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Abstract


This work investigates the effect of plant species (Eucalyptus camaldulensis vs. Arundo donax) on carbon (C) turnover during wastewater application to the land. The study was carried out in 40-liter pots under field conditions and plant species were treated either with pre-treated municipal wastewater or freshwater. Plant species had a strong effect on soil organic matter with pots planted with E. camaldulensis showing greater values than pots planted with A. donax. In accordance, greater respiration rates were measured in E. camaldulensis pots compared to those planted with A. donax. The respiration rate followed a decreasing trend with the progress of the season for both species. These findings suggest differences in soil microbial community composition and/or activity in the rhizosphere of plant species. Minor effects of plant species or effluent were observed in dissolved organic carbon, protein, and hexoses content. In conclusion, the results of the present study reveal an important role of plant species on C cycling in terrestrial environments with potential implications on the sequestration of C and release of nutrients and pollutants.
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1. Introduction


Effluent application to the land constitutes a widespread practice and it contributes to the further treatment of effluents and the beneficial recycling of water and nutrients [1]. Depending on the pre-treatment level and composition, effluent application onto land may result in relatively high amounts of carbon (C). Previous studies have revealed the great potential of soil for C assimilation provided through effluent [2], but contrasting effects have been reported in the literature with the regard to its effect on soil organic matter (SOM) [2,3,4]. These findings indicate that environmental factors and management practices affect the turnover of the organic-C applied to the soil through effluent. Given the interest on the factors regulating C sequestration in soils and the release of nutrients, especially nitrogen (N), concern for the fate of C in land treatment systems has been renewed. Thus, a better understanding of the processes regulating C-cycling in effluent-irrigated lands is required to improve their potential for C and N assimilation and to reduce N losses to the environment.



Earlier studies dealing with effluent application showed enhancement of soil respiration rates, attributable to easily decomposable organic compounds in the effluent [5] which in turn stimulate microbial growth and activity [6,7]. However, such an influence is not always the case [8,9,10]. Many factors have been reported to affect the turnover of C in soils including the composition of organic substrate, soil properties and management, climatic conditions, and vegetation [11,12]. With regard to the effect of vegetation, its role has not been investigated in land treatment systems although indirect impacts have been proposed through its effect on effluent application rate and litter deposition [1]. Recent studies have provided evidence that plant species may affect the turnover of C in the soil through its effects on litter composition and rhizodeposition as well as microbial community composition and activity [5,13,14,15]. Given the high rates of effluent (and C) application, especially in areas with (semi)arid climates, it remains unclear whether the influence of plant species, if any, will be maintained or if it will be masked.



Up to date studies dealing with the role of vegetation in the treatment performance of land treatment systems have been mainly focused on its adaptation in salinity, biomass production, nutrient and heavy metal removal, water use, and soil (bio)chemical properties [1,2,16,17,18]. Thus, the purpose of this study is to investigate the influence of plant species (Eucalyptus camaldulensis and Arundo donax) on the turnover of C applied to the soil through effluent. To achieve this goal soil respiration rates, dissolved organic carbon (DOC) and SOM were monitored throughout the growing season.




2. Materials and Methods (or Experimental)


2.1. Site Description and Experimental Set Up


The study was carried out in an experimental station close to Iraklion city (35°16′51′′ Ν–25°10′53′′ Ε). The climate is semi-arid with relatively humid winters and dry and warm summers. In April 2010 one-year-old eucalyptus plants (E. camaldulensis) and rhizomes of giant reed (A. donax) were transplanted into separate pots (40 cm in diameter × 40 cm in height), filled with surface soil taken form a fallow field. Pots were placed at 1.5 m distance within a row and at the same distance between rows. The chemical properties of the soil were pH: 7.59, electrical conductivity (EC) (dS/m): 0.35, SOM (%): 1.15, total kjeldahl nitrogen (TKN) (%): 0.162, Olsen-P (mg/kg): 13.5, and CaCO3 (%): 55%.



