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• Multiple stressor impacts on the stabil-
ity of microbial food webs were investi-
gated.

• A complex scenario increased the resil-
ience of phototrophs vs. mixo and het-
erotrophs.

• The ecosystem's metabolic balance was
strongly resistant to multi-stressor im-
pacts.

• A high resilience of phototrophs main-
tained the carbon sink capacity of the
ecosystem.
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Energy (photosynthetically active [PAR] and ultraviolet [UVR] radiation) and matter (organic and inorganic nu-
trients) fluxes regulate the ecosystem's stability. However, themechanisms underpinning the potential interplay
between resistance and resilience to shifts in nutrient inputs and UVR are poorly understood. To assess how the
UVR × nutrients interaction alters ecosystem stability, we exposed in situ amicrobial food web from an oligotro-
phic ecosystem to: (1) two light (UVR+PAR and PAR), and (2) four nutrient (ambient concentrations, phospho-
rus [P], carbon [C] and C × P addition) treatments for three weeks. During this period, we quantified the
community composition and biomass, sestonic P and C:P ratio, primary [PP] and bacterial [BP] production, com-
munity [CR] and bacterial [BR] respiration, excreted organic carbon [EOC], as well as the commensalistic
phytoplankton-bacteria interaction (i.e. bacterial carbon demand [BCD]:EOC ratio) and the metabolic balance
of the ecosystem (i.e. [PP:R] ratio). The stability of all response variables under the four environmental scenarios
tested (i.e. UVR, UVR × C, UVR × P, and UVR × C × P) was quantified by means of the resistance and resilience
indexes. The microbial community was dominated by phototrophs during the experimental period regardless
of the treatment considered. The most complex scenario, i.e. UVR × C × P, decreased the resistance for all vari-
ables, except for BR and the PP:R ratio. Despite that PP:R ratio showed the highest resistance under such scenario,
it was N1 in all environmental scenarios (i.e. net autotrophic), except under the UVR × C interaction, where, con-
comitant with increased resilience, the balance shifted towards net heterotrophy (PP:R b 1). Under the UVR × C
× P scenario, the metabolic balance of the ecosystem proved strongly resistant due mainly to high resistance of
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bacterial respiration and a firm stability of the commensalistic interaction. Our results evidence that the high re-
silience of phototrophs (favoring their predominance overmixo- and heterotrophs)may lead to themaintenance
of the autotrophic nature and carbon (C) sink capacity of the ecosystem.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Aquatic ecosystems are among the main biodiversity reserves
(Dudgeon et al., 2006) and the most important sinks of carbon (C) on
Earth, thus might potentially mitigate climate change (Mendonça
et al., 2018). In these ecosystems, themicrobial food web plays a crucial
role in regulating diverse functions such as, nutrient and organic matter
(re)cycling, trophic interactions, or gas exchanges in the atmosphere-
water interphase (Mostajir et al., 2015). Within microbial food webs,
phytoplankton constitutes the base, responding rapidly to environmen-
tal changes, particularly nutrient loading. In fact, recent evidence shows
that the increasing nutrient inputs into ecosystems (nitrogen [N], phos-
phorus [P]) are lowering phytoplankton C:N and C:P ratios, accelerating
the algal growth rates, and improving food quality for consumers
(Bergström et al., 2018; Villar-Argaiz et al., 2018). In addition, the
input of limiting nutrients to aquatic ecosystems reduces the competi-
tion between phytoplankton and bacteria, stimulating the growth of
both (Danger et al., 2008; Carrillo et al., 2008a). This positive effect on
both communities, and the reported increase in the excretion of photo-
synthetic organic carbon (EOC), reinforce the commensalistic
phytoplankton-bacteria coupling (Medina-Sánchez et al., 2013; Durán
et al., 2016). The coupling, defined as the capacity of the EOC to support
the bacterial carbon demand (BCD,Morán et al., 2002), is modulated by
interacting global-change drivers such as UVR and stratification
(Carrillo et al., 2015), or UVR and warming (Durán et al., 2016).
Hence, changes in the coupling of this interaction (BCD:EOC N or b 1)
modulates the C flux from the microbial loop to the grazing chain
(Medina-Sánchez et al., 2004; Degerman et al., 2018) andmight modify
the metabolic balance (i.e. production:respiration [PP:R] ratio) in
aquatic ecosystems. This ratio can be upset either towards less PP than
R when the nutrient inputs are land-derived organic C (Ask et al.,
2012) or towards more PP than R when the dominant inputs are dis-
solved inorganic nutrients (Bogard et al., 2017).

Two key facets of ecosystem stability are: (1) resistance, defined as
the ability of a community to remain unaltered after an external distur-
bance and (2) resilience, defined as the ability of a community to re-
cover from an external disturbance (Russell and Connell, 2014).
Recent studies have suggested that terrestrial communities dominated
by slower-growing organisms (i.e. fungi) tend to be more resistant
than those dominated by faster-growing organisms (i.e. bacteria)
when undergoing disturbances; however, the former also tend to
being less resilient (Allison and Martiny, 2008; de Vries et al., 2012).

