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INTRODUCTION

Bacteria are embedded within complex communities, 
where they face a constant struggle for limiting resources 
(Foster & Bell, 2012; Ghoul & Mitri, 2016; Hibbing et al., 
2010). Ecological theory predicts that, while competitive 
interactions prevail in permissive environments, abiotic 
stress should favour more positive interactions (Stress 
Gradient Hypothesis: Bertness & Callaway, 1994). Two 
general non-mutually exclusive mechanisms could un-
derpin a shift towards positive interactions in response 
to abiotic stress. First, stress-mediated population size 
reductions are likely to alleviate the magnitude of re-
source and/or interference competition between species 

(Chesson, 2000). Second, abiotic stress could promote 
facilitative interactions (Bruno et al., 2003), wherein 
both (mutualism: Bronstein, 1994) or one (commensal-
ism: Mathis & Bronstein, 2020) of the species involved 
derive a benefit without causing harm to either. Key 
examples of facilitative interactions in bacterial com-
munities include the extracellular breakdown of toxins 
(Estrela et al., 2019) and syntrophy, where species cross-
feed on waste products produced by others (D'Souza 
et al., 2018). Mounting evidence shows that the function-
ing and stability of bacterial communities are greatly 
affected by such facilitative interactions (Cavaliere 
et al., 2017; Coyte et al., 2015; Rodríguez-Verdugo & 
Ackermann, 2020).
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Abstract

Ecological theory predicts interactions between species to become more positive 

under abiotic stress, while competition should prevail in more benign environ-

ments. However, experimental tests of this stress gradient hypothesis in natural 

microbial communities are lacking. We test this hypothesis by measuring interac-

tions between 10 different members of a bacterial community inhabiting potting 

compost in the presence or absence of toxic copper stress. We found that copper 

stress caused significant net changes in species interaction signs, shifting the net 

balance towards more positive interactions. This pattern was at least in part driven 

by copper-sensitive isolates – that produced relatively small amounts of metal-

detoxifying siderophores – benefitting from the presence of other species that pro-

duce extracellular detoxifying agents. As well as providing support for the stress 

gradient hypothesis, our results highlight the importance of community-wide pub-

lic goods in shaping microbial community composition.
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Support for the Stress Gradient Hypothesis (SGH) 
from observational studies is very mixed (Bowker et al., 
2010; Bruno et al., 2003; He et al., 2013; Li et al., 2013) 
and the underlying mechanisms remain often unclear 
(Lawrence & Barraclough, 2015). This highlights the 
need for well-controlled experimental studies to fill this 
important knowledge gap. A recent experimental test 
reported more positive interactions under toxic environ-
mental conditions in simple in vitro bacterial commu-
nities (Piccardi et al., 2019). In this model system, some 
species detoxified metal working fluid to the benefit of 
the rest of the community (Piccardi et al., 2019), thereby 
masking underlying competitive interactions. However, 
the mechanisms responsible for the observed increase in 
facilitation remain unknown. To explore the generality 
and ecological relevance of this finding, we investigated 
whether toxic metal stress in a semi-natural environ-
ment (potting compost) increased the extent of positive 
interactions between members of the resident bacterial 
community.

Both the competition–alleviation and the facilitation–
opportunity mechanisms are likely to operate in metal-
polluted bacterial communities. First, metals typically 
reduce bacterial population sizes (Chen et al., 2014; 
Gadd & Griffiths, 1977), thereby potentially reducing 
interspecific competition (Lawrence & Barraclough, 
2015). Second, extracellular detoxifying agents, such as 
siderophores, could potentially provide protective bene-
fits and ameliorate toxic metal conditions. Siderophores 
are small, metal-chelating compounds that are secreted 
by many microbes (Hider & Kong, 2010; Ratledge & 
Dover, 2000). These extracellular molecules are perhaps 
best known for their function as iron carriers, but sid-
erophores are often up-regulated in response to metal 
toxicity: siderophores are released into the environment, 
where they bind to toxic metals and prevent them from 
being taken up and killing cells (Schalk et al., 2011); 
hence, detoxification takes place outside the bacterial 
cell. Importantly, siderophores not only protect the pro-
ducer from toxic metal stress, but potentially also con-
specifics (Braud et al., 2010; O'Brien et al., 2018) and 
other community members (Hesse et al., 2018). In partic-
ular, using the model species Pseudomonas aeruginosa, 
we have previously shown that heterospecific sidero-
phores can rescue an isogenic siderophore knockout mu-
tant (so-called ‘cheats’) from toxic copper stress (Hesse 
et al., 2018).

Investment in siderophores is, therefore, likely a key 
phenotypic trait shaping the outcome of species inter-
actions (Kramer et al., 2019). If siderophores indeed fa-
cilitate the growth and survival of metal-sensitive taxa, 
then this might shift the balance towards more positive 
interactions. However, this facilitation might then in-
crease competition between the beneficiary species and 
the producer leading to more negative interactions and 
even competitive exclusion (Chesson, 2000). The ben-
eficiary species could be considered as ‘cheats’ in this 

context, with cheating species stably maintained in 
metal-polluted environments because siderophore pro-
duction can be metabolically costly (Sexton & Schuster, 
2017).

