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Abstract: Sewage effluents are recognized as one of the most common sources of river degradation. However,
very few investigators have tried to evaluate ecosystem recovery after cessation of wastewater treatment plant
(WWTP) discharge. Our goals were to: 1) analyze invertebrate community responses to chemical water quality
and habitat changes after wastewater treatment improvement, and 2) evaluate the abilities of taxonomy-based
and trait-based approaches to detect and explain community recovery processes in a multistressor context.
We studied the benthic macroinvertebrate community of 3 sites of a heavily impaired stream (the Vistre River,
France) during a 4-y period that included the decommissioning of a deficient WWTP (WWTP-A) and the
commissioning of a new one (WWTP-B). We assessed the recovery of the benthic community by comparing ob-
served taxonomic and trait-based (i.e., functional) metrics at the study site to values estimated with information
from least-impaired reaches of the same river type. Most taxonomy-based characteristics of benthic communities
subjected to WWTP-A recovered in 3 mo, but the recovery time of several trait-based characteristics was ~2 y.
No change was observed in taxonomic and trait-based diversity during the 4-y study. Taxonomy-based metrics
detected the first signs of river reach recovery rapidly, but combinations of trait-based metrics and taxonomic
abundance-based metrics are more likely to identify functional recovery of invertebrate assemblages faced with
water-quality improvement, even when multiple stressors impaired upstream reaches.
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wastewater treatment plant

Sewage effluents are among the most common sources of
river degradation (Paul and Meyer 2001) and can lead to
multistressor impacts, including organic matter (OM) and
nutrient inputs. In most industrialized countries, waste-
water treatment practices have been developed to limit
stream pollution. Nevertheless, numerous studies have re-
vealed a strong impact of wastewater treatment plant
(WWTP) discharge on invertebrate communities. The de-
crease in O, concentration and the increase in conductivity,
suspended solids, and nutrient concentrations in rivers re-
ceiving WWTP effluents (Gower and Buckland 1978, Dan-
iel et al. 2002, Canobbio et al. 2009) lead to a decline in in-
vertebrate richness (Kondratieff and Simmons 1982), mainly
because of a decrease in the richness of the most sensitive
aquatic insect orders (e.g., Ephemeroptera, Plecoptera, and
Trichoptera [EPT]; Ortiz and Puig 2007, Pinto et al. 2010). In

contrast, the abundance of tolerant taxa, such as Oligochaeta
and Chironomidae, increases globally (Campbell 1978, White-
hurst and Lindsey 1990, Rueda et al. 2002).

The Water Framework Directive (WFD; European Com-
mission 2000) has required achievement of a good eco-
logical and chemical status for all surface water bodies in
the European Union by 2027. Reducing chemical pressures
from WWTPs is a possible approach for improving the
ecological quality of many streams (Carey and Migliaccio
2009). Authors of several studies have concluded that im-
plementing secondary or tertiary treatment of wastewaters
in WWTP improves the physicochemical quality of the re-
ceiving streams (Daniel et al. 2002, Mladenov et al. 2005,
Gcker et al. 2006). However, studies of biotic responses to
water-quality improvement are rare (e.g., Crawford et al.
1992, Besley and Chessman 2008), and because very few
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of them have been based on functional metrics (Spanhoff
et al. 2007), mechanistic responses driving community re-
covery are poorly known.

Taxonomy-based metrics, such as taxonomic richness
and diversity, or biotic indices based on taxon sensitivity to
pollution (e.g., the Average Score Per Taxon [ASPT] in the
UK; Armitage et al. 1983), have been used widely for evalu-
ating the quality of freshwater ecosystems via macrobenthic
communities (Bonada et al. 2006). Generalization of these
indices to all types of streams has been difficult because of
natural differences in taxonomic groups caused by differ-
ences in regional conditions (Lenat 1993, Usseglio-Polatera
et al. 2000b), so new bioassessment approaches, based on
theoretical concepts in ecology (Southwood 1977, 1988,
Townsend 1989), were developed.

The trait-based approach is focused on well defined,
measurable properties of organisms that influence their fit-
ness (McGill et al. 2006, Violle et al. 2007) and ecosystem
functioning (Tilman 2001). In a given habitat templet (e.g.,
the River Habitat Templet; Townsend and Hildrew 1994),
species are likely to be selected on the basis of the efficiency
of their trait combinations in particular environmental con-
ditions (Townsend et al. 1997). Thus, functional trait-based
metrics have the potential to elucidate the ecological mech-
anisms structuring macroinvertebrate communities more di-
rectly than taxonomy-based metrics (Townsend and Hildrew
1994, Statzner and Béche 2010). Trait-based approaches
have been used to assess various anthropogenic pressures
on streams and rivers, including WWTP effluents (Charvet
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et al. 1998, Lecerf et al. 2006), sediment toxicity (Archaim-
bault et al. 2010), and multiple stressor gradients (Dolédec
et al. 1999, Usseglio-Polatera and Beisel 2002, Gayraud et al.
2003, Mondy and Usseglio-Polatera 2013; see also the re-
view by Menezes et al. 2010). In a recent comparative study,
Marzin et al. (2012) suggested that functional trait-based
metrics might discriminate anthropogenic disturbances bet-
ter than taxonomy-based metrics, but very few investigators
have used a functional trait-based approach to examine in-
vertebrate community recovery after disturbance cessation
(Rabeni et al. 1985, MacLeod et al. 2008).

