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Abstract

:

Concern about salt levels in freshwater habitats receiving road de-icer runoff has inspired the development of “eco-friendly” formulations that are intended to be less toxic to aquatic organisms, but few experiments have determined that these products are environmentally benign. Mesocosms containing lake water were established for 6 weeks to compare traditional road salt with two newer de-icers, one an inorganic mixture of chloride salts and the second of beet extract and brine. Amplicon sequencing and algal blocking sequences facilitated the identification of differentially impacted bacterial taxa. Ironically, although there was only a minor effect on bacterial structure at high road-salt concentrations, there was an increased relative abundance of salt-resistant genera in the mixed-salt formulation. After amendment with the beet brine de-icer, there was a turnover of taxa coincident with a 68-fold decrease in dissolved oxygen, with decreased diversity and displacement by anaerobic genera indicating a shift across a threshold to a new, apparently stable state, suggesting mesocosm recovery was unlikely. Overall, although we applaud the sentiment behind the formulation of less-damaging “eco-friendly” de-icers, they appear to have more negative environmental impacts than the traditional road salt that they were made to replace.
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1. Introduction


Traditionally, salt has been prized for preserving and tanning and for facilitating the chemical revolution with the production of bleach, alkali, and batteries. Indeed, salt was so valued that it precipitated social unrest for centuries, including the Italian state salt war, the Moscow salt riot, the British salt tax, and the Indian salt march. In contrast, today’s cheap and abundant salt supplies mean that only considering Canada and the USA, ~25 million tonnes are cast yearly on roads and similar infrastructure to serve as temporary de-icers [1,2]. Salt (NaCl) applications to improve winter transportation safety started in the 1940s, but in the last three decades concerns about the environmental costs have mounted since chloride brine disrupts roadside vegetation, pollutes ground water and aquatic ecosystems, as well as impacts biodiversity, food webs, and trophic interactions [3,4,5,6,7]. In turn, governments have issued freshwater guidelines for chloride pollution with limits set at 120 and 230 mg/L for chronic toxicity levels in Canada and the USA, respectively, with the corresponding levels for acute toxicity at 640 and 860 mg/L [8,9]. To address these concerns and reduce chloride pollution, NaCl has been mixed with chlorides of calcium and magnesium, as well as organics, such as the products from sugar beet refining. Although the effects of these “green” or commercially claimed “eco-friendly” de-icer alternatives have been used for toxicity tests on aquatic species, e.g., [10,11], little has been done to compare the effects of these formulations to traditional NaCl applications. In addition, investigations into the impact of these de-icers on bacterial communities that form the basis of the aquatic food chain are important. Indeed, such experiments are timely prior to larger-scale deployment of these newer de-icers so as to help mitigate environmental costs and allay public concerns that have long been associated with salt.



As indicated, there are multiple impacts of chloride amendment to aquatic ecosystems [12]. Studies have indicated that cyanobacteria thrive in high salt conditions, but nutrient acquisition decreases in macrophytes, and decreases in denitrification can contribute to eutrophication, together reflecting a change in community composition [13,14,15]. The range of de-icer-mediated effects as well as those associated with agricultural practices and urbanisation, together with their socio-economic consequences, have been termed freshwater-salinization syndrome [16,17]. The limited investigations conducted on the newer commercial de-icers formulated with less NaCl do not allay all concerns, however. For example, an “eco-label” de-icer containing NaCl, MgCl2, CaCl2, and sodium acetate was compared to traditional NaCl road salt. Although the newer product had a similar ice-melting efficacy and was less damaging to concrete, after exposure of the zooplanktonic Daphnia magna, or water flea, for 48 h, NaCl had an LC50 > 4.5 g/L (the concentration at which 50% of the organisms died), but the salt mixture LC50 was a concerning 1.8–3.5 g/L [18]. Similar results were also seen in tests with four different zooplankton species [11]. In contrast, 10 days of exposure to one of three commercial de-icers including NaCl, or “eco-friendly”-labelled de-icer formulations containing NaCl-CaCl2 -MgCl2 or NaCl supplemented with beet juice, resulted in Chironomus dilutus midge larvae LC50s (~6 g/L) that did not significantly differ among salt treatments [10]. Again, when other salt and beet juice de-icer formulations were added to outdoor mesocosms, there was no reduction in mosquito emergence compared to NaCl controls, but the beet juice amendment did show a decrease in dissolved oxygen that was thought to be a potential risk for aquatic organisms [19].



Since global cycles of nutrients as well as the aquatic food web depend on microbial communities, there is an urgency to investigate the impacts of de-icers on these, and to perhaps also resolve conflicting evidence on their effects on different metazoans. Changes in microbiota in soil communities subject to road salt runoff have been noted, including more than a four-fold relative increase in sequences corresponding to halophiles and a more than doubling of those associated with cyanobacteria [20]. Impacts of de-icers on more strictly aquatic bacterial ecosystems are even less studied, but some research suggests that there may not be cause for concern. For example, lake water samples that were amended for two weeks with road snow contaminated with salt in order to mimic snowmelt runoff, showed increases in the relative abundance of only a few taxa that were just minor representatives in unamended controls, most notably Psychrobacter, a cold tolerant genus [21]. Contrary to the latter report, however, anecdotal evidence points to thick biofilm growth in streams from de-icers, with some studies suggesting that such dense blankets could damage aquatic communities [22,23]. Airport de-icers are heterogenous and include organic compounds as well as salts. It has been suggested that degradation of airport de-icers by aquatic heterotrophic bacteria results in depleted oxygen levels contributing to ecosystem dysfunction, and it has been further argued that such studies anticipate an overall negative impact of commercial road de-icers containing organic materials [24].



