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Abstract

:

The benefits and risks of irrigation with treated municipal wastewater (TMW) on soil quality and crop production have been largely investigated. However, there is a lack of knowledge on the effect of plant species on the interaction between soil quality and TMW. We leveraged a natural experiment investigating the effect of 30 years of TMW irrigation at a rate of 4 m y−1 (eq. 1860 kg N ha−1 y−1, and 264 kg P ha−1 y−1) on a sandy soil under pine plantation and pasture, compared with soil under New Zealand native Kunzea robusta. There was a consistent increase in soil P with irrigation under both pasture (Olsen P in topsoil 40 mg kg−1 vs. 74 mg kg−1) and pine (18 mg kg−1 vs. 87 mg kg−1), which was significant down to 2 m deep. The pH, electrical conductivity, total organic C and N, inorganic N and Na were affected by both irrigation and vegetation type. Beyond P soil accumulation, there was no evidence of soil degradation by Na or trace element accumulation. Estimations of nutrient mass balance indicated that 80% and 60% of the total applied P was lost under pine and pasture, respectively. This percentage increased to 96% and 83% for N, respectively. Although plant species had a significant effect on soil quality and N and P losses from TMW-irrigated areas, adjusting irrigation rates to levels that can be managed by plants is the only way to design sustainable TMW irrigation schemes.
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1. Introduction


Three-quarters of the wastewater produced in developed countries is treated before it is discharged into the environment [1]. Depending on the treatment process, treated municipal wastewater (TMW) contains elevated concentrations of organic matter, macro- and micronutrients, and contaminants, which can cause water pollution and eutrophication in receiving environments [2,3,4]. Applying TMW to land can provide an extra level of protection to ground and surface waters because the plants and other organisms in terrestrial ecosystems can metabolise some of the macro- and micronutrients added to the TMW [5]. They can also degrade or attenuate, to a certain extent, some other contaminants [6,7].



In countries with a water deficit, TMW is an important alternative water source that can alleviate or substitute the extraction of freshwater resources [6]. Research worldwide has demonstrated the benefits of TMW irrigation as an alternative water source, with the extra opportunity to recover plant nutrients to grow a wide range of plants, such as crops, fruit trees, timber trees, or recreational areas such as golf courses or urban parks [5,8,9,10,11,12,13,14,15,16]. No differences in plant health and growth [5,15,16] or increased crop yield with TMW irrigation compared with freshwater irrigation or no irrigation were found [5,10,11,13,16]. Although there are no records of the deleterious effect of TMW irrigation on plant growth, there are risks associated with the reuse of TMW. Pedrero and colleagues [5] demonstrated the potential for the plant uptake of trace elements after TMW irrigation; however, the concentrations were not considered to be concerning for human health. Asgari and Cornelis [17] found no significant accumulation of trace elements in soil irrigated with TMW compared with freshwater irrigation; however, Cd, Cr, and Ni were taken up by crops at concentrations that exceeded guideline values.



Changes in soil quality due to repeated TMW irrigation may be more detrimental than the impacts of TMW on plant health due to the long-term consequences of soil degradation. Results have consistently shown a general increase in P, Na, electrical conductivity (EC), and trace elements after long-term TMW irrigation compared with soils that received freshwater irrigation [14,18,19,20,21]. An increase in salinity (EC) and sodicity (Na, SAR—sodium adsorption ratio, and ESP—exchangeable sodium percentage) of TMW-irrigated soils can reduce soil fertility and soil permeability through Na-induced clay dispersion [19,22]. The results of other soil parameters, such as pH, texture, total N (TN), or total organic C (TOC), are less consistent between experiments. Angin and colleagues [18], for example, demonstrated a significant decrease in soil pH after 30 years of TMW irrigation of sandy alluvial soils, while Bedbabis and co-authors [10] reported an increase in soil pH of a sandy-silt soil irrigated for 10 years. Qian and Mecham [14] reported no differences in soil organic carbon (SOC) in five golf courses irrigated with TMW for 5–30 years compared with the other five that were irrigated just with freshwater. However, Khajanchi-Lal and colleagues [21] demonstrated an increase in TOC in different crop soils irrigated with TMW compared with groundwater. The differences in the time periods of irrigation, soil types, and vegetation make it difficult to draw conclusions.