Our goals were to: 1) analyze invertebrate community
responses to chemical water quality and habitat changes
after wastewater treatment improvement, and 2) evaluate
the abilities of taxonomy- and functional trait-based ap-
proaches to detect and explain community recovery pro-
cesses in a multistressor context. We hypothesized that
modifications in wastewater treatment would rapidly im-
prove water quality and create favorable ecological niches
for more pollution-sensitive taxa. Based on published lit-
erature on the effects of organic enrichment and WWTP
effluents on benthic macroinvertebrates, we hypothesized
the response patterns of a set of taxonomy- and trait-based
metrics (Tables 1, 2). We hypothesized that taxonomy-
based metrics (e.g., the number of taxa in different faunal
groups, such as EPT) might respond quickly to water-
quality improvement because of rapid recolonization of re-
stored stream sections by individuals from adjacent unim-
paired reaches or neighboring (near-)pristine streams. We

Table 1. Taxonomic metrics that have been used to assess invertebrate community responses to waste water treatment plant
(WWTP) pollution. 1 = increase, | = decrease in metric value. n.o. = not observed.

Already observed responses

Expected
responses

to improved  Observed results

Metric Label Definition (references) to WWTP inputs (references)  water chemistry at restored sites

Taxonomic S Total number of taxa | (Kondratieff and Simmons 1 1
richness 1982, Prenda and Gallardo

Mayenco 1996, Rueda et al.
2002, Canobbio et al. 2009)

% EPT EPT(S)% and % Ephemeroptera, | for both EPT richness (Ortiz 1 T EPT(S)%
richness and EPT(Q)% Plecoptera and Trichoptera and Puig 2007, Pinto et al. 2010) n.o. EPT(Q)%
abundance in total richness (S) and and abundance (Pinto et al. 2010)

total abundance (Q)
(Lenat 1993)

% GOLD GOLD(S)% and % Gastropoda, Oligochaeta 1 for both GOLD richness ! n.o.
richness and GOLD(Q)% and Diptera in total and abundance (Pinto et al. 2004)
abundance richness (S) and total

abundance (Q)
(Pinto et al. 2004)

Shannon H Y ([ pllogy[ pil), where | (Kondratieff and Simmons 1 n.o.

diversity p; = proportion of taxon 1982, Prenda and Gallardo

i in the assemblage (Shannon
and Weaver 1949)

Mayenco 1996, Rueda et al. 2002,
Canobbio et al. 2009)




Table 2. Biological trait categories and functional (trait) diversity indices that have been used to assess invertebrate community
response to waste water treatment plant (WWTP) pollution. The full description of trait categories is given in Table S3. 1 = increase,
| = decrease in metric value. n.o. = not observed, OM = organic matter, DO = dissolved O,, FPOM = fine particulate organic matter,

IS = intermediate site.

Previously observed

Expected response

responses to WWTP to improved water ~ Hypothesized mechanism  Observed results
Trait Categories inputs (references) chemistry for recovery at restored sites
Maximum >2cm 1 (Charvet et al. 1998) 1 Lower assimilation efficiency !
size of large organisms leads to
higher mortality in habitats
with lower OM inputs
Life cycle >1y f Reduced need for resilience |
duration capacity
Voltinism Polyvoltine 1 (Charvet et al. 2000, l Reproduction more likely |
Marzin et al. 2012) to succeed
Reproduction Ovoviviparity T (Marzin et al. 2012) l Reduced need to protect eggs |
Asexual | Reduced need for resilience | (observed at IS)
capacity
Dispersal Aquatic passive | Reduced need to avoid stressor n.o.
Resistance Eggs, statoblasts | Reduced need to resist stressor 1
None 1 |
Respiration =~ Tegument 1 (Charvet et al. 1998) | Response to higher DO n.o.
(lower stream productivity)
Aerial ) 1 (observed for
the category
‘spiracle’)
Locomotion/ Crawlers T (Charvet et al. 1998) ! 1
relation to
substrate
Interstitial |
Attached 1 Less clogging, more substrate 1
available for attachment
Food FPOM/ | Decrease in FPOM provided |
microorganisms by WWTP input
Living 1 Less suspended FPOM leads 1
microphytes to higher water transparency,
less substrate clogging, and
faster biofilm development
Feeding Deposit and T (Hynes 1960, Kondratieff | Reduced FPOM availability | (observed for
habits filter feeders and Simmons 1982, leads to lower relative deposit feeders)
Shieh et al. 1999, abundance of FPOM feeders 1 (observed for
Marzin et al. 2012) filter feeders)
Piercer 1 (Charvet et al. 1998) ! Less filamentous algae |
because of decreased
eutrophication
Scrapers | (Shieh et al 1999, 1 More biofilm development 1
Kerans and Karr 1994) should lead to higher
relative abundance
of taxa feeding on it
Predators n.o.
Biological/ | (Lecerf et al. 2006) 1 Increasing habitat diversity n.o.
ecological and stability leads to more

diversity

diverse ecological niches




also hypothesized that abundance-based taxonomic met-
rics (e.g., diversity indices) or trait-based metrics (e.g., ob-
served biological attribute frequencies) of communities in
restored reaches might be slower to respond because change
in these metrics would require within-reach settlement of
more colonists from each affected taxon. We also predicted
that trait-based metrics would provide more information
than taxonomy-based metrics on the functional processes
occurring during the recovery period.