Accordingly, the overall aim of this research was to compare the effects on the aquatic microbiota of a traditional NaCl de-icer with two newer de-icers, one an inorganic mixture of NaCl, CaCl2 and MgCl2 salts and the second with beet extract added to NaCl brine. Amplicon sequencing paired with blocking sequences corresponding to algal DNA allowed the identification of bacterial-community taxa that were relatively affected by the respective de-icers. In a companion study [25], planktonic invertebrate populations were monitored, enabling a unique opportunity to link de-icers with the food web and aquatic-system functioning. There are consequences to the increasing use of supposedly “eco-friendly” road de-icers, and this research should serve as a cautionary tale.




2. Materials and Methods


2.1. De-Icers


Three de-icers were tested, representing both traditional, as well as two classes of alternative de-icers available in North America [26,27]. Commercial brands were selected so that the research would be directly relevant to the public, but there are some disadvantages due to the lack of preciseness in the stated formulations because of proprietary concerns under the Canadian Hazardous Product Regulations [28]. King Brand™ road salt (hereafter known as road salt, abbreviated as S) is a traditional NaCl (50–100%) de-icer with silica filler (Sika Canada, Pointe-Claire, PQ, Canada). Master Melt™ (hereafter termed mixed inorganic and abbreviated to M) is a mix of salts (~8.5% NaCl, ~16% CaCl2, ~3.5% MgCl2, ~72% water) (Pollard Highway Products, Harrow, ON, Canada) and is used in eastern Ontario cities including Kingston and Cornwall, and on 400-series highways in eastern Ontario, Canada, as an alternative to road salt. The other, Fusion 2330™, is a blend of NaCl and refined beet sugars (referred to as organic or beet brine and abbreviated to B, consisting of ~17% NaCl; ~25% beet sugars; ~58% water) (Eco Solutions, Milton, ON, Canada), and is used in major metropolitan areas such as Toronto, Montreal, Calgary, and Winnipeg, Canada. For experimental manipulations, the chloride concentration for each of the de-icers was determined, with the nominal and actual chloride concentrations differing by an average of −4.4%.




2.2. Aquatic Mesocosms


Mesocosms (n = 60) were made by filling 200 L black cylindrical containers (77 cm diameter × 53 cm height) with 180 L of filtered (80 μm mesh, allowing very small zooplankton and most phytoplankton to pass through) freshwater pumped from Lake Opinicon, adjacent to Queen’s University Biological Station, Ontario, Canada (QUBS; 44°34′01.2′′ N 76°19′30.0′′ W). Lake Opinicon has resorts, cottages, and other residential properties, country roads, as well as conservation lands adjacent to the lake, which has a surface water concentration of ~6 mg chloride ions per L (Cl−/L). During the experimental period (16 June−26 July 2022), the ambient daytime mesocosm water temperature ranged from 13 °C to 22 °C, with a mean of 18.7 °C. Evaporation and rainfall were roughly equivalent so no additional water was added. Although the daylight varied over the 6-week period, and some shade was provided by adjacent vegetation, overall, in 24 h, there was light on average for 15 h 10 min. The mesocosms were covered with 1 mm screens to prevent insect access and initially left undisturbed for 6 days which allowed phytoplankton abundance to increase. Zooplankton were collected from 6 local lakes using an 80 μm net towed through an equivalent amount of water that was used to fill all mesocosms. All mesocosms received 1.2 L of high-density zooplankton, added randomly in aliquots of 400 mL. Mesocosms were left undisturbed for two more days before adding the de-icers. A regression-based experimental design was used with controls at 6 mg Cl−/L and the three de-icers across 19 nominal chloride concentrations (35–1453 mg Cl−/L; Figure 1). Such a large range spanned environmentally relevant concentrations that can be >1000 mg Cl−/L and well over both chronic and acute toxicity levels in Ontario surface waters [8,29,30], with the number of de-icer amendments increased at low concentrations to facilitate response detection at concentrations lower than the Canadian Water Quality Guidelines chronic levels [8].



A gradient design for the treatment groups allowed the identification of non-linear effects [31], and the random assignment of the treatment for each mesocosm reduced bias based on the position. One day after the addition of the de-icers, samples (75 mL) from each mesocosm were filtered (50 μm mesh), with the filtrate analysed for Cl− and major cations (sodium; [Na+], calcium [Ca2+], magnesium [Mg2+], and potassium [K+]) using ion chromatography and inductively coupled plasma optical emission spectroscopy, respectively (Queen’s University Analytical Services Unit; ASU). After one week, and subsequently at one-week intervals, 4.01 mg monosodium phosphate (NaH2PO4) and 85.92 mg of ammonium nitrate (NH4NO3) (both Sigma-Aldrich, St. Louis, MO, USA) were added to each mesocosm. These weekly additions represented 35% of the measured nutrient values of Lake Opinicon water and accounted for the daily loss of ~5% of nitrogen and phosphorus due to sedimentation and periphyton growth on mesocosm walls [32]. Each mesocosm was also assessed weekly at mid-depth for their temperature and dissolved oxygen (DO) using a YSI Pro 20 probe (YSI Inc., Yellow Springs, OH, USA) as well as specific conductance (YSI Pro 30 probe; YSI Inc., Yellow Springs, OH, USA). The specific conductance (µS/cm at 25 °C), along with the ASU-determined Cl− levels were used to establish the relationship between Cl− and specific conductivity, with the relationship quantified using orthogonal regression [25]. Onset temperature and light loggers (HOBO, Cape Cod, MA, USA) were placed in 13 of the mesocosms (4 in S and M, 5 in B) and on the adjacent ground for the recording of temperature and light (lux).



