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brassicas can quickly alter belowground communities, but 
that the net effect of this on neighboring plants is not neces-
sarily negative.

Keywords Facilitation · allelopathy · Indirect 
interaction · soil biota · belowground food web

Introduction

Plants interact indirectly through belowground processes 
such as changes to resource pools and nutrient dynam-
ics (caldwell et al. 1998; callaway et al. 1991), as well as 
manipulation of soil biota (callaway et al. 2008). these 
interactions may be negative, as in the case of indirect or 
apparent competition, but also positive, as in the case of 
indirect facilitation (callaway and Walker 1997). numer-
ous studies have shown that indirect belowground interac-
tions can alter the outcomes of interactions between native 
and non-native plants (hierro and callaway 2003). For 
example, garlic mustard reduced mycorrhizal associations 
with several native plant species, which ultimately led to 
decreased plant growth (lankau 2010; stinson et al. 2006). 
In africa, either the presence of amaranth or addition of the 
amaranth’s root exudates decreased mycorrhizal abundance 
on a native acacia and decreased the growth of the acacia 
(sanon et al. 2009). In a more complicated example, the 
addition of carvacrol, a constituent of thyme root exudates, 
decreased the rhizobial nodulation of some Medicago 
genotypes, but not others, and it did not affect plant fitness 
(ehlers et al. 2012).

belowground indirect interactions may also include 
the mechanisms behind plant positive interactions such as 
facilitation (callaway 1995). Plant interactions with below-
ground biota range from positive (mutualistic) to negative 
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(parasitic). For example, many plants benefit from enter-
ing into mutualistic interactions with mycorrhizal fungi, 
but suffer when interacting with less beneficial genotypes 
of mycorrhizae that remove photosynthate from the plant 
without any benefit to the plant (bever 2002). likewise, 
nitrogen-fixing rhizobium bacteria often enter into a mutu-
alistic relationship with leguminous plants, but again, 
plants may suffer from rhizobia that take plant photosyn-
thate without fixing adequate nitrogen (Denison 2000). 
For example, the interaction between rhizobium bacteria 
and lupin bushes appears to be complex, as there are some 
rhizobium genotypes that take plant photosynthate without 
fixing nitrogen, and there appear to be plant sanctions to 
reduce the prevalence of these less beneficial genotypes 
(simms et al. 2006).

lupin (Lupinus nanus), an annual legume, and wild rad-
ish (Raphanus sativus), a non-native crucifer, are common 
components of californian coastal grasslands and often 
co-occur in close proximity (barbour et al. 1973). many 
crucifers, including close relatives of R. sativus, have been 
shown to disrupt soil biotic interactions such as mycorrhi-
zal associations with tree roots (stinson et al. 2006), soil 
pathogen loads (haramoto and gallandt 2004), and nema-
tode communities (Kabouw et al. 2010) due to their root 
exudates. the interaction between lupin and Bradyrhizo-
bium sp. has received recent attention (simms et al. 2006). 
the effect of bradyrhizobium on the plant can range from 
positive to negative (sachs and simms 2008; simms et al. 
2006), depending on genotype-specific interactions (simms 
et al. 2006). Our study explored the effects of the presence 
of R. sativus on a legume-rhizobium system.

specifically, we conducted both field observations and a 
manipulative greenhouse study to test whether the introduc-
tion of R. sativus affects soil biotic communities, the nodu-
lation of L. nanus roots by bradyrhizobium, and the growth 
of L. nanus. We conceived these experiments as crucifers 
such as R. sativus are known to have an allelopathic effect 
on many aspects of soil biota (lankau et al. 2010). as such, 
we tested whether R. sativus introduction affected the nod-
ulation of L. nanus by rhizobium and asked whether the 
net effect of this interaction was positive or negative for  
L. nanus. In addition, we tested for other effects of R. sativus 
on the soil food web.

Materials and methods

study system

Lupinus nanus is a common annual legume found through-
out california. It is abundant in californian coastal grass-
lands, where it germinates after the initiation of winter 
rains, and grows through mid spring, when it flowers.  