METHODS
Study sites

Our study was done on the Vistre River (southern France;
Fig. 1A). Stream discharge is influenced by the high seasonal
variation in precipitation that characterizes the Mediterra-
nean climate and varies from 0.57 m®/s during the dry sea-
son (May-October) to 23.00 m*/s during the wet season
(November—April) (annual mean = 2.12 m®/s). The water-
sheds of the Vistre River and its tributaries are highly modi-
fied by human land uses (63% agricultural and 18% urban
land use; Corine Land Cover 2006) and the river and its trib-
utaries have been subjected to domestic, industrial, and agri-
cultural effluents that added 1240 t of N and 226 t of P/y in
the early 2000s (RMC Water Agency 2000). To limit P and N
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inputs from the main city in the watershed (Nimes; Fig. 1B),
a new WWTP (WWTP-B; capacity = 230,000 population
equivalents [PE], mean discharge = 0.32 m>/s), equipped with
improved biological treatment capable of reducing N, P,
and C inputs, was put into service in June 2008. WWTP-B
replaced an older WWTP (WWTP-A; capacity = 130,000
PE, mean discharge = 0.10 m®/s) that discharged effluents into
a small tributary of the Vistre River, ~1.5 km upstream of
the confluence of WWTP-B effluents with the Vistre River
(Fig. 1C).

We selected 3 study sites on a 3-km-long river section
in the vicinity of the WWTP-A and WWTP-B effluent
inputs. The upstream site (US) is upstream of the conflu-
ence of the Vistre River and its tributary that received
WWTP-A effluents. US is a water-quality control site for
the study reach. The intermediate site (IS) was ~1 km
downstream of WWTP-A input into the Vistre River
(until its decommissioning in June 2008) and is upstream
of the WWTP-B inputs. The downstream site (DS) was
influenced successively by WWTP-A and WWTP-B in-
puts before and after June 2008, respectively (Fig. 1C).

Least-impaired river reaches
All along its course, the Vistre River is subjected to
strong anthropogenic pressures. Seven WWTPs, with a

T

/7

/ 0 1000 2000m
B WWTP> 100,000 PE 1 city
m WWTP5,000-100,000PE -~ Watershed limits

= WWTP<5,000PE O Study sites

Figure 1. Map of the Vistre River basin and study sites. A. Location of the Vistre River basin in France. B. Vistre River
watershed showing the study reach and locations and capacities of wastewater treatment plants (WWTPs). C. Locations of the
3 study sites and WWTP A and B sewage inputs. US = upstream site, IS = intermediate site, DS = downstream site, PE =

population equivalent.
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total capacity of 50,000 PE, discharge effluents in the river
or its tributaries upstream of the study reach (Fig. 1B).
Therefore, no site with chemical characteristics close to
the reference conditions is available in the Vistre River
watershed. Moreover, the Vistre River has a long history
of channelization that has strongly modified its bed (e.g.,
creation of the Vistre canal during the 17" century and
important riverbed straightening along the main part of
its longitudinal profile during the 20™ century; RMC Water
Agency 2000). Thus, US is a control site that enables us to
discuss benthic community recovery resulting from water-
quality improvement at IS and DS relative to the physico-
chemical and hydromorphological constraints already im-
pairing the study reach.

To evaluate the ecological recovery of the 3 study sites
on a global (not only relative) basis, we compared the
characteristics of local benthic assemblages to those of
assemblages from least-impaired river reaches (LIRRs;
Statzner et al. 2005) of the same stream type (i.e., MP6
type [small-medium Mediterranean streams]; see Wasson
et al. 2002 for a detailed description of the typology of
French streams). We extracted these data from national
survey databases (Mondy et al. 2012, Mondy and Usseglio-
Polatera 2013). Potential LIRRs have been characterized
using a quality index, bounded by 0 and 100 and divided
into 5 quality classes (0-20 = bad, 20-40 = poor, 40—-60 =
moderate, 60-80 = good, 80-100 = high quality), and
calculated for each of 10 water-quality and 7 habitat-
degradation pressure categories (described by Mondy et al.
2012, following Oudin and Maupas 2003). A given reach
is considered an LIRR if it meets the following criteria: 1)
no pressure category with a quality index < 40, 2) environ-
mental information available for > % of the 17 predefined
pressure categories, and 3) mean quality index over the
available pressure categories > 60. We selected 7 LIRRs,
each sampled 1 to 4 times between 2006 and 2010 (i.e.,
15 sampling events). The 7 LIRRs, US, IS, and DS were
sampled according to the French normalized sampling
protocol for wadeable rivers (Norm AFNOR XP T 90-333;
AFNOR 2009b). Chemical-quality data for LIRRs are given
in Table S1.

