N
N

N

HAL

open science

Short-term effect of reclaimed wastewater quality
gradient on soil microbiome during irrigation

Vincent Moulia, Nassim Ait-Mouheb, Geoffroy Lesage, Jérome Hamelin,
Nathalie Wery, Valérie Bru-Adan, L. Kechichian, Marc Heran

» To cite this version:

Vincent Moulia, Nassim Ait-Mouheb, Geoffroy Lesage, Jérome Hamelin, Nathalie Wery, et al.. Short-
term effect of reclaimed wastewater quality gradient on soil microbiome during irrigation. Science of

the Total Environment, 2023, 901, pp.166028. 10.1016/j.scitotenv.2023.166028 . hal-04178170

HAL Id: hal-04178170
https://hal.science/hal-04178170
Submitted on 7 Aug 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04178170
https://hal.archives-ouvertes.fr

Journal Pre-proof

SCience OF THE
Total Environment

Short-term effect of reclaimed wastewater quality gradient on soil
microbiome during irrigation

V. Moulia, N. Ait-Mouheb, G. Lesage, J. Hamelin, N. Wéry, V.
Bru-Adan, L. Kechichian, M. Heran

PII: S0048-9697(23)04653-3

DOI: https://doi.org/10.1016/j.scitotenv.2023.166028
Reference: STOTEN 166028

To appear in: Science of the Total Environment

Received date: 15 May 2023

Revised date: 1 August 2023

Accepted date: 1 August 2023

Please cite this article as: V. Moulia, N. Ait-Mouheb, G. Lesage, et al., Short-term effect
of reclaimed wastewater quality gradient on soil microbiome during irrigation, Science of
the Total Environment (2023), https://doi.org/10.1016/j.scitotenv.2023.166028

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2023 Published by Elsevier B.V.


https://doi.org/10.1016/j.scitotenv.2023.166028
https://doi.org/10.1016/j.scitotenv.2023.166028

Short-term effect of reclaimed wastewater quality gradient on soil microbiome during

irrigation

V Moulia’?®, N Ait-Mouheb? G Lesage', J Hamelin®, N Wéry**, V Bru-Adan®, L

Kechichian? and M Heran?

*Corresponding author: nathalie.wery@inrae.fr
1 IEM, University of Montpellier, Montpellier, France
2 INRAE, UMR G-EAU, University of Montpellier, Mciy.21er, France

3 INRAE, Univ Montpellier, LBE, 102 avenue des Ftai.ns, 11100, Narbonne, France

Keywords

Crop irrigation — Soil bacterial communit — Mater reuse— Nitrogen cycle - Agricultural sustainability -

Water quality

Highlights

e Impact of a reclaimed wastewater quality gradient on soil bacterial communities.
e Only raw wastewater increased the bacterial biomass in irrigated soil.
e Water quality and load shaped the microbial community structures and composition.

e Water quality influenced the abundance of nitrogen-transforming bacteria.



Abstract

To investigate the effect of wastewater (WW) treatment on soil bacterial communities,
water of different quality was used to irrigate eight lettuces per tank: raw municipal
wastewater (RWW), WW treated with an aerated constructed wetland (CWW) and WW
treated with a membrane bioreactor (MBW), and tap water (TW). The physicochemical and
microbiological characteristics (quality indicators) of these water types were characterized,
and the water and soil bacterial communities were monitores by quantitative PCR (qPCR)
and 16S rRNA gene sequencing. Despite marked differerce. in microbial load and diversity
of waters, soil communities remained remarkably stahle after irrigation. Microbial biomass
was increased only in soils irrigated with RWW. At *he =nd of the irrigation period (day 84),
soil and water shared a large fraction of th~ii na_terial communities, from 43% to 70%,
depending on the water quality, indicati «q @ transfer of bacterial communities from water to
soil. Overall, the relative abundance o Proteobacteria and Acidobacteria was increased and
that of Actinobacteria was decreas=d .n soils irrigated with MBW, CWW and even more with
RWW. Multivariate ordinatior. ~leaily separated soils in three groups: soils irrigated with the
cleanest water (TW), with tre~ted WW (MBW and CWW), and with untreated WW (RWW).
Nitrifying, denitrifyany, and nitrogen-fixing bacteria were quantified by gPCR targeting
amoA, narG, and nifH, respectively. Nitrifying bacteria were the most affected by the water
quality, as indicated by amoA copy number increase in RWW-irrigated soil and decrease in
CWWe-irrigated soil. Overall, the abundance of all three genes was positively influenced by
RWW treatment. In conclusion, the 84 days of irrigation influenced the soil microbial

communities, and the impact depended on the quality of the used water.
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1 Introduction

Some arid and semi-arid regions have c. 0e,*enced severe water stress, while the number
of regions reporting water scarcity has incicased worldwide since the early 2000s (Lopez-
Serrano et al., 2021). Water scirca . is the result of several factors, including the
heterogeneous distribution of ~source and the increase of the world population and
consequently of food and service demands (Becerra-Castro et al., 2015). Therefore, it is
important to consider westew ater reuse solutions in agriculture to meet these needs. Irrigation
with raw or treated wast-water has become an increasingly common practice, particularly in
Jordan, Israel, Spain, Italy and the United States of America (Partyka and Bond, 2022). In
France, less than 1% of treated wastewater is used for irrigation, compared with 8% in Italy
and 14% in Spain (Ait-Mouheb et al., 2020; Jones et al., 2021).

Treated or raw wastewater can have beneficial effects on crop development, such as
addition of organic and inorganic matter (Ait-Mouheb et al., 2022; Cosenza et al., 2022,
Lahlou et al., 2022). However, in too high quantities, wastewater negatively affects the soil

physicochemical characteristics and microbial life (lbrahimi et al., 2022). Nutrients and



organic compounds (e.g. organic matter, nitrogen, phosphorus, and undesirable salts) present
in effluents are the main drivers of the soil physical and biological balance (Jaramillo and
Restrepo, 2017; Radini et al., 2023). Studies on the soil microbial community structure,
biomass, and activities have increased in recent years. Several authors have reported that the
microbial biomass is increased following the use of raw and treated wastewater for irrigation
due to the input of organic matter and nutrients (Guedes et al., 2022; Mkhinini et al., 2020).
The direct consequences of nutrient and organic matter supply are the stimulation and
development of microbial communities involved in nutrient 2nu organic matter metabolic
processes (Alegria Terrazas et al.,, 2022; Zhang et &i., 2022). This multiplication of
microorganisms implies positive effects, but it can alen ave detrimental effects on the soil
structure. For instance, increased microbial activity p-or..ntes the development of biofilms and
may lead to soil clogging, and consequently tc to<s of hydraulic conductivity and reduced
nutrient circulation (Leonel and Tonett ~.021; Nie et al., 2011). Besides the microbial
biomass changes, metabolic processce related to nutrients, such as carbon, nitrogen,
phosphorus and sulfur, also may inc-euse, suggesting an increase in the related enzymatic
activities (Mkhinini et al., 202'". however, some authors reported an inhibition in microbial
activity (Leonel and Tonetti, 27,21; Sparling et al., 1999) that could be attributed to several
contaminants.