Samples (100 mL from 500 mL collected using an opaque bottle) were taken weekly at ~20 cm below the surface of each mesocosm and were used for an independent assessment of pH (Orion 3-Star Benchtop pH metre; Thermo Fisher Scientific, Waltham, MA, USA). A portion of those samples were then used for chlorophyll a (chl a) assessment. Briefly, within 24 h of collection, the water sample (250 mL) was filtered through rough glass fibre (G4 grade, 1.2 μm pore size; Thermo Fisher Scientific), with the filters then wrapped in aluminium foil and frozen at −18 °C until chl a extraction. After extraction in methanol for 24 h, chl a concentrations were measured using a TD-700 fluorometer (Turner Designs, San Jose, CA, USA). Freezing-point depression estimates were made for control, low (43.6 mg Cl−/L), medium (186 mg Cl−/L) and high (1199 mg Cl−/L) nominal concentrations of each of the three de-icers (see Section 2.3 below).




2.3. Community Sampling


Water was sampled for microbiota at the end of the 6-week experiment. Since a gradient design for each of the treatment groups was optimal for the zooplankton analysis, a post hoc sampling protocol was followed for the bacterial analysis consisting of sampling water from each mesocosm treated with the nominal low-chloride concentrations (35, 43, and 53 mg Cl−/L) for each of the three de-icers. Each 15 mL sample was filtered (50 μm mesh) into a sterile tube and pooled to make a composite sample (45 mL) from a single de-icer to provide a mean nominal concentration of 43.6 Cl−/mg/mL. This procedure was repeated twice to provide triplicate samples at low treatment concentrations (L), and repeated for the other two de-icers. Likewise, this procedure was used for medium (149, 183, and 226 mg Cl−/L; mean 186 mg Cl−/L) and high (961, 1182, and 1453 mg/L; mean 1199 mg Cl−/L) nominal concentrations of each de-icer (designated M and H, respectively), for a total sample number of 27 (Figure 1). In addition, there were three control mesocosms that were not amended with de-icers (CT). The triplicate samples (control: CT; low, medium and high concentrations of road salt: LS, MS, and HS, respectively; low, medium, and high concentrations of mixed-salt de-icer: LM, MM, and HM, respectively; low, medium, and high concentrations of beet brine de-icer: LB, MB, and HB, respectively) were kept on ice during the brief transit from QUBS to the laboratory and immediately frozen at −80 °C. The tubes were then shipped frozen to a commercial lab for DNA extraction and sequencing.




2.4. DNA Extraction and Sequencing


MR DNA (www.mrdnalab.com, Shallowater, TX, USA) extracted DNA, completed 16S rRNA gene amplicon sequencing, and initiated the sequence analysis. The 16S rRNA gene V3–V4 variable region primer, D-Bact-0341-b-S-17 (5′-CCTACGGGNGGCWGCAG-3′), and the reverse primer, 799R (5′-CMGGGTATCTAATCCKGTT-3′), were used to minimise amplification of plastid DNA from the mesocosms [33]. To further decrease the probability of the recovery of non-bacterial DNA, the blocking primer, mPNA (5′-GGCAAGTGTTCTTCGGA-3′), for mitochondrial contamination, and pPNA (5′-GGCTCAACCCTGGACAG-3′) for plastid contamination, both from the V4 region, were employed [34]. A polymerase chain reaction (PCR) was undertaken for 30 cycles using HotStarTaq Plus Master Mix Kit (Qiagen, Hilden, Germany) under the following conditions: 95 °C for 5 min, followed by 95 °C for 30 s, 53 °C for 40 s, and 72 °C for 60 s and then elongated at 72 °C for a final 10 min. Visualisation of the products on 2% agarose gels assessed amplification success using relative band intensity. DNA was purified using Ampure XP beads before using the amplicons for Illumina DNA-library preparation. Sequencing was performed at MR DNA on a MiSeq NovaSeq 6000 platform (Illumina Inc., San Diego, CA, USA) for 16S rRNA genes following the manufacturer’s guidelines.




2.5. Data Processing and Statistical Analyses


Amplicon sequence variants (ASVs) were identified using standard procedures in QIIME2 [35] using MR DNA. After de-multiplexing reads with demux, a total of 1,666,438 forward and reverse reads were denoised using DADA2. In brief, DADA2 joins sequences, performs quality filtering, and removes chimeras. The resulting ASVs were assigned taxonomic classification using a reference tree produced with SATé-Enabled Phylogenetic Placement (SEPP). The fragment-insertion function in QIIME2 was used to create a phylogenetic tree of ASVs identified using DADA2. Fragments that could not be inserted into the phylogeny were removed from the feature table. After all processing steps in QIIME2, the final feature table contained 3040 ASVs across the 30 samples. The ASV table, phylogenetic tree, taxonomic classification, and metadata were then analysed in R Statistical Software (v4.1.1) [36] using the phyloseq package [37].



Shannon’s diversity index and Chao 1 diversity index were calculated in phyloseq to assess alpha diversity in the sample [38,39]. A one-way ANOVA with a post hoc Tukey HSD test was executed to determine whether differences in de-icers or their concentrations had significant impacts on microbial communities. All model assumptions of homogeneity of variance and normality were met. Tukey post hoc tests were performed to identify which specific treatment groups showed significant differences in Shannon diversity. Beta diversity was assessed using weighted UniFrac dissimilarity distance to measure community dissimilarity among the treatment groups. Weighted UniFrac dissimilarity matrices were used for principal coordinate analyses (PCoA) and plots were made in R using ggplot2. Differential abundance testing was performed using ANCOM-BC (v2.2.1) [40] to determine significantly differentially abundant taxa between treated and control mesocosms. ASVs were first merged with microbial families prior to the analysis, and global test results were interpreted to identify microbial families that showed differences in abundance between at least two treatment groups. Heat maps were generated by displaying log-fold changes in differences in bias-corrected abundances for the different microbial families when compared to CT. Additional differential abundance tests were performed on select genera of interest (Flavobacterium and Devosia). ASVs were merged according to genus, and ANCOM-BC tests were performed in the same manner as the family-level tests.