Field and laboratory designs

At US, IS, and DS, we measured dissolved O, (DO) with
a field probe (OXY 330; WTW, Weilheim, Germany). We
collected water samples in autumn before (September
2006, October 2006, September 2007) and after (September
2008, 2009, 2010) WWTP-A was decommissioned, trans-
ported them to the laboratory, and stored them at 4°C. We
measured NO,~, PO,>, and total P (P,,,) by spectroscopy
according to French standard protocols [NFT 90-015-2
(AFNOR 2010a); NF EN 26777 (AFNOR 1993); NF EN
ISO 6878 (AFNOR 2005), respectively] and NO3~ by ion
chromatography [NF EN ISO 10304 (AFNOR 2009a)].

E. Arce et al.

We collected benthic macroinvertebrates in Septem-
ber in 2007, 2008, 2009, and 2010 (1 time before and 3 times
after WWTP-A was decommissioned) with the multihabi-
tat sampling protocol applied at LIRRs (AFNOR 2009b).
We collected 12 sample units per site from predefined sub-
strate types with a Surber sampler (area = 0.05 m” mesh
size = 500 um) and pooled them to yield site samples with
homogeneous sampling effort (see Mondy et al. 2012 for
further details). We preserved pooled samples in 4% for-
malin in the field and transferred them to the laboratory
where they were sieved. We sorted and identified all in-
vertebrates to the level defined by the French normalized
protocol (Norm AFNOR XP T 90-388; AFNOR 2010b); i.e.,
genus for mollusks, crustaceans, and insects (except Dip-
tera and some subfamilies of Coleoptera, Trichoptera, and
Heteroptera); family for planarians, leeches, and dipterans;
and higher identification level for other taxonomic groups
(Oligochaeta). We counted all individuals.

Data analyses

We ran a normalized Principal Component Analysis
(nPCA) on NO,~, NO3~, Py, PO>7, and DO concentra-
tions to illustrate major differences in water chemistry
among study sites and sampling events (Table S2). We
projected LIRRs on the 1°* factorial plane as supplemen-
tary individuals (i.e., samples were not used to construct
the factorial axis). We used the ade4 library (Chessel et al.
2004) in R (version 3.0.0; R Project for Statistical Comput-
ing, Vienna, Austria) to run the nPCA.

We used both taxonomic and functional approaches to
describe spatiotemporal changes in the Vistre River com-
munity. We selected 30 taxonomic metrics, including total
richness, taxonomic diversity, and the proportions of ma-
jor taxonomic groups in terms of richness and abundance
(Table S3). We made community response predictions for
6 of the metrics that have been useful for studying inver-
tebrate community response to WWTP pollution (reviewed
in Table 1). We removed rare taxa (taxa with only 1 occur-
rence and <5 individuals during the whole sampling pro-
gram) from the analysis. We based the functional approach
on 51 trait-based metrics, including the proportional rep-
resentation of 47 categories from 11 biological traits and
4 trait-based diversity and evenness metrics (Tables S4, S5).

We resolved biological traits in different semiquanti-
tative (e.g., maximal potential size) or qualitative (e.g., res-
piration) categories. We fuzzy-coded preferences of taxa
by assigning to each taxon a score describing its affinity
to each trait category (see Chevenet et al. 1994 for further
details), from 0 indicating no affinity to 3 or 5 (according
to the trait complexity and the global amount of available
autecological information) indicating high affinity (Tachet
et al. 2010). For each taxon X trait, we transformed affinity
scores into a relative-use frequency distribution (Eq. 1).
We calculated the proportional representation of trait cat-



egories in each invertebrate assemblage by averaging the
taxon frequency distribution weighted by the log of their
respective abundances (Eq. 2; see Archaimbault et al. 2005
for further details).

Airye
YiAiTe

Fire= (Eq. 1)

Y N(Firlog(Q +1))
¥ Mlog(Q; + 1)

(Eq. 2)

Fcomm,Tﬁc -

where for a given trait T and a given trait-category ¢, F; 1.
is the relative use frequency of category j by taxon i, A; 7. is
the fuzzy-coded affinity score, F,,,,,,, 7. is the proportional
representation of the same trait category in the commu-
nity, Q; is the abundance of the taxon i, # is the number
of categories of the trait 7, and N is the number of taxa in
the community.

We calculated trait-based diversity and evenness by ap-
plying the Shannon (Shannon and Weaver 1949) and Pielou
(Pielou 1966) index formulae, respectively, to the relative
distribution of individuals among functional groups of inver-
tebrates exhibiting homogeneous combinations of biologi-
cal or ecological attributes (Usseglio-Polatera et al. 2000a).
We also calculated the average score per taxon (ASPT),
which is a measure of the mean pollution sensitivity of site
invertebrate assemblages (Armitage et al. 1983), and the
proportional representation of 6 trait categories describing
the preferences of taxa along an increasing gradient of or-
ganic contamination (= saprobity; Sladecek 1973) and habi-
tat eutrophication (Table S6).