To test whether abiotic stress causes an increase in the 
prevalence of positive interactions, we exposed bacte-
ria to toxic copper – an ecologically and economically 
important density-independent stressor (Gadd, 2010). 
We conducted pairwise competitions among 10 random 
compost isolates, as well as growing each in isolation 
over 7 days in copper-polluted or unpolluted compost. 
We determined net interaction signs by comparing the 
population densities of partners when grown alone ver-
sus together. In line with the SGH, the net balance of 
interactions shifted towards more positive interactions 
in response to copper stress, with metal-sensitive, low 
siderophore-producing bacterial taxa benefitting most 
from the presence of other species.

M ATERI A L A N D M ETHODS

Pairwise competition assays among compost 
isolates

We carried out pairwise competition assays among 10 
random compost isolates. We previously isolated bac-
terial taxa from experimental compost microcosms to 
test how the presence of toxic metals affects community-
wide siderophore production (Hesse et al., 2018). Briefly, 
bacteria were isolated by plating soil washes on King's 
B (KB) agar, after which individual colonies were ran-
domly picked and Sanger sequenced to determine genus-
level identity (n  =  576 isolates in total). We selected a 
subset of 10 isolates, ensuring these varied widely in 
their colony morphology, size and siderophore produc-
tion (Figure 1). Colony morphologies were stable in our 
compost microcosms throughout the course of the ex-
periment. We also validated colony identity for a subset 
of isolates using Sanger sequencing. Together, this ena-
bled us to distinguish and quantify colonies of all differ-
ent isolates in pairwise co-cultures.

Before each experiment, each of the 10 isolates was 
independently grown for 48  h (26℃, 200  rpm) in glass 
vials (25 ml) containing 6 ml of KB broth, starting from 
a single colony. Cultures were spun down and washed 
twice, before cells were eluded and diluted in M9 salt 
solution to standardise inoculation density across iso-
lates. Monocultures of each isolate were established in 
triplicate by inoculating ~2 × 105 colony-forming units 
(CFUs) in glass vials, each containing 5  g of twice-
autoclaved sterile compost (John Innes No. 2). Starting 
population sizes were quantified through plating on KB 
agar. Using a similar approach, we established all possi-
ble pairwise competitions (n = 45) by co-inoculating ~105 
CFUs per isolate in duplicate vials, keeping total inocu-
lation densities constant across environments. Compost 
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microcosms were incubated statically at 26℃ and 75% 
humidity for a total of 7 days. This equated to a maxi-
mum of 10 population doublings (1000-fold increase in 
population size), minimising any potential impact of evo-
lutionary change. After 24 h of growth, half of the com-
post microcosms received a single dose of toxic copper 
sulphate (0.4 ml of 0.25 M CuSO4), which reduced bac-
terial densities without causing large-scale extinctions 
(with the exception of Flavobacterium: see Figure 2). The 

remainder of the microcosms received an equal volume 
of sterile ddH2O. At the end of the incubation period, 
freezer stocks were prepared by vortexing the compost 
microcosms for 1 min with 15 ml of M9 buffer and sterile 
glass beads, after which the supernatant was stored at 
−80℃ in a final concentration of 25% glycerol. Serial di-
luted freezer stocks were then plated on KB agar and in-
dividual colonies were identified and counted to obtain 
estimates of population density (CFU g−1 soil).

F I G U R E  1   Compost isolates used in the pairwise competition assays. Bacteria were previously isolated from a natural compost community 
(Hesse et al., 2018). For this study, we selected a subset of 10 phylogenetically diverse isolates that varied in their siderophore production (a) 
and colony morphology (b). The bar plot in panel (a) depicts density-corrected variation in siderophore production, which was measured in 
duplicate for each isolate. Biological replicates are depicted in different shades, and colours correspond to different isolates. We used mean 
siderophore production per isolate as explanatory variable in subsequent analyses. Panel (b) shows variation in colour when isolates were plated 
on King's B agar. Letters underneath spotted cultures depict the subset of isolates used, and their corresponding full genus names are provided 
in panel (a). Combined with information on colony size and opacity, this enabled us to distinguish competitors during pair-wise competition