Despite the ecological relevance that the ecosystem's stability (and
of their communities) has in a global-change context, almost 90% of
the studies have assessed only one facet of stability, about 80% of
them have measured the impact of a single stressor, and only some 2%
have examined the stability of an ecosystem's functions or processes
(Donohue et al., 2016). Moreover, Donohue et al. (2016) have shown
that roughly 75% of the studies on ecological stability concern terrestrial
ecosystems. Thus,we currently lack sufficient quantification of themain
components (resistance, resilience) of ecological stability in aquatic
ecosystems. This is partly because most of researchers have focused
on the immediate response of the community to such perturbations,
thus neglecting how microbial aquatic communities respond after ex-
posure to a stressor over time (Garnier et al., 2017; Shade et al., 2011).
Furthermore, little is known concerning how resistance and resilience
could be affected in natural ecosystems by interacting global-change
stressors. The few studies dealingwith the impacts of multiple stressors
on stability come from laboratory experiments under unrealistic envi-
ronmental conditions and using cultured species in isolation or pairs
of interacting species (Mayali, 2018; Ramanan et al., 2016). Only re-
cently, results from mesocosm studies by Baert et al. (2016) and
Flöder and Hillebrand (2012) have evidenced that the exposure of
aquatic communities to one stressor hampers the system's ability to sta-
bilize ecosystem functions against other stressors, mainly because the
various species of a community can have different tolerance ranges for
a given stressor.

The above reflects the need for experimental in situ studies quanti-
fying: (1) the compartment of themicrobial foodweb that ismost resis-
tant to interacting stressors; (2) how the stability of the commensalistic
phytoplankton-bacteria interaction is altered under interacting
stressors; and (3) how the stability of the metabolic balance of the eco-
system is altered under future environmental scenarios of increased nu-
trient concentrations (i.e. C and/or P) and high UVR levels expected
under the RCP8.5 scenario by the end of this century (IPCC, 2013).

To address these issues, we test, for the first time, how C and/or P in-
puts under high UVR alter the stability of the microbial community
using stoichiometric, structural, metabolic, and trophic approaches.
Also we examine how this alteration influences the stability of meta-
bolic balance (PP:R ratio) of the ecosystem. Our working hypotheses
was that, under a UVR × C × P scenario, a greater resistance of phyto-
plankton compared to bacteria will maintain or strengthen their
commensalistic interaction, maintaining or bolstering the autotrophic
metabolic balance of the ecosystem.

2. Material and methods

2.1. Experimental setup

A mesocosm experiment was conducted on PVC-customized float-
ing platforms set in the water of La Caldera, an oligotrophic Mediterra-
nean high-mountain lake situated above the treeline (3050 m.a.s.l.) in
the Sierra Nevada National Park (Southern Spain, 36°55′–37°15′N,
2°31′–3°40′W). This system has been used in several studies related
to the impact of global-change stressors on plankton communities
over recent decades (Cabrerizo et al., 2017; Carrillo et al., 2008b;
Villar-Argaiz et al., 2001). The experiment lasted from 31 August (day
0) to 18 September 2011. A total of 24 transparent semi-spherical poly-
ethylene bags (mesocosms, 0.58 m diameter) were each filled with
100 L of surface water (from 0.2 to 0.5 m depth) pumped directly
from the lake. The water was sieved through 45-μm pore mesh to ex-
clude metazooplankton and because phytoplankton cell size is smaller
than this size in Lake La Caldera, andmixed before and after nutrient ad-
ditions. Mesocosms were placed at 1 m in depth to mimic the worst-
case UVR scenario with a shallower upper mixed layer, in such a way
that communities received mean solar irradiance 2- to 3-fold higher
than received in the water column (Cabrerizo et al., 2017). The volume
of mesocosms was sufficient to minimize the bottle effect over the ex-
perimental period (Dorado-García et al., 2014).

The experiment had a 2 × 4 design in triplicate with two radiation
levels: 1) PAB (N280 nm; uncovered mesocosms) and 2) PAR
(N400 nm; mesocosms covered with UV-filter foil which block UVR).
It also had four nutrient levels: 1) Ambient (Amb, non-enriched
mesocosms), 2) C (addition of 290.2 μM), 3) P (addition of ~1 μM),
and 4) C × P (addition of both at the same concentration than men-
tioned above) (Fig. 1). The PABamb treatment represented the control



Fig. 1. Graphical scheme of the experimental design in which natural plankton communities were exposed to radiation (PAB [N280 nm] and PAR [N400 nm]) and nutrient additions
(ambient concentrations, carbon [C], phosphorus [P], and C × P) (see a detailed description in Material and methods section).
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conditions for testing the net effect of UVR, nutrients, and their interac-
tion (see below). The C and P were added once at the beginning of the
experiment as sucrose and Na2HPO4, respectively. These concentrations
were selected to ensure nutrient availability over the experimental pe-
riod, maintaining a N:P molar ratio of 30 in P-enriched mesocosms, and
a C:P molar ratio of 300 in C-enriched mesocosms (C and C × P). Addi-
tionally, to maintain the N:P ratio, 30 μM of NH4NO3 were added. Such
nutrient additions were setup to mimic the mean TN:TP ratios found
in natural atmospheric deposition events on Lake La Caldera (Morales-
Baquero et al., 2006). For ambient nutrient treatments, the N:P ratio
was those found in the lake at the beginning of the experimental
setup (i.e. ~350). All samples used in the incubations were taken using
a water pump connected to an acid-washed silicone tube inserted into
eachmesocosm. Samples for nutrient and chlorophyll a (Chl a) analyses
and taxonomic identification of components of the plankton communi-
ties were taken every 3–5 days, whereas those related to stoichiometric
and metabolic variables (see below) were taken at two specific times
over the experiment, i.e. on the fifth day (hereafter, “at the pulse”)
and on the last experimental day (hereafter, “after the pulse period”).
These periods were established according to previous results by
Dorado-García et al. (2014) who found that a 4-day period is necessary
to measure any detectable change both in phyto- and bacteria commu-
nities in Lake La Caldera.