Null model applied on least-impaired river reaches

We applied null models to LIRR faunal data to elimi-
nate individual LIRR-specific particularities and to esti-
mate metric values that potentially could be observed in
least-impaired conditions corresponding to the river type
including the Vistre River. We applied a 2-step algorithm
based on taxon abundances to generate 1000 randomly
assembled community matrices from the LIRR data ma-
trix (15 LIRR samples x 113 taxa). A detailed description
of the selected randomization procedure is available in
supplementary material (Appendix S1). For each expected
matrix including 15 random assemblages, we calculated the
taxonomic and functional metrics and generated a final null
distribution of 15,000 values for each metric. This distri-
bution was used to assess the deviation of observed assem-
blages from estimated LIRR conditions. The intervals in-
cluding 99% of the simulated LIRR values for a given metric
are shown in Figs 2A-] and 3A-L. The probability that
observed values outside this interval actually belong to the
reference-value distribution will be <1%. Each individual
metric has the potential to indicate if the test site must be
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assigned to LIRR or a degraded status. Community recov-
ery was considered as attained for a given metric if its value
moved from outside to inside the 99% interval of LIRR
values during the 3-y period after WWTP-A cessation. We
used the vegan library (Oksanen et al. 2013) to run the ran-
domization procedure in R.

RESULTS
Chemical characteristics

The first 2 factorial axes (F1, F2) of the nPCA explained
52.9 (F1) and 26.6% (F2) of the total variance, respectively
(Fig. 4A, B). F1 was strongly and negatively correlated with
P, PO,>, and NO,~ (Fig. 4A) and described an increase
in nutrient enrichment from the positive to the negative
ends of F1. All LIRR samples, projected on the 1** factorial
plane as supplementary individuals, were at the extreme pos-
itive side of F1. US samples also were at the positive side
of F1, except in 2007 (Fig. 4B). This axis explains between-
year variation in IS and DS water-chemical composition
related to changes in wastewater treatment. Before 2008,
both IS and DS were on the negative side of F1. After Sep-
tember 2008, all water samples (at any site) shifted toward
the positive side of F1. This change highlighted a decrease
in most measured nutrient concentrations and an increase
in DO. F2 mainly showed higher NO3;~ concentrations in
DS than in IS before WWTP-A was decommissioned.

Taxonomic approach

Between-site and between-year variations in taxonomic
metrics are shown in Table S3. Those providing the clear-
est information on invertebrate recovery are illustrated in
Fig. 2A—]. Taxonomic metrics exhibited various temporal
profiles, even at US where only 9 metrics provided values
in the LIRR distribution during the whole study period (Ta-
ble S3). Five metrics never reached the range of values as-
sociated with the LIRR distribution. Richness-based metrics
(Fig. 2A, C-F), and in particular, metrics for most pollution-
sensitive insect orders (e.g., EPT and Odonata), were quite
stable and within or very close to the range of LIRR values
during the 4-y study period, whereas abundance-based met-
rics were more variable (Fig. 2G-J).

Before WWTP-A was decommissioned, taxonomic rich-
ness at IS and DS (10 and 14, respectively) were lower than
their respective LIRR values, whereas taxonomic richness
at US (39) was within the range expected at LIRRs (Fig. 2A).
Just 3 mo after WWTP-A was decommissioned (2008), to-
tal richness had increased at both IS and DS. At IS, total
richness did not differ from values expected at LIRR sites
(Fig. 2A). At US, taxonomic diversity was always lower than
expected in LIRRs and decreased during the study period
(Fig. 2B), whereas IS and DS showed a weak increase in di-
versity, which was always lower than LIRR values (Fig. 2B).

In 2007 (i.e., before the implementation of WWTP-B),
Trichoptera were not found at IS or DS (Fig. 2C, G), and
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Figure 2. Total richness (A), taxonomic diversity (B), %Trichoptera richness (C), % Ephemeroptera richness (D), % Crustacea
richness (E), % Hirudinea richness (F), % Trichoptera abundance (G), % Ephemeroptera abundance (H), % Crustacea abundance (I),
and % Oligochaeta abundance (J) at the 3 study sites during the 4 y study. Dotted lines show the limits of the confidence interval
including 99% of the least impaired river reach values derived from the null model approach. Arrows show when WWTP A was
decommissioned and WWTP B was commissioned. Numbers on x axis are years (2007 2010). See Fig. 2 caption for further details.

Ephemeroptera were not found at IS (Fig. 2D, H). Dur-
ing the same period, mayflies contributed <1% to total
abundance at DS (Fig. 2H). From 2008-2010, the pro-
portions of Trichoptera and Ephemeroptera taxa at IS and
DS were similar to LIRR values (Fig. 2C, D). However, the
increase in Trichoptera relative abundance at IS and DS
was quite limited during the study period and did not reach
LIRR values (Fig. 2G). The relative abundance of Ephem-
eroptera increased at both IS and DS in 2009, and attained
the range of values expected in LIRRs at IS in the 2009 and
2010 surveys (Fig. 2H).

In 2007, Crustacea and Hirudinea at IS and DS had
higher relative richness (17-23%) than expected at LIRRs
(Fig. 2E, F). The relative richness in Crustacea decreased to
the LIRR range at IS in 2009 and at DS in 2010 (Fig. 2E).
The relative richness of Hirudinea decreased at IS and DS
after WWTP-A was decommissioned, but never attained
LIRR range (Fig. 2F). Crustacea and Oligochaeta were the
2 most abundant groups in the Vistre River benthic com-
munity (Fig. 2, J). Crustacea relative abundance increased
strongly at DS in 2008, but decreased drastically in 2009
and 2010 at both IS and DS and reached values lower
than expected in LIRRs (Fig. 2I). At IS and DS in 2007,

Oligochaeta relative abundances were 7 and 6 times higher,
respectively, than the upper limit of LIRR values (Fig. 2]).
In 2008 at DS and 2009 at IS, the relative abundance of
Oligochaeta decreased until it was close to the upper limit
of LIRR values (Fig. 2J).