Beyond TMW, the type of vegetation irrigated can also significantly change the effects that TMW has on the soil. Plants can affect nutrient cycling in the soil in different ways, for example, through biological nitrification inhibition [23,24]. In an experiment where TMW was applied to different plant species, Meister and co-authors [25] demonstrated that some soil chemical properties (SOC, TN, Mg, and Na) were as affected by four-year TMW irrigation as they were by the type of vegetation. They also demonstrated that the effect of irrigation on some soil parameters (such as NH4+, Na, Cr, and Li) was different depending on the type of vegetation present.



Understanding the relationships between soil, vegetation, and TMW is important for well-designed TMW irrigation systems that are sustainable in the long term, rather than the normal irrigation design based solely on TMW quality and soil properties. This work presents soil chemistry results of a natural experiment [26] of a TMW irrigation site planted with Pinus radiata and pasture irrigated for 30 years, with some areas that did not receive any irrigation during that period but were managed similarly. We aimed to quantify the changes in soil properties in a soil profile after a long-term TMW irrigation and determine how vegetation types can modify those changes, including a soil under native vegetation that did not receive irrigation for comparison. Further, we sought to estimate a mass balance of nutrients in the soil–plant systems.




2. Materials and Methods


2.1. Study Site and Soil Collection


Since 1987, TMW from a wastewater treatment plant that serves a population of 19,000 people in New Zealand (NZ) (40°37′07″ S, 175°15′37″ E) has been pumped 7 km to a 7 ha effluent infiltration pond (40°37′47″ S, 175°11′22″ E), with the remaining volume sprayed over 40.5 ha of Pinus radiata D. Don plantation and grazed pasture (mostly Lolium perenne L.) (Figure 1). Located 2 km from the sea, the total area of operation was 110 ha, and the underlying soil is classified as Sandy Recent [27].



The irrigation system has been applying between 75 and 100 mm of TWW once per week to the 40.5 ha area, with an approximate annual irrigation rate of 4000 mm y−1, ranging between 3700 mm y−1 and 4400 mm y−1 depending on seasons, years, and areas of the irrigated land. Since 2016, the wastewater has been regularly monitored in different irrigation pumps and in the pond for the parameters shown in Table 1. The non-irrigated area also contained sections with radiata pine and pasture, as well as remnants of indigenous vegetation, comprised mostly of kānuka (Kunzea robusta de Lange & Toelken) (Figure 1).



Ten locations were selected randomly from each plant cover type (pine, pasture, and kānuka) and irrigated and non-irrigated areas (Figure 1). In each location, the soil profile was sampled at different depths (0–7.5 cm, 7.5–15 cm, 15–30 cm, 30–45 cm, 45–60 cm, 60–80 cm) using a soil corer. At each sampling point, three to five cores in an area not bigger than 1 m2 were dug to obtain a sufficient sample for chemical analysis. An additional three soil cores per plant type and irrigation were dug with a soil auger to reach the water table, with samples collected at 100 cm, 200 cm, and/or at the water table. The 339 soil samples were transported in chilly bins to the laboratory, passed through a 4 mm stainless steel sieve, and stored at −20 °C until analysis of inorganic N. For the rest of the analyses, the soil samples were dried at room temperature for 15 days, and a subsample was dried at 104 °C for one week to calculate soil moisture.
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Figure 1. Aerial image of the area utilised for long-term TMW irrigation, indicated by a red dot in the left figure The area of operation is marked in green. Area within the white lines had been irrigated since 1987. Areas outside of the lines had not been irrigated in that period. Markers represent approximate areas around which samples were collected: A: non-irrigated pine, B: non-irrigated pasture, C: non-irrigated kānuka, D: irrigated pine and pasture. 
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2.2. Chemical Analysis