2.2. Physical and chemical parameters

Vertical profiles of temperature, pH, and conductivity of Lake La Cal-
dera were done during the sampling using a multiparametric probe
(Hanna HI9828-O, USA), whereas that the underwater irradiance was
measured with a BIC compact 4-channel radiometer (Biospherical In-
struments, CA, USA).

Samples (25mL) for total dissolved nitrogen (TDN) and phosphorus
(TDP) were digested with persulfate following the methodology of
APHA (2017), and measured as soluble reactive P (SRP) by applying
the acid molybdate technique in the case of TDP, and as nitrate for
TDN. Samples (100 mL) for dissolved organic carbon (DOC) were fil-
tered through pre-combusted GF/F Whatman filters, acidified with
HCL 2N final concentration, and stored in darkness at 4 °C until analysis
(Reche et al., 2001). The DOC concentration was measured using the
high-temperature catalytic oxidation method in a Shimadzu TOC ana-
lyzer (model 5000) (Benner and Strom, 1993).

2.3. Sestonic P and C

Water samples (500mL) were filtered through pre-combusted GF/B
Whatman filters, placed in acid-washed vessels, and either persulfate
digested for 30min at 120 °C andmeasured as SRP in the case of sestonic
P (APHA, 2017), or dried for 24 h at 60 °C, and analyzed using an ele-
mental analyzer (Perkin Elmer, 2400, USA) as occurred for sestonic C.

2.4. Chlorophyll a

Samples (250mL) for phytoplankton pigment analysis were filtered
through GF/F Whatman filters under a vacuum pressure of b75 mm Hg
and in dim light. The filterswere placed in centrifuge tubeswith 5mL of
90% acetone for 24 h at 4 °C in darkness. Chl a was measured
fluorimetrically with a Perkin Elmer LS55 (USA) fluorometer routinely
calibrated with pure spinach Chl a (Sigma Aldrich, USA), and the con-
centration was estimated using the equation of Jeffrey and Humphrey
(1975).

2.5. Phytoplankton and heterotrophic bacteria biomass

Total abundance of phytoplankton was quantified following the
methodology of Straškrabová et al. (1999), whereas bacterial abun-
dance was measured using flow cytometry (FACSCanto II, Becton Dick-
inson Biosciences, Oxford, UK). Briefly, before flow-cytometry
measurements, 1.5 mL of sample was fixed with particle-free 20% (w/
v) paraformaldehyde (75 μL, 1% final concentration), frozen in liquid ni-
trogen, and stored at−80 °Cuntil analyzed (Kamiya et al., 2007; Zubkov
et al., 2007). Phytoplankton and heterotrophic bacteria biomass were
estimated approximating the cell volume to their geometric shape
(phytoplankton, Hillebrand et al., 1999; bacteria, Zubkov et al., 2007;
Zubkov and Burkill, 2006), and the results were transformed to C units
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(phytoplankton, Rocha and Duncan, 1985; bacteria, Posch et al., 2001).
For ciliates and heterotrophic nanoflagellates (HNFs), an aliquot of
300 mL of sample was settled for 72 h, and the supernatant was re-
moved by suction using a Pasteur pipette coupled to a low-pressure
pump. The remaining volume was again settled in an Utermöhl cham-
ber with the same procedure as described above. Because some phyto-
plankton groups in Lake La Caldera aremixotrophic (see Cabrerizo et al.,
2017), we grouped phytoplankton into two functional groups, i.e.
phototrophs and mixotrophs, while bacteria were considered
heterotrophs.

2.6. Phytoplankton and heterotrophic bacterial production

Primary production (PP) was quantified using the 14C-incorporation
method (Steemann Nielsen, 1952). A total of 64 experimental samples
(i.e. 32 at the pulse and 32 after the pulse period, constituting three
light plus one dark control per experimental treatment), were placed
in 50-mL quartz vessels, inoculated with 5 μCi of radiolabelled sodium
bicarbonate (Perkin Elmer, Inc. USA.), and incubated in situ at the
same depth as themicrocosm for 4 h centered at noon. Before filtration,
4 mLwere taken to measure the total organic carbon (TOC). Particulate
PP was determined by filtering an aliquot of 45 mL through 1.0-μm
pore-sizeNucleopore filters 25mmin diameter. Tominimize cell break-
age, we applied low pressure (b100 mm of Hg). The filters were placed
in scintillation vials and the DI14C was removed by adding 100 μL of 1 N
HCl. Thefiltrate [b1 μm, excretion of organic carbon (EOC)]was also col-
lected and treated as described above for the TOC (more details in
Carrillo et al., 2002). From total PP (as the sum of PP + EOC) and com-
munity respiration (CR, see below), we quantified the primary produc-
tion:respiration (PP:R) ratio at the pulse and after the pulse period.