Twelve replications per treatment (plant species) were used, while six additional pots planted with both species and irrigated with fresh water were also included to serve as controls. Pots were irrigated with primary treated wastewater transferred from the Wastewater Treatment Plant of Iraklion city. Effluent application started at the beginning of May and continued until the end of November. The average composition of the effluent, with regard to the parameters of interest, was chemical oxygen demand (COD): 617 ± 120 mg/L, biochemical oxygen demand (BOD5): 247 ± 45 mg/L, TKN: 108 ± 30 mg/L, NH4+–N: 44 ± 10 mg/L, NO3−–N: 19 ± 5 mg/L, EC: 3.5 ± 0.3 dS/m, and pH: 7.5 ± 0.2. Plants were irrigated according to evapotranspiration demands determined by the use of tensiometers located at 20 cm depth. The frequency of irrigation varied from one irrigation per three days, early and late in the season (May to mid-June and October) to one irrigation per day or two days from July to September following climatic conditions and leaf area development. The cumulative hydraulic loading approached 2000 mm. Hydraulic loading and reference evapotranspiration (ETo) are shown in Figure 1. No effect of plant species on water requirements was observed throughout the study period.





 





Figure 1. Cumulative reference evapotranspiration (ETo) and hydraulic and BOD5 loading of experimental pots throughout the study period. 
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2.2. Sampling and Chemical Analyses


Representative soil samples of 200 g weight were collected from 0–13, 13–26, and 26–40 cm of soil profile by using a metallic soil sampler at fortnightly intervals during May and June and monthly during the rest period (July to October). The soil samples were prepared and analyzed according to the Soil Sampling and Methods of Analysis for SOM, DOC, exozes, and proteins [19]. Since no differentiation was found with soil depth the averaged values are presented.




2.3. Respiration Rate


The respiration rate assays were carried out under field conditions on 28 June, 25 August and 6 October. The respiration rates were estimated by capturing CO2 emissions from the soil within 24 h. More detailed, after the uniform application of the irrigation dose at the pot surface, a PVC cylinder (6.3 cm in diameter and 15 cm in height) with a gas-tight screw lid was immediately inserted at a depth of 3 cm. To capture the generated CO2 a vial containing 10 mL of 1 M·NaOH was placed inside the cylinder. The NaOH traps were replaced by new ones at 0.5 (only in the measurement of 25 August), 1, 3, 6, and 24 h after irrigation (either with fresh water or wastewater). The concentration of CO2 was assessed by titration according to the Methods of Soil Analysis [20].




2.4. Statistical Analysis


Analysis of variance ANOVA was used for treatment comparison (plant species, irrigation water quality, and soil depth) on CO2, SOM, DOC, hexoses, and proteins. These statistical analyses were done using SPSS 19.0 software [21].





3. Results


3.1. Organic Matter Loading


The organic matter loading rate increased gradually until mid-June and then remained almost constant until the end of the application period (September), following the pattern of hydraulic loading rate. The cumulative organic matter loading (kg·BOD5/ha) applied in pots treated with effluent is shown in Figure 1.




3.2. Soil Organic Matter Content, Dissolved Organic Matter, Hexoses, and Proteins


Neither plant species nor effluent affected SOM content by 7 June. Then, SOM increased gradually in pots planted with E. camaldulensis until mid-July when it approached its maximum value (1.37%). An opposite trend was identified in pots planted with A. donax in which SOM approached its minimum value (Figure 2a) at the same time. Thereafter and by the end of the study, SOM decreased gradually in pots planted with E. camaldulensis and approached its background levels (1.15%). Surprisingly, SOM remained constant during the same period in pots planted with A. donax (Figure 2a). At the end of the study, SOM content differed significantly between plant species (p < 0.05). In pots irrigated with fresh water, no differences were observed in SOM content independently of the plant species (Figure 2a).





 





Figure 2. (a) Soil organic matter (SOM); (b) dissolved organic C (DOC); and (c) protein content in pots planted with E. camaldulensis and A. donax and irrigated with primary treated wastewater. Control refers to average of freshwater treated pots since no differences were observed between plant species. 






Figure 2. (a) Soil organic matter (SOM); (b) dissolved organic C (DOC); and (c) protein content in pots planted with E. camaldulensis and A. donax and irrigated with primary treated wastewater. Control refers to average of freshwater treated pots since no differences were observed between plant species.









