dunes. 
T h ere  is evidence th a t a t low densities, root-feeding nem atodes 
can cause an  enhanced  translocation o f photosynthate to roots, 
ultim ately leading to an  increase in roo t biom ass [45,46]. T he 
positive effect on relative roo t mass o f soil biota, a t the low 
abundances typical o f  dynam ic dunes, m ight thus have disap­
peared  as densities increased under stabilising conditions. A 
second possibdity is th a t a  difference in the identity, ra th e r than  
the abundance, betw een the soil b io ta from  dynam ic and  stabilised 
dunes caused the observed difference in relative roo t mass. In  a 
study on the nem atode com m unity along a  sand dune succession 
in Scodand, W all e t al. [47] dem onstra ted  a  shift in species 
com position betw een foredunes on the one h an d  and  yellow dunes 
and  grey dunes on  the other. T hey  further found th a t bo th  total 
and  plant-feeding nem atode abundance increased along the 
successional gradient, indicating th a t bo th  p roposed m echanism s 
could be operating  synergistically. Both abundance and  diversity 
o f arbuscular m ycorrhizal fungi w ere m oreover found to be higher 
in isolates from  vital th an  from  degenerate stands o f A. arenaria in 
coastal dunes o f the N etherlands [48]. In  dynam ic dunes, the 
lower net effect o f  p lan t antagonists m ight thus be further 
m itigated by the h igher abundance of these fungi, since they are 
m utualistic to the plant.

Aphids
C ontrary  to our hypotheses, none o f the tested aph id  population 

characteristics differed betw een soils o r inocula from  dynam ic and  
stabdised dunes. H ow ever, differences were detected  in aphid  
population  size, exponential grow th constant an d  individual 
generation tim e betw een sods from  the three  regions along the 
coast. Aphids displayed the shortest generation times, steepest 
exponential grow th and  largest final population  sizes on  plants 
grown on sods from  T er Yde. These results did no t change after 
correcting for the m ost significant correlations w ith m easured
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p lan t characteristics, indicating th a t they are due to changes in the 
host p lan t o f  a  fine-scale physiological nature. I f  these effects were 
due to differences in soil biota, they w ould have been detected for 
inoculated sods only, leading to a  region x  inoculum  interaction. 
T h e  observation th a t differences were independent o f the biotic 
state o f  the soil, provides indirect p ro o f th a t they m ust have been 
due to differences in  one or m ore abiotic properties o f the sods 
from  the three  regions. A lthough significant m ain  effects o f  region 
on  soil pH , % organic m atter, % C a C 0 3 an d  p lan t avadable P 
were detected (see T ex t S I, Fig. S2, Fig. S3, T able  S I an d  Table 
S2), the inspection o f significant interaction term s w ith soil and  
inoculum  dem onstra ted  th a t none o f these sod param eters w ould 
logically explain the observed differences in aph id  population 
properties across regions. For exam ple, the h igher am oun t o f  p lant 
avadable P  in T er Yde soils m ight seem to explain why aphids 
perform ed better on  plants grown on sods from  this region. 
How ever, w hen regressing the m axim um  num ber o f aphids on 
am oun t o f P  w ithin each region (data no t shown), contrasting 
results are obtained for each region, indicating th a t the relation 
betw een P  and  aph id  population  size does no t hold. A lthough N  
w ould m ake a plausible predictor o f aph id  perform ance, no 
differences in N 0 3-N  or N H 4-N  conten t could be detected 
betw een sods from  different regions. It thus seems th a t in our 
system, aphids were no t affected by any of the m easured sod 
characteristics, no t even by N  or P  avadability, a lthough these are 
the two elem ents generally considered to be  lim iting for 
herbivorous insects [3,4], It is possible th a t differences in the 
content o f some other (m icro)nutrient o r in some physical p roperty  
o f  the soil, e.g. pore  size, caused the observed effects o f  region on 
aphids, especially given the subtíe n a tu re  o f the p lan t features that 
caused these effects.