Heterotrophic bacterial production (BP)wasmeasuredusing the 3H-
thymidine-incorporationmethod (Fuhrman and Azam, 1982). A total of
80 samples of 1.5 mL (i.e. 40 at the pulse and 40 after the pulse period,
three light plus two blank controls per experimental treatment) were
placed in acid-cleaned and sterilized microtubes, inoculated with 3H-
thymidine (SA = 48–50 Ci mmol−1, Perkin Elmer) to a final saturating
concentration of 12 nM, and incubated in situ in darkness for 1 h. Tri-
chloroacetic acid (TCA, 5% final concentration) was used for extraction.
After this, microtubes were centrifuged at 16000g, rinsed twice with 5%
TCA, and measured in a scintillation counter (Beckman LS 6000TA). A
conversion factor of 1 × 108 cells mol−1 of thymidine and 2 × 10−14 g
C cell−1 was applied to convert incorporated 3H-thymidine rates into
BP rates in terms of C (Posch et al., 2001).

2.7. Bacterial carbon demand and bacterial growth efficiency

Bacterial carbon demand (BCD)was calculated as the sum of BP and
BR (del Giorgio and Cole, 1998; Vidal et al., 2011). As the organic carbon
excreted by phytoplankton constitutes the C source preferentially used
by bacteria (Durán et al., 2016), and given the feasibility of segregating
the microbial fraction in Lake La Caldera by filtration (Medina-Sánchez
et al., 2002), we calculated the strength of commensalistic
phytoplankton-bacteria interaction as BCD divided by EOC.

2.8. Respiration

Samples (35mL) to quantify community (CR) and bacterial (BR) res-
pirationwere placed in glass vessels equippedwith optode sensor-spots
(SP-PSt3-NAU-D5-YOP) and incubated in darkness in a temperature-
controlled bath to maintain the same temperature as in the lake. For
BR measurements, samples were previously filtered through GF/F
Whatman filters to eliminate the fraction N0.7 μm. The oxygen concen-
tration [O2] was measured using an optic-fiber oxygen transmitter
(Fibox 3; PreSens GmbH, Germany) equipped with Oxyview 6.02 soft-
ware to register the data. Each sample wasmeasured for 30 s, collecting
one datum per second. Before the measurements, the transmitter was
calibrated using a two-point (0 and 100% saturation) calibration proce-
dure, at the in situ temperature while taking into account the atmo-
spheric pressure. The CR and BR rates (in oxygen units) were
calculated from least-square regressions [O2] vs. time and expressed in
μg C L−1 h−1 assuming a respiratory quotient of 1 (del Giorgio and
Cole, 1998).

2.9. Calculations and statistical analysis

The diversity of the phytoplankton community for each experimen-
tal treatment, at the pulse and after the pulse period, was quantified ac-
cording to the Shannon-Weaver index (H′; Shannon and Weaver,
1949).

The resistance and resilience indexes were quantified for planktonic
groups (photo-, mixo-, and heterotrophs biomass), metabolic processes
(PP, BP, EOC, CR, and BR rates), commensalistic interaction (BCD:EOC
ratio), metabolic balance of ecosystem (PP:R ratio) and biodiversity of
the phytoplankton community following the methodology of Orwin
and Wardle (2004).

Resistance index was calculated as:

Resistance ¼ 1−ð2 j D0 j = C0 þ jD0jð Þ

where C0 is the value of the control at the pulse, in this case PAmb; and |
D0| is the absolute difference between the control and the perturbed
treatment during the same period, in this case, PABAmb for the UVR ef-
fects, PABC for the UVR × C, PABP for the UVR × P, and PABC×P for the
UVR × C × P interaction.

The resilience index was calculated as:

Resilience ¼ 2jD0jð Þ= jD0j þ jDxjð Þ−1

where |Dx| is the absolute difference between the control and the
perturbed treatment (i.e. those described above) after the pulse period
(i.e. the last experimental day).

For each index, a value of +1 indicates that the perturbation had no
effect (maximal resistance) or a full recovery (maximal resilience) of
the response variable considered, whereas a value lower than +1 indi-
cates less resistance or a slower recovery rate. We used these indexes
because they provide a quantitative measure of both the resistance
and resilience of a response variable in all environmental scenarios.
This enables us to determine the relative contribution of each compo-
nent to the stability of the ecosystem.

A two-way analysis of variance (ANOVA) was used to test the inter-
action between radiation and nutrients at the pulse and after the pulse
period on stoichiometry (sestonic C andP, and C:P ratio), metabolic pro-
cesses, commensalistic interaction and metabolic balance of ecosystem.
A one-way ANOVAwas used to test the effect of the environmental sce-
nario (four levels: UVR, UVR × C, UVR × P, and UVR × C × P) on the re-
sistance and resilience indexes of the metabolic processes,
commensalistic interaction, andmetabolic balance of ecosystem. Signif-
icant differences among treatments were assessed with a Tukey HSD
post hoc test.