All samples collected were analysed for inorganic N, pH, and EC. NO3−-N and NH4+-N were determined in 2 M KCl soil extracts [28] using an FIA—Flow Injection Analyser (QuikChem 8500, Lachat Instruments, Milwaukee, WI, USA). The pH and electrical conductivity (EC) were analysed in a 1:5 soil/water extraction with a pH and conductivity meter, respectively (Con700 and pH700, respectively, Eutech Instruments, Singapore). The following analyses were performed in 5–10 replicates per selected area and at every second soil depth (see Supplementary Material). Total N (TN) and total organic C (TOC) were determined using an Vario-Max CN Elementar Analyser (Elementar®, Langenselbold, Germany). The Olsen-extractable P was extracted with 0.5 M NaHCO3 [28], and the extracts were analysed with a SmartChem 200 Discrete Analyzer (AMS/Alliance Instruments, Frépillon, France). Total P (TP) was extracted by the Ignite P method described in [28] and analysed with QuikChem 8500 FIA. Phosphate retention was analysed only in pasture and pine areas, irrigated and non-irrigated. This was calculated as the decrease in P in a 1000 mg L−1 P solution at pH 4.6 after shaking for 16 h [29]. After that period, the remaining P in the solution was analysed by FIA. Total elements were microwave acid extracted (MARSXpress, CEM, Matthews, NC, USA) according to the equipment specifications (0.5 g soil, 4.0 mL 69% trace element grade HNO3, and 4.0 mL 30% H2O2) and analysed using an inductively coupled plasma optical emission spectrometry (ICP-OES Varian 720ES, ICP-OES (Varian 720-ES, Varian Inc., Walnut Creek, CA, USA). The results were corrected for samples oven-dried at 104 °C for one week.




2.3. Data Analysis


Soil C, N, P, and Na stocks were calculated. Given the raw sand nature of the soil, we assumed that sample density was equivalent to soil density. We determined sample density by weighing a known volume of dry sample in 16 samples selected randomly from different locations, treatments, and soil depths from the 339 collected. Sample density was calculated for the remaining samples as a function of TOC (p < 0.0001, R2 = 0.91, see Supplementary Material). The element concentration of each sample was used to calculate the total mass of the selected element at that soil depth. For the soil depths where analyses were not performed, an average of the concentration of the samples below and above was used. Only the data of 0–80 cm of soil was used for these calculations.





 





Table 1. Chemical parameters of the treated wastewater.
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	Parameter 1
	# Analysis

(N =)
	Mean ± SE 2
	Median
	Range
	DW 3 Standards
	WW 4 Standards
	Application 5

kg ha−1 y−1





	TSS
	2
	3.3, 3.8
	
	
	
	10–150
	



	EC (mS m−1)
	121
	68 ± 1.9
	66
	(29–167)
	
	100–700
	



	TN
	2
	46, 47
	
	
	
	15–70
	1860



	NO3−-N
	123
	12 ± 1.2
	3.9
	(<0.005–61.8)
	11.3
	10–50
	480



	NH4+-N
	123
	6.2 ± 0.99
	0.32
	(<0.005–37)
	
	
	248



	Inorganic N
	125
	18 ± 1.2
	20
	(<0.005–73)
	
	
	720



	TP
	2
	6.1, 7.1
	
	
	
	
	264



	DR-P 6
	123
	1.3 ± 0.2
	0.1
	(<0.005–10)
	
	2–30
	52



	Ca
	2
	11, 12
	
	
	
	
	460



	Mg
	2
	3.1, 3.3
	
	
	
	
	128



	K
	2
	23, 24
	
	
	
	
	940



	Na
	2
	63, 65
	
	
	
	
	2560



	Zn (μg L−1)
	45
	5.8 ± 1.8
	1.0
	(1–54)
	
	
	231



	Cu (μg L−1)
	45
	6.0 ± 1.8
	2.0
	(<1–59)
	2000
	
	0.23



	As (μg L−1)
	45
	1.4 ± 0.3
	<1
	(<1–10)
	10
	
	0.06



	B (μg L−1)
	43
	163 ± 12
	160
	(<5–614)
	2400
	
	6.5



	Cd (μg L−1)
	45
	0.1 ± 0
	<0.06
	(<0.06–2)
	4
	
	4 (g ha−1 y−1)



	Cr (μg L−1)
	45
	1.4 ± 0.3
	0.9
	(<0.15–12)
	50
	
	0.06



	Hg (μg L−1)
	45
	<0.5
	<0.5
	<0.5
	7
	
	<20 (g ha−1 y−1)



	Ni (μg L−1)
	45
	<8
	<8
	<8
	80
	
	<0.32



	Pb (μg L−1)
	125
	1
	<1
	(<1–2)
	10
	
	0.04



	SAR 7
	1
	4.4
	
	
	
	8–10
	







1 Units are mg L−1, unless otherwise specified. 2 Mean ± SE: mean and standard error for parameters where N > 3; otherwise, the values are indicated. 3 DW standards: drinking water standards for NZ [30]. 4 WW standards: range from review of different countries [6]. 5 Application rate calculated for the average annual irrigation of 4000 mm y−1 and the average concentration value in the TMW. 6 DR-P: dissolved reactive phosphorus. 7 SAR: sodium adsorption ratio calculated based on Ayers and Westcot [31], using total concentration of Na, Ca, and Mg in the TMW in meq L−1. # number of samples analysed.