L. nanus is nodulated by Bradyrhizobium sp., a nitrogen-
fixing root-associated bacterium. In the greenhouse experi-
ment, we used commercially available L. nanus seed (elk-
horn native Plant nursery, moss landing, ca), which 
originated from a site within 100 km of our field site.

californian Raphanus sativus is a hybrid between a non-
native wild radish species (Raphanus raphinistratum) and 
cultivated radish (Raphanus sativus). both species were 
presumably introduced in the 1850s from mediterranean 
europe (Panetsos and baker 1968; ridley and ellstrand 
2009). R. sativus is common in disturbed landscapes, and it 
is able to persist in coastal grasslands, where it is an abun-
dant weed, forms dense patches, and becomes a facultative 
biennial. R. sativus does not form mycorrhizal associations 
(bolan 1991; hirrel et al. 1978), and it contains glucosi-
nolates, secondary metabolites with broad toxicity to vari-
ous organisms (halkier and gershenzon 2006). In green-
house experiments, we used bulk-collected R. sativus seeds 
collected at our field site (bodega marine reserve).

Field site and observations

Field observations and soil collections were taken in a 
coastal grassland/shrubland at bodega marine reserve 
(38.31383°n 123.06194°W). the common vegetation 
at the site included non-native grasses: Holcus lanatus, 
Lolium multiflorum, and Bromus sp.; native and non-native 
forbs Lupinus nanus, Eschscholtzia californica, Eriodium 
sp. and Rumex actocella; as well as native shrubs Lupi-
nus sp. and Baccharis pilularis. soils at the site are over 
80 % sand, neutral to mildly acidic, and frequently aer-
ated or disturbed by rodent activity (barbour et al. 1973). 
the exchangeable nitrate content of soils at the site ranges 
from 5 to 25 μg/g soil depending on the exact proximity to 
lupins (maron and connors 1996).

In march 2007, we marked 30 focal R. sativus plants 
and found associated L. nanus individuals that were either 
close (within 50 cm) or far (further than 50 cm, but <3 m) 
from the focal R. sativus or any neighboring R. sativus indi-
viduals. We carefully excavated the roots of each L. nanus 
individual, counted rhizobium nodules, and measured the 
length of the (typically linear) root. We compared nodules 
per cm root between L. nanus individuals close and distant 
to the focal R. sativus.

soil collection and greenhouse experiment

soil (~400 l) was collected in november 2007 from the 
top 30 cm of the coastal shrubland/grassland at bodega 
marine reserve. R. sativus was not present at the immedi-
ate site of soil collection, but was present at nearby sites. 
the soil was bulked and sieved through 3-cm mesh in order 
to homogenize samples and remove any large debris. the 
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soil was then brought to a lathe-house in Davis, california 
and divided into gallon (3.78-l) pots (n = 60). In half of 
the pots, three R. sativus seeds were planted, and the other 
half received no R. sativus seeds. In all pots, natural ger-
mination and growth of plants from the soil seed-bank 
was allowed. the most common germinants in pots were 
several unidentified grasses, Eschscholtzia californica, 
Erodium sp., Rumex actocella, Cerastium arvense, Trifo-
lium sp., and an unidentified asteraceae. throughout the 
experiment, pots were exposed to ambient temperatures 
and watered biweekly (or less, depending on ambient rain-
fall). In February 2008, three months after soil collection, 
soil cores (2 cm diameter) were taken in four locations in 
the pots to a depth of 10 cm for estimation of nematode 
communities and fungal abundance (methods below). 
simultaneously, the aboveground portion of R. sativus was 
removed, which killed these plants. three days following 
the removal of soil cores and R. sativus aboveground mate-
rial, five scarified and imbibed L. nanus seeds were planted 
in each pot. In pots where more than two L. nanus seeds 
became established, two seedlings were randomly chosen 
for the experiment, and all others were removed, result-
ing in one or two L. nanus individuals in each pot. On 27 
march 2008, we photographed 12 pots from above and cal-
culated percent vegetated area in Photoshop (adobe sys-
tems, san Jose, ca) as the total pixel area of the pot/total 
green pixels within a pot. On 25 april 2008, all L. nanus 
individuals were removed, and roots were cleaned. based 
on differences noticed in the field observations, nodules 
were counted and divided visually into “healthy” nodules, 
which were white, smooth in texture, and pink inside ver-
sus “shrunken” nodules, which were yellow or brown, 
wrinkled in texture, and similar in color inside. the above- 
and belowground portions of each L. nanus individual were 
dried at 60 c, and their biomasses were recorded. In cases 
where two L. nanus individuals persisted, the individuals 
were considered subsamples, and data from these individu-
als was averaged. In these cases, the L. nanus individuals 
grew in opposite sides of the pot and had neither above- nor 
belowground contact.