In addition to the bacterial analysis, R Statistical Software (v4.1.1) [36] was also used to analyse the mesocosm data with the following packages: dplyr (v1.1.0) was used for data manipulation [41], ggplot2 (v3.4.2) was used for producing visualizations [42,43], mgcv (v1.8-42) was used for modelling and smoothing data [44,45], car (v3.1-2) was used for regression models [46,47], MuMIn (v1.47-5) was used for model selection [48], and MASS (v7.3-60) was used for linear model estimation [49,50]. Linear models (LM), generalised linear models (GLM), and generalised additive models (GAM) were used to model responses to chloride. The Akaike information criterion corrected for small sample sizes (AICc) function from the MuMIn package (v1.47-5) was used to calculate and to select the model with the lowest AICc value [48]. If two models were within two AICc units of each other, the minimum adequate model (MAM) or the model with the least number of explanatory terms was used. GAMs were used to model the ecological data with statistical assumptions viewed with the “gam.check” function from mgcv (v1.8-42) [44,45], as well as assessment of residual quantile–quantile plots, histograms of residuals, residual vs. linear predictor plots, and response vs. fitted values plots, as well as checking the convergence and k-index. Code and scripts for the non-bacterial analyses are available in File S1.





3. Results


3.1. Properties of the De-Icer-Amended Mesocosms


After establishment, mesocosms were monitored weekly for several physical parameters. There was a linear relationship between the specific conductivity and the initial chloride concentrations for each of the de-icer treatments (R2 values of the linear model relationships for S, M, and B de-icers were 0.997, 0.992, and 0.991, respectively). Predictably, experimentally determined cation concentrations showed a linear relationship with increasing calculated Cl− concentrations (Figure 1) in the mesocosms (i.e., Na+ in all the de-icers, Ca2+ and Mg2+ in M, or K+ in B) (Figure S1). Over the experimental period, conductivity remained as anticipated with higher values in mesocosms containing the higher concentrations of de-icers (Figure S2). Temperature varied predictably with the weather. The pH decreased with respect to controls (from ~7.4 to 7.2 and 6.7) in S and M de-icers, respectively, at higher de-icer concentrations, but did not show a concentration-dependent change in the B-amended mesocosms (Figure S2). By the end of the 6-week treatment, however, the pH of the control mesocosms were elevated by about half a pH unit relative to the starting pH, with high concentrations of S and M de-icers showing little or no change, but with high B concentrations, at a pH of ~6.5. Mesocosms with substantive B de-icer additions were visually darker than controls and those containing the other de-icers. Most notably, depending on the nature and concentration of the de-icer amendments, DO levels in the mesocosms showed striking differences (Figure 2). At high Cl− levels in the S- and M-containing mesocosms, there was a small decrease (from an initial ~8 mg/L to ~5 mg/L) in DO over the course of the six-week experimental-treatment period compared to controls (from ~8 mg/L to ~7 mg/L). However, at the highest B concentrations, the DO was 68-fold lower (~0.1 mg/L) than CT, and it remained low over the entire 6-week period (Figure 2 and Figure 3). In addition, change in the DO profile correlated with the B de-icer concentration and treatment week (Figure 3).
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Figure 2. Dissolved oxygen concentration (mg/L) in week 6 of the experimental treatment, and plotted against experimentally determined chloride concentration (mg/L) for each de-icer-treatment group. Black diamonds represent the control conditions; blue circles represent the road salt treatment (S); orange squares represent the mixed inorganic treatment (M); and red triangles represent the beet organic treatment (B). 
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Figure 3. Dissolved oxygen concentration (DO; mg/L) in each of the mesocosms over the course of the experimental treatment weeks and plotted against the nominal chloride concentration (mg/L). The top thin line represents the control showing the lake chloride concentration at 6 mg/L, with the bottom 19 lines representing the organic beet brine de-icer-treatment groups at increasing nominal concentrations of the de-icer until the highest chloride concentration at 1453 mg/L (bottom line). The thick pink lines represent the mean DO plotted over the treatment period, representing from top to bottom, mesocosms with low, medium, and high concentrations of de-icer (corresponding to average experimental chloride concentrations of 39, 165, and 1005 mg/L, respectively). At the end of the 6-week treatment period, 16S rRNA amplicon sequencing was completed on triplicate samples representing low, medium, and high de-icer concentrations. As a proxy for phytoplankton biomass, chl a concentration (mg/L) was used. At the conclusion of the 6-week experimental period, mesocosms amended with high concentrations of S as well as M de-icers showed higher chl a concentrations (Figure 4). Compared to control mesocosms, chl a concentrations increased 6.2-fold and 3.4-fold for S and M de-icers, respectively. In contrast, at high Cl− concentrations of the B de-icer, there was no change in the chl a concentration, relative to the controls. 
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Figure 4. Chlorophyll a concentration (mg/L) plotted against the experimentally determined chloride concentration (mg/L) for each experimental de-icer at the end of the 6-week experimental treatment. Black diamonds represent controls; blue circles represent the road salt de-icer treatment; orange squares represent the mixed-salt inorganic treatment; and red triangles represent the beet organic treatment. Two beet de-icer mesocosms (420 mg/L and 516 mg/L) were recorded with over 0.55 ug/L chlorophyll a, well outside the 95% confidence intervals. These mesocosms were not included in those used to produce low, medium, and high samples for each of the de-icers, but are shown here as open red triangles. Trend lines in the appropriate treatment colours with shading indicate the 95% confidence intervals associated with the appropriate line. 
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3.2. Microbiota in the De-icer-Amended Mesocosms


To estimate the osmotic impact of the different de-icers at different concentrations, experimental depression of the freezing point was determined, corresponding to the mean de-icer concentrations used for the microbiota analysis. Control samples had no measurable freezing-point depression as well as the majority of the three de-icer samples (LS, MS, HS, LM, MM, LB and MB). The mean freezing point decreased marginally at 0.2 and 0.6 °C for HM and HB, respectively.