T h e  observation th a t sod b io ta  did no t affect aph id  perfor­
m ance, a lthough they did affect p lan t perform ance to some extent, 
is no t in  line w ith the bulk o f literature docum enting  on  the 
interactions betw een below- an d  aboveground bio ta [5-9]. 
How ever, some effects o f  sod b io ta  on  aboveground herbivores 
have been  shown to only becom e ap p aren t under particu lar levels 
o f  d rough t [49,50]. Since our plants were w atered  ad  libitum , sod 
b io ta m ight have been  unable to impose stress on plants th a t w ould 
elicit a  response o f the aphids. Interestingly, in a  sim dar laboratory  
setup, we have previously dem onstra ted  a  negative effect o f  the 
com m unity o f root-feeding nem atodes on  the population  size o f  S. 
rufula [7]. H ow ever, the nem atodes in the cited study were 
obtained by extraction from  large quantities o f roots, and  
subsequendy concen tra ted  to ra th e r high densities before inocu­
lation. H ere  we chose to use a  com plete sod inoculum , in o rder to 
address the m ore general question o f the relative im portance o f the 
biotic sod com ponent as such. T herefore, the volum e of unsterile 
sod h ad  to be small com pared  to the sterdised bulk part, in order 
no t to quantitatively change the abiotic properties o f the 
inoculated sods. T h e  num ber o f nem atodes in such a  small sod 
volume, especially root-feeding ones, is p robably  too low to cause a 
sim dar negative effect. How ever, the densities o f b io ta  applied here 
p robably  reflect the field situation m ore accurately. This is further 
supported by the lack o f correlation betw een root-feeding 
nem atode an d  aph id  abundances in the field survey of the cited 
study.

Implications o f spatial variation
T h e  fact th a t all the aph id  population  variables differed 

according to the sod’s region o f origin, b u t no t according to the 
successional state o f  the dune sod or the b io ta  p resent in th a t sod, 
emphasises the im portance o f replication a t larger spatial scales. If  
our study w ould only have focused on one particular dune system,

we w ould probably  have concluded th a t no single aspect o f the sod 
affected the developm ent o f aph id  populations. As for the p lant 
characteristics, the total dry biomass o f plants only differed 
according to sod b io ta  for soils from  the T er Yde dune area. By 
replicating our setup across dune areas, it becam e clear th a t this 
effect o f b io ta  is no t a  general phenom enon. T h e  positive effect o f 
dynam ic dune b io ta  on  relative roo t biomass on  the o ther hand  
tu rned  ou t to hold true for each o f the three  dune areas, thereby 
proving the generality o f this relationship. T h e  specificity o f some 
effects o f b io ta  for certain  locations was to be expected since the 
spatial distribution o f sod organism s is generally heterogeneous. 
T his implies th a t a t different locations, different species assem ­
blages o f soil b io ta  occur, as for exam ple dem onstra ted  for root- 
feeding nem atode species o f the genus Pratylenchus associated with 
A. arenaria [51]. G iven this variability in the universality a n d /o r  
m agnitude of the observed effects across spatially separated 
systems, spatial replication in future studies o f above-below ground 
interactions, an d  of ecology in general, is needed to provide a 
be tte r understand ing  o f the generality o f the ongoing processes.

Conclusions
In  o rder to unravel the relative effects o f the abiotic an d  biotic 

com ponents o f sod on p lan t and  insect herbivore perform ance, we 
chose A. arenaria as a  m odel species because o f its specific ecology. 
T h e  decline o f this species under decreasing sand dynam ics has 
been  a ttribu ted  either to sod b io ta  o r to abiotic sod properties in 
several studies over the past decades. O u r  study did no t yield 
convincing evidence o f abiotic soil effects on p lan t perform ance, 
whde sod bio ta  did affect p lan t traits, in accordance with the 
escape hypothesis, a lthough no t ad effects w ere ap p aren t in all o f 
the investigated dune areas. Even though the potential o f sod b io ta  
to affect aph id  population  dynam ics has previously been 
dem onstra ted  in this system, this study could no t detect any effect 
o f  sod b io ta on  the perform ance o f aphids. Differences o f abiotic 
na ture  betw een sods from  the three dune areas how ever affected 
all o f  the tested aph id  population  param eters. O u r results therefore 
suggest th a t the biotic sod com ponent is m ore im portan t th an  the 
abiotic com ponent in affecting p lan t perform ance, whde the 
opposite holds true for the insect herbivore.