The findings of studies on changes in microbial diversity and richness of soils irrigated
with treated wastewater are contradictory (Dang et al., 2019; Ibekwe et al., 2018; Liineberg et
al., 2018; Obayomi et al., 2020a). Ibekwe et al., 2018 showed that compared with synthetic
fresh water, treated wastewater (flood irrigation) did not have a negative impact on microbial
diversity and richness in soils without plant crops. Most studies highlighted a net impact on
microbial communities for different soil crop types (corn, wheat or cucumis) after the

irrigation period (Dang et al., 2019; Luneberg et al.,, 2018; Obayomi et al., 2020a).



Specifically, these effects occur at different phylogenetic scales and they might affect the
microbial community functional traits, showing the complexity of such changes (Dang et al.,
2019; Farhadkhani et al., 2018; Lilineberg et al., 2018; Obayomi et al., 2020a, 2020b).
Reclaimed wastewaters appear to favor microorganisms involved in nitrogen transformation
(Ibekwe et al., 2018; Liineberg et al., 2018). The changes in the general structure of these
communities are directly or indirectly related to the wastewater type (treated or raw) used for
irrigation, and therefore to its physicochemical and microbiological characteristics (e.g.
presence of nitrogen compounds or microbial concentration) \~arhadkhani et al., 2018;
Garcia-Orenes et al., 2015; Obayomi et al., 2020a, 2019).

Although the effect on soil bacterial communities has heen already studied, it is important
to better understand how structural and functional hac:~rial communities react to irrigation
with reclaimed wastewater of different quality. "h.refore, in this study, we used reclaimed
wastewater with a quality gradient (fror « ur reated wastewater to drinkable water) to assess
the effect (i) on the soil bacterial divorsity and richness and (ii) on the bacterial biomass
associated with the nitrogen cy~le. V/e hypothesized that when soil experiences pulse
disturbances, the effect on the micrubial community structure will be different depending on
the quality of the irrigatic~ water used, by promoting the activity of autochthonous
microorganisms and;or >V witroducing allochthonous microorganisms. To meet our objectives
and to test our hypothesis, we determined the microbial communities by 16S sequencing and
targeted quantitative PCR (QPCR) (bacterial genes involved in the nitrogen cycle). The study
lasted 84 days (i.e., two lettuce crop cycles) and soils were irrigated (drip irrigation system)
using reclaimed wastewater with a quality gradient. This allowed us to describe the microbial

community changes in soils and their functional potential.



2 Materials and Methods

2.1 Experimental set-up

The study was carried out in an experimental greenhouse at the Murviel-Les-
Montpellier wastewater treatment plant (43.605034° N, 3.757292° E), France, in the
Mediterranean basin. The wastewater treatment plant included the usual pretreatment
(screening and grit removal) followed by a biological treatment with constructed wetland
(CW: forced aeration filters with reeds), supplemented by phosphorus treatment with ferric
chloride and extensive treatment in a lagoon. This wastewate” *re«:ment plant has a nominal
capacity of 3000 inhabitant equivalents. Moreover, the fa_ili. ’ 1S equipped with a pilot-scale
membrane bioreactor for experimental requirements. This ncludes a physical barrier (with an
ultrafiltration module) and a biological treatmer. oS organic matter with nitrification
(biological sludge composed of autotrophic riic.~%rganisms) without anoxic phase (i.e., no
denitrification). Thus, wastewater that ui."er.vent four different treatment levels was available
for our irrigation test: raw wastewater \PWW, after screening and grit removal), constructed
wetland water (CWW), membranz hicrzactor water (MBW), and tap water (TW). To follow
pathogenic bacteria indicator [F. coli and Enterococci) removal in water samples ldexx
quantification (Colilert18 ~t L ~*crolert, IDEXX Laboratories, Westbrook, ME) was performed
once a week (n = 1U). The mean removal of E. coli was 4.52 + 0.67 and 5.21 + 1.65 log
MPN.100 mL™ for CWW and MBW respectively. And the mean removal of Enterococci was
4.46 + 0.88 and 5.15 + 1.45 log MPN.100 mL™ for CWW and MBW respectively.

The soil used was composed of loamy clay soils (24.5% clay, 32% fine silt, 13.7%
coarse silt, 10.6% fine sand, and 19.2% coarse sand). Eight cultivation tanks (0.95x1.10 m (1
m2) area and 0.60 m depth (total volume: 0.63 m3)) were filled to grow Batavia lettuces
(Lactuca sativa; 8 lettuces per tank) (Ait-Mouheb et al., 2022) that were irrigated for 43 and

39 days for cycle 1 and 2 respectively (from 13™ April to 5™ July 2021). The acclimatization



phase was carried out by growing phacelia (Phacelia tanacetifolia) to induce the soil
microbial activity before the study. Self-regulating drippers were positioned at each lettuce
plant and each dripper delivered an average water flow of 2 L.h+ (for an input of P = 2 bar).
The flow rate of each dripper was monitored throughout the experiment. Soil moisture was
controlled with several probes (EC5 and ECH20 10HS environment probes, group METER).
Lettuces were irrigated twice per week during the first lettuce crop cycle and three times per
week during the second cycle. The total water volume received by lettuces in each tank was
172 L.m- spread over the 84 days of the study.