estimates of nematode community

soil was bulked and then divided into aliquots for nema-
tode and fungal extractions. nematodes from 36 of the pots 
were extracted between 24 February 2008 and 3 march 
2008 (Ferris and matute 2003; Jaffee et al. 2007). the 
remaining 24 samples (evenly distributed between treat-
ments) showed visible signs of fungal infection in storage 
and the entire samples were discarded. soil for nematode 
extractions was passed through a 1.6-mm sieve in order to 
homogenize the aliquot. a 10-cm3 subsample of each soil 
aliquot was then weighed and placed in a baermann funnel. 

nematodes were collected after 2 days from the baermann 
funnel and the total number of nematodes extracted was 
counted. the extracted nematodes were then centrifuged, 
mounted on a slide, and 30 nematodes from each sample 
(between 5 and 25 % of the total nematodes) were identi-
fied to functional group. these nematodes were identified 
to feeding guild on the basis of stylet and esophagus fea-
tures [bacterial feeding, fungal feeding, plant pathogenic, 
predatory, or “other,” following Yeates et al. (1993)] under 
100 × magnification. the proportion of nematodes in this 
subsample of 30 belonging to each functional group was 
used to estimate the total number of nematodes in each 
functional group. We determined that identification of 30 
nematodes gave an accurate representation of the major 
nematode feeding guilds, as each group reported was well 
represented in each count. an additional subsample of each 
soil aliquot was weighed wet and dry in order to estimate 
the moisture content of the soil from which nematodes 
were extracted, and nematode abundance was expressed on 
a gram dry weight (DW) basis.

estimates of fungal abundance

the soil aliquot for fungal extraction was frozen at −20 c 
prior to estimation of fungal density using the membrane 
filter technique (hanssen et al. 1974; West 1988). a 1-g 
sample of the thawed soil aliquot was ground in grinding 
solution: 5 ml distilled water with 0.1 % dish soap (Dawn; 
Proctor and gamble, cincinnati, Oh) using mortar and 
pestle for 1 min at which point the solution was allowed to 
settle for 30 s, the supernatant was decanted, and another 
5 ml of grinding solution was then added to the non-sus-
pended material. the remaining slurry was ground again 
for 1 min, and the process was repeated until 25 ml sus-
pended, ground soil solution was recovered. at this point 
all extracted material (both supernatant and pellet) was 
passed through a 40-μm-mesh sieve, and the soil particles 
and hyphae that were collected on the sieve were back-
washed into a 500-ml beaker. the suspension was stirred 
at a standard speed using a magnetic stir-bar and allowed 
to settle for exactly 90 s. at this point three 10-ml sam-
ples were taken from the suspension and passed through 
a 1.9-mm-diameter, 0.45-μm-pore size millipore filter. 
the hyphal sample was dried on the filter and stained 
with a 1:10 mixture of blue ink (Platinum Fountain Pens, 
Japan):1 % acetic acid (Vierheilig et al. 1998). the filter 
was viewed under 200× magnification and photographed 
at six points along a grid. Fungal hyphae were identified 
from the photographs and traced in Photoshop (adobe sys-
tems, san Jose, ca). Pixels of hyphae were counted for 
each photograph using Image J software. Prior to statisti-
cal analysis, relative hyphal density (in pixel counts) was 
averaged over the six photographs per filter and three filters 

Author's personal copy



474 Oecologia (2014) 174:471–478

1 3

per soil sample (18 subsamples). an additional 500 mg soil 
sample was homogenized, weighed and dried in order to 
calculate DW to fresh weight ratio, and relative hyphal den-
sity was expressed as hyphal area/g DW soil.