Supporting Information
T ext SI Differences in sod characteristics betw een different 
trea tm en t sods, according to abiotic and  biotic sod com ponent and  
sod region of origin.
Found at: do i:10 .1371/journa l.pone.0012937.sOOl (0.03 MB
D O C )

T ab le  SI Results o f the final perm utational A N O V A  m odels o f 
the different sod param eters, obtained after a  stepwise backw ard 
selection procedure. R: region w here soil was collected: W esthoek, 
T er Yde or Le Perroquet. S: sterde, abiotic com ponent o f  the sod: 
dynam ic dunes o r stabilised dunes. I: unsterde, biotic sod 
inoculum : none, dynam ic dunes o r stabilised dunes. No significant 
effects were detected for the percentage m oisture an d  N H 4-N  
(mg/kg) o f the sods.
Found at: doi: 10.137l/jo u rn a l.p o n e .0 0 1 2937.s002 (0.05 MB
D O C )

T ab le  S2 Results o f  pairwise com parisons am ong levels o f
factors th a t significantly affected the soil param eters in the final
perm utational A N O V A  models. C om parisons w ere m ade by 
m eans o f perm utational t-tests. W hen  the num ber o f unique 
perm utations was lower th an  100, M onte C arlo sam pling was used 
to obtain  reliable P-values. R egion - PE: Le Perroquet, W E:
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W esthoek, TY: T er Yde. Soil - D: sterile soil com ponent o f 
dynam ic dune, S: sterde soil com ponent o f stabilised dune. 
Inoculum  - / :  no inoculum , d: dynam ic dune biota, s: stabilised 
dune biota.
Found at: doi: 10.137l/jo u rn a l.p o n e .0 0 1 2937.s003 (0.28 MB 
D O C )

T ab le  S3 Results o f  pairwise com parisons am ong levels o f 
factors th a t significandy affected p lan t and  aph id  characteristics in 
the final perm utational A N O V A  models. C om parisons were m ade 
by m eans o f perm utational t-tests. W hen  the num ber o f unique 
perm utations was lower than  100, M onte C arlo sam pling was used 
to obtain  reliable P-values. R egion - PE: Le Perroquet, W E: 
W esthoek, TY: T er Yde. Inoculum  - / :  no inoculum , d: dynam ic 
dune biota, s: stabdised dune biota.
Found at: doi: 10.137l/jo u rn a l.p o n e .0 0 1 2937.s004 (0.09 MB 
D O C )

Figure SI Differences in N 0 3 -N  conten t o f trea tm en t soils with 
different unsterde inocula (m ean + SE). Significant pairwise 
differences are indicated by different letters above the bars (P <  
0.05). Inoculum  - / :  no inoculum , d: dynam ic dune biota, s: 
stabdised dune biota.
Found at: do i:10 .1371/journa l.pone.0012937.s005 (0.05 M B TIF)

Figure S2 Differences in soil param eters o f trea tm en t sods 
according to region and  abiotic soil com ponent (mean +  SE). A) 
Percentage C a C 0 3 . B) pFl-K C l. C) Percentage organic m atter per 
dry m atter. Significant pairw ise differences are indicated by
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PE: Le Perroquet, W E: W esthoek, TY: T e r  Yde. Sod - D: sterile 
sod com ponent o f dynam ic dune, S: sterile sod com ponent o f 
stabdised dune. Inoculum  - / :  no inoculum , d: dynam ic dune 
biota, s: stabilised dune biota.
Found at: do i:10 .1371/journa l.pone.0012937.s007 (0.17 M B TIF) 
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