F I G U R E  2   The impact of copper stress on bacterial population densities. Boxplots showing the effect of toxic copper on final population 
densities (CFU g−1 soil) in (a) monoculture and (b) co-culture. Each subpanel shows isolate-specific variation in population density as a 
function of copper stress, where white and black boxes depict unpolluted and copper-polluted compost respectively. Boxes depict the upper 
and lower quartiles of the treatment-specific raw data with the centre line showing the median and whiskers providing a measure of the 1.5× 
interquartile range. Coloured dots in panel (b) summarise the mean effect of different competitors on focal densities, and horizontal dashed 
lines depict treatment-specific mean monoculture density
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We assayed siderophore production of each taxon 
in isolation in a common garden environment using 
individual liquid CAS assays on cell-free supernatants 
(Harrison et al., 2008; Schwyn & Neilands, 1987). Briefly, 
isolates were grown individually in 6 ml of KB broth in 
duplicate for 48 h at 26℃, after which 100 μl of cell-free 
filtered supernatant was assayed for the extent of iron 
chelation by mixing supernatant at a 1:1 ratio with CAS 
solution. Siderophore production was then estimated 
using: (1 − (Ai/Aref))/(CFUi)), where CFUi = the number 
of CFUs in 100-μl culture and Ai = absorbance at 630 nm 
of the assay mixture (culture  +  CAS) and Aref  =  ab-
sorbance at 630  nm of reference mixture (KB  +  CAS) 
(Harrison et al., 2008). For some samples, absorbance 
reads were negative following reference correction so 
we standardised siderophore production by setting the 
minimum observed value to zero. CAS assays performed 
in iron-limited KB medium (supplemented with 20 mM 
NaHCO3 and 100  μg  ml−1  human apotransferrin) pro-
vided qualitatively similar results (linear relationship: 
y = −0.017 (−0.024, −0.009) + 1.325 (0.85, 1.799) × x; ad-
justed R2 = 0.82). Note that it was not possible to measure 
siderophore production in situ, because the CAS assay is 
interfered by the presence of natural metal chelators in 
compost.

Data analyses

To confirm that the level of copper we used imposed 
abiotic stress, we used a generalised linear mixed ef-
fects model (GLMM) (glmmTMB() function in the 
‘glmmTMB’ package; Brooks et al., 2017) with final 
population size (Nmonoculture) as response variable, 
copper treatment as fixed effect and random inter-
cepts fitted for individual isolates. We used a negative 
binomial error distribution with a log-link function 
(Harrison et al., 2018; Zuur et al., 2010) and checked 
residual behaviour using the ‘DHARMa’ package 
(Hartig, 2020). Based on the obtained simulation-
based residual plots, we included isolate-specific dis-
persion parameters.

To determine the effect of copper on co-culture den-
sities, we used a GLMM with a zero-inflated negative 
binomial error distribution, copper as explanatory vari-
able and dispersion parameters fitted for individual iso-
lates. To model the dependency of paired observations, 
we fitted additive random intercepts for individual pairs 
(n = 180) and isolates (n = 10).

We next determined the sign of species interactions 
by calculating differences in final population sizes 
(N) in co-culture versus monoculture for each isolate: 
d = log2(Nco - culture∕Nmonoculture). We defined interac-
tions as negative if d  <  0 or positive if d  >  0. To visu-
alise how copper stress affects the nature of species 
interactions, we plotted pairwise interactions in a linear 

network using the R ‘igraph’ (Csardi & Nepusz, 2006) 
and ‘ggraph’ (Pedersen, 2020) packages, selecting in-
teractions with |d|  >  1.25 (averaged across duplicates). 
Arrow thickness in these networks is proportional to d.

To test whether copper stress changed the compo-
sition of species interactions, we carried out a linear 
mixed model (LMM) (lmer() function in the ‘lme4’ pack-
age; Bates et al., 2015) on d, with copper treatment as 
explanatory variable. Again, we fitted random additive 
intercepts for pairs and isolates. To improve residual be-
haviour, we transformed d using an inverse hyperbolic 
sine transformation in this and subsequent models. To 
investigate into more detail which isolates showed signif-
icant net changes in interaction sign in response to copper 
stress, for each isolate we carried out one-sample t-tests 
by comparing Δd =d copper,competitori

−d control,competitori
 to 

zero, corrected for multiple testing (‘fdr’ method).
To determine whether siderophores are important 

predictors of species interactions, we first confirmed 
siderophores protect isolates from copper stress when 
grown as monocultures. We fitted a generalised linear 
model (GLM with Gaussian error structure) with sidero-
phore production as explanatory variable and between-
treatment differences in monoculture density as response 
variable: ΔN = log2(N copper∕N control), which is more neg-
ative for isolates that are more sensitive to copper stress.

We next wanted to examine whether there was direct 
siderophore facilitation and/or exploitation. We carried 
out a LMM on d (i.e. our measure of species interaction 
sign and strength), with copper and siderophore produc-
tion of the focal isolate as explanatory variables, as well 
as their interaction. Again, we fitted random additive 
intercepts for pairs and isolates. If there was exploita-
tion, then d should be negative for isolates producing 
relatively large amounts of siderophores, and positive 
for non-producing isolates who can reap the detoxifying 
benefits of siderophores produced by others.

We finally examined whether copper-sensitive isolates 
received greater protective benefits from benefactors 
that produced relatively large amounts of siderophore. 
We used the LMM framework as above, but replaced 
siderophore production of the focal isolate with that of 
the partnered isolate. Copper-mediated changes in the 
slope would indicate biased facilitation, where partners 
with, for example, greater investment in siderophores 
would provide greater protection.

