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ABSTRACT

Ecological memory (EM) recognizes the impor-

tance of previous stress encounters in promoting

community tolerance and thereby enhances

ecosystem stability, provided that gained tolerances

are preserved during non-stress periods. Drawing

from this concept, we hypothesized that the

recruitment of tolerant species can be facilitated by

imposing an initial sorting process (conditioning)

during the early stages of community assembly,

which should result in higher production (biomass

development and photosynthetic efficiency) and

stable community composition. To test this, phy-

toplankton resting stages were germinated from

lake sediments originating from two catchments

that differed in contamination history: one im-

pacted by long-term herbicides and pesticides

exposures (historically contaminated lake) from an

agricultural catchment compared to a low-im-

pacted one (near-pristine lake) from a forested

catchment. Conditioning was achieved by adding

an herbicide (Isoproturon, which was commonly

used in the catchment of the historically contami-

nated lake) during germination. Afterward, the

communities obtained from germination were ex-

posed to an increasing gradient of Isoproturon. As

hypothesized, upon conditioning, the phytoplank-

ton assemblages from the historically contaminated

lake were able to rapidly restore photosynthetic

efficiency (p > 0.01) and became structurally

(community composition) more resistant to Iso-

proturon. The communities of the near-pristine

lake did not yield these positive effects regardless of

conditioning, supporting that EM was a unique

attribute of the historically stressed ecosystem.

Moreover, assemblages that displayed higher

structural resistance concurrently yielded lower

biomass, indicating that benefits of EM in increas-

ing structural stability may trade-off with produc-

tion. Our results clearly indicate that EM can foster

ecosystem stability to a recurring stressor.
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HIGHLIGHTS

� Contamination history determines community

responses when a stressor recur.

� Communities that had previous encounters with

stressor(s) show higher resistance.

� Higher community resistance can result in a

trade-off with biomass production.

INTRODUCTION

The concept of ecological memory (EM; Padisak

1992) proposes that past experience influences

present day responses of ecosystems, thereby en-

abling communities to cope better with recurrent

stress (Turner 2010; Johnstone and others 2016).

Ecosystems that have been exposed to recurrent

stressor(s) can acclimatize and eventually adapt

(Ogle and others 2015; Samani and Bell 2016)

through physiological, ecological and evolutionary

processes (Collins and Gardner 2009). Over longer

time scales, adaptations involving ecological

(Blanck 2002) and evolutionary (Samani and Bell

2016; Bell 2017) processes are more likely to

underpin EM. Ecological adaptation emphasizes

the replacement of stress sensitive species with

tolerant ones (a phenomenon described, amongst

others, in the concept of pollution-induced com-

munity tolerance [PICT]; Blanck 2002). Evolu-

tionary adaptation involves the selection of strains

or organisms carrying genetic variants or modifi-

cations that confer resistance (Bell 2017). If these

adaptations are partly or fully maintained during

periods of non-stress, EM is established and the

community can cope efficiently when the recurring

stressor reappears (Padisak 1992; Scheffer and

Carpenter 2003; Johnstone and others 2016). EM

can contribute to enhance the stability of the

ecosystem by promoting resistance and recovery

(Donohue and others 2016; Hillebrand and others

2018). Resistance can be expressed by the ability to

withstand stress, whereas recovery addresses the

ability to regain normal functions and structures

after being impacted (Hillebrand and others 2018).

Resistance and recovery can be measured in terms

of functional (for example, biomass production and

resource use) and structural (community compo-

sition) characteristics (Hillebrand and others 2018).

Evidence of the causal relationship between

earlier encounters to a stressor and present-day

tolerance stems mostly from observational studies

or theoretical models (Peterson 2002; Ogle and

others 2015; Hughes and others 2019), while

experimental approaches targeting natural com-

munities are rare (Feckler and others 2018). An

inherent limitation of observational approaches is

that they typically focus on communities that are

incidentally available at a given time point (snap-

shot), which might be blurred by other drivers

(Cochran and Chambers 1965). Under such cir-

cumstances, the acquisition of adaptation may not

be fully expressed or detectable during stress-free

periods, despite still being present in an inactive

form, that is, as dormant stage (Orsini and others

2013). Organisms that have the ability to produce

long lasting resting stages represent a useful

experimental model since these can act like ‘‘seed

banks’’ containing previous species assemblages

that span over an extended period of time (Orsini

and others 2013). In phytoplankton, the formation

of resting spores or cysts is a common strategy

(Orsini and others 2013) and can be considered as

natural biological archives that offer a good

opportunity to study whether or how EM helps to

recruit species that gained tolerance through past

adaptations (Ellegaard and others 2018). Hence,

phytoplankton germination experiments offer a

good model to study EM (Padisak 1992). Moreover,

some anthropogenic stressors, such as pesticides,

are relatively well monitored and offer the prospect

of investigating how communities that have been

repeatedly exposed to the same stressor can de-

velop tolerance (Blanck 2002). The contamination

of freshwaters by pesticides from agricultural fields

is one of the few stressors that have been moni-

tored (Fölster and others 2014) over time scales

(decades) relevant for ecological and evolutionary

adaptation (Thompson 1998).