An analysis of variance (three-way ANOVA) was calculated to assess significant differences in soil chemical parameters depending on irrigation, plant, depth, and their interactions (Table 2). Further, a one-way ANOVA was calculated to assess differences between treatments at each depth (Supplementary Material). The model assumptions of normality and homoscedasticity were assessed by plotting the residuals in Q-Q plots and Residuals vs. Fitted plots. If the assumptions were not fulfilled, the data were Log-transformed. A Tukey’s Honestly Significant Difference test was performed to determine significant differences between groups. When assumptions were not fulfilled even after data transformations, a non-parametric Kruskall–Wallis test was used instead. The soil stocks of C, N, P, and Na were compared between treatments with a one-way ANOVA, and differences between groups were assessed with Tukey’s test. A principal component analysis (PCA) of the standardized results of the topsoil was performed, and results were plotted and grouped by treatments. These calculations were completed with RStudio version 4.2.2 (R Core Team, 2021) and the packages stats [32] and agricolae [33]. The graphs were created with the packages ggplot2 [34] and esquisse [35]. Graphs created with the colour-blind friendly palettes from viridis [36] are shown in Supplementary Material.





3. Results


3.1. Changes in Soil Chemical Properties


The concentrations of total P and Olsen extractable P were consistently higher in soils under long-term irrigation in both types of vegetation, and this trend continued down the soil profile (Figure 2 and Table 2). In the topsoil (0–7.5 cm), long-term irrigation increased total soil P by 24% under pasture and 77% under pine, although this difference was only significant under pine according to ANOVA (Supplementary Material). The Olsen P increase due to irrigation was more pronounced, with an 85% increase under pasture and a 380% increase under pine; however, the difference was only significant under pine (Supplementary Material). A higher Olsen P concentration in irrigated areas was consistently observed in the soil profile down to the water table. Soil P was also significantly affected by vegetation type, being consistently higher under pasture than under pine. Soil P under native vegetation (kānuka) was high in the topsoil. TP of 550 mg kg−1 was similar in irrigated pine and non-irrigated pasture, and Olsen P of 75 mg kg−1 was similar in both irrigated vegetation types. The soil P under kānuka significantly decreased in the deeper horizons of the soil profiles, and from 60 cm deep, it was comparable to non-irrigated areas.



Long-term irrigation also significantly affected pH, inorganic N, and Na (Figure 2, Table 2, Supplementary Material), but the differences depended on the type of vegetation (vegetation–irrigation interaction, Table 2). Inorganic N was mostly present as NO3− in soil samples from irrigated areas and from non-irrigated areas under kānuka. NH4+ was the predominant form of inorganic N in non-irrigated areas under pasture and pine. NO3− was higher in irrigated pine and pasture (5 mg kg−1 and 39 mg kg−1, respectively, in the topsoil) compared with the respective non-irrigated areas (<1 mg kg−1 in the topsoil) in all soil depths to the water table. Interestingly, soil NO3− was significantly higher in the whole soil profile under kānuka than the rest of the treatments. NH4+ was less affected by irrigation than NO3− (Table 2), and it was only higher in the topsoil under irrigated pine compared to non-irrigated pine (Supplementary Material). NH4+ was mostly affected by vegetation type, being consistently higher under pasture and kānuka than under pine. Most of the soil N was in the form of organic N, so the results of TN were highly correlated with TOC (Figure 2 and Figure 3, Table 2 and Supplementary Material). TN and TOC were not significantly affected by irrigation, except as an interaction with vegetation type (Table 2). TN and TOC were higher in the topsoil under irrigated areas than under non-irrigated areas of same vegetation type (Figure 2, Supplementary Material). However, from 30 cm, this trend changes depending on the vegetation type, with generally (although not consistently significant) higher TN and TOC under non-irrigated pasture (TOC 1.3% vs. 0.3% at 30 cm) and higher TN and TOC under irrigated pine (TOC 0.32% vs. 0.16% at 60 cm). Although TN under kānuka was not different from other treatments, TOC was generally higher under kānuka than under either pine treatments and irrigated pasture below the topsoil (Figure 2 and Supplementary Material).