For all analyses, the most parsimonious model was 
arrived at by sequentially deleting terms and comparing 
model fits using Chi-squared tests, after which pairwise 
contrasts were computed using the ‘emmeans’ packages 
(Lenth, 2016), with α  <  0.05. Parameter estimates and 
their confidence intervals were computed using the ‘pa-
rameters’ package (Lüdecke et al., 2020). All plots were 
produced using the ‘ggplot2’ package (Wickham, 2016). 
We used R Version 4.0.3 for all analyses (R Development 
Core Team; http://www.r-proje​ct.org).
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RESU LTS

Copper stress changes the nature of species 
interactions

To test the effect of abiotic stress on the nature of spe-
cies interactions, we grew monocultures and co-cultures 
in compost with or without copper stress over 7  days. 
Despite isolate-specific variation in base line densities 
(estimated σisolate = 0.93 and 1.40 for monocultures and 
co-cultures respectively), copper stress significantly re-
duced bacterial densities when isolates were grown as 
both monocultures and co-cultures (GLMM: effect of 
copper on Nmonoculture: �

2
1
  =  55.09, p  <  0.01; Nco-culture: 

�
2
1
 = 117.58, p < 0.001; Figure 2).
We next calculated the strength and sign of species 

interactions by comparing mono- and co-culture densi-
ties. We found that interactions in unpolluted compost 
were, on average, negative: population densities were 
greater for isolates grown as monocultures compared 
with co-cultures (d  ± 95% confidence intervals = −0.72 
[−1.5, 0.07]; Figure 3a and Figure S1). We next used a 
network approach to summarise species interactions. In 
these networks, nodes depict the different isolates, which 
are connected by arcs that summarise the interaction 
strength (different weights) and sign (different colours: 
dark and light blue depict positive and negative inter-
actions respectively) between different pairs. We found 
that copper pollution significantly altered the composi-
tion of species interactions (LMM: effect of copper on 
d: �2

1
 = 8.99, p < 0.01), with interactions becoming more 

positive under copper stress (compare dark blue lines in 
Figure 3b,c). As a result, interactions were, on average, 
net neutral in the presence of copper (d  ± 95% CI = −0.23 
[−1.02, 0.55]).

To explore these changes in species interactions re-
sulting from copper stress in more detail, we examined 
which isolates displayed a significant net change in in-
teraction sign by comparing d in copper-polluted versus 
unpolluted compost for each unique species pair. We 
found that three species showed a net positive change 
(one-sample t-tests comparing Δd to zero: Arthrobacter 
(t8 = 3.46, padj < 0.001), Devosia (t8 = 8.21, padj < 0.001) and 
Flavobacterium (t8 = 3.74, padj < 0.01); Figure 3d), while 
no species showed a net negative change (all padj > 0.05; 
Table S1 & Figure 3d). Together, these findings lend sup-
port for the SGH.

Potential mechanisms underpinning shifts in the 
nature of species interactions

Two non-mutually exclusive mechanisms could under-
pin the net positive change in interaction sign observed 
in these three species. First, the lower population sizes 
in the presence of copper (Figure 2) likely reduced 
competition between isolates, leading to less negative 

interactions. However, in the cases where copper caused 
significant changes in interaction sign, these interactions 
were absolute positive, as opposed to simply being less 
negative (Figure 3a). This suggests a more important role 
of the second mechanism: facilitation of metal-sensitive 
isolates by other species' extracellular detoxification of 
the environment.

Siderophores can detoxify metal-contaminated envi-
ronments (Hesse et al., 2018; Schalk et al., 2011) and we 
found that copper tolerance of monocultures increased 
as a function of siderophore production across isolates 
(GLM: effect of siderophores on ΔN: �2

1
 = 4.65, p = 0.03; 

Figure 4a). We, therefore, determined if siderophore pro-
duction of a given isolate determined the extent to which 
it was affected by the presence of other species. This re-
lationship differed in copper-polluted and unpolluted 
compost (LMM: copper × siderophore production on d: 
�
2
1
 = 24.46, p < 0.001; Figure 4b,c).
In unpolluted compost, there was no relationship be-

tween siderophore production and the sign of species 
interaction (estimated slope  ±  95% CI: βcontrol  =  −34.5 
[−139, 70.2]). This indicates that siderophore production, 
on average, is not an important predictor of interspecific 
interactions in unpolluted soil, suggesting species most 
likely competed for nutrients other than iron (Niehus 
et al., 2017). In the presence of copper, there was a neg-
ative relationship between the outcome of species in-
teractions and siderophore production (βcopper  ±  95% 
CI = −128 [−233, −23.4]) with isolates that benefitted most 
from co-culturing in copper (Arthrobacter, Devosia and 
Flavobacterium) producing the least amount of sidero-
phore (Figure 1). Notably, Flavobacterium and Devosia 
were both negatively affected by competitors in unpol-
luted environments, but showed an absolute benefit from 
co-culturing under copper stress (Figure 4b,c). We found 
no evidence that an isolate's siderophore production af-
fected the extent it facilitated the growth of its partner 
(LMM: effect of copper × siderophore production on d: 
�
2
1
 = 1.06, p = 0.30; main effect of siderophores: �2

1
 = 1.60, 

p = 0.21; Figure 3c), suggesting non-linear dose–response 
effects of siderophores within species.