Pesticide (including insecticides, fungicides and

herbicides) runoff from agricultural fields can ad-

versely affect diversity (Tilman and others 2002),

functioning and ecosystem services in freshwaters

(Vörösmarty and others 2005, 2010; Weatherhead

and Howden 2009). Pesticides can decrease the

fitness of non-target aquatic organisms (Beketov

and Liess 2008) by altering their enzyme activity

and metabolism (Sturm and others 2007). They can

also alter community structures (Rohr and Crum-

rine 2005) by increasing mortality of sensitive

species (Schroer and others 2004). Herbicides

specifically target groups of organisms that carry
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out photosynthesis such as phytoplankton (Brock

and others 2000). Nevertheless, the long-term ef-

fects of herbicides exposure on algae still remain

unclear (Schäfer and others 2011). Empirical evi-

dence showed that certain herbicides (for example,

Atrazine) can shift the distribution of sensitive

species toward more tolerant species and thereby

increase community tolerance (Bérard and Ben-

ninghoff 2001; Seguin and others 2002). However,

the net cost of acquiring tolerance may involve a

trade-off, for instance, with production. The most

tolerant species may not be the most productive

ones (Moe and others 2013; Rizzuto and others

2020). Such trade-offs are generally overlooked

(Medina and others 2007).

Here, we used a two-phase experiment to eval-

uate the significance of EM in influencing the re-

sponses of natural phytoplankton from a lake that

has been historically exposed to various herbicides

that leached from the surrounding agricultural

catchment. During the first phase of the experi-

ment, phytoplankton assemblages were germinated

(from sediments) and simultaneously conditioned

to an herbicide (presence vs. absence of Isopro-

turon: 12 lg/L), for 17 days. In the second phase of

the experiment, communities that were obtained

from the previous germination stage were exposed

to a broader concentration gradient (0 lg/L, 7 lg/L,
12 lg/L, 61 lg/L, and 92 lg/L) of the same herbi-

cide for 7 days. During the second phase of the

experiment, functional endpoints related to pro-

duction (total biomass and photosynthetic effi-

ciency), and structural characterization of the

phytoplankton assemblages (community composi-

tion) were monitored. We hypothesized (H1) that

the presence of the herbicide (hereafter named

conditioning) during germination of phytoplank-

ton originating from the historically contaminated

lake yields communities that are more structurally

resistant and able to maintain a higher production

under stress. The underlying assumption is that

conditioning facilitates the recruitment of tolerant

species (Kraft and others 2015), which were

selectively favored by previous stress episodes. The

selection process of tolerant species is captured by

the PICT concept (Blanck 2002), whereas EM (Pa-

disak 1992) adds a temporal dimension to the

process and emphasizes the persistence of tolerant

species over time. During non-stress periods, tol-

erant species might lose their advantages to more

competitive non-tolerant species (Tilman 1982),

but can still be present in seed banks and brought

back during unfavorable conditions. To contrast

with H1, the same conditioning and exposure

procedures were applied to phytoplankton assem-

blages that were germinated from lake sediments of

a near-pristine, forested catchment, that had no

historical exposure to the herbicide and therefore

potentially lacked tolerant species and were

potentially more vulnerable. In this case, we

hypothesized (H2) that conditioning is ineffective

in yielding a more productive and structurally

resistant community, due of the lack of EM and this

can increase their sensitivity to the second herbi-

cide exposure.

MATERIALS AND METHODS

Sediment Collection

During August 2017, sediment was collected with a

corer from two Swedish lakes that mainly differed

in their catchments. The lakes have similar ambient

climate, physical and chemical characteristics

(trophic status, water depth and submerged aquatic

macrophytes consisting mostly of Myriophyllum

genus [watermilfoil]; Text S1, Figure S1). Finnsjön

(60� 21¢ 45.1¢¢ N, 17� 52¢ 56.1¢¢ E,) is a near-pristine

lake with a forest dominated catchment, and Tå-

kern (58� 21¢ 07.0¢¢ N, 14� 49¢ 42.7¢¢ E) is a his-

torically contaminated lake that drains from an

area associated with intensive large-scale agricul-

tural use (Text S2, Table S1). At least 15 different

cores were collected from each lake. The upper oxic

layer (ca. 5 cm) from the sediment cores was

carefully sectioned and temporarily stored in a

cooler. Once in the laboratory, sediment samples

from the same catchment were mixed to obtain an

aggregated seed bank, then sieved (mesh size of

5 mm) to remove large materials (stone, roots and

debris) and stored in the dark at 4 �C until the start

of the experiment.

Model Stressor and Pilot Study

The phenylurea herbicide Isoproturon was selected

as a model stressor as it was commonly used and

previously analyzed in the catchment of the his-

torically impacted lake (Table S1). Isoproturon was

widely used, for its inhibitory properties that dis-

rupt the electron transport in photosystem II by

binding to the protein D1 in the thylakoid mem-

brane (Arnaud and others 1994), until its ban from

use in the European Union in 2016. The concen-

trations of Isoproturon applied during the experi-

ment were determined using an eco-toxicological

test for growth inhibition (OECD guideline, Test

No. 201) using laboratory-cultured algae (Pseu-

dokirchneriella subcapitata, recently revised and re-

named to Raphidocelis subcapitata (Suzuki and

others 2018)) and phytoplankton community

Ecological Memory of Historical Contamination 1593



assemblages from the two selected lakes. Based on

the results of the growth inhibition test (Text S2,

Figure S2), four concentration levels were selected:

7, 12, 62 and 92 lg/L causing approximately 5, 10,

70 and 90% growth inhibition, respectively. Dur-

ing the first phase of the experiment, a single Iso-

proturon concentration (12 lg/L) was used for

conditioning, while four increasing levels (L1: 7,

L2: 12, L3: 61 and L4: 92 lg/L) of the same herbi-

cide were used during the second phase of the

experiment. The stability of Isoproturon was as-

sessed during the experiment using liquid chro-

matography mass spectrometry (Text S3). The

measured Isoproturon concentrations varied mod-

erately between the replicates of the different tes-

ted concentrations (Table 1). The difference

between the nominal and measured concentrations

on average varied by 26% (Table 1).