Also, a one-way repeated measures ANOVA was used to test the ef-
fect of the environmental scenario (four levels: UVR, UVR × C, UVR × P
and UVR × C × P) (between factors) and the photo-, mixo- and hetero-
trophs (within factor) on the resistance and resilience indexes calcu-
lated for biomass of functional groups. As above, significant
differences were assessed with a Tukey HSD post hoc test. Due to the
multiple comparisons between environmental scenarios for resistance
and resilience indexes, it was impractical to add symbols to the figures
to indicate all possible significances; thus, we mentioned in the text
the essential comparisons, adding the significance when needed. A lin-
ear regression analysis was used to assess the relationship between
compositional (i.e. diversity) andmetabolic (i.e. PP) stability (resistance
or resilience). Assumptions of normality of the residuals (by
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Kolmogorov-Smirnov and Shapiro-Wilk's tests) and homoscedasticity
(by Levene's test) were checked both for ANOVA and linear regression
analyses. When these parameters were not met, they were log trans-
formed. Statistical analyses were made using the R environment v.
3.4.4 (https://cran.r-project.org).

3. Results

3.1. Abiotic environment: lake and experimental conditions

In thewater column the physical conditions and optical properties of
Lake La Caldera showed a gradual decline in temperature from surface
to bottom, and a high transparency to both UVR (Kd305 = 0.61, Kd320
= 0.53, Kd380 = 0.52) and PAR (Kd= 0.25). The pH values ranged be-
tween 8.33 and 9.14, whereas the conductivity did not vary along the
water column (19.85± 0.80 μS cm−1). Likewise, the DOC concentration
also remained constant (49.38 ± 2.71 μM; Fig. S1) with low TDP and
TDN concentrations that became undetectable over the experimental
period.

For the experiment, in ambient nutrient treatments, no major
changes were found in TDP (values b1 μM), TDN (values b20 μM, except
the last two days in PAmb ~50 μM) or DOC (values b100 μM; Fig. S1A–C)
concentrations. Conversely, in the P and C × P treatments, TDP slightly
increased regardless of the radiation treatment up to day 10 (values
0.2–0.9 μM). From this day, a slight decline in TDP was found, being
such decrease greater under the PAR than the PAB treatment. As for
TDP, DOC increased in values up to day 9 (values N200 μM) in P and C
× P treatments, maintaining these values only in C × P treatments at
the end of the experiment. In C treatments, DOC values dropped to con-
centrations similar to those in the ambient treatment regardless the ra-
diation treatment considered (Fig. S1). The TDN concentrations showed
no clear response pattern in any treatment along the experiment
(Fig. S1).

3.2. Structural responses of the microbial food web

Chl a followed two well-differentiated patterns among treatments:
(1) low concentrations under ambient and C treatments over the exper-
iment (mean values ~3.17 and 2.76 μg L−1, respectively); and (2) in-
creased concentrations (up to one order of magnitude) in P and C × P
treatments, these being significantly (Tukey HSD, p b 0.05) higher in
PABC×P N PABP N PARC×P N PARP treatments after the pulse period
(Fig. S1D).

The structure of themicrobial communitywas dominatedmostly by
phytoplankton in all treatments, with mean biomass ranging between
~40 (Amb and C-treatments) and ~240 μg C L−1(P and C × P treat-
ments). Heterotrophic bacteria biomass remained b15 μg C L−1 under
all the experimental conditions (Fig. 2). Nevertheless, whereas the
phototrophs (mainly Chlorophyceae, Monoraphidium sp.) showed no
clear response under the ambient and C treatments, they followed a
domed-curve dynamic under the P and C × P-treatments. The response
pattern observed matched an increase in mixotroph biomass (mainly
Chrysophyceae, Chromulina nevadensis; Fig. 2C), particularly in the P-
treatment when available TDP concentrations became low after day
16. Bacillariophyceae (i.e. Cyclotella sp.), Dinophyceae (i.e.
Gymnodinium sp.), Cryptophyceae (i.e. Rhodomonas and Cryptomonas
sp.), and Desmidiaceae (i.e. Cosmarium sp.) represented b5% of the
total biomass in all the treatments. No ciliates or HNFs were detected
in any treatment throughout the experiment.

Sestonic C registered the highest values (N500 μg L−1) in the C × P
treatments without significant differences among the other treatments
(values b400 μg L−1) after the pulse period (Fig. S2A; Table S1). By con-
trast, sestonic P reached the highest values in the P and C× P treatments
at the pulse, but fell afterwards. No significant differenceswere found in
the ambient or C treatments regardless of the radiation treatment and
experimental period (Fig. S2B). Regarding the sestonic C:P ratio,
significantly lower values were found in P and C × P (b400) than in
the ambient and C (N500) treatments, particularly at the pulse
(Fig. S2C; Table S1).