DISCUSSION

Consistent with recent in vitro work on bacteria isolated 
from tree holes (Foster & Bell, 2012) and metal working 
fluid (Piccardi et al., 2019), we found that interactions 
were largely negative under benign conditions in a natu-
ral compost environment. In line with the SGH (Bertness 
& Callaway, 1994; Bruno et al., 2003; He et al., 2013), we 
found that the addition of toxic copper stress induced a 
shift towards more positive interactions. This was pri-
marily because some species were protected by others 
from the toxic effects of copper, but relaxed competition 
resulting from population size reductions may also have 
contributed. Our results are consistent with a role of 
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siderophores in this protection (O'Brien et al., 2018), with 
siderophore producers ‘rescuing’ copper-sensitive taxa.

Given the correlational nature of our data, we cannot 
rule out the possibility that other detoxification traits 
could have played a role in ameliorating toxic environ-
mental conditions. However, many traits that confer 
metal resistance largely benefit the detoxifier (O'Brien 
& Buckling, 2015), and not the wider community. For 
example, while intracellular sequestration renders the 
environment less toxic, this process likely operates over 
smaller spatial scales than siderophore-based detoxifi-
cation: siderophores can diffuse into environment away 

from the producer (Kummerli et al., 2014), and hence are 
more likely to benefit other species. Other detoxifica-
tion traits, such as efflux pumps, are likely to negatively 
affect non-detoxifying neighbouring cells, and as such, 
cannot explain our finding of increased facilitation.

While we observed clear facilitation of species that 
produced relatively small amounts of siderophores, our 
previous work indicates that there is net selection against 
such taxa in natural microbial communities (Hesse et al., 
2018). This suggests that the beneficial effects of sid-
erophores are greatest for siderophore-producing cells 
compared with other cells growing in the near vicinity, 

F I G U R E  3   Copper stress results in more positive species interactions. (a) Boxplots showing copper shifts the balance towards more positive 
interactions, where different colours depict the mean interaction sign for each isolate averaged across all possible pairwise competitions (n = 9). 
(b, c) Linear networks depicting pairwise interactions in benign (b) and copper-polluted (c) conditions. Each arc connects two isolates. Arcs 
below the nodes run from right to left, and upper arcs run from left to right. In scenarios where d > 0, species benefitted from the presence 
of others (positive interactions, dark blue), whereas d < 0 indicates isolates grew better in isolation (negative interaction, light blue). Arrow 
thickness is proportional to d (values of mean d > |1.25| are shown). Isolates were identified based on their distinct colony morphology, where 
A = Arthrobacter, C = Devosia, E = Staphylococcus, F = Oerskovia, J = Flavobacterium, I =Bordetella, G = Rhodococcus, H = Pedobacter, 
K = Variovorax and D = Brevundimonas. (d) Boxplots showing differences in relative performance during pairwise competition in copper-
polluted versus unpolluted compost (Δd). Positive values indicate a shift towards more facilitative interactions in response to copper stress, and 
negative values a shift towards more antagonistic interactions. For each focal isolate, boxplots are based on nine pairwise interactions, with 
the effect of different competitors on focal species performance depicted in different colours. Boxes depict the upper and lower quartiles of the 
treatment-specific data with the centre line showing the median and whiskers providing a measure of the 1.5× interquartile range
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presumably because spatial structure limits the diffu-
sion of siderophores (Kummerli et al., 2009). This lo-
calised benefit may also help to explain why benefits to 
one species were not accompanied by costs to the other 
during pairwise interactions. Assuming species were 
only partially rescued, they likely imposed less resource 
competition on the detoxifying species than they would 
have if they were completely rescued. Copper-mediated 
reductions in resource competition, in general, may also 
help to explain why isolates that promoted the growth of 
other species did not suffer a reciprocal negative impact.

The SGH has largely been studied in terrestrial plants 
and benthic marine invertebrates (Brooker et al., 2008; 
He et al., 2013), having received little attention in other 
life forms (but see: Barrio et al., 2013; Bowker et al., 2010; 
Fugère et al., 2012; Piccardi et al., 2019). While this hy-
pothesis was originally developed to predict community-
wide responses (Bertness & Callaway, 1994), predictions 
have largely been tested with one or very few pairwise 
interactions (He et al., 2013). Hence, there is no gen-
eral consensus on the degree to which species interac-
tions predictably change as a function of abiotic stress 
(Soliveres et al., 2015). Moreover, where there is support 
for enhanced facilitation in response to stress, the driv-
ers and consequences of facilitation are often not un-
derstood (Michalet & Pugnaire, 2016). This is especially 

relevant to bacterial communities, which have rarely 
been studied experimentally in the context of the SGH 
(Hernandez et al., 2021; Lawrence & Barraclough, 2015; 
Li et al., 2013; Piccardi et al., 2019; Rodríguez-Echeverría 
et al., 2016).