Experimental Details

Phase I: Germination and conditioning
phase

Phytoplankton communities were germinated from

sediments in bioreactors (Figure 1). Bioreactors

were divided into two equal sets. In one set, ger-

mination and conditioning to the presence (+) of

sub-lethal concentrations of Isoproturon (12 lg/L)
occurred, whereas in the other set, Isoproturon was

absent (–). Each unit (bioreactor) was replicated 5

times, resulting in a total of 20 germination

microcosms. Well-homogenized subsamples of

3 mL sediment were transferred into 250 mL glass

jars (total 20). The glass jars (250 mL) containing

the sediment were covered with steel woven nets

(mesh size 60 lm) and were carefully placed into

larger glass flasks (2.2L, Ikea, Sweden) before

slowly adding 1.4L of Z8 medium (phosphate

concentration of ca. 60 lg/L) to the bioreactors.

The steel net was used as a barrier for zooplankton

grazers to prevent them from reaching the outer

flask, if they emerged from resting stages. Once the

bioreactors were filled with culture media, they

were sealed with acrylic clip-lock caps fitted with

two air inlets (glass tubes) and an air outlet to

facilitate resuspension of algae by gently bubbling

filtered (0.2 lm, Whatman, UK) air in the flasks for

3 min at regular intervals of 15 min. Isoproturon

(Sigma-Aldrich, US) spiking solutions were pre-

pared using dimethyl sulfoxide (DMSO) as a carrier

solvent. Conditioning to Isoproturon during ger-

mination was achieved by pipetting 20 lL of a

DMSO solution containing 16.8 lg Isoproturon to

half of the bioreactors, to reach a final concentra-

tion of 12 lg/L. Germination occurring in the ab-

sence of the Isoproturon (non-conditioned) was

achieved by adding an equivalent volume of sol-

vent only (DMSO) to the other half of the biore-

actors, so as to rule out possible solvent-related

effects. The bioreactors were kept overnight at 4 �C.
The following day the temperature was pro-

grammed to increase at an approximate rate of

0.5 �C/hour to reach 13 �C. Once the ambient

temperature was reached, a diel light cycle was

applied (light/dark: 16/8 h, 30 lmol photons m-

2 s-1 light irradiance). The germination phase las-

ted for 17 days, and at the end, the replicates were

bulked according to the four experimental units

(Figure 1). Bulking of replicates according to the

four different germination scenarios was deemed

necessary as it gives the opportunity to standardize

the starting conditions for phase II.

Phase II: Isoproturon exposure

In the second part of the experiment, subsamples

from the bulk of each individual treatment were

inoculated in Erlenmeyer flasks and exposed to an

increasing gradient of Isoproturon levels (L1–L4)

and a control (0 lg/L), each in triplicate (total of 60

experimental units; Figure 1). The inoculum was

standardized using chlorophyll-a concentrations

measured as in vivo fluorescence. The inocula were

diluted with freshly prepared Z8 medium to reach a

Table 1. Comparison of the Nominal and Measured Concentrations, Expressed as Time Weighted Mean, of
Isoproturon During the Two Different Phases of the Experiment.

Phase Lake Nominal concentrations (lg/L) Time-weighted mean concentrations (lg/L)

I Near-pristine 12 17.25

Historically contaminated 12 17.81

II Near-pristine 7 9.19

Historically contaminated 7 11.22

Near-pristine 61 46.94

Historically contaminated 61 54.67
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final volume of 300 mL using the following dilu-

tion scheme: near-pristine (–) 1:5, near-pristine (+)

1:7, historically contaminated (-) 1:8, historically

contaminated (+) 1:8. The standardized inocula

were exposed to the Isoproturon gradient (L1–L4).

The exposure phase lasted for 7 days.

Phytoplankton Responses: Growth Rate,
Total Biomass, Species Composition
and Photosynthetic Efficiency

The growth of phytoplankton was monitored daily

during both phases using in vivo fluorescence,

which was measured using a spectrophotometer

(BioTek Synergy MX; Winosky, VT, USA). Tripli-

cates from each sample (300 lL in each well) were

loaded on 96 well clear flat-bottomed microplates

(Corning, USA). Fluorescence was analyzed using

the integrated software Gen 5 (BioTek, US) with

excitation and emission wavelengths of 440 nm

and 685 nm, respectively. The growth rate lg (d-1)

was calculated as the slope of a linear regression for

log-transformed in vivo fluorescence data against

time (Hagman and others 2019).