The theoretical nutrient requirements for the growth o7 ic*tuces are as follows 9 gN, 1.65
gP, 20.3 gK per m? (Baseline Fig. 1). Then, fertilizers wer= added to the tanks where the soil
did not cover the needs of the plants. During ths 1.st cycle, nitrogen fertilization was
provided only for the tanks receiving tap wate:: - round 13 g of nitrogen per tank. During the
second cycle, the tanks receiving TW anr. CWW water were chemically fertilized with
phosphorus (3 g and 4.75 g of phosphu:is for TW and CWW respectively for each tank) and
potassium (4.4 g for CWW for e=ch t=nk). In both lettuce crop cycles, lettuce growth was
similar in the tanks irrigated ~vith MBW, CWW or RWW (data not shown). Conversely,
lettuce growth was reduceu ir the tanks irrigated with TW (data not shown) even after

fertilizer addition.

2.2 Water and soil physicochemical characteristics

The following physicochemical characteristics were assessed once per week in each water
type (total n=12 samples/water type): total suspended solids (TSS), chemical oxygen demand
(COD), electrical conductivity, pH, nitrogen compound concentration (nitrate: N-NOj’,
nitrite: N-NO,", and ammonia: N-NH,"), phosphorus compound concentration (phosphate: P-

PO,*), and salt concentrations (CI', Ca**, Mg®*, K* and Na*). The concentrations of nitrogen



and phosphorus compounds and COD were measured using a spectrophotometer and HACH
reagents (DR1900, Hach Company, Loveland, CO, USA). pH and conductivity were
determined using two probes (TetraCon 925 and Sentix 940, WTW, Wilhelm, Germany).
Macronutrient concentrations were determined by ion chromatography (Dionex Thermo
Fisher ICS 1000, Waltham, MA USA). TSS were determined using filters (Whatman® glass
microfiber filters, GF/C) and standard methods. Total organic carbon (TOC) was measured
after filtration (0.22 pm filter) with a TOC analyzer (TOC-Vcsn, Shimadzu Corporation,
Japan). Cumulative loads were calculated according to the mcan concentration of each
parameter multiplied by the irrigation volume (n=8 sample./v.~ter type).

The soil sample used either for physicochemical v.-ameters analysis or for microbial
community analyses was taken thanks to a sterile mrta.:ic spatula allowing to collect a 7 cm
depth soil. This soil was a composite sample cf.! s2.nplings taken approximately 10 cm from
the lettuce plant in the dripper humidi‘ted zone. To determine soil nutrient concentration
changes that could affect the soil micrchial communities, several parameters were monitored:
pH, conductivity, N-NOs™ (NF ISC 13373), N-NH," (NF I1SO 13878), Na* (NF X 31-108), CI,
phosphorus (NF I1SO 11263), " (INF X 31-108), Ca?* (NF X 31-108), Mg®* (NF X 31-108)
and organic matter percentags ("IF ISO 14235). pH and conductivity were monitored once per
week. Briefly, 2 g or scil were diluted in deionized water and shaken for 30 mins, and then
pH and conductivity (NF 1ISO 11265) were measured with pH probes (TetraCon 925 and
Sentix 940, WTW, Wilhelm, Germany) after water filtration (1.2 pm filters). The other
elements were analyzed by an external laboratory according to the International Organization

for Standardization (see above) (Celesta-lab, Mauguio, France).



2.3 Microbial communities of water and soil samples

The microbial community diversity was analyzed in each water type. The different water
types were sampled once every two weeks during the irrigation period at the irrigation
network outlet. Water samples were filtered (0.2 um Supor 200 PES Membrane Disc Filter,
Pall Corporation) and stored at -20°C until DNA extraction. Genomic DNA was extracted
using the PowerWater DNA Isolation Kit (Qiagen, Hilden, Germany) following the
manufacturer's instructions.

Composite soil samples were obtained by mixing four surf2~e .~mples (0-7 cm) according
to previous studies which have shown that surface soil iiu.ts the more diverse and active
bacterial communities (Eilers et al., 2012). Each comucsite soil sample was made of soil
selected from the root network of four lettuce plants 1~ each tank. Approximately 0.5 g of
each composite soil sample was stored at -20°C vrtil DNA extraction. Genomic DNA was
extracted using the FastDNA SPIN ki< (MP Biomedicals) following the manufacturer’s
instructions.

The water and soil genomic DNA ~uantity and purity were verified by spectrophotometry
(Infinite NanoQuant M200, 7 ~can, Austria). DNA samples were stored at -20°C before

sequencing.

2.3.1 Illumina sequencing

The V4 and V5 variable regions of the 16S rRNA gene were amplified using the primers
515U (5 -GTGYCAGCMGCCGCGGTA -3") and 928U (5 -
CCCCGYCAATTCMTTTRAGT -3") (Wang and Qian, 2009). Adapters were added during
the second amplification for sample multiplexing. The resulting products were purified and
loaded into the Illumina MiSeq cartridge for sequencing (paired end reads with a read length

of 300 bp) according to the manufacturer's recommendations (v3 chemistry). Sequencing and



preparation of the data library were performed by the Genotoul Lifescience Network Genome
and Transcriptome Core Facility, Toulouse, France (get.genotoul.fr). Mothur (version 1.39.5)
(Schloss et al., 2009) was used to pair reads, filter and cluster sequences. Uchime was used to
remove chimera. Sequences that appeared less than three times in the whole dataset were
removed. Sequences were aligned using the SILVA database SSURef NR99 version 128
(Schloss et al., 2009). Sequences with 97% of similarity were sorted into operational
taxonomic units (OTUs). Sequences were submitted to GenBank with the accession number:

(in progress).

2.3.2 Bacterial DNA quantification by gPCR

Total bacterial DNA and bacterial genes implice’ea . the nitrogen cycle were quantified

by gPCR with the primers listed in Table S1.

2.4 Statistical analysis

All graphical representations .o otatistical analyses were performed with R (R Core
Team, 2022, version 4.2.2), usi .1 the packages ggplot2 (Wickham, 2016), vegan (Oksanen et
al., 2007), microeco (L:u €. al.,, 2021) and phyloseq (McMurdie and Holmes, 2012).
Sequences were analyze.' with the phyloseq and microeco packages. The Chaol richness and
the Shannon alpha diversity indices were calculated. Data were compared with ANOVA
followed by post hoc tests. Differences in microbial community structures among samples
were tested by one-way perMANOVA based on Bray-Curtis distances. The OTUs that
contributed most to differentiate microbial community structures were tested with a similarity
percentage (SIMPER) analysis (Clarke, 1993) that was performed by comparing irrigated
soils at day 70 and 84. The percentages of shared bacteria were determined and visualized

with Venn diagrams using the weighted abundances of all sequences calculated with relative



abundances and 16S rDNA gene copy abundances for each sample. Nitrogen cycle-related
bacteria were selected for weighted abundance analysis and visualization according to Nelson

et al., 2016.