statistical analysis

nematode abundance and rhizobium density were log 
transformed and biomass measures were square-root trans-
formed in order to meet assumptions of normality. multi-
variate anOVa (manOVa) was performed in order to 
assess whether R. sativus had a global effect on the com-
bined nematode and fungus measures over our multiple 
observations. Individual effects of R. sativus on each of 
the nematode feeding guilds was assessed using protected 
anOVa. the effect of R. sativus on fungus was assessed 
using an anOVa blocked by extraction day. the anOVa 
results for the effect of R. sativus on the hyphal density of 
fungus and fungal feeding nematodes were tabulated as 
a path analysis using standard methods (mitchell 2001). 
Focal R. sativus individual was included as a random effect 
in the field observations of L. nanus nodulation. all statis-
tics were calculated in r (r core Development team 2008) 
using package nlme for random effects models (Pinheiro 
et al. 2009).

Results

effect of R. sativus proximity on L. nanus nodules in the 
field

L. nanus individuals growing close (<50 cm) to R. sativus 
had a 22 % lower nodule density compared to those grow-
ing far (>50 cm) from R. sativus (F1,29 = 6.51, P = 0.016; 
Fig. 1). root length of L. nanus did not vary with proxim-
ity to R. sativus (F1,29 = 0.64, P = 0.429). the density of 
nodules was not related to the proximity of a (typically 
L. arboreus or L. nanus) lupin congener (F1,29 = 0.73, 
P = 0.40).

effect of r. sativus introduction on l. nanus nodules in a 
greenhouse experiment

L. nanus individuals grown in pots that previously contained 
R. sativus developed a 27 % lower density of nodules than 
those grown in pots that lacked R. sativus (F1,48 = 18.32, 
P < 0.001; Fig. 2). both treatments contained all other ger-
minants from the native plant community. In a subsample 
of pots, R. sativus addition did not affect the total cover of 
germinants in the pots (mean cover—R. sativus = 63.3 %, 
mean cover-control = 63.9 %, F1,10 = 0.02, P = 0.882). 
the density of healthy nodules did not vary between 

pots with or without R. sativus (F1,48 = 0.50, P = 0.481; 
Fig. 2), and the overall effect of nodule density was driven 
by a strong negative effect of R. sativus on the density of 
shrunken nodules (F1,48 = 16.54, P < 0.001; Fig. 2). the 
presence of R. sativus did not affect root length of L. nanus 
(F1,48 = 1.82, P = 0.184), suggesting that the effect of 
R. sativus on nodulation density was independent of root 
length.

effect of R. sativus introduction on L. nanus biomass

L. nanus individuals grown in pots that previously con-
tained R. sativus had 40 % more total biomass than L. nanus 
individuals grown in pots without R. sativus (F1,39 = 4.53, 
P = 0.039; Fig. 3). specifically, R. sativus increased above-
ground biomass of L. nanus (F1,39 = 4.88, P = 0.033), 
but not L. nanus belowground biomass (F1,39 = 0.56, 
P = 0.460; Fig. 3). the total biomass of L. nanus individu-
als in the experiment was marginally negatively correlated 
with the density of rhizobium nodules (r = −0.31,  = 39, 
P = 0.051).

effect of R. sativus introduction on nematode community 
and fungal biomass

R. sativus introduction had an overall effect on the soil 
biota in potted soils from a coastal grassland (manOVa, 
Wilks-shapiro test: approximate F = 4.11, P = 0.009). 
total nematode abundance, however, was not significantly 
affected by R. sativus introduction (F1,34 = 3.25, P = 0.081; 
Fig. 4). R. sativus did affect the abundance of some feeding 

Fig. 1  nodulation (nodules per cm) of Lupinus nanus roots in the 
field when growing more than 50 cm from Raphanus sativus (far) 
or within 50 cm of R. sativus (close). Bars are mean ± se (n = 30). 
Asterisk indicates significant differences between treatments 
(P < 0.05)
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guilds of nematodes, and its effect was specific to each feed-
ing guild. specifically, R. sativus introduction decreased 
the abundance of fungal feeding (FF) nematodes by 30 % 
(F1,34 = 6.14, P = 0.018; Fig. 4). and increased the abun-
dance of plant pathogenic nematodes in the soil by 40 % 
(F1,34 = 4.99, P = 0.032; Fig. 1). bacterial feeding nema-
todes, the most abundant nematode group, were not affected 
by R. sativus introduction (F1,34 = 2.55, P = 0.12; Fig. 4).