Samples were collected for species taxonomic

identification at the end of both phases. They were

analyzed from the bulked samples of phase I and

from each replicate from phase II. The bulked

samples of phase I were analyzed to downscale the

effort used to identify species while providing

adequate information to: (a) to evaluate differences

Figure 1. Conceptual figure illustrating the experiment design and the workflow divided into two phases: germination

and exposure. During the first phase of the experiment, phytoplankton were germinated from seed banks while a subset

(half) of the culture units was simultaneously conditioned with a sub-lethal concentration of Isoproturon (12 lg/L). The
communities obtained at the end of the germination phase were exposed to an increasing exposure concentration of

Isoproturon (Ctrl: 0, L1: 7, L2: 12, L3: 61 and L4: 92 lg/L).
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across the two lakes and the effects of conditioning;

and (b) help to characterize the starting community

composition of the second phase of the experiment.

Phytoplankton were identified using the Utermöhl

technique (protocol: CEN–EN 15,204) and a light

microscope, generally to the lowest taxonomic le-

vel (species). Total biomass (mg/m3) was calculated

from geometric conversions based on a standard

protocol (CEN—EN 16,695). Three diversity

matrices were derived from the taxonomy data:

species richness, Shannon diversity index and

evenness.

The effects of Isoproturon on photosynthetic

efficiency (maximum quantum yield (Fv/Fm) of

photosystem II) were quantified by using a modi-

fied procedure developed by Hanelt (1998), that

involved measuring in vivo chlorophyll-a fluores-

cence by means of a portable pulse-amplitude

modulated fluorometer (Water-PAM, Walz, Ger-

many) and the software (WinControl, Walz) pro-

vided by the manufacturer. Prior to each

measurement, the samples (aliquots of less than 10

mL) were incubated in the dark for 3 min. There-

after, the minimum fluorescence Fo was deter-

mined by applying weak red light pulses, followed

by short pulses (0.6 s) of strong saturating light to

record maximum florescence Fm. Fv was calculated

as the difference between the maximum and min-

imum fluorescence (Fv = Fm - Fo), where the yield

(Fv/Fm) was indicative of the physiological status of

the communities. The photosynthetic efficiency

was measured at three different time points (day 1,

3 and 7) during phase II of the experiment.

Statistical Analysis

All analyses were conducted using R (version 3.5.1)

statistical software (R Core Development Team

2015).

Phytoplankton Growth Rate, Total
Biomass, Species Diversity Matrices

The growth rate, total biomass, species richness,

Shannon diversity index and evenness of phyto-

plankton were analyzed using linear regression

models. During phase I, the effects of two main

factors: contamination history (2 groups: near-

pristine lake vs. historically contaminated lake) and

conditioning (2 groups: presence and absence of

Isoproturon during germination) were tested.

During phase II, the effects of the following three

factors: contamination history (2 groups: near-

pristine lake vs. historically contaminated lake),

conditioning (2 groups: presence and absence of

Isoproturon during germination) and Isoproturon

exposure (5 groups: control, L1–L4) were tested.

Log transformation was used in some cases to fulfill

the assumptions of normality. The interaction

terms between the main factors were considered

important for inference. When significant main

effects were detected, pairwise comparisons based

on estimated marginal means were used. Pairwise

comparisons were complemented with effect sizes

in some cases to assess the magnitude of treatment

effects. Effect sizes based on Cohen’s d values were

calculated by taking the mean difference between

two groups that was then divided by the pooled

standard deviation (Cohen 2013).

Photosynthetic Efficiency

Time series data for the photosynthetic efficiency

measurements were analyzed using a repeated

measurement analysis of variance (ANOVA).

Huynh–Feldt correction was applied when the

assumptions of sphericity were breached. The

photosynthetic efficiency data recorded during the

last sampling (day 7) point were analyzed using a

linear model to assess if the effects of the Isopro-

turon exposures of phase II were significant.

Phytoplankton Community Composition
and Structural Resistance

Multivariate analyses were used to evaluate the

effects of the Isoproturon exposure (phase II) on

the phytoplankton community composition and

measure structural resistance. Non-metric multidi-

mensional scaling (NMDS) based on Bray–Curtis

similarity and square-root-transformed species

matrix data obtained from the taxonomic analysis

was used to assess the effect of Isoproturon expo-

sure. NMDS analyses were complemented with

permutational multivariate ANOVA using Bray–

Curtis similarity matrix, with 9,999 unrestricted

permutations and applying Monte Carlo p-values

corrections. Structural resistance was calculated

using a similar method as previously described by

Hillebrand and others (2018) that is based on

geometric distance. Structural resistance was de-

rived as Euclidean distance between the centroid

coordinates of the control, relative to those of Iso-

proturon exposures levels (L1–L4). The centroid

coordinates were extracted from the NMDS plots.

The closer the distances between phytoplankton

communities of the control and the respective

Isoproturon exposure levels (L1–L4), the higher the

resistance.
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RESULTS

Comparing Phytoplankton Communities
from the Two Lakes and Assessing
the Influence of Conditioning (Phase I)

Germination started a few days earlier for the his-

torically contaminated lake compared to the near-

pristine lake (Figure S3); however, both lakes

achieved similar growth rates (Figure 2A). The

earlier initiation of phytoplankton growth from the

historically contaminated lake subsequently led to

a higher total biomass compared to assemblages

that originated from the near-pristine lake

(F1,8 = 230.08, p < 0.001, Figure 2B). Species

richness (Figure S4A), Shannon diversity index

(Figure 2C) and evenness (Figure S4B) of phyto-

plankton assemblages from the historically con-

taminated lake were substantially higher than the

near-pristine lake (Table S2 and Figure S5). The

species composition also differed between lakes

(Figure 2D), and the proportion of Chrysophyceae

was considerably higher in the near-pristine lake,

whereas Chlorophyceae were the most abundant

algae group in both lakes.