Soil pH was significantly affected by irrigation, vegetation, and the interaction of both (Table 2). Irrigation significantly decreased soil pH under both plant types (pine and pasture) in the topsoil and occasionally at deeper soil horizons (Supplementary Material). Soil under kānuka had a significantly lower pH than any other treatment, although this difference was less evident at deeper soil depths (Figure 2 and Supplementary Material). Soil Na was significantly higher under irrigated than non-irrigated pasture, but only at the 0–60 cm soil depths. These results were contrary for pine, where Na was significantly lower under irrigated than non-irrigated. The soil under kānuka had a lower Na concentration in the topsoil horizons than the rest of the treatments, but Na increased with depth (Figure 2). Irrigation did not affect EC and P retention results, except as an interaction with vegetation (Table 2). EC was generally higher under kānuka in the whole soil profile, similar to NO3− results. P retention was only different between treatments in the topsoil, where irrigated pine presented a significantly higher P retention than the rest of the treatments.



The rest of the parameters analysed, i.e., Mg, K, Ca, Mn, and Cu, were not strongly affected by irrigation or the interaction with vegetation (Table 2). K and Ca were significantly lower in irrigated than in non-irrigated soil. However, this difference was minimal (Ca: 0.74% vs. 0.76%, K: 0.12% vs. 0.14%) and non-significant in the ANOVA (Supplementary Material). Mn was significantly lower in irrigated soil than in non-irrigated soil (203 mg kg−1 vs. 217 mg kg−1). Although the ANOVA test identified a significant effect of irrigation on soil Mg and Cu, Tukey’s test did not significantly differentiate the irrigated vs. non-irrigated. Zn was not significantly affected by irrigation. The rest of the analysed trace elements (Cd, Pb, Cr, Ni, As, Hg) were below the detection limit in the soil or did not present significant differences between irrigation vs. non-irrigation or between plant species.



A PCA demonstrated that the chemical parameters in the topsoil (where the biggest differences were identified) were generally different between vegetation type and irrigation (Figure 3). The two first components of the PCA (Figure 3) explained 59.3% of the variance in the topsoil. The grouping of the soil results (Figure 3B) clearly differentiated between vegetation type and irrigation, indicating that soil chemical parameters depended on both irrigation and vegetation type. The variability of results was greater in soil under kānuka compared with the other treatments.
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Figure 3. Principal component analysis of the chemical results in the topsoil (0–7.5 cm). (A) Biplot with the variable weighting and the scatterplot. (B) Scatterplot with groups based on plant and irrigation. Ellipse shows confidence regions. 
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3.2. Changes in Soil Stocks


The soil stocks of C, N, P, and Na in the 0–80 cm of soil under each vegetation type and irrigation and non-irrigation are shown in Figure 4. Irrigation with TMW did not result in significant differences in C stocks, and the differences depended on vegetation type. Soil carbon stocks were most variable under kānuka, varying from 50 t ha−1 to >300 t ha−1. Soil C stock under kānuka (~130 t ha−1) was significantly higher than in soil under irrigated pasture and non-irrigated pine (<50 t ha−1). C stocks in soil under non-irrigated pasture (~100 t ha−1) were significantly higher than under non-irrigated pine. Similarly to C, soil N stocks did not differ between irrigated and non-irrigated areas, and the biggest difference was found between kānuka and pasture (~7–10 t N ha−1) with significantly higher N stock than pine (<5 t N ha−1).



Irrigation had the largest effect on soil stocks of P and Na. Soil P stocks under kānuka were similar to unirrigated pasture and pine, although there was a significant difference between the last two (3.7 t ha−1 under pasture compared with 2.6 t ha−1 under pine). Long-term irrigation significantly increased the soil P stocks in both irrigated vegetation types, up to 6 t ha−1 under pasture and nearly 4 t ha−1 under pine. Na stocks were significantly higher under non-irrigated pine (6.5 t ha−1) than irrigated pine (4.7 t ha−1).