Our findings fill these knowledge gaps by demonstrat-
ing that (i) copper stress causes a shift towards net posi-
tive interactions in species that rely on others for habitat 
amelioration and (ii) the magnitude of, and cost associ-
ated with, facilitation is largely independent of a bene-
factor's siderophore production (see Schöb et al., 2014 for 
beneficiary feedback effects in terrestrial plants). Finally, 
our results highlight that secreted molecules that bene-
fit other species (‘community-wide public goods’), which 
also include antibiotic-degrading enzymes (Lee et al., 
2010), virulence factors (Raymond et al., 2012) and nu-
trients (Gralka et al., 2020), may play an important role 
in shaping microbial community compositions. These 
compositional changes can, in turn, feedback to alter 
the evolution of community-wide public goods (Morris 
et al., 2012).
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F I G U R E  4   The role of siderophores in the outcome of species interactions. (a) Plot depicting the linear relationship between copper-
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d in panels (b) and (c) is presented on an inverse hyperbolic sine scale. Line and shaded area depict the fitted relationships ±95% CI (copper: 
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 14610248, 2021, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.13847 by H

ealth R
esearch B

oard, W
iley O

nline L
ibrary on [25/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2176  |      STRESS CAUSES INTERSPECIFIC FACILITATION WITHIN A COMPOST COMMUNITY

PhD scholarship from the University of Exeter. AML 
was supported by Marie Curie International Incoming 
Fellowships within the EU Seventh Framework 
Programme.

AU T HOR CON TR I BU T IONS
EH, AB, EvV and DH conceived and designed the ex-
periment. EH, SOB, FB and AL collected the data. EH, 
DS and DH carried out data analyses. EH and AB wrote 
the first draft of the manuscript, and all authors contrib-
uted to revisions.

PEER R EV I EW
The peer review history for this article is available at 
https://publo​ns.com/publo​n/10.1111/ele.13847.

DATA AVA I LA BI LI T Y STAT EM EN T
The data supporting the results are archived in Zenodo: 
https://doi.org/10.5072/zenodo.835531.

ORCI D
Elze Hesse   https://orcid.org/0000-0002-1900-7136 
Dave J. Hodgson   https://orcid.org/0000-0003-4220-2076 

R E F ER E NC E S
Barrio, I., Hik, D., Bueno, C. & Cahill, J. (2013) Extending the stress-

gradient hypothesis–is competition among animals less common 
in harsh environments? Oikos, 122, 516–523.

Bates, D., Maechler, M., Bolker, B. & Walker, S. (2015) Fitting linear 
mixed-effects models using lme4. Journal of statistical software, 
67, 1–48.

Bertness, M.D. & Callaway, R. (1994) Positive interactions in commu-
nities. Trends in Ecology & Evolution, 9, 191–193.

Bowker, M.A., Soliveres, S. & Maestre, F.T. (2010) Competition in-
creases with abiotic stress and regulates diversity of biologal soil 
crusts. Journal of Ecology, 98, 551–560.

Braud, A., Geoffroy, V., Hoegy, F., Mislin, G.L.A. & Schalk, I.J. 
(2010) Presence of the siderophores pyoverdine and pyochelin 
in the extracellular medium reduces toxic metal accumulation 
in Pseudomonas auruginosa and increases bacterial metal toler-
ance. Environmental Microbiology Reports, 2, 419–425.

Bronstein, J.L. (1994) Our current understanding of mutualism. The 
Quarterly Review of Biology, 69, 31–51.

Brooker, R.W., Maestre, F.T., Callaway, R.M., Lortie, C.L., Cavieres, 
L.A., Kunstler, G. et al. (2008) Facilitation in plant communi-
ties: the past, the present, and the future. Journal of Ecology, 96, 
18–34.

Brooks, M.E., Kristensen, K., van Benthem, K.J., Magnusson, A., 
Berg, C.W., Nielsen, A. et al. (2017) glmmTMB balances speed 
and flexibility among packages for zero-inflated generalized lin-
ear mixed modelling. The R Journal, 9, 378–400.

Bruno, J.F., Stachowicz, J.J. & Bertness, M.D. (2003) Inclusion of fa-
cilitation into ecological theory. Trends in Ecology & Evolution, 
18, 119–125.

Cavaliere, M., Feng, S., Soyer, O.S. & Jiménez, J.I. (2017) Cooperation 
in microbial communities and their biotechnological applica-
tions. Environmental Microbiology, 19(8), 2949–2963.

Chen, J., He, F., Zhang, X., Sun, X., Zheng, J. & Zheng, J. (2014) 
Heavy metal pollution decreases microbial abundance, diversity 
and activity within particle-size fractions of a paddy soil. FEMS 
Microbiology Ecology, 87, 164–181.

Chesson, P. (2000) Mechanisms of maintenance of species diversity. 
Annual Review of Ecology and Systematics, 31, 343–366.

Coyte, K.Z., Schluter, J. & Foster, K.R. (2015) The ecology of the 
microbiome: networks, competition, and stability. Science, 350, 
663–666.