The effects of conditioning (that is, the presence

of Isoproturon during germination) led to a de-

crease in Shannon diversity index (F1,8 = 32.90,

p < 0.01) and evenness (F1,8 = 15.35, p < 0.05)

in both lakes. In contrast, the effects of condition-

ing on the growth rate and species richness were

negligible. Conditioning had a marginal effect on

the total phytoplankton biomass (F1,8 = 1.70,

p > 0.05), but appeared to significantly interact

with the contamination history (F1,8 = 9.68,

p < 0.05, Table S2). For instance, conditioning had

a pronounced negative effect (Cohen’ d = 3.89) on

the total phytoplankton biomass of the historically

contaminated lake, whereas the opposite trend was

observed for the near-pristine lake (Cohen’ d = 2.1

and Figure 2B). Besides total biomass, significant

interaction between conditioning and contamina-

tion history was not observed for growth rate,

species richness, Shannon diversity and evenness

(Table S2). The species composition (Figure 2D)

was marginally affected by conditioning.

Effects of Isoproturon Exposure Gradient
on Growth Rate, Total Biomass
and Species Diversity (Phase II)

Exposure to the Isoproturon gradient (L1–L4)

during the second phase of the experiment signif-

Figure 2. Effects of conditioning, during the first phase of the experiment, on growth rate (A), total biomass (B), Shannon

diversity (C) and the relative proportion of phytoplankton groups (D) in the communities originated from the two lakes

(NP: near-pristine, HC: historically contaminated). Error bars when present indicate standard error.
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icantly affected total phytoplankton biomass,

growth rate, species richness, and evenness (Ta-

ble 2, Figure 3). The interaction between Isopro-

turon exposure and contamination history was

significant for total biomass, species richness,

Shannon diversity and evenness, whereas interac-

tion between conditioning and contamination his-

tory was significant for growth rate, species

richness and Shannon diversity. Interactions

involving all three factors (Isoproturon exposure,

conditioning and contamination history) were not

significant for any of measured variables (Table 2).

In addition, pairwise comparisons revealed some

general patterns. For instance, exposure to the two

highest Isoproturon levels (L3 and L4) led to a

significant decrease in growth rate (Figure 4A) and

total biomass (Figure 4B) of phytoplankton com-

pared to the control and the low exposure levels

(L1 and L2). The decrease in total biomass was

more pronounced for the historically contaminated

Table 2. Summary of the Effects of the Contamination History, Conditioning, Isoproturon Exposure and the
Interaction Term Between the Three Factors on Different Endpoints; Growth Rate, Total Biomass, Species
Richness, Shannon Diversity and Evenness of Phytoplankton Recorded During the Second Phase of the
Experiment.

Variables Effects df SS F p

Growth rate Isoproturon exposure 4, 60 2.09 89.25 < 0.001

Conditioning 1, 60 0.01 2.27 0.14

Contamination history (Con his.) 1, 60 0.09 14.92 < 0.001

Isoproturon exposure: Conditioning 4, 60 0.01 0.61 0.66

Isoproturon exposure: Con his 4, 60 0.01 0.34 0.85

Conditioning: Con his 1, 60 0.03 4.88 < 0.05

Isoproturon exposure: Conditioning: Con his 4, 60 0.02 0.76 0.55

Total biomass Isoproturon exposure 4, 60 19.89 149.98 < 0.001

Conditioning 1, 60 0.43 13.00 < 0.001

Contamination history (Con his.) 1, 60 1.81 54.46 < 0.001

Isoproturon exposure: Conditioning 4, 60 0.01 0.10 0.98

Isoproturon exposure: Con his 4, 60 0.57 4.31 < 0.01

Conditioning: Con his 1, 60 0.001 0.03 0.87

Isoproturon exposure: Conditioning: Con his 4, 60 0.03 0.22 0.93

Species richness Isoproturon exposure 4, 60 146.83 3.82 < 0.05

Conditioning 1, 60 93.75 9.75 < 0.01

Contamination history (Con his.) 1, 60 0.42 0.04 0.84

Isoproturon exposure: Conditioning 4, 60 79.17 2.06 0.10

Isoproturon exposure: Con his 4, 60 117.83 3.06 < 0.05

Conditioning: Con his 1, 60 150.42 15.64 < 0.001

Isoproturon exposure: Conditioning: Con his 4, 60 46.17 1.20 0.33

Shannon diversity Isoproturon exposure 4, 60 0.10 1.92 0.13

Conditioning 1, 60 0.23 17.10 < 0.001

Contamination history (Con his.) 1, 60 0.69 51.80 < 0.001

Isoproturon exposure: Conditioning 4, 60 0.13 2.36 0.07

Isoproturon exposure: Con his 4, 60 1.44 26.77 < 0.001

Conditioning: Con his 1, 60 0.20 14.78 < 0.001

Isoproturon exposure: Conditioning: Con his 4, 60 0.07 1.36 0.26

Evenness Isoproturon exposure 4, 60 0.02 4.03 < 0.01

Conditioning 1, 60 0.01 5.24 < 0.05

Contamination history (Con his.) 1, 60 0.06 44.10 < 0.001

Isoproturon exposure: Conditioning 4, 60 0.01 1.18 0.33

Isoproturon exposure: Con his 4, 60 0.09 17.75 < 0.001

Conditioning: Con his 1, 60 0.004 3.23 0.08

Isoproturon exposure: Conditioning: Con his 4, 60 0.01 1.46 0.23

Significant values are reported in bold.
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lake (Cohen’s d values; Table S3) when exposed to