Functional approach

We selected 10 categories from 5 relevant traits to de-
scribe community recovery (Table 2) and to discuss poten-
tial changes in macrobenthic community functioning dur-
ing the study period (Fig. 3A-]). Temporal changes in the
6 other traits were less clear (Table S5) and are not pre-
sented in Fig. 3.

The proportions of most selected trait categories at US
were close to those expected in LIRRs (Fig. 3A-]), except
that the proportion of filter-feeders was higher than LIRR
values throughout the 4-y study (Fig. 3C). In 2008, benthic
assemblages at US had lower proportions of scrapers and
deposit feeders (Fig. 3A, B) and a higher proportion of large
organisms (>2 c¢m) (Fig. 3F) than expected at LIRRs. In
2010, the proportions of small and multivoltine organisms
at US were higher than expected at LIRRs (Fig. 3E, H).
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In 2007, IS and DS benthic assemblages had lower
proportions of scrapers, small organisms, and crawlers
(Fig. 3A, E, I) and a higher proportion of deposit feeders,
piercers, and large, ovoviviparous or multivoltine organ-
isms, living in substrate interstices (Fig. 3B, D, F-H, ])
than expected at LIRRs.

Major changes in proportions of trait categories in ben-
thic assemblages at IS and DS occurred between 2007 and
2009, and more trait categories had proportional represen-
tation expected at LIRRs in 2009 than in 2007. The pro-
portion of scrapers and small organisms increased strongly
in 2008 and reached the LIRR range in 2009 at both sites
(Fig. 3A, E). In contrast, the proportion of deposit feeders,
piercers, and ovoviviparous, multivoltine, or interstitial or-
ganisms decreased (Fig. 3B, D, G, H, ). The decreasing
proportion of large organisms (by ~10%) and the increas-
ing proportion of crawlers were not sufficient to allow
metrics for IS and DS assemblages to reach the LIRR
range (Fig. 3F, I). Most changes in proportions of trait
categories at IS and DS that occurred in 2008-2009 per-
sisted in 2010.

DISCUSSION
Water-quality recovery

Before 2008, WWTP-A severely impaired the quality
of the Vistre River at IS and DS by discharging high
amounts of P and N and inducing severe O, depletion.
Decommissioning WWTP-A significantly improved wa-
ter quality at both sites, and the eftfluents from WWTP-B
did not alter this recovery in water-quality. Based on the
French system of water-quality classification (SEQ-eau;
Oudin and Maupas 2003), NO, ™ and NO3™ concentrations
at IS and DS, shifted from bad and poor quality, respec-
tively, before 2008, to good and moderate quality after
WWTP-A was decommissioned. P, concentration was
reduced enough to reach good quality at both sites in 2009
and 2010. As hypothesized, the chemical recovery of water
quality after WWTP-A was decommissioned happened
very quickly. Water quality at both sites reached that of
US in <3 mo and came closer to LIRR condition.

Recovery target

Agriculture and urbanization have long-term, nearly
constant effects (e.g., diffuse inputs of nutrients and pesti-
cides from agricultural soil after field application) on the
Vistre River. The US site had poorer water quality than
LIRRs (e.g., less positive F1 coordinates than LIRRs in the
PCA; Fig. 4B). Several taxonomy- (e.g., proportion of EPT
richness) and trait-based (e.g., proportions of shredders,
filter-feeders, and predators; Table S5) metrics at US
never matched the range of LIRR values. Moreover, lower
taxonomic and ecological trait diversity than expected in
LIRRs for all study sites indicates that larger-scale an-
thropogenic filters were still acting on the benthic assem-
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blages of the entire study reach. The ASPT index and the
saprobity and river trophic status profiles of invertebrate
communities confirm a high degree of organic or nutrient
contamination, even at US (Table S6). The Vistre River
also has a long history of channelization, which has de-
creased habitat stability (e.g., by increasing flood stress;
Wyzga 1996, Negishi et al. 2002) and diversity (Boon 1988).
The simultaneous effects of constant chemical pressure
and channelization could delay settlement of species nor-
mally expected in this stream type, e.g., Plecoptera species
of the genera Nemoura, Protonemura, Leuctra, Perla, and
Siphonoperla, which are absent in US but present in LIRRs.