3 Results

3.1 Impact of reclaimed water quality on soil

Supplementary Table S2 lists the results (mean values) of the physicochemical
characterization (quality indicators) of the four different irrigation water types (RWW, CWW,
MBW, and TW) and Fig. 1 shows the cumulative loads brought into the soil by irrigation.
Three groups of components could be identified: (i) components feeding the soil life:
biomass, organic matter (TOC, COD, and TSS), (ii) nutrients (total nitrogen, phosphorus and
potassium), and (iii) salts (Na*, Ca®*, Mg*, and CI). T== Dllowing trends in their
concentration in water and soil were observed (i) for coi.ponents feeding the soil life:
RWW>CWW>MBW>TW; (ii) for nutrients: RWW>! 15 MW>CWW>TW; and (iii) for salts
RWW=CWW=MBW>TW.

As expected, TSS concentrations were siy~ifcantly different among water types (p
<0.05). The mean concentration was 412 mr,.L* in RWW, 57 mg.L™ in CWW, and 0 mg.L™
in MBW and TW. COD concentratioi.~ showed the same trend: 620 + 203 mg(O-).L™" in
RWW and 41 + 17 and 89 + 60 m2(C_).L™ in CWW and MBW, respectively (p <0.05). For
nitrogen compounds, the conc.ntraions were significantly different among water types. In
RWW, nitrogen was mair" 1> "-NH,* form (54 + 7 mg.L™) with very low N-NO3™ (1.4 + 2.4
mg.L™) and N-NO, (24 + 0.9 mg.L™?) concentrations. In CWW, N-NH," was almost
completely oxidized to N-NO5™ (21 + 9 mg.L™) with low N-NH,* (2.4 + 2.8 mg.L™") and N-
NO, (0.8 + 0.8 mg.L™) concentrations. In MBW, the concentrations of the different nitrogen
forms differed depending on the membrane bioreactor operation time (Fig. S1): N-NH;" was
the prevalent form in the first step (from day 1 to day 28), N-NO," in the second step (from

day 28 to day 45), and then N-NOj" (from day 45 to the study end).



Biomass (ng) TOC (mg) COD (mg(0:)) TSS (mg)

51 -y—"*'_-iﬂ—_—-_'_-*—‘-_‘. et FT 4mm oo o o D e it
44 oo :-':”’: ,,__-_—-1-_-..-1,_1T:': ET_.‘ __.:—. v T o R - JR—
3] ae R - -—— - -
N //_‘———0——(—"
14
20 40 60 80 20 40 60 80 20 40 60 80 20 40 60
59 NH4* (mag) NO;y- (mg) NO; (mg) Total nitrogen (mg)
= 41 ponn I e el SR I I R ,_,:'_—_‘:‘_':’_'_:J.'_T.i‘-l——-:-_:
@ 3 .- . Ve g
5] i [ — J— . u
S #-oC [ !
— - R -
E N - .
E= T
a 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60
8’ 51 PO,*(mg) Nitrogen fertilizers {mg) Phosphorous  ri"zers (mg) K* (mg)
= 4/
- — L ] PR et Skt
P rri ey e T =3 —':.'-‘-i"i'—'—-'"“
b P e * s
€ | e
3 27 W
]
11
20 40 60 80 20 40 60 80 20 40 60 80 20 40 60
51 Mg? (mg) Ca® (mg) Na* (mg) CI (mg) .
B TR TR e
4 g . i e e B P o
— g e ——— " .’_,___‘o——'—'_""_'_.__—._._
3 p
21
1~
20 40 60 80 20 40 60 ) by 20 40 60 80 20 40 60
Time (days)

Fig. 1: Temporal changes in the cumulative loads (loy, ~rithmic scale) brought by irrigation water for biomass (ng), nutrients
(mg), organic matter (mg for TOC and mg(O-) toi C()D), and salts (mg). TW (blue), MBW (green), CWW (red), and RWW
(black). Data not displayed corresponds to 1. Nitrogen and phosphorus fertilizers are the chemical fertilizers provided.

Orange dashed line show the baseline qu nti, of fertilizers needed for one lettuce growth cycle per m?.

3.2 Soil response 1 reclaimed water supplies

The soil physicochemical characters were monitored over time to evaluate their effect on
the soil microbial community structures. The results are shown in Table 1. No significant
difference was found for pH, organic matter, K,O and Ca among all irrigated soil samples
during the study period. The most drastic change was observed for N-NO3™ concentrations in
all soil types (Table 1) and for Na,O between the TW-irrigated soil and the other soils .

Electrical conductivity also was higher in MBW-, CWW- and RWW-irrigated soils than

in TWH-irrigated soils at the study end. The soil electrical conductivity increased from the



beginning to the end of the first crop cycle: from 78 + 20 to 184 + 64 pS.cm™ (TW), from 90
+ 40 to 150 + 10 pS.cm™ (MBW), from 100 + 16 to 133 + 27 pS.cm™ (CWW), and from 100
+ 410 156 + 2 pS.cm™ (RWW). It then decreased between the end of the first crop cycle and
the end of the second crop cycle in all soils. N-NH;" concentration increased in all soils from
the beginning to the study end. At the end of the study (day 84), N-NO3™ concentration was
increased by 7-, 7.5-, 2- and 2.5-fold in soils irrigated with TW, MBW, CWW, and RWW,

respectively.