Csardi, G. & Nepusz, T. (2006) The igraph software package for com-
plex network research. InterJournal, Complex Systems, 1695.

D'Souza, G., Shitut, S., Preussger, D., Yousif, G., Waschina, S. 
& Kost, C. (2018) Ecology and evolution of metabolic cross-
feeding interactions in bacteria. Natural Products Reports, 35, 
455–488.

Estrela, S., Libby, E., Van Cleve, J., Débarre, F., Deforet, M., 
Harcombe, W.R. et al. (2019) Environmentally mediated social 
dilemmas. Trends in Ecology & Evolution, 34, 6–18.

Foster, K.R. & Bell, T. (2012) Competition, not cooperation, domi-
nates interactions among culturable microbial species. Current 
Biology, 22, 1845–1850.

Fugère, V., Andino, P., Espinosa, R., Anthelme, F., Jacobsen, D. & Dangles, 
O. (2012) Testing the stress-gradient hypothesis with aquatic detritiv-
orous invertebrates: insights for biodiversity-ecosystem functioning 
research. Journal of Animal Ecology, 81, 1259–1267.

Gadd, G.M. (2010) Metals, minerals and microbes: geomicrobiology 
and bioremediation. Microbiology, 156, 609–643.

Gadd, G.M. & Griffiths, A.J. (1977) Microorganisms and heavy metal 
toxicity. Microbial Ecology, 4, 303–317.

Ghoul, M. & Mitri, S. (2016) The ecology and evolution of microbial 
competition. Trends in Microbiology, 24, 833–845.

Gralka, M., Szabo, R., Stocker, R. & Cordero, O.X. (2020) Trophic 
interactions and the drivers of microbial community assembly. 
Current Biology, 30, R1176–R1188.

Harrison, F., Paul, J., Massey, R.C. & Buckling, A. (2008) Interspecific 
competition and siderophore-mediated cooperation in 
Pseudomonas aeruginosa. ISME Journal, 2, 49–55.

Harrison, X.A., Donaldson, L., Correa-Cano, M.E., Evans, J., Fisher, 
D.N., Goodwin, C.E.D. et al. (2018) A brief introduction to 
mixed effects modelling and multi-model inference in ecology. 
PeerJ, 6, e4794.

Hartig, F. (2020). DHARMa: residual diagnostics for hierachical 
(multi-level/mixed) regression models. R packahe version 0.3.3.0. 
Available at: http://flori​anhar​tig.github.io/DHARM​a/

He, Q., Bertness, M.D. & Altieri, A.H. (2013) Global shifts towards 
positive species interactions with increasing environmental 
stress. Ecology Letters, 16, 695–706.

Hernandez, D.J., David, A.S., Menges, E.S., Searcy, C.A. & Afkhami, 
M.E. (2021) Environmental stress destabilizes microbial net-
works. The ISME Journal, 15, 1722–1734.

Hesse, E., O'Brien, S., Tromas, N., Bayer, F., Luján, A.M., Veen, E.M. 
et al. (2018) Ecological selection of siderophore-producing mi-
crobial taxa in response to heavy metal contamination. Ecology 
Letters, 21, 117–127.

Hibbing, M.E., Fuqua, C., Parsek, M.R. & Peterson, S.B. (2010) 
Bacterial competition: surviving and thriving in the microbial 
jungle. Nature Reviews Microbiology, 8, 15–25.

Hider, R.C. & Kong, X. (2010) Chemistry and biology of siderophores. 
Natural Products Reports, 27, 637–657.

Kramer, J., Özkaya, Ö. & Kümmerli, R. (2019) Bacterial sidero-
phores in community and host interactions. Nature Reviews 
Microbiology, 18, 152–163.

Kummerli, R., Griffin, A.S., West, S.A., Buckling, A. & Harrison, F. 
(2009) Viscous medium promotes cooperation in the pathogenic 
bacterium Pseudomonas aeruginosa. Proceedings of the Royal 
Society B: Biological Sciences, 276, 3531–3538.

Kümmerli, R., Schiessl, K.T., Waldvogel, T., McNeill, K. & 
Ackermann, M. (2014) Habitat structure and the evolution of dif-
fusible siderophores in bacteria. Ecology Letters, 17, 1536–1655.

Lawrence, D. & Barraclough, T.G. (2015) Evolution of resource use 
along a gradient of stress leads to increased facilitation. Oikos, 
125, 1284–1295.

Lee, H.H., Molla, M.N., Cantor, C.R. & Collins, J.J. (2010) Bacterial 
charity work leads to population-wide resistance. Nature, 467, 
82–85.

 14610248, 2021, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.13847 by H

ealth R
esearch B

oard, W
iley O

nline L
ibrary on [25/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://publons.com/publon/10.1111/ele.13847
https://doi.org/10.5072/zenodo.83553
https://orcid.org/0000-0002-1900-7136
https://orcid.org/0000-0002-1900-7136
https://orcid.org/0000-0003-4220-2076
https://orcid.org/0000-0003-4220-2076
http://florianhartig.github.io/DHARMa/


      |  2177HESSE et al.