In this multistressor context, the null-model approach,
which puts the recovery process of IS and DS faunal as-
semblages into perspective, has enabled evaluation of the
constraints on invertebrate recovery imposed by factors
other than the WWTP-A and its decommissioning. This
approach enabled us to evaluate the recovery of benthic
biota by comparing the observed assemblages to both the
control assemblage (local scale) and the expected assem-
blage (global scale). The 1* biotic recovery target could
be considered as attained if the proportion of diagnostic
metrics providing values in the range of LIRR values (for
the corresponding stream type) at the test site were close to
the proportion at the control site. Application of this ap-
proach to the 2010 results indicated that biotic recovery
at IS (40.0 and 31.4% of taxonomy- and trait-based metric
values in the LIRR range, respectively) and DS (36.7 and
25.5%, respectively) was not complete 3 y after WWTP-A
was decommissioned (Fig. 5). The proportions of metrics
in the LIRR range was much lower at IS and DS than at
US (60.0 and 39.2%, respectively). The 2" recovery target
could be considered attained at the watershed scale (i.e.,
taking into account all of the anthropogenic pressures
from the upper reaches potentially impairing the study
reach), if a minimal predefined proportion of metric val-
ues in the test site were in the range of LIRR values. This
predefined proportion should depend on the selected per-
centage of simulated values included in the LIRR range
(i.e., 99% of the simulated LIRR values in Figs 2, 3), the
objective of the study, and the environmental context
(e.g., the intensity of anthropogenic pressures at the wa-
tershed scale). Selecting a high percentage (e.g., 99 or
95%) when defining the LIRR distribution will minimize
the risk of Type 1 (inferring impairment when it does not
exist) statistical error, but will increase the risk of Type 2
(not detecting impairment when it does exist) error. Se-
lecting a lower percentage (e.g., 50 or 70%) will minimize
the risk of Type 2 error, but will increase the risk of Type
1 error. The 1*" strategy combined with a rather low re-
quested percentage of observed metric values in the LIRR
range could be applied when anthropogenic constraints
at the watershed scale are high (e.g., to detect the 1* signs
of reach restoration in globally adverse environmental
conditions more easily). The 2™ strategy combined with
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metric values in the 99% confidence interval of least impaired
river reaches (LIRRs) at the upstream (US), intermediate (IS),
and downstream sites (DS) during 2007 2010.

a rather high requested percentage of observed metric val-
ues in the LIRR range should be more appropriate in eco-
systems with high ecological value or specific conservation
objectives.

Evaluating recovery using taxonomic metrics

Only 3 mo after WWTP-A was decommissioned (Sep-
tember 2008), several Ephemeroptera and Trichoptera gen-
era (Baetis, Cloeon, Caenis, Hydropsyche, and Hydroptila)
had recolonized IS and DS (Fig. 2C, D). Corresponding
taxonomy-based metrics responded quickly to habitat res-
toration as hypothesized. The recovery of the macroinver-
tebrate community composition in the Vistre River was
more rapid than the recovery described by Besley and Chess-
man (2008). They observed complete recovery of macroin-
vertebrate community composition >1 y after a WWTP was
decommissioned even though water-chemistry recovered
in only 1 mo. Between-study differences in invertebrate re-
covery measured with metrics of taxonomic occurrence
will depend on the distance of potential sources of colo-
nists (Downes et al. 2002), the colonization abilities of taxa,
and the environmental quality of the habitat between the
sources of colonists and the study site. For example, Hydro-
psyche and Baetis imagines recolonizing downstream reaches
after 3 mo are strong fliers and can lay eggs or clutches rap-
idly in restored areas during the breeding season (Collier and
Smith 1998). In the Vistre River, sources of potential colonists
are close to the impaired sites (e.g., US is ~2 km upstream
of IS) and no migration barrier limits invertebrate drift
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(Crawford et al. 1992). This proximity probably allowed
rapid recolonization by amphibiotic insects (Fig. 2C, D). How-
ever, in a multistressor context, decommissioning WWTP-A
was not sufficient to attain Ephemeroptera and Trichoptera
abundances expected in LIRRs during the study. General
degradation of streams in the watershed (by physical altera-
tions and water contamination) probably has reduced the
availability of habitats in the benthic mosaic suitable for
the more stenotopic species (e.g., Plecoptera larvae) in the
areas adjacent to the study site. Combined with poor aer-
ial dispersal capacity of adults (Usseglio-Polatera and Tachet
1994, Briers et al. 2002, Macneale et al. 2005), these un-
favorable conditions are likely to limit stonefly settlement
strongly. As expected, most taxon abundance-based metrics
(e.g., diversity indices) recovered slower than occurrence-
based metrics.

Evaluating recovery using trait-based metrics

Many investigators have demonstrated that functional
traits can indicate effects of environmental disturbance
(Dolédec et al. 1999, Archaimbault et al. 2010, Mondy
et al. 2012) or discriminate among types of impairment
(Dolédec and Statzner 2008, Townsend et al. 2008, Wooster
et al. 2012, Mondy and Usseglio-Polatera 2013). Most traits
that responded to improved water-quality after WWTP-A
was decommissioned followed predictions (Table 2). In par-
ticular, feeding habit preferences (Hynes 1960, Kondratieff
and Simmons 1982, Kerans and Karr 1994, Marzin et al.
2012), maximal potential size (Charvet et al. 1998), repro-
duction (e.g., reproduction strategy, Marzin et al. 2012;
voltinism, Charvet et al. 2000), and relationships with
substrate (Charvet et al. 1998) behaved as expected. Most
of the observed trait-based responses to water-quality im-
provement could be related to: 1) decreased intensity of
anthropogenic (mainly chemical) pressure, 2) adjustment
of assemblages to new habitat conditions, or 3) adjustment
of site assemblages to new trophic resources. Some traits
related to resilience (e.g., polyvoltinism, Fig. 3H; asexual re-
production) and resistance (e.g., ovoviviparity and ability
to move in bottom substrate interstices; Fig. 3G, ], respec-
tively) may become less advantageous when temporal het-
erogeneity (Townsend and Hildrew 1994) and stressor in-
tensity decrease. The decrease in substrate clogging resulting
from a decline in FPOM inputs could have led to an in-
crease in available clean bottom surfaces that would ben-
efit attached organisms (Table S5) and crawlers (Fig. 3I).
Decreasing in-stream suspended particulate material prob-
ably led to reduced food availability for deposit feeders
(Fig. 3B) and favored scrapers eating benthic biofilm (Fig. 3A).
Reduced OM inputs also could have led to an increase in
small organisms in benthic assemblages at both IS and DS
(Fig. 3E).