the highest levels of Isoproturon (L3-L4; Fig-

ures 3B, 4B). The effects of conditioning on growth

rate varied across the different Isoproturon expo-

sure levels for the historically contaminated lake,

whereas conditioning generally led to a slight in-

crease in growth rate of phytoplankton for the

near-pristine lake (Figures 3A, 4A). Nevertheless,

growth rates of phytoplankton from the historically

contaminated lake were consistently higher for the

two highest exposure levels (L3 and L4) compared

to the near-pristine lake (Figure 4A). The magni-

tude of change in the growth rate was also con-

sistently higher (larger Cohen’s d values between

the control and the Isoproturon exposure levels L1–

L4) for the near-pristine lake compared to the

historically contaminated lake (Table S3). The

highest exposure levels (L3 and L4) reduced species

richness only for communities of the near-pristine

lake (Figure S6), that were conditioned to Isopro-

turon during germination. Shannon diversity and

evenness of the historically contaminated lake in-

creased with increasing herbicide levels, while the

opposite was observed for the near-pristine lake

(Figures 3C,D, 4C, D).

Effects of Isoproturon Exposure Gradient
on Photosynthetic Efficiency (Phase II)

Exposure to the Isoproturon concentration gradi-

ent significantly decreased the photosynthetic yield

of the phytoplankton of both lakes (near-pristine

lake; F4, 20 = 51.4, p < 0.01, historically contami-

nated lake; F4, 20 = 15.2, p < 0.01 and Figure 5).

Furthermore, significant time effects and the

interaction between time and Isoproturon expo-

sure were observed in both lakes (Table S4). The

relative decrease in the photosynthetic yield was

generally stronger at higher Isoproturon exposure

levels (L3–L4). The changes in photosynthetic yield

over time were remarkably distinct between the

two lakes and the conditioning scenarios (Fig-

ure 5), in particular for the last time point (day 7).

The effects of the herbicide were still significant in

the near-pristine lake on the last sampling event

(day 7; Table S5). Furthermore, the differences

between the control and the two highest levels (L3

and L4) of the near-pristine phytoplankton

assemblages were larger when they were condi-

tioned to the herbicide (L3: t = - 9.6, p < 0.01,

L4: t = - 11.8, p < 0.01) compared to the non-

conditioned scheme (L3: t = - 0.25, p = 0.8, L4:

t = - 3.7, p < 0.01). In the historically contami-

nated lake, the effects of the Isoproturon exposure

on day 7 (Table S5) were still significant

Table 3. Comparing Community Composition of the Near-pristine and the Historically Contaminated Lakes
that Were Exposed to the Isoproturon Concentration Gradient.

Contamination history Conditioning Isoproturon exposure t-value P-value Euclidean distance

Near-pristine (2) L1 0.93 0.46 0.16

L2 1.37 0.19 0.29

L3 2.46 0.02 0.44

L4 3.21 0.01 0.38

(+) L1 1.32 0.19 0.15

L2 1.61 0.09 0.26

L3 3.51 0.004 0.53

L4 4.43 0.002 0.53

Historically Contaminated (2) L1 1.23 0.25 0.14

L2 1.66 0.08 0.08

L3 4.01 0.002 0.29

L4 4.23 0.002 0.33

(+) L1 1.10 0.34 0.18

L2 0.88 0.48 0.23

L3 3.91 0.002 0.32

L4 3.98 0.004 0.20

The Euclidean distance between the control and the different exposure levels (L1, L2, L3 and L4) centroids based on the NMDS plots, across the two lakes and the two different
conditioning scenarios. Significant results are highlighted in bold.
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(F4,15 = 7.91, p < 0.01) when conditioning was

omitted during germination.

Effects of Isoproturon Exposure Gradient
on Community Composition (Phase II)

The composition of communities changed signifi-

cantly (PERMANOVA: Table S6) in response to

Isoproturon exposure. The relative proportions of

most taxa decreased with increasing exposure le-

vels (Figure 6A), apart from two groups (Chryso-

phyceae and unidentified group (others)) that

increased in relative proportion at the two highest

herbicide treatment levels.

Changes in community composition, depicted by

the non-metric multidimensional scaling (NMDS)

analyses (Figure 6B), were most pronounced at the

highest exposure levels and reflected both the

contamination history and conditioning during

germination. Phytoplankton communities from the

historically contaminated lake that underwent

conditioning displayed higher structural resistance

to the Isoproturon exposure. The distance between

the control and the highest Isoproturon exposure

level (L4) was shortened (Table 3, Figure 6B) when

conditioning was applied during germination

compared to the non-conditioned analogs. The

opposite was observed for the communities origi-

nating from the near-pristine lake system with re-

gard to conditioning (Table 3, Figure 6B).