The identification of 3040 unique ASVs corresponded to 73 unique genera (at >1% relative abundance) among all samples. It can be challenging to recover taxonomic information for bacteria in a background of algal DNA since chloroplast sequences share homology with bacterial 16S rRNA gene sequences. Previously in analogous situations, we used peptide nucleic acid plastid clamps with other bacterial 16S rRNA primers in amplicon protocols, but 99% of the sequences still returned plastid DNA [51,52]. The procedure used here resulted in only 0.03% of the ASVs corresponding to chloroplast sequences and demonstrated that the judicious selection of V3–V4 16S rRNA gene primers [33], in conjunction with the deployment of algal blockers, was successful. Only 0.26% of the ASVs were identified as archeal reads, underscoring the recovery of bacterial sequences.



Taxonomic assessment of mean relative abundance (>1%) in the different mesocosm communities were generally similar between CT and the low de-icer-amended mesocosms (LS, LM and LB) at various taxonomic divisions including genera (Figure 5 and Figure S3). Sequences corresponding to bacterial taxa (at a relative abundance > 3%) and shown with their phylum affiliations (Figure 6) have been previously reported from freshwater lakes, e.g., [53,54,55].



These taxa were present in CT and all of the de-icer-amended mesocosms, except in HB, and included lake genera Candidatus (Ca.) Rhodoluna, Corynebacterium, Flavobacterium, Limnohabitans, Novosphingobrum, and Rhodobacter. Sequences corresponding to the faecal indicator bacteria, Escherichia coli and Enterococcus species were not observed (at a relative abundance of >3%); however, Bacteroides and Faecalibacterium, other indicators of human and agricultural contamination in lakes [56], were found in the majority of the mesocosms, and generally comprised an average relative abundance of 9.8% and 4.2%, respectively. Notably, these two taxa were not apparent in the HB treatment group (Figure 6). For the most part, bacterial communities likely reflected the initial lake consortium, except for HB and some taxa in the HM samples. The HM microbiota were distinguished with an increase in the relative abundance of sequences corresponding to Flavobacterium (ANCOM-BC genus result: p < 0.0001, W = 257.37) and Devosi (ANCOM-BC genus result: p < 0.0001, W = 257.03), the latter of which also increased, but to a lesser extent, in the HS and MB microcosms. In the HB samples, there was a 21.5-fold reduction in the relative abundance of Flavobacterium sequences compared to CT (ANCOM-BC genus result: p < 0.0001, W = 257.37), as well as the relative increase in abundance of sequences characteristic of anaerobic or facultative anaerobic genera including Acetobacterium, Agrobacterium, Clostridium, Desulfovibrio, Hydrogenophaga, and Paracoccus (Figure 6). Curiously, the relative abundance of the faecal indicator and anaerobe, Bacteroides, decreased in relative abundance in HB compared to CT; however, since its relative abundance was also decreased in HS and HM compared to LS and LM samples, this taxon may be disadvantaged at high salt concentrations.




3.3. Dissimilarity Comparisons with Different De-Icers


Shannon’s diversity metric incorporates both the number of taxa and their relative abundance and showed that the road salt treatments remained largely unchanged between the L, M, and H concentrations and CT samples (Figure 7). There was a decrease from an average of 4.67 in CT (and 4.61 in the LB and 4.69 in the MB treatments) to an average of 3.84 in the HB samples. Overall, the latter sample showed the greatest decrease and the only significant change (F value = 4.51, p < 0.002) in alpha diversity compared to CT samples with a 17.6% decrease. Similar results were seen in Chao1 community diversity metrics (which estimate total number of taxa) with relatively insignificant effects, save for the HB samples, which showed an average Chao1 measure of 64.7 compared to 135.6 in CT (p < 0.05), (Figure 7).



Microbiota in the CT, LS, MS, HS, LM, MM, LB, and MB samples shared overlapping ellipses on the PCoA biplot with only HM and HB appearing distinctly (Figure 8 and Figure S4). A total of 63 families showed significant (adjusted p values ≤ 0.05) differences in abundances across treatments according to the global results of the ANCOMBC (Figure S3). The largest differences were observed between CT population compositions compared to HB samples. Alpha diversity showed a variance of 0.03 between the three de-icers at L concentrations, and variances of 0.02 and 0.25 in M and H samples, respectively (Figure 7). For the most part then, high concentrations of the “eco-friendly” de-icers appeared to impact the relative abundance of bacteria that were already present in the lake water.





4. Discussion


Outdoor mesocosm experiments offer a near-ideal experimental paradigm in the testing of contaminants of concern, since they simulate natural environments and allow investigations of complex aquatic communities, rather than single species [57,58]. The understanding of bacterial-community structure in this investigation was facilitated by the judicious selection of primers as well as a blocking sequence that increased the probability that polymerases would use bacterial 16S rRNA gene sequences as templates and not chloroplast DNA. To our knowledge, this combination of primers and blockers have not been previously utilised, but it has allowed the successful assessment of the impact of three different de-icers on bacterial populations. A companion study of these same mesocosms on planktonic invertebrate communities then offered an opportunity for insight into the effect of the different de-icers on the aquatic food web.