4. Discussion


4.1. Changes in Soil Chemical Properties


The accumulation of P in the soil profile due to TMW irrigation was consistent across vegetation types (Figure 2, Table 2), which is consistent with the general literature showing an increase in total and available P down the soil profile after long-term (>10 years) wastewater irrigation [13,14,18,20,37]. This is not surprising as P was applied at a high rate with TMW irrigation (Table 1). The average Olsen P concentration in the irrigated topsoil of 87 mg kg−1 under pine was within the adequate range of Olsen P required for pine forestry (50–100 mg kg−1, according to NZ soil quality indicators [38]). However, Olsen P of 74 mg kg−1 under pasture was higher than the adequate range for this type of vegetation (20–50 mg kg−1, [38]). This indicates that the accumulation of P in the soil can limit the future use of the area for P-susceptible plant species. Some authors [39,40] considered that the build-up of P in the soil is a factor affecting the lifespan of TMW irrigation areas and their future use.



The effect of irrigation on soil N was less consistent than for P and depended on the type of vegetation, as also demonstrated previously [25]. TN and TOC results were similar, mostly due to N being predominantly present in organic form. The fact that, in some instances, NO3− and TN (and TOC) concentrations in soil are higher under irrigated areas is consistent with some of the literature showing similar trends [10,13,41,42,43,44,45]. However, these results were not consistent for both plant species at all soil depths and all forms of N (TN, NO3− and NH4+), highlighting the complex N cycling processes in the soil with a myriad of compounding factors [25,46]. This may also explain the range of responses in soil N after long-term TMW irrigation, which includes an increase in TN and/or inorganic N with irrigation [10,13,41,42,43] or no differences [8,43,47]. Interestingly, the soil under kānuka had a consistently higher concentration of NO3− down the soil profile than under any other treatment, including irrigated or non-irrigated vegetation, even when TN in the soil was not significantly higher (Figure 2 and Supplementary Material). This suggests that kānuka, or its associated microorganisms [48], are more efficient at mineralising N from soil organic matter than pine and pasture. This contrasts with previous research indicating a potential nitrification inhibition by kānuka and other Myrtaceae NZ native plants [23,24].



Contrary to general findings of Na soil accumulation after long-term TMW irrigation [10,14,20], this research did not show a consistently higher Na soil concentration in irrigated areas compared with non-irrigated areas, nor an increase in EC with irrigation (Figure 2, Figure 4, and Supplementary Material). Furthermore, under pine plantation, Na was higher at all soil depths in the non-irrigated areas compared to irrigated areas, and EC was higher at some soil depths (Figure 2 and Figure 4, Supplementary Material). Although Na concentration in TMW (=2.78 meq L−1, Table 1) was within the recommended concentration for irrigation water (<3 meq L−1, [31]), its relation to other cations, as indicated by a SAR of 4.4, together with a moderate EC (68 mS m−1), indicates that this TMW should have a moderate restriction on use [31]. Irrigation with saline TMW over long periods of time can affect soil structure by clay dispersion [22] and has been shown to decrease infiltration rates over time [19,20]. Although the infiltration rate was not analysed in our study, the lack of evidence of Na accumulation, and the fact that the area is still used for TMW irrigation without any infiltration issues, indicate that soil salinity and sodicity are not problems in this region. This is likely due to the sandy texture of the soil, which is Sandy Recent soil formed over old dunes [49] with likely low CEC and, thus, low Na accumulation potential. Furthermore, the high irrigation rate (~4 m y−1) together with high annual rainfall (1000–1100 mm y−1) evenly distributed over the year, with mild summer temperatures rarely exceeding 25 °C and an average annual evapotranspiration of 900 mm (and so without a period of significant water deficit) [50], likely resulted in the leaching of excess salts out of the soil. The higher concentration of Na in soil under non-irrigated pine, although surprising, could potentially be explained by microclimate conditions in the area, with a higher salt spray from the nearby ocean in the sampling area of unirrigated pine compared with other areas, as seen in Figure 1. Another explanation could be the different soil moisture and soil hydrology under pine plantations resulting from decreased rainfall infiltration due to canopy interception. In a review study, Rowe and colleagues [51] calculated that the range of throughfall rain in pine canopy was between 50 to 80% of the annual rainfall. In a recent study under Leptospermum scoparium (Myrtaceae) canopy, [52] it was demonstrated that throughfall rain was ~60% less than total rainfall, and it was suggested this was the main reason for the measured lower soil moisture and higher Na soil concentration under mānuka canopy than pasture. Given the proximity of unirrigated pine sampling areas to the irrigated pine and pasture, rain interception is likely to partially explain the increase in Na in the soil. Given that the area under kānuka is further from the sea and separated from the other sampled areas by a range of dunes, it is likely that the different microclimate and the salt-spray effect explain the difference in this vegetation type.