DISCUSSION

This study provides a proof of concept of the rele-

vance of EM in influencing ecosystem stability

during the resurgence of a recurrent stressor. In

particular, we focused here on conditioning as a

trigger for retrieving adaptations nested in EM that

may not be expressed in the community assem-

blages during periods of non-stress. We took

advantage of lakes with different herbicide expo-

sure histories to obtain communities with and

without ‘‘memory’’ of Isoproturon stress to test our

hypotheses. However, it is important to acknowl-

edge that beyond historical exposure to herbicides,

the lakes also differ in other respects (for example,

differences in catchment characteristics, level of

connectedness with other systems and so on). To

rule out confounding effects posed by these factors,

we focused on studying EM to a specific stressor by

‘‘retrieving’’ EM for Isoproturon through condi-

tioning (that is, by applying the same stressor

during germination). Conditioning was used as a

means to facilitate the recruitment of tolerant

strains/species that were already present in dor-

Figure 3. Comparison of growth rate (A), total biomass (B), Shannon diversity index (C) and evenness (D) of

phytoplankton originating from the near-pristine and the historically contaminated lake, along the Isoproturon exposure

gradient (L1–L4) used during the second phase of the experiment. Error bars indicate standard error.
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mant stages in the sediment of the historically

contaminated lake. The experiment with phyto-

plankton communities from the near-pristine lake

should therefore not be considered as a direct term

of comparison but as a means to refute H1, and

therefore test its robustness. Phase I of the experi-

Figure 4. Pairwise comparison based on estimated marginal means for the growth rate (A), total biomass (B), Shannon

diversity index (C) and evenness (D) of phytoplankton observed during the second phase of the experiment. The central

points in the figure indicate the mean response with 95% confidence interval for the combined main effects

(contamination history, conditioning, Isoproturon exposure) for the near pristine (NP) lake and the historically

contaminated (HC) lake that were conditioned with (+) and without (-) Isoproturon during germination.
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mental design was conceived to assemble natural

communities harboring different genotypes from

two lakes that differed in contamination histories.

During phase II, EM is evaluated by assessing the

ability of phytoplankton assemblages from the

historically contaminated lake to maintain high

production and stable composition under the Iso-

proturon gradient.

The results from phase II of the experiment

support our expectations that conditioning of the

community from the historically contaminated lake

facilitates the recruitment of tolerant species that

had acquired adaptation in the past. Phytoplankton

assemblages from the historically contaminated

lake, upon conditioning, were in fact able to restore

photosynthetic efficiency (Figure 5) and proved to

be structurally (Figure 6 and Table 3) more resis-

tant when exposed to an increasing gradient of

Isoproturon. At the same time, conditioning did not

lead to the same effect in the near pristine lake

(Figures 5, 6 and Table 3).

Implications of EM for Production: Total
Biomass and Photosynthetic Efficiency

Total biomass and photosynthetic efficiency were

monitored during the second phase of the experi-

ment. The behavior of the two parameters differed

markedly and was dependent on the lake con-

tamination background and conditioning. Condi-

tioning did not increase the total phytoplankton

biomass (Figure 3B) irrespective of the lakes’ con-

tamination history. In contrast, photosynthetic

efficiency was restored within a few days, despite

being impacted in the earlier stage of the second

phase of the experiment (Figure 5), while Isopro-

turon was still present (Table 1). However, such an

improvement in restoring photosynthetic efficiency

was only observed in phytoplankton assemblages

that originated from the historically contaminated

lake following conditioning during gemination

(Figure 5). The contrasting responses between

photosynthetic efficiency and biomass develop-

ment can reflect differences in the temporal scales

of these processes (Kriegman and others 2018).

Physiological responses, such as photosynthetic

efficiency, occur more rapidly and most likely re-

flect changes in the regulation of photosystem

reaction centers (Antonacci and others 2018). This

type of response is expected for organisms exposed

to Isoproturon, as this herbicide is a photosystem II

inhibitor (Antonacci and others 2018). Herbicide-

resistance has been shown to occur following a

substitution mutation that altered structure of the

targeted intracellular site, for example, the D1

protein of Photosystem II (Antonacci and others

2018). The improvement in photosynthetic effi-

ciency might be linked to an increase in the

prevalence of species/strains that express a muta-

tion of the D1 protein of the photosystem reaction

center to counteract the inhibitory effects of Iso-

proturon (Antonacci and others 2018). In contrast

Figure 5. Photosynthetic efficiency (Fv/Fm): Percentage of change relative to control in the near-pristine and historically

contaminated phytoplankton communities that were conditioned with (+) and without (-) Isoproturon during

germination. Error bars indicate standard error.
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Figure 6. Changes in community structure observed during the exposure phase. (A) Percentage composition (relative

abundances) of the major phytoplankton groups identified in the two lake (near-pristine and historically contaminated)

conditioned without (-) and with (+) Isoproturon (B) non-metric multidimensional scaling plot (NMDS) from the four

experimental units. The corners of the polygons represent the replicates.
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to photosynthetic efficiency, biomass development

may reflect changes in energy and resource allo-

cation within organisms that might occur at a

slower pace (van Straalen and Hoffmann 2000).

This time lag might explain the lack of higher total

biomass mediated by EM (Tilmon 2008; Hertz and

others 2013), perhaps also due to the relatively

short duration (7 days) of the second phase the

experiment.