R. sativus introduction did not affect the relative density 
of fungal hyphae (F1,34 = 0.21, P = 0.65; supplemental 
Fig. s1). similarly the density of fungal hyphae was not a 
good predictor of the abundance of fungal feeding nema-
todes (r2 = 0.014, P = 0.49; supplemental Fig. s1). a path 
model that included both the direct effect of fungal feed-
ing nematodes and an indirect path mediated by changes 
in fungal density gave little support for this indirect path 
(supplemental Fig. s1).

Discussion

We found that R. sativus reduced the total nodulation of 
neighboring L. nanus plants (Figs. 1, 2) and altered soil com-
munities (Fig. 4). the net effect of R. sativus on L. nanus 
growth was positive (Fig. 3). the finding that R. sativus 
suppresses nodulation, but ultimately benefits L. nanus 
growth contrasts with the results of other studies, which 
found indirect competition between plants via the suppres-
sion of their microbial associates such as mycorrhizae (stin-
son et al. 2006) and nitrogen-fixing rhizobium (sanon et al. 
2009). more generally, however, the nature of the interaction 
between a plant and its microbial associates cannot be taken 
for granted; many assumed mutualisms between plants and 
microbes are actually far more complex (Denison and Kiers 
2004). For example, the addition of a metabolite from thyme 
root exudate only decreased the nodulation of some Med-
icago genotypes, and this metabolite did not affect the repro-
ductive success of Medicago (ehlers et al. 2012).

Fig. 2  nodulation of L. nanus roots in a greenhouse experiment 
manipulating the presence of R. sativus in field-collected soil. Bars 
are mean ± se (n = 30). Asterisks indicate significant differences 
between treatments (P < 0.01)

Fig. 3  the effect of R. sativus introduction on biomass accumulation 
of L. nanus seedlings grown subsequently in the same pots. Bars are 
mean ± se. Asterisk indicates significant differences between treat-
ments (P < 0.05)
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Our results are consistent with the idea that the presence 
of R. sativus may alter the dynamics of L. nanus-rhizobial 
interactions in such a way that favors L. nanus. In a similar 
system, the relationship between lupin and its rhizobial sym-
bionts has been shown to range from mutualistic to parasitic 
(simms et al. 2006). recent studies have found that rhizobial 
strains that pose a net cost to their host have arisen multi-
ple times and are presumably common in the environment 
(sachs and simms 2008; simms and taylor 2002). Further-
more, related Lupinus species are capable of differentiating 
between these strains and allocating more resources to nod-
ules infected with a more mutualistic strain such that more 
mutualistic nodules tend to be larger than their less beneficial 
counterparts (simms et al. 2006). In our system, L. nanus 
exposed to R. sativus-influenced soil have fewer small, 
shrunken nodules than L. nanus individuals not exposed to 
R. sativus, but not fewer healthy nodules (Fig. 2). likewise 
there was a negative correlation between nodulation rate and 
growth of L. nanus in our experiment. based on previous 
studies that show a positive relationship between plant size 
and seed set in L. nanus at the same site [derived from data 
in marvier (1998)], it is likely that a positive effect of R. sati-
vus on plant growth might lead to a greater lifetime fitness, 
though altered rhizobium interactions might also change 
the relationship between biomass and seed set. combined, 
these results are consistent with a scenario where R. sativus’s 
influence on soil decreases the infection of L. nanus by poor-
quality rhizobium. alternatively, R. sativus may indepen-
dently affect both nodulation and plant growth.