3.3. Metabolic responses of the microbial food web

PP, BP, EOC, and BCD were significantly higher under P and C × P
than under ambient and C treatments (Fig. 3; Table S1) regardless of
the period considered. Overall, UVR exerted a significant inhibitory ef-
fect on all the aforementioned variables, except on BP (PABC×P vs.
PARC×P; Fig. 3B) and EOC (PABP vs. PARP; Fig. 3E), which proved stimu-
latory after the pulse period. Respiratory variables, i.e. CR and BR
(Fig. 3C–D), showed the greatest values under the C×P treatments, par-
ticularly at the pulse. UVR exerted an inhibitory effect on both respira-
tory variables at the pulse but this effect dissipated after the pulse
period (Fig. 3C, D).

3.4. Strength of the commensalistic interaction andmetabolic balance of the
ecosystem

Regarding the C demand vs. C supply, under PABP and PABC×P treat-
ments, EOC satisfied the BCD regardless of the period considered
(Fig. 3G). By contrast, under PABC, BCD was 8-fold higher than EOC
after the pulse period (Fig. 3E, F). This response by the Rad×Nut interac-
tionwas translated into a shift from ametabolic balance (PP:R ~1) at the
pulse to a net heterotrophy (PP:R b 1) after the pulse period (Fig. 3H). In
the remaining treatments, we found that the P and C × P addition en-
hanced autotrophy (up to 8-fold) compared to ambient conditions at
the pulse and after the pulse period.

3.5. Stability of the microbial food web

Figs. 4 and 5 plot the resistance and resilience indexes for: (1) func-
tional groups (Fig. 4A, B), metabolic processes (Fig. 4C–F),
commensalistic interaction and metabolic balance of ecosystem
(Fig. 5A, B) under four environmental scenarios of increasing complex-
ity by the number of interacting stressors (i.e. UVR, UVR × C, UVR× P,
and UVR × C × P).

First, at a functional group level, our findings show that under UVR
all of them reached high resistance values (c. 0.7), without significant
differences among groups (Fig. 4A; Table S2). The addition of C and P,
both individual and in combination, under UVR reduced the resistance
in all groups with the lowest values in: 1) phototrophs under UVR × P
(−0.5); 2) mixotrophs under UVR × C and UVR × P (~0), but without
changes under UVR × C × P; 3) and heterotrophs under UVR × C × P
(−0.25). The resilience of the different functional groups clearly
responded with high and even maximal resilience values for
phototrophs under UVR, UVR × P, and UVR × C × P, matching minimal
resilience values for mixotrophs and heterotrophs (Tukey HSD post
hoc, p b 0.05; Fig. 4B). Likewise, conditions of maximal resilience of het-
erotrophic bacteria coincidedwith lower resilience values of photo- and
mixotrophs, as occurred under the UVR × C scenario (Fig. 4B).

Second, a contrasting response appeared in the resistance of phyto-
planktonic and bacterial metabolic variables (Fig. 4C–F; Table S3). Thus,
PP, EOC, and CR exhibited significantly diminishing resistance (values
ranging from 0.41 to – 0.50; Tukey HSD post hoc, p b 0.001) with in-
creasing complexity of the environmental scenario (Fig. 4C). This de-
crease resulted in a slight increase in the resilience for EOC and CR,
but not of PP, as such values were significantly lower under the UVR
× C × P than UVR and UVR × C scenarios (Tukey HSD post hoc, p b

0.05; Fig. 4D). The resistance index of BP and BR was 3-fold higher
under UVR× P andUVR×C× P than under the other two scenarios (ex-
cept in BP, Fig. 4E), and matched the respective lowest resilience values
(Fig. 4F). Noticeably, BR showed maximal resistance values (~1) under
the UVR × P and UVR × C × P scenarios (Tukey HSD post hoc, p b 0.05).

https://cran.r-project.org


Fig. 2. Temporal dynamics of the phytoplankton groups and bacteria (in μg C L−1) during the incubation period in each radiation (PAB [N280 nm] and PAR [N400 nm]) and nutrients
(ambient, carbon [C], phosphorus [P] and C × P) treatment.
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Third, at the commensalistic interaction level, the highest resistance
of BCD:EOC ratiowas foundunder theUVR×C scenario, coincidingwith
their lowest resilience values. By contrast, under UVR × C × P scenario
the BCD:EOC ratio showed low resistance, but the highest of resilience
values (Fig. 5A, B solid symbols; Table S4). An opposite response pattern
to BCD:EOC ratiowas found in themetabolic balance of ecosystem(PP:R
ratio), which showed the highest resistance values but the lowest resil-
ience values under a UVR × C × P scenario (Fig. 5A, B open symbols;
Table S4). UVR × C scenario only generated a significant (Tukey HSD
post hoc, p b 0.05) increase of resilience of the PP:R ratio.

Finally, regarding the relationship between compositional (i.e. di-
versity) and metabolic (i.e. PP) stability under the four environmental
scenarios tested, no correlation was found between the two variables
when the resistance was considered (Fig. 6A). Conversely, a significant
negative relationship (R2 = 0.32; F, p b 0.001) was found between the
resilience of the two variables (Fig. 5B).