With regard to the DOC, a slight decrease was observed until the end of June independently of water source (Figure 2b). Thereafter, DOC increased by mid-July in effluent-irrigated pots, exceeding the concentration of DOC in pots irrigated with fresh water, and then remained constant (Figure 2b). In fresh water irrigated pots DOC remained constant until August, when a slight recovery took place (Figure 2b). A significant influence of plant species on DOC was observed from mid-July onwards, when pots planted with E. camaldulensis showed greater values of DOC compared to pots planted with A. donax (Figure 2b). At the study end (6 October) DOC content in E. camaldulensis pots was 22% higher compared to pots planted with A. donax (p < 0.05).



Protein concentration in soil solution samples increased in pots irrigated with fresh water until mid-July and then declined gradually to the concentrations measured at the beginning of the study (Figure 2c). A quite similar pattern was also observed for effluent-irrigated pots of A. donax. A differential response of protein concentration was found in effluent-irrigated pots of E. camaldulensis in which the concentration of proteins continued to decrease resulting finally in significant difference between plant species (p < 0.01) at the last sampling (Figure 2c). Hexoses concentration showed fluctuations between samplings, but overall it was greater in the rhizosphere of E. camaldulensis (data not shown).




3.3. Respiration Rates


The respiration rate followed an exponential pattern including an initial rapid phase followed by a slower second one. It was significantly affected by both plant species and water source, while seasonal effects were also observed (Figure 3). In effluent-treated pots, at the first sampling when the greatest respiration rates were measured, E. camaldulensis showed 26% greater cumulative respiration compared to A. donax (p < 0.01) at 24 h. Moreover, effluent-treated pots showed higher emissions of CO2 compared to pots irrigated with fresh water up to 32% for E. camaldulensis (p < 0.01) and 28% for A. donax (p < 0.01), respectively (Figure 3a).





 





Figure 3. Emitted CO2 from pots planted with E. camaldulensis and A. donax plants and irrigated with primary treated wastewater and fresh water on (a) 28 June; (b) 25 August; and (c) 6 October. 






Figure 3. Emitted CO2 from pots planted with E. camaldulensis and A. donax plants and irrigated with primary treated wastewater and fresh water on (a) 28 June; (b) 25 August; and (c) 6 October.









These differences among effluent and fresh water irrigated plants became greater with the progress of the season approaching differences up to 86% and 41% for E. camaldulensis and A. donax, respectively at the last sampling (Figure 3b,c), suggesting that the contribution of the effluent-driven heterotrophic respiration to the overall CO2 evolution increased with progress of the season.



By subtracting the values of respiration of fresh water irrigated pots from those irrigated with effluent, to remove the autotrophic (root) and basal heterotrophic respiration [22], data supported again the seasonal pattern of decreasing CO2, despite the fact that organic C loading did not differ significantly among CO2 samplings (Figure 4). Moreover, this data revealed that the influence of plant species remained almost the same in absolute values over samplings. Considering this CO2 fraction, E. camaldulensis had 40% higher emissions of CO2 than A. donax at the first sampling, an effect that successively increased to 135% and 79% at the following samplings due to the greater contribution of respiration derived from the effluent. Finally, taking into account the applied C via effluent application and the net amount of C emission derived from effluent application, it was estimated that only 27% and 20% of the applied C was released at the first sampling at the eucalyptus and reed species, respectively (Figure 4).





 





Figure 4. Estimated applied and net emitted C 24 h after effluent dose application at E. camaldulensis (EC) and A. donax (AD) pots. 
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4. Discussion


It is well documented that plant species can shape the soil microbial community and that this effect is largely driven by root activity and liter deposition rates and composition [23,24,25]. It remains however questionable if external application of organic substrates, e.g., effluent application, could modify this influence. Differences in microbial composition and enzyme activity were found in the rhizosphere of various plant species, and among them A. donax, in vertical flow constructed wetlands [26]. Accordingly, plant species influenced respiration, SOM and, to a lower extent, DOC and protein concentration in soil solution during the study period and this influence was only detected or exacerbated when effluent was used as a water source.