3.3 Temporal changes in bacterial biomass

The total allochthonous bacterial biomass that en:~red the soil was quantified by
determining 16S gene copy number in the samples collected during the study (Fig. 2a). First,
analysis of the different water types showec u.~* the mean 16S gene copy numbers (i.e.
microbial concentration) were significar.’'v sifferent (p <0.05) among water types: 9.5 £ 0.3
log 16S gene copies.mL™ for RWW (n.dicating high microbial concentration), 7.5 + 0.4 and
7.4 + 2 log 16S gene copies.mL™ “ar ~.BW and CWW respectively (average concentration),
and 5.7 + 0.5 log 16S gene cu,ies.nL™ for TW (small concentration). During the irrigation
period, no significant increasc ‘n 16S gene copies was observed in soils irrigated with TW,
CWW or MBW (Fig. z.) (p >0.05) even after two lettuce crop cycles (Fig. 2b). Conversely,
copy number increased from 7.7 + 0.1 log (t0) to 8.3 + 0.1 log gene copies.g™ (t84) in RWW-
irrigated soil (p <0.05). Although bacterial concentration was significantly higher in RWW-
irrigated soils compared with the other soils (p <0.05), it is still difficult to determine whether
this change was caused by the microbial concentration in the water or the higher organic

matter input.
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3.4 Soil and water bacterial community diversity and richness

The Shannon diversity and Chaol richness indices were calculated for soil and water
samples during the two lettuce crop cycles (Fig. 3). The four irrigation water types displayed
significantly different Shannon diversity index values, underlining differences in water
quality (Table S2). During the lettuce crop cycle 1, this index was higher in RWW than in the
other water types. During cycle 2, it was higher for CWW and RWW than for MBW and TW.
Moreover, during the irrigation period, the Shannon diversity index increased only in RWW-
irrigated soil (from 5 £ 0.3 at study start to 5.6 £ 0.2 at the <tiu, end), but not in the soils
irrigated with the other water types (TW, MBW and CWW).

During the first lettuce crop cycle, the Chaol indev vlue (richness) was higher in CWW
and RWW samples than in MBW and TW samples (74" + 151 and 967 £ 57 vs 112 + 71 and
521 + 135, respectively). During the second c¢''ci: the Chaol index varied in all samples: 815
+ 100, 873 £ 172, 408 £+ 143 and 328 £ " 7 for TW, MBW, CWW and RWW, respectively (p
<0.05). A clear gradient among irrigati.n water types was observed, especially during cycle 2.
Bacterial richness increased in R'W\V /-rrigated soils throughout the irrigation period, from
1730 £ 49 to 2208 + 90 (crop ~vcle 1) and to 2140 + 211 (crop cycle 2) and also in CWW-
and MBW-irrigated soils (frcm 1625 + 11 to 2059 * 124 and from 1769 + 126 to 2080 + 120
respectively). During t.> Tust crop cycle, the Chaol index was significantly different between
RWW- and TW-irrigated soils (p <0.05). Conversely, no significant difference was observed

among irrigated soils in cycle 2 (p >0.05).



Chao1
w
[J--
o
Shannon
-+
[a]

a 61 a a a8 a a @

Chao1
Shannon

c. d.

Fig. 3: Boxplots showing species richness (Chaol index) (a a 'd c) and diversity (Shannon index) (b and d) in irrigation
waters (a and b) and soils (c and d) during two lettuce _-9p < cles. Letters indicate significant differences among groups
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3.5 Shared bacteria between son_ 2nd water samples

The percentages of bacteria s'«."au 0y water samples and soil samples irrigated with that
water type were determined ovor time to assess the survival rate of water-borne bacteria in
soil in function of their z~ui.Zance (Fig. 4). At t0, the lowest mean percentage of shared
bacteria (6.9 + 2.5%) wa. between RWW and RWW-irrigated soil. This percentage increased
for MBW and MBW-irrigated soil and CWW and CWWe-irrigated soil (49 £ 27% and 43 +
1%, respectively) and was highest (70 £ 5%) for TW and TW-irrigated soil. After 14 days of
irrigation, the percentage of shared bacteria increased by 20% and 65% for CWW and RWW
and their soils. Conversely, the percentage of shared bacteria did not change for TW and it
soil during the whole irrigation period. After only 14 days of irrigation, the bacterial load
provided by RWW was sufficient to have similar bacterial communities between water and

irrigated soil. For CWW, the percentages of shared bacteria were identical at t0 and t84 (47 +



0.1%). For MBW, the percentage of shared bacteria decreased during cycle 1, reaching ~30 +
2% (the lowest value among all samples), but then increased during cycle 2 to 90 £ 1% at t70

and 83 + 8% at t84.
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Fig. 4: Percentage of shared bacteria between soils ¢ 1d we .. according to the weighted abundances over time. TW: blue, MBW: green,

CWW: red and RWW: black.

3.6 Influence of th. con_and water characteristics on the soil bacterial community

structure
Soil bacterial community structures were compared with a redundancy analysis (RDA)
using Bray-Curtis distances and grouped by irrigation water type (Fig. 5). The first two axes
of the RDA explained 11.5% of the total variance among soil microbial communities (Fig. 5).
Then, soil microbial community differences among groups over time were calculated with a
perMANOVA. This showed that RWW-irrigated soils were significantly different from the
other soils (TW, MBW and CWW) (p <0.05). Moreover, TW-irrigated soils differed

significantly from soils irrigated with treated wastewaters (MBW and CWW) (p <0.05). No



statistical difference was observed between soils irrigated with the two treated wastewater
types (MBW and CWW).

RDA was also used to study the impact of water and soil physicochemical characteristics
on the bacterial community structures (Fig. 5). This analysis was based on the cumulative
load over time of the different elements brought by the irrigation waters. Nitrogen compounds
(N-NH4, N-NO3 and N-NO,, and ammonium from fertilizers) and organic matter (COD and
TOC concentrations) explained most of the bacterial community structure differences.
Moreover, nitrogen compounds were the soil characteristic with the strongest influence on the

microbial community structures (data not shown).
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Fig. 5: RDA plot ordination displaying variations in soil bacterial communities. Data points are colored according to the
irrigation water type (blue: TW, green: MBW, red: CWW, and black: RWW). The symbol size increases with time. The
covariance between soil bacterial communities and water characteristics is indicated by arrows (only significant variables are

displayed). Nf and Pf represent the nitrogen and phosphorous provided by the chemical fertilizers.



3.7 Composition of the bacterial community in soil and water samples

The relative abundances of bacterial phyla in soil and water samples were analyzed by
16S rRNA gene sequencing. Proteobacteria and Bacteroidetes were the most abundant phyla
in all water samples (Fig. 6a). These phyla represented 90.0, 92.5, 81.0 and 69.5% of the
relative abundance in TW, MBW, CWW and RWW, respectively. Moreover, the microbial
community composition of RWW samples was different from that of the other water types.
Indeed, the Firmicutes phylum was particularly abundant in RWW compared with CWW and
MBW (25% vs 1% for both treated wastewater types).