In contrast, a few trait-based metrics did not match
predictions. For example, the relative abundance of poly-
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voltine organisms increased in IS and DS assemblages in
2010. However, this increase was limited (8.4 and 5.9%,
respectively) and also occurred at US (5.6%), possibly in-
dicating an increase in disturbance in 2010, e.g., more
variable hydrological regime or water chemistry during a
period of invertebrate community response to environmen-
tal characteristics (e.g., estimated at ~4 mo by Floury et al.
2013) relative to the 2 previous years. Moreover, the pro-
portion of filter-feeders consequent to declining suspended
particulate material did not decrease as expected in IS and
DS after WWTP-A was decommissioned (Fig. 3C). How-
ever, this proportion was always lower at IS and DS than
at US, a result indicating that factors external to WWTP-A
(e.g., planktonic resources from upstream reaches, bottom
substrate quality) also were affecting filter-feeder abundances
in IS and DS.

Different recovery times for different types of metrics

The perceived time needed for recovery by benthic com-
munities can differ strongly depending on the set of descrip-
tors examined. Several taxon occurrence-based metrics (e.g.,
taxonomic richness, Trichoptera or Ephemeroptera rich-
ness) indicated recovery of invertebrate assemblages to the
US level within 3 mo. In contrast, many metrics based on
biological traits recovered to the US level after 1 or 2 y
(Table S3). Taxonomic and functional diversity and even-
ness did not recover within the 3 y after WWTP-A was de-
commissioned (Figs. 2B, 3K, L).

New taxa were found during 2008-2010 at both IS and
DS. These new taxa are the reason for the rapid recovery
of taxon occurrence-based metrics. However, the number
of taxa with a relative abundance >5% did not increase.
Despite the shift in taxonomic community composition re-
sulting from water-quality improvement, IS and DS inver-
tebrate communities remained dominated by a small num-
ber of taxa. Three taxa before and 4 taxa after WWTP-A
was decommissioned contributed 95 and 82% of the total
abundance, respectively. Recovery of a stable and diverse
invertebrate assemblage seems to be a long-term process that
could be constrained by habitat instability in the Vistre
River. If improved water-quality conditions allowed re-
colonization by sensitive taxa, these individuals probably
had to compete intensively with the more tolerant, well
established taxa that still dominate IS and DS benthic
assemblages. Thus, rapid recolonization of sites by some
pollution-sensitive Ephemeroptera and Trichoptera individ-
uals does not reflect complete and stable recovery of the
whole assemblage.

Considering only one aspect of benthic community at-
tributes (i.e., taxonomic composition, trait combinations,
or taxonomic/functional diversity) or preselecting a given
time-scale for the biotic survey of restoration measures
can introduce serious bias in the evaluation of the efficacy
of a restoration action (e.g., pollution abatement). In the
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Vistre River, as hypothesized, taxon occurrence-based met-
rics seemed to respond faster than trait-based metrics to
chemical improvement. These metrics can be used to sur-
vey the early response of invertebrate assemblages after res-
toration actions, but this early response does not imply a
complete biotic recovery. Thus, taxonomic abundance-
based metrics and trait-based metrics should be included
systematically in the ecological diagnosis of mitigation of
anthropogenic pressure because they are more reliable than
taxonomic occurrence-based metrics for examining critical
long-term mechanisms governing successful habitat resto-
ration and for demonstrating complete functional recovery
of local assemblages.

Conclusion

Our study highlighted the positive effect of improving
the quality of wastewater effluents on the invertebrate com-
munities of the receiving stream. However, when the stream
is subjected to multiple stressors at the catchment scale, one-
off management actions to improve local water quality
do not allow the complete return of reach communities
to LIRR condition. We recommend definition of 2 biotic-
recovery targets. The 1% target could be intended to evalu-
ate the relative efficacy of local restoration measures for
improving habitat condition at the reach scale. The 2",
more ambitious target should be to evaluate the river re-
covery at global (e.g., watershed) scale. If WWTP standard-
ization is an important action to improve the composi-
tion, structure, and functions of invertebrate assemblages,
then restoration of hydromorphological characteristics of
streams, including habitat structure, flow regime, and hydro-
logical connectivity at large spatial scale also should be con-
sidered to provide complete recovery of local assemblages
in multistressed reaches.
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