In agreement with earlier studies [27,28] effluent application stimulated CO2 emissions reflecting the enhancement of heterotrophic activity due to organic-C addition. Pots planted with E. camaldulensis showed constantly greater respiration rates than those planted with A. donax under effluent irrigation, but the mechanisms responsible remain to be elucidated. The greater concentrations of DOC in the rhizosphere of E. camaldulensis may suggest a greater release of root exudates that stimulated microbial activity, and thus CO2 emissions. The fact that the differences among plant species remained, even when the respiration from fresh water irrigated pots was subtracted to remove the effects of autotrophic respiration and rhizodeposition, documents a strong effect of plant species on the activity of microorganisms involved in organic-C mineralization. Moreover, this finding suggests that it is the availability of substrates that express the potential of vegetation to affect C cycling. This assumption explains the lack of differences among plant species in fresh water irrigated pots which can be attributed to the lower availability of substrates.



CO2 evolution across the treatments followed the characteristic biphasic pattern, including an initial rapid phase followed by a slower one [29,30]. It has been shown that a double exponential decay model describes better the mineralization of labile organic substrates added to the soil [29]. Application of a similar model was not possible in the present study since CO2 monitoring was limited to 24 h. Another important limitation is that CO2 emission measured in effluent-irrigated pots is the cumulative effect of regularly repeated applications of effluent with variable contribution of various C pools. However, our data revealed that the only a portion of organic-C applied to the soil with the effluent was emitted as CO2 within this interval.



The normalized data of respiration (effluent respiration–fresh water respiration) suggests that the decline observed in CO2 emissions with the season’s progress could only partially be explained by a decrease in autotrophic respiration and/or rhizodeposition as a consequence of plant ageing and the cessation of growth. These data also suggest that the SOM differences between plant species irrigated with effluent may have contributed (Figure 2a) to the occurrence of this pattern of respiration. Cumulative CO2 attributed to the effluent application from A. donax pots remained approximately the same in the last two samplings when SOM was constant, while in E. camaldulensis it continued to decline following the decrease in SOM (Figure 3b,c).



This study revealed a significant effect of plant species on SOM only in the effluent-irrigated pots. SOM declined rapidly early in the season in A. donax which may suggest a species-driven priming of SOM as has been shown in other studies [24,31]. The first measurement of CO2 coincided with the initiation of SOM decline attributed to the priming event, and the lower differences in respiration rate among plant species observed during that sampling (Figure 4) provide some documentation that SOM content had indeed an effect on respiration rate. Unlike A. donax, pots planted with E. camaldulensis showed a gradual accumulation in SOM during the first half of the study period. This finding clearly suggests a greater potential of the E. camaldulensis rhizosphere for temporary retention and/or stabilization of organic-C supplied through effluent application and rhizodeposition. Since the soil properties were the same, the mechanisms responsible for this effect remain obscure. Long term studies are required to fully address this issue and to provide further documentation for the effect of plant species on SOM.



Moreover, the findings of the present study revealed a seasonality of the influence of plant species on SOM (Figure 2) resulting probably from differences in exudation rates and the activity of the microbial community [32,33,34]. This hypothesis is supported by the observed decline in SOM differences among plant species towards the end of the growing season. Indeed plant species exerted a minor effect on microbial community in autumn attributed to low plant activity and high nutrient and energy inputs from litter fall [35].




5. Conclusions


In summary, plant species exerted a strong effect on the processes regulating the biogeochemical cycling of C in soils treated with effluent. Greater amounts of CO2 were emitted from the rhizosphere of E. camaldulensis compared to A. donax, an effect which is in agreement with the greater concentrations of DOC and hexoses measured. This effect of plant species remained even when the emissions of fresh water irrigated plants were subtracted from those irrigated with effluent to account for the contribution of autotrophic and basal soil respiration. A possible explanation is that E. camaldulensis stimulate changes in the activity and/or the composition of microorganisms involved in organic-C processing. Surprisingly, greater contents of SOM were also assessed in the rhizosphere of E. camaldulensis. These contrasting effects could only be explained by a priming effect on SOM induced by A. donax through yet unknown mechanisms. Apparently, further work is needed to elucidate the mechanisms through which vegetation affects SOM turnover as well as to test these effects in long-term trials.
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