In RWW-irrigated soils, the relative abundances o7 r ~oteobacteria, Chloroflexi, and
Planctomycetes increased significantly from t0 to t84 (27~ to 35.4%; from 3.7% to 7.3%; and
from 3.4% to 4.2%) (Fig. 6b). Conversely, the abundanc~ of other phyla decreased over time:
Actinobacteria (from 17.2% to 10.7%), BacteroiJetes (from 29.8% to 20.8%), and Firmicutes
(from 7.6% to 3.9%). In CWW- and "4AB'.V-irrigated soils, results were similar but with
smaller variations. Specifically, thce relative abundance of some phyla increased:
Proteobacteria (from 23.5% to ?A.1% and from 22.9% to 23.5% in MBW- and CWW-
irrigated soils, respectively), 7 ~idovacteria (from 6.5% to 9.6% and from 6.3% to 10.2%),
Chloroflexi (from 3.7% to ©.2%, and from 3.9% to 6%). and Planctomycetes (from 3.3% to
5.1% and from 3.2% to < 4-0). The abundance of other phyla decreased: Actinobacteria (from
16.9% to 10.4% and from 13.1% to 11% in MBW- and CWW-irrigated soils, respectively),
Bacteroidetes (from 28.6% to 22.4% and from 31.2% to 23.5%), and Firmicutes (from 8.6%
t0 4.9% and from 8.6% to 5.4%).

SIMPER analyses were performed to identify the OTUs that explained most of the
differences among soils (data not shown). The relative contribution of each genus did not
exceed 3.2%. The relative abundance of the Flavisolibacter, Cytophagaceae_unclassified and

Lysobacter genera differed significantly between TW- and RWW:-irrigated soils and 58 OTUs



explained 50% of the relative difference. The relative abundance of the Flavisolibacter,
Pontibacter and Parafilimonas genera was significantly different in TW- and CWW:-irrigated
soils and 75 OTUs explained 50% of the relative difference. The relative abundance of the
Flavisolibacter, Cyanobacteria (Family 1) and Salinimicrobium genera was significantly
different between TW- and MBW-irrigated soils and 81 OTUs explained 50% of the relative
difference. The relative abundance of the Flavisolibacter, Cytophagaceae_unclassified and
Ramlibacter genera differed significantly between CWW- and RWW-irrigated soils and 59
OTUs explained 50% of the relative difference. The relative abu~dance of Flavisolibacter,
Cytophagaceae_unclassified and Lysobacter was significzuiu * aifferent between RWW- and
MBWe-irrigated soils (like for TW- and RWW-irrigated s.ls) and 61 OTUs explained 50% of
the relative difference. The relative abundance of r ‘avisolibacter, Salinimicrobium and
Lysobacter was significantly different in M3\' - und CWWe-irrigated soils and 82 OTUs
explained 50% of the relative difference Mureover, the percentage of total OTU differences
were higher in all comparisons involvii.® RWW (65%, 60% and 63% for the comparison with
TW-, MBW- and CWWe-irrigated =rils, respectively). The total percentages of OTU
differences between soils irrigc*ed with TW and with treated wastewaters (MBW and CWW)
were 35% and 36%. The lo.v et percentage of total OTU differences (31%) was found for
MBW- and CWW-irig.*eu soils.

RDA analyses were performed by comparing two by two the different irrigated soils (Fig.
S2). Overall, the genus Flavisolibacter was more abundant in TW-irrigated soil and in the
initial soil. The genus Ramlibacter was more abundant in soils irrigated with RWW, CWW
and MBW, and particularly in RWW- and CWW-irrigated soils. The genus Lysobacter had
one of the highest relative contribution difference in the comparisons involving RWW- with
CWW- and MBW-irrigated soils where it was more abundant in RWW irrigated soils.

Moreover, the genus Pontibacter was among the top fifteen genera involved in the relative



difference contribution for all comparisons. This genus abundance decreased progressively
from RWW-, CWW-, MBW- to TWe-irrigated soils. In conclusion, Pontibacter and
Lysobacter could be seen as bacterial indicators of irrigation by raw wastewater, whereas
Flavisolibacter abundancy decreased when wastewater (treated or not) was used.

Bacteria with functional traits in microbial ecosystems were part of the top
microorganisms involved in explaining the differences among the soils irrigated with the four
water types. However, their contribution was lower than that of the previously quoted genera.
Specifically, bacteria of the genus Nitrospira, of the family Niu ~somonadaceae and some
Cyanobacteria, known as nitrifying or nitrogen-fixing bact:n. contributed to differentiate the
different irrigated soils. Moreover, Salinimicrobitin, are bacteria mostly found in
environments with high salinity levels. Bacteria invalvod in wastewater treatment processes
also were found, such as Comanodacera_'n.lassified (Lysobacter) and Zoogloea.
Opportunistic pathogens, such as Flavba.terium, also were detected as well as genera
implicated in soil-plant interactions, such as Lysobacter, Cytophagaceae unclassified,

Longimicrobiaceae_unclassified and ,dheribacter.
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3.8 Changes in the bacterial communities associated with the nitrogen cycle

Three bacterial genes implicated in the nitrogen cycle were quantified to study the
functional capacity of microbial communities to influence nitrogen availability for plant
growth. Nitrification was targeted by quantifying the amoA gene, denitrification by
quantifying the narG gene, and nitrogen fixation by quantifying the nifH gene (Fig. 7).
Additional analysis of the weighted abundances were performed for the bacteria implicated in
the nitrogen cycle (Fig. S3). No significant variation was found with this analysis. The amoA
gene copy number (as a marker of nitrifying bacteria) increase™ n. RWW-irrigated soil (from
6.3+ 0.2 at t0 to 7.1 + 0.2 log gene copies.g™ of soil af ") and to a lesser extent also in
MBW-irrigated soils (from 5.9 + 0.1 to 6.7 + 0.4 log ne. = copies.g™ of soil). Conversely, it
strongly decreased in CWW-irrigated soils.

Overall, narG gene expression (as a markar f denitrifying bacteria in soils) was higher
than that of the amoA gene (marker of itriiying bacteria) and of the nifH gene (marker of
nitrogen-fixing bacteria) in all irrigateu ~oils. The number of narG gene copies was highest in
RWWe-irrigated soils than in all the ot.»e: irrigated soils (p <0.05).