4.1. Little Change in Mesocosms after Amendment with Road Salt


Chloride concentration was expected to be a significant driver in mesocosms amended with traditional road salt de-icers, as was previously hypothesised when comparing remote and urban salinized lakes, and which showed that 16S rRNA gene sequence operational taxonomic unit (OTU) distinctions correlated with conductivity and chloride groupings [21]. However, in the lake with the same Cl− concentration as our control mesocosm, the majority of taxa were unidentified (50% of the OTUs), as well as in the lake with road salt run-off (149 mg/L at 60% OTUs). It was reported that the relative proportion of Psychrobacter, a genus with salt-resistant members, increased from being rare in the control lake samples to ~9% relative abundance in their melted snow, salt-impacted lake water [21], but this taxon remained below 1% relative abundance in our MS samples with a similar salt concentration. Thus, overall, phylogenetic comparisons with this earlier study are not practical. Nevertheless, in our samples, there was no significant change in the S-amended bacterial community even over the greater (~200-fold) Cl− experimental concentration range, as evidenced by PCoA ordinations based on Shannon’s diversity, and at the level of individual genera. Previously, microbial diversity has been reported to be higher in saline lakes compared to freshwater lakes, but this effect has more recently been attributed to lower nutrient availability [59,60]. Since nutrients were added to all mesocosms on a weekly basis at approximately one-third of the nitrogen and phosphate levels in the lake from which water was pumped, this must have been sufficient to counter any apparent increase in Shannon’s diversity.



Individual genera showed few changes in the HS mesocosms, apart from modest decreases in the relative abundance of Ca. Rhodoluna and Limnohabitans, corresponding to minor increases in the relative abundance of rarer genera found in CT samples. The former genus is considered a freshwater taxon, possibly explaining its decline in the HS samples [61]. Notably, Limnohabitans can form symbiotic associations with Daphnia, and several reports including the companion study, noted that mesocosms amended with high concentrations of road salt de-icers showed declines in Daphnia species [25,62,63]. Previously, increases in salt concentration in mesocosms from ~25 to 1500 mg Cl−/L were also reported to be associated with declines in zooplankton populations, including cladocerans and copepods that graze on phytoplankton [64,65]. Thus, it is possible that the 6.2-fold increase in chl a in the high S treatments also reflected the negative impact on zooplankton grazers, which in this case appeared to have had only a minor impact on the relative abundance of Limnohabitans in the HS community.




4.2. Shifts in Microbiota at High Concentrations of “Eco-Friendly” De-Icers


In high Cl− treatment groups, M-amended mesocosms showed half the increase in chl a compared to the S treatments, possibly due to the associated 50% decline in cladoceran zooplankton grazers at 242 mg Cl−/L, and/or the increased abundance of phytoplankton that proliferate in relatively higher salinities [25]. The mixture of several cations (Mg2+, Na+ and Ca2+) in the M formulation might be equally or less toxic than Na+ alone to aquatic invertebrates, according to previous reports [18,66]. Certainly, here, there appeared to be no significant impact to bacterial structure in LM and MM samples. However, although not significant with diversity metrics, at the higher HM concentrations there was some alteration in the community at least as judged using distinctions in the PCoA and phylogenetic analyses (Figure 5, Figure 6 and Figure 8). The source of the salts used in the M de-icer is unknown, but the relative abundance of Flavobacterium increased by ~⅓ to 28% in HM samples over that found in CT samples. Notably, sequences corresponding to Flavobacterium represent ~19% of the DNA found in supermarket-sourced marine salt as well as black salt, and thus this taxon is relatively salt resistant, reasonably explaining its increased dominance, but it could also be a contaminant in the M formulation, with these bacteria showing long-term viability [67,68]. Similarly, the differential abundance analysis showed that the family Xanthobacteraceae had an 8-fold log increase in HM, with the saline-tolerant facultative methylotroph, Ancylobacter, being a major contributor to this change [69]. The relative abundance of Devosia, another Gram− bacterium, was also increased in the HM samples, with members of this taxon known to tolerate brackish conditions [70]. Devosia can be associated with green algae which is consistent with its increased abundance as the chl a levels increased 3.4-fold, serving as a diazotroph by fixing nitrogen, but it can also facilitate the maintenance of ion homeostasis, which may be significant in the mixed salts of the “eco-friendly” de-icer [71,72]. Since members of Devosia can be halophilic and this genus was found at the highest relative abundance in the HM samples, we cannot exclude that it too was a contaminant in the M de-icer formulation. However, the presence of this taxon, at least at low relative abundance in other samples including HS and MB, argues against this. Regardless, the overall modest shifts in taxa associated with the HM treatment suggest that this de-icer, possibly in combination with the lower mesocosm pH, appears to be somewhat more toxic to freshwater bacteria than the HS treatment.