Within the context of rhizobium-lupin interactions, there 
are many plausible mechanisms by which R. sativus pres-
ence might affect L. nanus biomass via interactions with 
rhizobia. First, the presence of R. sativus may alter nitrogen 
dynamics in the soil and allow L. nanus to allocate fewer 
resources to its nitrogen-fixing nodules. For example, rates 
of nitrogen fixation in soybean were decreased with greater 
addition of nitrogen fertilizer (hardarson et al. 1984). sec-
ond, R. sativus may directly alter the community of rhizo-
bia in the soil. If rhizobial strains that are poor L. nanus 
associates are also more susceptible to negative effects of 
R. sativus presence, then R. sativus may alter the commu-
nity of rhizobium in such a way that is indirectly beneficial 
to L. nanus. as one comparable example, rhizobial commu-
nities differed across soil chemical environments in cali-
fornia grasslands, where more chemically harsh soils con-
tained rhizobia that were more tolerant of heavy metals and 
were also slower growing (Porter and rice 2013).

there are several plausible mechanisms by which  
R. sativus might directly affect L. nanus interactions with 
rhizobia. R. sativus may directly alter the community of 
rhizobia in the soil or, in turn, it might change the lupins’ 
physiology altering nodulation patterns. the current 
study cannot differentiate between these potential mecha-
nisms by which R. sativus might influence the outcome of  
L. nanus-rhizobial interactions; however, future studies may 
differentiate between these hypotheses by examining direct 
effects of R. sativus on free-living rhizobia or on lupin 
nitrogen uptake independent of nodulation.

R. sativus introduction decreased the abundance of fun-
gal feeding nematodes, increased the abundance of plant 
pathogenic nematodes, and had no effect on the abundance 
of bacterial feeding nematodes (Fig. 4). the most obvi-
ous mechanism to explain the varying effects of R. sativus 
on different nematode functional groups is that R. sativus 
affected the microbial resources of these nematode groups. 
however, in our study, R. sativus introduction did not affect 
the total density of fungus in pots but did affect the abun-
dance of fungal feeding nematodes (supplemental Fig. s1). 
It is possible that there is resource specialization within the 
fungal feeding nematodes, such that abundant groups of 
nematodes may only utilize some fraction of total fungus 
in the soil. Indeed, many fungivorous invertebrates prefer 
dark-staining fungi over other fungal isolates to the degree 
that they will not consume the non-dark-staining fungi in 
no-choice experiments (maraun et al. 2003). however, the 
role of dietary specialization in decomposer communities 
is still under debate (O’connell and bolger 1998). alterna-
tively, fungal feeding nematodes may suppress the stand-
ing amount of fungus that they are grazing, which would 
lead to a complex relationship between the standing pool of 
fungus and nematode abundance (Wardle and Yeates 1993). 
the increase in plant pathogenic nematodes after R. sativus 

Fig. 4  abundance of different nematode guilds, bacterial feed-
ing (BF), fungal feeding (FF), plant pathogenic (PP), in grassland 
soil with or without planted radish. Bars are mean nematode abun-
dance ± se (n = 18), y-axis is log scale. Asterisks indicate significant 
differences between treatments (P < 0.05)
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introduction may also be explained by resource specializa-
tion if the plant pathogenic nematodes feed on R. sativus 
itself (supplemental Fig. s1). Plant pathogenic nematodes 
have a very specialized relationship with their hosts, such 
that specialization to a particular plant species or even 
genotype is common (van der beek et al. 1998; Williamson 
and hussey 1996). the increase in plant pathogenic nema-
todes could not be explained by an increase of root mass of 
plants in general in the pots, as all other plants in the native 
soil were allowed to germinate in our experiment, and, as 
a result, the percent cover of plants in pots with R. sativus 
was not different from pots with R. sativus.

Conclusion

the presence of R. sativus altered soil communities includ-
ing rhizobial associates of the legume, L. nanus. however, 
the net impact of R. sativus on L. nanus biomass was posi-
tive. Our results, in combination with previous studies, are 
consistent with the idea that the presence of R. sativus may 
alter the relationship between L. nanus and its rhizobial 
associates, which has a positive effect on L. nanus growth. 
this study demonstrates that the indirect belowground 
interactions between plants may be both complicated and at 
times facilitative.
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