Implications of Ecological Memory
for Structural Resistance

Following conditioning, the community composi-

tion of phytoplankton from the historically con-

taminated lake displayed a higher structural

resistance (Figure 6 and Table 3), compared to the

non-conditioned ones. Here, we observed that the

distance between the centroids of the control and

Isoproturon exposure levels (especially L4) for the

phytoplankton communities decreased when con-

ditioning was applied to phytoplankton from the

historically contaminated lake. These results sup-

port our initial hypothesis (H1) concerning the

structural stability aspects and suggest that phyto-

plankton communities that have been previously

exposed to a stressor can boost their capacity to

cope with subsequent encounters to the same

stressor (Johnstone and others 2016). Such an in-

crease in structural resistance was not observed in

either the conditioned or the non-conditioned

communities from the near-pristine lake, thus

supporting H2. Regardless of conditioning, phyto-

plankton from the near-pristine lake showed

weaker structural resistance (Figure 6B, Table 3).

In this case, the distance between the centroids of

controls and the two highest treatment levels (L3

and L4; Figure 6B, Table 3) actually increased as a

consequence of conditioning, suggesting an in-

crease in community sensitivity.

Moreover, the benefits of ecological memory in

promoting structural resistance might involve a

fundamental trade-off with the ability to maintain

high biomass production (Vinebrooke and others

2004). Our results only provide some evidence of

such a trade-off under a short-term designed

experiment. For instance, the communities from

the historically contaminated lake had a higher

growth rate than the near-pristine lake (Figure 3)

for the two highest treatment levels, but this did

not result in larger biomass; this may relate to the

occurrence of a trade-off. Similar trade-offs (that is

the negative relationship between acquiring toler-

ance and building biomass) were observed by

others (Coley and others 1985; Strauss and others

2002; Boivin and others 2003; Vila-Aiub and others

2009) as the most tolerant species might not nec-

essarily be the most productive ones (Moe and

others 2013; Rizzuto and others 2020). Further

research is needed to fully elucidate trade-offs in

the context of EM and over longer time scales.

Long-term herbicide exposure can favor the

selection of tolerant strains (Schäfer and others

2011) or species that could be stored and eventu-

ally retrieved from seed banks. The selection of

tolerant species can occur through ecological

adaptation. Ecological adaptation acknowledges the

replacement of sensitive species with tolerant ones

(that is, pollution-induced community tolerance

[PICT]; Blanck 2002), thereby helping to maintain

key processes and structures. Previous empirical

evidence showed that certain herbicides can shift

the distribution of sensitive species toward more

tolerant species and thereby increase the commu-

nity tolerance (Bérard and Benninghoff 2001; Se-

guin and others 2002). In the present study, the

hypothesis of an increase in the prevalence of tol-

erant species after conditioning was supported by

the observed increase in Shannon diversity and

evenness along the herbicide exposure gradient,

which only occurred in phytoplankton assemblages

of the historically contaminated lake (Figures 3C,

D, 4C, D). Changes in evenness have previously

been shown to be a more robust indicator of eco-

logical change than species richness (Hillebrand

and others 2008), which is in line with our find-

ings.

Altogether, these results indicate that: (a) ac-

quired structural resistance by the community is a

consequence of retrieving EM through condition-

ing; and (b) EM is an attribute only of the systems

that had historically been exposed to Isoproturon

or other herbicides with a similar mode of toxic

action. Since EM was retained in dormant stages,

the role of conditioning was crucial in facilitating

the recruitment of tolerant species, which were

selectively favored by previous stress episodes.

These results complement previous findings and

provide new insights on the concept of EM. Hughes

and others (2019) described beneficial effects of EM

in coral reefs exposed to two successive heat wave

events causing bleaching. The authors showed that

the mortality of coral reefs decreased after the

second heat episode (in 2017) compared to the first

one (in 2016), where the first event increased the

proportion of resistant species (Hughes and others

2019). In another study, Feckler and others (2018)

showed that the performance of microbial com-

munities in decomposing leaf-litter from an agri-

cultural stream was enhanced under exposure to
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pesticides compared to a community from a near-

pristine stream. In addition to earlier assessments,

our results strengthen the perception that previous

encounters with a stressor matter (Samani and Bell

2016) and can increase structural resistance, even

when these adaptations are not present or preva-

lent in the standing crop community.

CONCLUSION

We used an experimental approach to test an eco-

logical concept (EM) that has previously remained

elusive to empirical testing. We showed that

adaptations from past experience that are present

in dormant phytoplankton stages in lake sediments

can be readily expressed when stressors reappear.

Our results show the beneficial effects of EM in

restoring certain processes (for example, photo-

synthetic efficiency) and increasing structural

resistance of the phytoplankton communities.

However, they also indicate a trade-off between

resistance and other processes related to biomass

production. The lack of EM to herbicide in the

phytoplankton from the near-pristine lake system

did not measurably yield stress tolerant species and

structurally resistant communities. In addition,

other processes related to spatial distribution and

dispersal of species (for example, dispersal of meta-

communities: Leibold and others 2004) can also

influence ecosystems and contribute to stability

toward the stressors. Better knowledge of these

temporal (EM) and spatial (dispersal of meta-

communities) processes are essential to gain a

deeper understanding of the abilities of ecosystems

to cope with recurrent stress.
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