In contrast to bacterial-structure similarity in the majority of the mesocosms (LS, MS, HS, LM, MM, LB, MB) and to a lesser extent in HM, the bacterial community showed a major shift in the HB sample. The irony is that this de-icer, similar to other commercial organic products, is touted as an alternative to road salt and CaCl2 de-icer formulations since it is less corrosive to concrete and is also thought to be less toxic to aquatic organisms. In contrast to the mesocosms amended with high concentrations of S or M de-icers where the chl a concentrations increased several fold, chl a levels in B de-icers were unchanged at the end of the 6-week experimental treatment (Figure 4). Similar to the S- and M-amended mesocosms, phytoplankton production might have been expected to increase at high Cl− concentrations, especially since there was a reduction in phytoplankton grazers [25]. However, phytoplankton proliferation could be at least partially counteracted by the darker colour of the de-icer. The relative abundance of Rhodobacter decreased in HB compared to LB and MB samples, and this genus includes members capable of anoxygenic photosynthesis, which would be vulnerable to decreased light. In addition to these changes, the organic material in the de-icer resulted in levels of [K+] that were about 5-fold higher in mesocosms amended with higher B concentrations compared to high concentrations of the S and M formulations. Worldwide, there are few regulations on the levels of K ions in lake water but the HB treatment samples were lower than the natural surface water guidelines for [K+] of 10 mg/L in some jurisdictions, e.g., [73]. Although K ions are critical for the regulation of bacterial pH, osmolarity, signalling, and protein synthesis, high [K+] can result in osmotic stress, resulting in physiological changes in Gram+ bacteria in particular, which can then increase their osmotic potential through the accumulation of compatible solutes [74]. Lake Gram− bacteria such as Flavobacterium, Limnohabitans, Novosphingobrum, and Rhodobacter could then be more vulnerable, and although this question should be addressed in the future, there is evidence that the K ions in beet and beet brine de-icers can disrupt osmoregulation at least in amphipods and planktonic crustaceans, as well as accumulate in larval mussels [75,76].



Although the relatively high [K+], as well as the lower light levels and slightly acidic pH, could present challenges to some lake bacteria, the 68-fold decrease in DO at high levels of the B de-icer was the most striking change (Figure 2). Organic inputs and de-icers formulated with agricultural waste products including beet extracts are well known to result in a high biochemical-oxygen demand when metabolised by microorganisms [77]. Indeed, oxygen levels decreased from 6.8 mg/L in CT to 0.10 mg/L in the HB mesocosms, equivalent to 3.1 µmol/L and classified as suboxic conditions [78]. At such low levels of oxygen, it is not surprising that aerobes, found in CT as well as samples from mesocosms amended with lower concentrations of de-icers and present in temperate lakes, including Ca. Rhodoluna, Corynebacterium, Flavobacterium, Limnohabitans, Novosphingobrum and Rhodobacter, were almost completely displaced by anaerobic or facultative anaerobic genera including Acetobacterium, Agrobacterium, Cloacibacterium, Clostridium, Desulfovibrio, Hydrogenophaga, Paracoccus and Rhodoferax, as well as those thriving in low-oxygen environments, or the microaerophilic Xanthobacter and Sulfurospirillum, and some species of Sphingomonas and Psychrobacter. These genera have all been reported in marine or other saline environments, so they would be viable at the Cl− levels in the HB treatment groups. Some of these heterotrophs are physiologically interesting with two of the anaerobic genera, Acetobacterium and Desulfovibrio, forming a symbiotic association for the efficient reduction of sulphate, coincident with the alleviation of CO inhibition [79]. Fermentation of the organic matter in the mesocosms presumably allows Hydrogenophaga to conduct hydrogen oxidation, and denitrification in Paracoccus and C39 (Rhodocyclaceae). Electron acceptors, nitrate and sulphur compounds, for Sulfurospirillum and C39, would be present in HB mesocosms similar to other eutrophic, and urban polluted waterways [80,81,82,83]. Notably, some of the genera identified using their rRNA gene sequences are of practical interest in efforts to anaerobically convert food waste, particularly with high salt levels, into biogas [84,85].




4.3. Implications for Aquatic Food Webs, Prospects, and Practical Considerations


The rationale for formulating “eco-friendly” de-icers with brine and refined beet sugars appears reasonable since the low-molecular-weight organic molecules along with the NaCl contribute to freezing-point depression and consequently their utility in transportation routes. However, the ecological effects of this organic and ion pollution stimulated heterophilic bacterial growth and simultaneously depleted DO, directly affecting the ecosystem, as well as attenuating light levels that in turn possibly impacted phytoplankton, which again could result in an effect on the food web. Although the alternative inorganic de-icer, M, appeared to be less toxic than B, at high levels it still disrupted the bacterial community, possibly due to other cations. In the companion study, both of these newer de-icers were toxic to zooplankton and decreased total abundance [25]. Grazing cladocerans as a group were sensitive to the salinity of S, M, and B de-icers but were most susceptible to the B treatment, whereas the omnivorous cyclopoid copepods, some of which can tolerate low DO [86,87], did relatively better in the B-amended mesocosms, presumably due to the increased nutrients supporting higher trophic levels. Rotifer populations were relatively unimpacted by the de-icer amendments.



It is generally assumed that although the addition of organic by-products such as beet or corn extracts to de-icers can decrease DO and lead to ecosystem disruption, it is temporary until heterophilic bacteria ferment the product, e.g., [26]. This could be true for lower concentrations of organic materials since the DO in the mesocosms making up the LB samples recovered three weeks after the start of the experiments, and after 6 weeks DO increases moved towards control levels in the mesocosms contributing to the MB samples (Figure 3). These model ecosystems with lower Cl− levels, therefore, appeared to be resistant to permanent change; given sufficient time, recovery with a return to the CT bacterial community might be expected. However, there was no indication of any DO increase in the mesocosms contributing to the HB samples over the 6-week monitoring period. Worryingly, mesocosms amended with lower B concentrations, at levels significantly less than government-set acute toxicity thresholds [8,9], also did not recover with respect to DO over the course of the experiment. We thus posit that at high concentrations of this de-icer, the ecosystem shifted across a threshold to a new stable state and bacterial-community diversity decreased to the point where recovery of the HB mesocosms may be unlikely without intervention. Although some examples of environmental changes that orchestrate a dramatic shift to a new state, reinforced by positive feedback mechanisms, do not satisfy rigorous criteria, freshwater lake monitoring and experimental laboratory treatments are compelling [88,89,90,91]. Here, the identification of DO-compatible taxa including mutualistic relationships in the HB samples suggests a new ecological paradigm. Although legacy sediments and continuous input in shallow freshwater lakes could presumably buffer such impact, a cautious recommendation to avoid ecosystem disruption would be to monitor lakes heavily impacted by anthropogenic amendments for Cl− and DO to ensure that the tipping point is not reached. Monitoring change with zooplankton is intensive, but depending on the group may not be sufficiently sensitive, and assessments of bacterial structures are important but may not provide sufficient warning of impending turnover.