4. Discussion

This study constitutes the first empirical study that evaluates the re-
sistance and the resilience of aquatic microbial food webs facing simul-
taneous pulses of C and P under UVR, key stressors related to global
change. Our main result was that the metabolic balance of the ecosys-
tem (PP:R) was strongly resistant to the UVR × C × P scenario. This re-
sponse was related mainly to a high resistance of bacterial respiration
as well as a strong stability of the commensalistic interaction linked to
an enhanced EOC derived from higher PP rates. Below, this striking re-
sponse is discussed by posing three key issues concerning the



Fig. 3. (A) Primary production (PP, in μg C L−1 h−1), (B) bacterial production (BP, in μg C L−1 h−1), (C) community (CR) and (D) and bacterial respiration (BR) (in μg C L−1 h−1),
(E) excretion of organic carbon (EOC, in μg C L−1 h−1), (F) bacterial carbon demand (BCD, in μg C L−1 h−1), (G) commensalistic interaction (BCD:EOC ratio), and (H) metabolic
balance of ecosystem (primary production:respiration ratio) at the pulse, and after the pulse period in each radiation (PAB [N280 nm] and PAR [N400 nm]) and nutrients (ambient,
carbon [C], phosphorus [P] and C × P) treatment. The bars represent mean values of three replicates and lines in top of the bars are the standard deviation. Letters indicate differences
among treatments by Tukey HSD post hoc test.
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mechanismsunderlying this cascading response across different organi-
zational levels (Fig. 7).

First, the question arises concerning which compartment of the mi-
crobial food web would be most resistant to interacting stressors.
Mixotrophs constituted the functional group most resistant to the si-
multaneous action of UVR × C × P. This resistance could result from
the ability of mixotrophs to combine phototrophy and phagotrophy
within a single cell (Mitra et al., 2016; Wilken et al., 2014), supporting
the notion of a greater individual flexibility to cope with the environ-
mental disturbance (Shade et al., 2012). In contrast to mixotrophs,
phototrophs increased their resilience under the UVR × C × P scenario
(Fig. 7). The resilience of phototrophs was tightly connected with a re-
duced metabolic resistance, reflected in greater PP, an improved
sestonic P content, and a balanced C:P ratio under this scenario. Thus,
in contrast to findings reported by Hillebrand et al. (2018), we found a
significant negative correlation between compositional (i.e. diversity)
and metabolic (i.e. PP) resilience—that is, an increase in the composi-
tional resilience was coupled with reductions in the metabolic resil-
ience. This inverse relationship could have resulted from functional
instability (i.e. less resistance or resilience of PP) associated to higher
PP rates with greater numbers of interacting stressors (i.e. UVR, UVR
× C, UVR × P, and UVR × C × P).

Heterotrophic bacteria, however, was the community with the least
stability under UVR× C× P, since their resistanceweakened and did not
improve their resilience. These results support previous findings by
Shade et al. (2012) in which bacteria seems to be highly sensitive to
pulse disturbances (i.e. low resistance), and have a weak recovery abil-
ity to such events (i.e. low resilience). The key mechanism for this re-
duced stability could be the high BR rates, as metabolic costs, to face
with damaging stressors (e.g. UVR). Thus, high cellular stress could un-
dermine their ability for nutrient uptake (Seymour et al., 2017), making
them worse competitors than phytoplankton in such highly UVR-
stressed ecosystems (Carrillo et al., 2008b; Sereda et al., 2011; Yuan
et al., 2011). The tradeoff between cell self-preservation from environ-
mental stress and nutritional competence is likely the major selective
influence behind such responses and themain cause ofmeager bacterial
development and of the paucity of ciliates and HNFs in Lake La Caldera
(Medina-Sánchez et al., 2004; Medina-Sánchez et al., 2013). This pro-
posal is also in line with previous experimental and observational stud-
ies in oligotrophic ecosystems showing no clear effect of nutrients or



Fig. 4. Index values of resistance and resilience of photo-, mixo- and heterotrophs (A, B), primary production (PP), excreted organic carbon (EOC), community respiration (CR) (C, D), and
bacterial production (BP) and respiration (BR) (E, F) under the four environmental scenarios: ultraviolet radiation (UVR), UVR and carbon (C) (UVR× C), UVR and phosphorus (UVR× P)
and UVR × C × P environmental scenarios. Symbols representmean values of three replicates and lines the standard deviation calculated by error propagation. Letters indicate differences
among treatments by Tukey HSD post hoc test.
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UVR on bacteria biomass (Cabrerizo et al., 2017; Carrillo et al., 2008a;
Rojo et al., 2017).

Second, it might be asked how the stability of the commensalistic
phytoplankton-bacteria interaction could be altered under interacting
stressors. The joint pulses of C and P under UVR maintained the com-
mensalism, and therefore the BCD:EOC ratio was b1 at the pulse to ~1
Fig. 5. Index values of resistance (A) and resilience (B) of the commensalistic interaction (bac
(primary production:respiration ratio) under the four environmental scenarios: ultraviolet ra
× C × P environmental scenarios. Symbols represent mean values of three replicates and lin
among treatments by Tukey HSD post hoc test.
after that period (Fig. 3G). This finding indicates that despite the in-
creased BP and BR rates under the UVR × C × P scenario, the C supply
by phytoplankton (EOC) supported the bacterial C demands. The
phytoplankton-bacteria coupling has been consistently reported in oli-
gotrophic freshwater (Durán et al., 2016; González-Olalla et al., 2018)
and marine (Fouilland et al., 2014) ecosystems. This response made
terial carbon demand:excreted organic carbon ratio) and metabolic balance of ecosystem
diation (UVR), UVR and carbon (C) (UVR × C), UVR and phosphorus (UVR × P) and UVR
es the standard deviation calculated by error propagation. Letters indicate differences