Lenth, R.V. (2016) Least-squares means: the R package lsmeans. 
Journal of statistical software, 69, 1–33.

Li, H., Colica, G., Wu, P.-P., Li, D., Rossi, F., De Philippis, R. et al. 
(2013) Shifting species interaction in soil microbial community 
and its influence on ecosystem functions modulating. Microbial 
Ecology, 65, 700–708.

Lüdecke, D., Ben-Shachar, M.S., Patil, I. & Makowski, D. (2020) 
Extracting, computing and exploring the parameters of statis-
tical models using R. Journal of Open Source Software, 5, 2445.

Mathis, K.A. & Bronstein, J.L. (2020) Our current understanding 
of commensalism. Annual Review of Ecology Evolution and 
Systematics, 51, 167–189.

Michalet, R. & Pugnaire, F.I. (2016) Facilitation in communities: un-
derlying mechanisms, community and ecosystem implications. 
Functional Ecology, 30(1), 3–9.

Morris, J.J., Lenski, R.E. & Zinser, E.R. (2012) The Black Queen hy-
pothesis: evolution of dependencies through adaptive gene loss. 
MBio, 3(2), e00036-12.

Niehus, R., Picot, A., Oliveira, N.M., Mitri, S. & Foster, K.R. (2017) 
The evolution of siderophore production as a competitive trait. 
Evolution, 71, 1443–1455.

O'Brien, S. & Buckling, A. (2015) The sociality of bioremediation. 
EMBO Reports, 16(10), 1241–1245.

O'Brien, S., Hesse, E., Lujan, A.M., Hodgson, D.J., Gardner, A. & 
Buckling, A. (2018) No effect of intraspecific relatedness on public 
goods cooperation in a complex community. Evolution, 72, 1165–1173.

Pedersen, T.L. (2020) ggraph: An implementation of grammar of graph-
ics for graphs and networks. R package version 2.0.2. https://
CRAN.R-proje​ct.org/packa​ge=ggraph

Piccardi, P., Vessman, B. & Mitri, S. (2019) Toxicity drives facilitation 
between 4 bacterial species. Proceedings of the National Academy 
of Sciences of the United States of America, 116, 15979–15984.

Ratledge, C. & Dover, L.G. (2000) Iron metabolism in pathogenic bac-
teria. Annual Review of Microbiology, 54, 881–941.

Raymond, B., West, S.A., Griffin, A.S. & Bonsall, M.B. (2012) The 
dynamics of cooperative bacterial virulence in the field. Science, 
337, 85–88.

Rodríguez-Echeverría, S., Lozano, Y.M. & Bardgett, R.D. (2016) 
Influence of soil microbiota in nurse plant systems. Functional 
Ecology, 30, 30–40.

Rodríguez-Verdugo, A. & Ackermann, M. (2020) Rapid evolution de-
stabilizes species interactions in a fluctuating environment. The 
ISME Journal, 15(2), 450–460.

Schalk, I.J., Hannauer, M. & Braud, A. (2011) New roles for bacterial 
siderophores in metal transport and tolerance. Environmental 
Microbiology, 13, 2844–2854.

Schöb, C., Callaway, R.M., Anthelme, F., Brooker, R.W., Cavieres, 
L.A., Kikvidze, Z. et al. (2014) The context dependence of bene-
ficiary feedback effects on benefactors in plant facilitation. New 
Phytologist, 204, 386–396.

Schwyn, B. & Neilands, J.B. (1987) Universal chemical assay for 
the detection and determination of siderophores. Analytical 
Biochemistry, 160, 47–56.

Sexton, D.J. & Schuster, M. (2017) Nutrient limitation determines the 
fitness of cheaters in bacterial siderophore cooperation. Nature 
communications, 8, 1–8.

Soliveres, S., Smit, C. & Maestre, F.T. (2015) Moving forward on facil-
itation research: response to changing environments and effects 
on the diversity, functioning and evolution of plant communities. 
Biological Reviews, 90, 297–313.

Wickham, H. (2016) ggplot2: Elegant graphics for data analysis. New 
York: Springer Verlag.

Zuur, A.F., Ieno, E.N. & Elphick, C.S. (2010) A protocol for data 
exploration to avoid common statistical problems. Methods in 
Ecology and Evolution, 1, 3–14.

SU PPORT I NG I N FOR M AT ION
Additional supporting information may be found online 
in the Supporting Information section.

How to cite this article: Hesse, E., O'Brien, S., Luján, 
A.M., Sanders, D., Bayer, F., van Veen, E.M., et al 
(2021) Stress causes interspecific facilitation within 
a compost community. Ecology Letters, 24, 2169–
2177. https://doi.org/10.1111/ele.13847

 14610248, 2021, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.13847 by H

ealth R
esearch B

oard, W
iley O

nline L
ibrary on [25/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://CRAN.R-project.org/package=ggraph
https://CRAN.R-project.org/package=ggraph
https://doi.org/10.1111/ele.13847