4.2. Exports of Contaminants and Soil Nutrient Stocks


The significant P accumulation found in the TMW-irrigated soil poses a risk to nearby waterbodies, where an excessive concentration of this nutrient can exacerbate eutrophication. Although most of the exports of soil P to waterbodies are attributed to run-off [53], there is evidence that P from wastewater-irrigated areas can also leach in large quantities to groundwater [37,54]. In accordance with [20,37,54], the fact that we found significantly higher concentrations of P through the soil profile and down to the water table level under irrigated areas compared with non-irrigated areas demonstrated the movement of P down the soil profile.



The fact that the significant increase in soil P stocks (Figure 4) in the irrigated areas cannot account for the total P application of ~7.9 t ha−1 over 30 years indicates the likelihood of P leaching to groundwater. Under pasture, the total accumulation of P in the soil under irrigated areas was, on average, 2 t ha−1 higher than under non-irrigated areas. Under pine, this increase was 1.3 t ha−1. In a mass balance estimation, the total P inputs by TMW irrigation (Table 1) must have been either accumulated into the soil (Figure 4), either taken up by vegetation, or lost to groundwater. That indicates that ~6 t ha−1 and ~6.6 t ha−1 of P have been lost under pasture and pine, respectively, over the course of 30 years of TMW application. The P uptake by the pine plantation could be estimated by the following: (a) using the NZ Ministry of Primary Industries C sequestration estimates for a 30-year-old radiata pine plantation (~900 t CO2 eq. ha−1 [55]) and (b) transforming this estimate into C and into P by using C:P stoichiometry of a range of wood trees [56] or coniferous trees [57]. With this estimation, the P uptake by pine trees was ~50–300 kg P ha−1 over 30 years. Will [58] calculated that fertilised pine plantations can uptake an extra ~30 kg P ha−1 over 8 years compared with unfertilised. This means that under pine plantation, the area has lost an estimated average of 215 kg P ha−1 y−1 or 80% of the total P applied. In the case of pasture, and supposing a best-case scenario of a cut-and-carry system with highly productive pasture [39] with an annual P removal with vegetation of 45 kg P ha−1, the estimated losses of P are 155 kg P ha−1 y−1 or 60% of applied P.



Contrary to P, there was no evidence of N accumulation in the soil due to long-term TMW irrigation (Figure 4). Using similar mass balance calculations and the same sources [55,56,57], the estimated N uptake over 30 years is 1–3 t N ha−1 by pine plantation and 9.4 t N ha−1 by pasture. This indicates a loss of N of >1700 kg N ha−1 y−1 (~96% of the applied N) under pine plantation and >1500 kg N ha−1 y−1 (~83% of the applied N) under pasture. Nitrogen may have been lost to groundwater via leaching or to the atmosphere via denitrification. In a meta-analysis of >200 studies [59], the average N loss from soil through denitrification was calculated to be 4.8% of the applied N as fertiliser or manure, 33% of which was as N2O. In very wet areas—as could be the case in our research due to high irrigation with 4 m y−1— the increased denitrification rate due to applied N could be up to 27%, as was the case in paddy fields reviewed by [59]. A global mass balance of N in terrestrial ecosystems [60] calculated that N2O is ~12% of the denitrification emissions. This indicates that it is likely that most of the losses of N are via leaching to groundwater (eq. ~1600 kg N ha−1 y−1 under pine and ~1400 kg N ha−1 y−1 under pasture, or ~1000–1300 kg N ha−1 y−1 in a situation similar to paddy fields due to high irrigation). Assuming N2O ratios as an average of the global average values calculated by [59,60], potentially, N2O emissions from this area would be 28 kg N2O ha−1 y−1 under pine and 25 kg N2O ha−1 y−1 under pasture, which equates to 8.5 t CO2 eq. ha−1 y−1 and 7.4 t CO2 eq. ha−1 y−1. This represents about one-quarter of the potential carbon sequestration by pine [55] plantations over 30 years.