Fig. 6. Relationship between resistance (A) and resilience (B) of diversity versus primary production (PP) under the four environmental scenarios; ultraviolet radiation (UVR), UVR and
carbon (C) (UVR × C), UVR and phosphorus (UVR × P) and UVR × C × P. Symbols represent the combination of all experimental replicates, solid line the linear regression fit model, and
dashed lines the 95% interval confidence.
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the commensalistic interaction highly stable due primarily to high resil-
ience (ca. 0.75; Fig. 7). Moreover, phytoplankton can exert a resource-
based control on bacteria through the regulation of extracellular C re-
lease. This strategy, and thewell-known bacterial dependence of this la-
bile C, may enable phytoplankton to outcompete bacteria for nutrients
in high-mountain lakes (Medina-Sánchez et al., 2002; Villar-Argaiz
et al., 2002) and boreal peatlands (Wyatt and Turetsky, 2015). This phy-
toplanktonic strategy is consistent with the steadiness of the bacterial
community, a characteristic of this ecosystem (Cabrerizo et al., 2017;
Carrillo et al., 2006; Medina-Sánchez et al., 2004). This underlines the
increasingly recognized role of cross-kingdom interaction in shaping
plankton communities and their dynamics, as well as the C fluxes in
ecosystems (Cirri and Pohnert, 2019).

A final question might be raised concerning how these changes in
the microbial food-web stability might propagate to the metabolic bal-
ance of the ecosystem under future environmental scenarios. The inter-
action betweenC, P, andUVR strengthened the resistance butweakened
the resilience of the ecosystem's metabolic balance (Fig. 7). Thus, par-
tially in agreementwith our hypothesis, stronger resistance suggests ro-
bustness of the ecosystem to withstand the impacts of global-change,
Fig. 7. Graphical scheme of the relative magnitude of the resistance and resilience indexes for f
carbon demand:excreted organic carbon ration [BCD:EOC ratio]) and metabolic balance of e
scenarios: ultraviolet radiation (UVR) and their interaction with carbon (C), phosphorus (P)
maxima (+) values, with – being resistance or resilience values between−1 and 0, and + val
and could promote the sustained net autotrophy recently reported in
this model oligotrophic ecosystem (Cabrerizo et al., 2017; Dorado-
García et al., 2014). The high C-sink capacity of the ecosystem coupled
with a high resistance of PP:R under future complex environmental sce-
narios is supported by three strong pieces of evidence outlined above:
1) greater PP and development (and the dominance) of phototrophs,
which fueled the entire microbial food web (i.e. bacteria and
mixotrophs); 2) low resilience of bacterial metabolism (BP and BR);
and 3) the maintenance of stability of the commensalistic
phytoplankton-bacteria interaction.

Notably, only the UVR × C scenario, which triggered a disconnection
between resistance (moderate) and resilience (the highest) for PP:R,
promoted shifts in the metabolic balance in Lake La Caldera towards
the heterotrophy. More R together with less PP (i.e. decreasing C incor-
poration) was also reflected in diminished extracellular C release by
phytoplankton after the pulse period, leading to a phytoplankton-
bacteria uncoupling (BCD:EOC N 1). These results are consistent with
previous evidence reported by Hanson et al. (2003) in temperate lakes
indicating that allochthonous inputs alone (e.g. C) may influence lake
metabolism, as this is strongly correlated with high R and low PP.
unctional groups (photo-, mixo- and heterotrophs), commensalistic interaction (bacterial
cosystem (primary production:respiration [PP:R] ratio) under the four environmental
and C × P. Note that white and black bars denote a gradient between minima (−) and
ues N0.66 to 1. Intermediate rectangles represent limits between 0–0.33 and 0.33–0.66.
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Therefore, a disconnection between resistance and resilience at a meta-
bolic level may lead the ecosystem to act as a C source to the atmosphere.

In conclusion, our research adds to recent studies emphasizing the
need to evaluate multiple dimensions of stability for separating the re-
sponses of the community composition (compositional stability) of eco-
system processes (metabolic stability) (Hillebrand et al., 2018; Hoover
et al., 2014; Gulzow et al., 2017). In addition, for first time, we quantify
the interactive effect ofmultiple stressors on themultifaceted aspects of
the stability of ecosystems in a global-change context. Our results show
that, under the most complex environmental scenario, the high resil-
ience of phototrophs (favoring their predominance overmixo- and het-
erotrophs) as well as the high resilience of the commensalistic
interactionmay reinforce the stability of themicrobial foodweb. Finally,
the high resistance of the PP:R ratio, which was related mainly to the
greater resistance of BR, appears to help maintain the ecosystem C-
sink capacity. Therefore, studies with complex designs such as the pres-
ent one open theway tomore realistic knowledge about how instability
of underlying biological processesmay generate shifts that are currently
occurring in worldwide ecosystems.
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