The expression of the nii{ geae (marker of nitrogen-fixing bacteria) did not change
significantly in TW-, CWW- ard MBW-irrigated soils during the irrigation period (p >0.05).
Conversely, at t84, i «¥uiession was higher in RWW-irrigated soil than in CWW-, MBW-

and TW-irrigated soils (by 10.2%, 9.5% and 11.3%, respectively).
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4 Discussion

In this study, the bacterial commrunity structures were monitored during two lettuce crop
cycles in which four water tvoes (of different quality) were used for irrigation: raw
wastewater (RWW), wastews er -eated by planted aerated filters (CWW), wastewater treated
by a membrane bioreactor \MBW), and drinking water (TW). During the study period (84
days) water and soil samp.'es were collected to monitor exogenous (water) and autochthonous
(soil) bacterial communities. This study focused on the overall structure of bacterial
communities to assess their ecology upon exposure to irrigation with reclaimed wastewater of
different quality.

The aim of this study was to test a water quality gradient and therefore, the legal
requirements concerning the quality of reclaimed wastewater to be used for irrigation were
not followed (Fig. 1). The analysis of the quality of the different water types showed

differences in some physicochemical characteristics, such as nitrogen and phosphorous



compounds, biomass, salts and physical particles. Other studies on soil bacterial communities
have often compared two water qualities (Cirelli et al., 2012; Obayomi et al., 2020a), whereas
in this study we used a gradient of water quality.

The physicochemical parameters and bacterial communities were monitored in soils
according to the water type used for their irrigation. After a short period of irrigation (84
days), the soil organic matter content did not change significantly. This result was in
agreement with some previous studies (Chevremont et al., 2013; Kayikcioglu, 2012), but not
with other works that reported an increase or a decreas= > organic matter content
(Mohammad Rusan et al., 2007; Xu et al., 2010). The incrr.asc In organic matter concentration
was mainly found in soils after long-term wastewater n.qation. Thus, despite the different
organic matter loads of the four water types, these r2su:ts suggest a high biodegradability or
transformation of the organic matter received 2 ‘ne soils. As previously shown in other
studies, no pH variation was observed ir. soi's during the irrigation period (Ait-Mouheb et al.,
2022; Urbano et al., 2017). The conc ntration of nitrogen compounds increased over the
irrigation period in all irrigated srils. This is not surprising because it is the consequence of
the supply of nitrogen in dissc'\ved form in MBW-, CWW-, and RWW-irrigated soils and of
fertilizers in TWH-irrigated su.'s The concentrations of nitrogen compounds in soils increased
at the study end conipa.=a with baseline. The highest concentration of NH," was detected in
RWWe-irrigated soils, but it was lower than that of NO3™ compounds in all irrigated soils. This
iIs mainly explained by the natural process of nitrification by nitrifying bacteria and the
absence of leaching thanks to the drip irrigation system and control of the water needs using
moisture sensors. In this study, a loamy clay soil was used because it promotes nutrient
retention and allows better nutrient absorption by plants (Ma et al., 2022). Although the need
of fertilizers by the plants were not totally covered by the nutrients brought by the irrigation

water, nitrogen concentration was higher than expected in all irrigated soils. Our results on



electrical conductivity show little impact of irrigation, in line with the study by Wiel-Shafran
et al., 2006. However, the same study showed that long-term reclaimed wastewater irrigation
(12 months vs 84 days in the present study) influences the soil electrical conductivity (Wiel-
Shafran et al., 2006).

The increase in microbial biomass was monitored through quantification of total DNA
and 16S rRNA gene. Except for soils irrigated with RWW, 16S rRNA gene copies did not
significantly increase during the study. This is in agreement with two studies showing that the
microbial biomass in the soil was not increased after irric~tio,> with treated wastewater
(Obayomi et al., 2020a), but only after irrigation with v.ucated wastewater High biomass
loading in irrigation water had a direct effect on the hacterial concentration in the soil and
influenced the soil bacterial composition and could alsc introduce allochthonous bacteria in
soils.

The microbial diversity and rich tess indices of the irrigated soils increased over the
irrigation period (Fig. 3). In line with p-evious results, our study did not show a graded effect
of the treated water quality gradien: floads inputs) on the richness and diversity indices
(Leonel et al., 2022). The inc:~ase of microbial diversity and richness in soils is a normal
process when microbial con. i nities experience press disturbances brought by the inputs in
irrigation waters (Shaac eu al., 2012). As already shown by Li et al., (2021), the overall soil
bacterial community diversity and richness were affected by the supplied water by increasing
soil moisture and not particularly by the provided nutrient loads (Table S1, physicochemical
characteristics).

The analysis of the OTUs shared between soils and irrigation water types allowed
measuring the transfer of bacterial communities from water into the soil (Fig. 4). Surprisingly,
soils and waters shared a large fraction of their bacterial communities at the end of the

irrigation period, from 43% to 70% of OTUs depending on the water type, indicating the



introduction of allochthonous bacteria in soils, particularly in the case of irrigation with
RWW. A previous study already described the development and potential survival of bacterial
species originating from water in soil (Mansour et al., 2018). Wastewater or treated
wastewater can share many microorganisms, but could also have specific communities
(Becerra-Castro et al., 2015). Here, for the first time, the percentage of shared bacteria
between soil and water was used as an indicator of the potential increase of allochthonous
bacteria in soil.

Differences in microbial community structures at the ae.1s level allowed dividing
soils in three groups: soils irrigated with the cleanest wat~r \Tvv), with treated water (MBW
and CWW), and with raw wastewater (RWW) (Fig. 5\. These results are in agreement with
previous studies showing differences in microbial comn..'nity structure between soils irrigated
with treated or raw wastewater and soils irriga‘ed wih tap water (Dang et al., 2019; Ibekwe et
al., 2018; Obayomi et al., 2020a). Stc:e ¢, al., 2023 showed the importance of studying
bacterial communities at the genus lev~l to follow their responses to a disturbance and for
discriminating among samples. Th= c¢.*a"ige in bacterial community structure can be explained
by the quick adaptation of the micrubial community to the new environmental conditions. In
the present study, the reictive abundances of the Acidobacteria, Planctomycetes and
Proteobacteria phyla v.~re increased whereas those of Actinobacteria and Firmicutes were
decreased (Fig. 6b). Previous studies already highlighted the increase of Proteobacteria,
Actinobacteria and Acidobacteria (Obayomi et al., 2020a) and Bacteroidetes (Dang et al.,
2019; Ibekwe et al., 2018). Moreover, Pontibacter, Flavisolibacter and Lysobacter were the
genera that varied most in abundance in soils in function of the water used for irrigation.
These are typical bacterial genera found in terrestrial environments (Kim et al., 2021; Liu et
al., 2019; Maeng et al., 2021). A previous study also showed the high sensitivity of some

families of terrestrial bacteria (e.g. Cellvibrionaceae, Micropepsaceae and Burkholderiaceae)



for differentiating soils irrigated with different water types (Leonel et al., 2022). It has been
reported that the first reaction of microbial communities is an adaptation of indigenous
microbes (Rillig et al., 2015). Moreover, the SIMPER analysis showed that many bacteria
(from 58 to 82 OTUs involved in 50% of relative difference) explained differences among
soils irrigated with different water types. In soils irrigated with treated or raw wastewater,
microbial composition changes might be due to more complex mechanisms for some specific
bacteria. The irrigation effect on soil bacterial communities was higher in RWW-irrigated
soils than in MBW- and CWW-irrigated soils by differenti~ting even more the bacterial
communities.