Soil C concentrations were higher in the topsoil of irrigated areas (Figure 2, Supplementary Material), which agrees with the general literature [45,61]. Despite that, the C stocks were not influenced by irrigation (Figure 4), mostly due to the strong decrease in bulk density, which is an exponential function of soil C concentration (Supplementary Material). It is challenging to compare our results with the other literature since most reports claiming changes in soil C pools or stocks base their assumptions on soil C concentrations [44,45,61] and use a generic and constant soil density for transforming C concentration to Mg ha−1. As we have demonstrated in this work, that approach can significantly overestimate the real soil C pools and drive erroneous conclusions about the effects of different practices on soil carbon sequestration. Nevertheless, the results reported by Sánchez–González and colleagues [61] indicated that, despite an increase in soil C after untreated wastewater irrigation, soil C concentrations were lower than in the natural forest. This agrees with our results showing generally higher C stock in soil under kānuka than in any other sampled area. Authors attributed these differences to losses of C during the conversion of forest land to crops due to the degradation of soil structure and higher mineralisation of organic matter. Our results show that soil C stocks are more related to the type of vegetation growing in the soil than to irrigation (Figure 4). The fact that C stocks were higher under pasture than pine agrees with the previous literature [62]. However, the difference was more pronounced in our study, with C stocks under unirrigated pine 50% lower than under unirrigated pasture, while the difference in the mentioned study [62] was only 11–33%.





5. Conclusions


The type of vegetation established in areas irrigated with treated municipal wastewater can have as much effect on the resulting soil quality as the irrigation itself. This was demonstrated for pH, EC, N, C, and Na. In contrast, P was consistently higher in irrigated areas of both pasture and pine and down the soil profile until the water table. Soil P accumulation, which could potentially cause toxicity in less tolerant plants, is the only evidence of soil degradation since there was no significant accumulation of Na or trace elements in the soil. Excess losses of nutrients to groundwater and/or the atmosphere were identified as the biggest negative environmental impacts of this irrigation scheme. A mass balance estimated that the loss of P to groundwater was approximately 215 kg P ha−1 y−1 under pine and 155 kg P ha−1 y−1 under pasture. The loss of N to groundwater was estimated at 1300–1600 kg N ha−1 y−1 under pine and 1000–1400 kg N ha−1 y−1 under pasture. Emissions of N2O were estimated to be up to 28 kg N2O ha−1 y−1. Designing systems that take into consideration the specific remediation potential of the vegetation to be irrigated is fundamental to protecting the soil, the water, and the atmosphere. Despite that, irrigation rates must not exceed the capacity of plants to uptake nutrients or contaminants if irrigation systems are to be sustainable in the long term.
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Figure 2. Average and standard error of the soil parameters at the different treatments (irrigated vs. non-irrigated, pine vs. pasture vs. kānuka) and at increasing soil depths. 300 cm indicate either 300 cm, or less than that if the water table was found before 300 cm and lower than 200 cm. 
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Figure 4. Boxplots of the element stocks in the soil (0–80 cm) calculated per hectare. Different letters in each graph indicate significant differences between groups (Tukey’s test, p < 0.05). 
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Table 2. Results of the three-way ANOVA of all chemical parameters analysed.
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	Parameter and Transformations
	Veg.
	Irrig.
	Depth
	Veg × Irrig
	Veg × Depth
	Irrig × Depth
	V × I × D





	TP
	***
	***
	***
	
	
	*
	°



	Log10(OlsenP + 1)
	***
	***
	***
	°
	**
	
	



	Log10(P_ret)
	
	
	***
	***
	
	
	



	pH
	***
	***
	***
	***
	
	
	



	Log10(NO3 + 1)
	***
	***
	***
	***
	°
	*
	



	Log10(Na)
	**
	***
	***
	***
	*
	
	**



	Log10(EC)
	***
	
	***
	***
	
	
	**



	Log10(TOC)
	***
	
	***
	***
	
	
	



	Log10(TN)
	***
	
	***
	***
	
	
	



	NH4-
	***
	*
	***
	
	
	°
	



	Mg
	***
	
	**
	**
	°
	*
	



	Ca
	
	°
	***
	*
	
	*
	



	K
	
	*
	***
	
	
	
	



	Log10(Cu)
	***
	*
	
	
	*
	°
	



	Mn
	***
	*
	***
	
	
	°
	



	Log10(Zn)
	***
	
	***
	
	**
	
	







Veg.: vegetation type, Irrig.: irrigation or non-irrigation. Depth: soil depth. P_ret: P retention. Level of significance: *** p < 0.001, ** p < 0.01, * p < 0.05, ° p < 0.1.
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