Despite the overall warming of our planet, climate change is associated with increasingly frequent freeze–thaw cycles, and this, along with urbanisation, will inevitably result in a need for more de-icer applications along transportation routes, resulting in predictably greater run-off. Although we applaud the sentiment behind the replacement of traditional road salt with less-environmentally-damaging or “eco-friendly” de-icers, it is important to sound the alarm that the alternative de-icers used here, and particularly the organic beet brine de-icer, appears to have more negative impacts than the traditional road salts that they were intended to replace. Even road salt is not the answer with freshwater-salinity syndrome being of increasing concern [16,17]. Ultimately, it is unfortunate that the skirmishes and anguish over salt that have occurred for over 450 years are not over yet.
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Figure 1. A gradient design was selected to establish 20 mesocosms with an increasing experimentally determined chloride concentration, ranging from 6 mg Cl−/L (lake water controls) to a nominal 1453 mg Cl−/L for each of three de-icers. The chloride concentration, pH, temperature and dissolved oxygen were monitored weekly, and nutrients were maintained at levels just below those reported for regional lakes. To establish triplicate samples for DNA analyses, aliquots (indicated by the blue circles) were taken three times from each of three mesocosms amended with low concentrations of each de-icer for a nominal mean of 43.6 Cl−/mg/mL (experimental mean of 30 mg Cl−/L for the road salt de-icer, 30 mg Cl−/L for the mixed-salt de-icer and 39 mg Cl−/L for the beet brine de-icer), medium concentrations for a nominal mean of 186 mg Cl−/L (experimental mean of 161 mg Cl−/L for the road salt de-icer, 179 mg Cl−/L for the mixed-salt de-icer and 165 mg Cl−/L for the beet brine de-icer) and high concentrations for a nominal mean of 1199 mg Cl−/L (experimental mean of 1059 mg Cl−/L for the road salt de-icer, 1245 mg Cl−/L for the mixed-salt de-icer and 1005 mg Cl−/L for the beet brine de-icer). Three mesocosms (6 mg Cl−/L) that did not contain de-icers served as controls for a total of 30 samples used for DNA purification. Physical properties and zooplankton assessments were completed for all 60 individual mesocosms. 
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Figure 5. Stacked bar graph showing the mean relative abundance of reads (≥1%) observed for different genera associated with lake water sampled from mesocosms after 6 weeks of amendment with low (L), medium (M), and high (H) concentrations of three different de-icers, including road salt (S), a mixed-salt inorganic treatment (M), a beet organic treatment (B), and no treatment (control; CT). The upper beige portions of the bars includes all genera that made up less than 1% of the total data set. 
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Figure 6. Bubble plots showing the mean relative abundance of reads (≥ 3%) observed for different genera and their phylum associations found in lake water sampled from mesocosms after 6 weeks of amendment with three different de-icers, including road salt (S, blue bubbles), mixed-salt treatment (M, orange), beet organic treatment (M, red), and no treatment controls (CT, dark grey bubbles) with each de-icer at low (L), medium (M), and high (H) concentrations, indicated by an increasing colour intensity, respectively. Phyla associations are shown as different colours along the Y-axis with Actinobacteria in blue, Bacillota in green, Bacteroidota in cyan, Firmicutes in gold, Proteobacteria in pink, and Pseudomonadota in purple. Genera corresponding to <3% average relative abundance are not shown. 
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Figure 7. Alpha diversity metrics of Shannon diversity (left panel) and Chao1 assessment of community evenness and richness (right panel), respectively. Black boxes and associated whiskers represent controls (CT), blue represents the road salt de-icer treatments (S), orange represents the mixed-salt inorganic treatments (M), and red represents the beet organic treatments (B), at low (L), medium (M), and high (H) concentrations of each de-icer. Small letters above the box whiskers display significance groupings for p < 0.01 and p < 0.05 for Shannon diversity and Chao1, respectively, as determined with one-way ANOVA and post hoc Tukey’s HSD tests. 
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Figure 8. PCoA biplot based on Shannon diversity of ASVs ≥ 0.1% relative abundance, showing the impact of road salt in triplicate samples representing mesocosms amended at three different concentrations of three different de-icers. Samples included low (L), medium (M), and high (H) concentrations of road salt (S; left panel blue ellipses, with open circles for L, open triangles for M and x symbols for H), mixed inorganic salts (M; middle panel orange ellipses, with open triangles for L, filled boxes for M and filled circles for H), as well as organic beet samples (B; right panel red ellipses, with filled triangles for L, filled diamonds for M and the nabla for H). Controls (CT) containing no added de-icers are represented by grey ellipses with open grey box symbols in each panel. These sub-plots are derived from a single biplot shown in Figure S4 but separated here to facilitate comparisons with the different de-icers. 
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