The load of nutrients (i.e., biomass, organic matte, and nitrogen species) was the main
factor explaining changes in the soil bacterial commni:tes (Fig. 5). Previous studies already
showed that the organic matter load is one of .» raain factors driving modifications in soil
bacterial community structures (Martin 7-Carcia et al., 2018; Yanardag et al., 2017). Our
results are also consistent with studies showing the influence of nitrogen fertilizers on soil
bacterial community structures (Fran isli et al., 2016; Ramirez et al., 2012). As previously
reported, the Proteobacteria nd Firmicutes phyla were positively influenced by the
fertilization of agricultural s2il, (Francioli et al., 2016). Indeed, these phyla include many
bacteria involved in wne "iuugen cycle (Dinca et al., 2022).

To study more in details some bacterial groups involved in nitrogen recycling
(nitrifiers, denitrifiers and nitrogen fixers), key genes (amoA, narG and nifH, respectively)
were quantified by qPCR (Fig. 7). The increase in nitrifying bacterial biomass was higher in
RWW- than in MBW- and TW-irrigated soils and the concentration of nitrifiers was lower in
CWW- irrigated soils. As the amoA gene is involved in the transformation of ammonium to
nitrite, our results are not surprising due to the concentrations of nitrogen in ammonia form in

the different water types. This shows the ability of these microbial groups to increase their



biomass to potentially increase the transformation of these compounds once in the soil. These
results are in agreement with previous studies showing that ammonium input to soils
increases the abundance of the amoA gene (Hellman et al., 2022; Marcos et al., 2021). The
increase in denitrifying bacteria in soils irrigated with water with high organic matter load
was already shown (Chen et al., 2021; Zhu et al., 2013). It could be explained by the nature of
denitrifying bacteria. These heterotrophic bacteria switch to denitrification (using nitrate as
electron donors) when oxygen is limited, a condition typically found in flooded soil during
irrigation periods. Our results are also in agreement with oicvious studies showing a
significant effect of nutrients on biomass growth link:u *o nitrogen-fixing bacteria, as

indicated by the increase in nifH gene in soil (Meyer et a1, 2013; Wu et al., 2021).

5 Conclusion

The soil microbial community structure, ~iodiversity and nitrogen functional traits were
monitored during irrigation with diffzi. nt wastewater treatment plant effluent types. The main
conclusions are:

o As expected, organic i.auer, nitrogen compounds and microbial biomass provided in
irrigation water (oaus were the parameters that most influenced the structure of
bacterial communt ies in soils.

e The bacterial biomass increased only in soils irrigated with RWW, but not in soils
irrigated with treated wastewater (MBW and CWW) or potable water (TW).

e The soil bacterial community structure was progressively altered and soils could be
differentiated in three groups in function of the water type: TW, MBW & CWW, and
RWW.

e The presence of ammonia nitrogen (RWW, MBW) increased the biomass of nitrifying

bacteria compared with CWW and TW.



e The main genera explaining the microbial community structure differences among
soils are commonly found in soils, particularly bacteria related to nitrogen
transformation.

« Bacteria shared among waters and soils increased only when the water contained high

diversity and richness of bacteria (CWW, RWW).

The different quality of the water types used for irrigation influences and drives the soil

biodiversity. No negative effect on the diversity and on the fnciional potential of bacteria

related to the nitrogen cycle was observed.
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Table 1: Physicochemical characteristics of the soil surface in function of the irrigation water type at study initiation (before

lettuce planting; to), the end of first lettuce crop cycle (t43), and end of second lettuce crop cycle (tgs).

TW MBW CWW RWW

Parameter Unit t0 t43 t84 t0 t43 t84 t0 t43 t84 t0 t43 t84

N-NO; mgkg 8% 437 646 176 388 1502 457 212 1368 479 1406 1678
! 82 + + + +127 +6 +115  + +011 +721
192 412 177 363 12.2 32.3
N-NH,* mgkg 0+ 00 03+ 00 0+0 08+ 0+ 0+0 1.85+ 005 005+ 1.7%
! 0 0.14 064 0 092 * 007  1.98
0.07

P,Os Olsen Mo.kg 32 28+ 44+ 41+ 28+ 80+ 35+ 341 81+5 44+ 39+ 53+

! * 11 29 4 8 57 3 3 2 13 13

11

MO % 12 140 12+ 13+ 12+ 14+ "2 12+ 13+ 13+ 13+ 14+%
+ 01 0 01 vt + 01 0 01 01 0.2
0.1 0.1

pH eau 83 84+ 84+ 84: 8,+ 83+ B84 85+ 81+ 84+ 82+ 83+#
+ 0 0 Q 0 01 + 01 01 01 01 0.1
0.1 0.1

Conductivity upS.cm™ 78 184 54« 9Qu+ 150 78+8 101 133 77+1 100 156+ 89+

+ +64 0 40 +10 +16  +27 +4 2 10
20
Ca total gkg? 711 373 677 671 742 693+ 715 508 740+ 510 657+ 652+
+ 2 £28 +17 +61 8 + + 9 + 6 76
75 363 109 236 163
K,0 ugkgs 180 163 158 161 155 179+ 183 162 193+ 188 174+ 176+
! + +16 +12 +9  +21 13 4 12 12 +15 8 8
41
MgO ugkgs 209 201 226 258 223 300+ 244 260 385+ 231 231+ 233+
! +7 +24 +45 43 +48 21 +37  £22 40 +11 6 10
Na,O mgkg 104 78+ 135 348 277 599+ 341 346 1137 256 478+ 346+
! * 18 £45 # £21 34 £67 * £165 +70 205 47

11 156 115




