

  Irrigation of Castor Bean (Ricinus communis L.) and Sunflower (Helianthus annus L.) Plant Species with Municipal Wastewater Effluent: Impacts on Soil Properties and Seed Yield




Irrigation of Castor Bean (Ricinus communis L.) and Sunflower (Helianthus annus L.) Plant Species with Municipal Wastewater Effluent: Impacts on Soil Properties and Seed Yield







Water 2011, 3(4), 1112-1127; doi:10.3390/w3041112




Article



Irrigation of Castor Bean (Ricinus communis L.) and Sunflower (Helianthus annus L.) Plant Species with Municipal Wastewater Effluent: Impacts on Soil Properties and Seed Yield



Michalis K. Chatzakis 1, Vasileios A. Tzanakakis 1,*, Duncan D. Mara 2 and Andreas N. Angelakis 1





1



Institute of Iraklion, National Agricultural Research Foundation (N.AG.RE.F.), Iraklion 71307, Greece






2



Department of Civil Engineering, University of Leeds, Leeds LS2 9JT, UK









*



Author to whom correspondence should be addressed; Tel.: +30-6977441455.







Received: 3 October 2011; in revised form: 8 November 2011 / Accepted: 14 November 2011 / Published: 24 November 2011



Abstract:

 The effects of plant species (castor bean (Ricinus communis L.) versus sunflower(Helianthus annus L.)) and irrigation regime (freshwater versus secondary treated municipal wastewater) on soil properties and on seed and biodiesel yield were studied in a three year pot trial. Plant species were irrigated at rates according to their water requirements with either freshwater or wastewater effluent. Pots irrigated with freshwater received commercial fertilizer, containing N, P, and K, applied at the beginning of each irrigation period. The results obtained in this study showed that irrigation with effluent did not result in significant changes in soil pH, soil organic matter (SOM), total kjeldahl nitrogen (TKN), and dehydrogenase activity, whereas soil available P was found to increase in the upper soil layer. Soil salinity varied slightly throughout the experiment in effluent irrigated pots but no change was detected at the end of the experiment compared to the initial value, suggesting sufficient salt leaching. Pots irrigated with effluent had higher soil salinity, P, and dehydrogenase activity but lower SOM and TKN than freshwater irrigated pots. Sunflower showed greater SOM and TKN values than castor bean suggesting differences between plant species in the microorganisms carrying out C and N mineralization in the soil. Plant species irrigated with freshwater achieved higher seed yield compared to those irrigated with effluent probably reflecting the lower level of soil salinity in freshwater irrigated pots. Castor bean achieved greater seed yield than sunflower. Biodiesel production followed the pattern of seed yield. The findings of this study suggest that wastewater effluent can constitute an important source of irrigation water and nutrients for bioenergy crop cultivations with minor adverse impacts on soil properties and seed yield. Plant species play an important role with regard to the changes in soil properties and to the related factors of seed and biodiesel yields.
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1. Introduction

There is a growing interest worldwide with regard to the use of renewable energy sources as a mean to both reduce the environmental pollution associated with energy produced by fossil fuels and to tackle the problem of the depletion of these fuels. At present, in the European Union (EU) renewable energy sources account for only 4.5% of the total energy consumption, however, a target of 20% has been set for 2020. In addition, it is hoped to increase biofuel consumption to 10% of the fuels used in road transportation by 2010 [1]. The increase in biofuel production is expected to offer environmental and economic benefits to European communities by promoting rural employment and incomes, reducing greenhouse gas (GHG) emissions, and by improving energy supply and security. The most common biofuels are biodiesel and bioethanol, mainly produced from biomass or renewable energy sources, with biodiesel representing 82% of the total biofuel production in the EU [2].

Currently, the major biodiesel feedstocks are edible-grade vegetable oils originating mainly from soybeen, rapeseed, sunflower, mustard, and palm. A major drawback of these bioenergy crops is the fact that the intensive cultivation and large scale production of vegetable oils for biodiesel production leads to significant increases in oil prices and an imbalance in the food market, particularly in developing countries. Moreover, these crops may compete with traditional food crops for land and available water. In order to mitigate these problems, unconventional bioenergy crops and the oilseeds produced are being investigated as alternative feedstocks. Castor bean (Ricinus communis L.) is considered to be one of the most promising non-edible oil crops due to its high potential for annual seed production and its tolerance to diverse environmental conditions. In addition, castor bean can be grown on marginal lands which are usually unsuitable for food crops [3,4,5].

The establishment of bioenergy crops in marginal or degraded lands may offer additional environmental benefits, such as protection from soil erosion and nutrient leaching, and improvement of soil properties [6]. Of particular interest is the use of bioenergy crops as a vegetative filter to purify wastewater effluents applied to the soil. This practice is also known as land treatment systems (LTS) or slow rate systems (SRS) and meets both environmental and renewable bioenergy goals [7,8]. Effluent can supply bioenergy crops with considerable amounts of water and nutrients which stimulate plant growth and yield. In addition, effluent application can reduce the competition between bioenergy crops and traditional crops with respect to the use of fresh water, and it can also decrease production cost due to substitution of water and fertilizers [9].

The irrigation of bioenergy crops with wastewater effluent gives rise to serious environmental concerns which need to be addressed. The prime concern regards the release of nutrients to the environment, particularly nitrogen (N) and phosphorus (P), and their potential to adversely affect the quality of water resources and the climate due to the accumulation of nitrates/phosphates in the soil and the increase in greenhouse gaseous emissions (e.g., NxO) [10,11,12]. Crops play a defining role in N cycling with effects on the effluent application rates and the amount of N entering the soil, the proportion of N recovered, and microbial communities mediating N turnover in the soil [13,14,15]. With regard to P, however, the effect of crops becomes less strong because of the catalytic role of soil on the sorption and transfer of P and the relatively low potential of crops for P assimilation in plant biomass [15,16]. Recent work has shown that the selection of crops with high water use efficiency (WUE), as determined by low biomass potential, and the adoption of appropriate management practices may reduce N and P release to the environment in sites irrigated with relative strong effluent [15].

Wastewater effluent may result in significant changes in soil properties, thus influencing the overall functioning of the soil [16]. Increased levels of soil salinity and sodicity and adverse changes in physical properties have been reported in sites under effluent application in range dependent on the quality of effluent, irrigation rates, and soil properties [7,17,18]. Soil microorganisms and enzymes activities have been found to respond rapidly to these changes [19,20]. Enhanced activities are often attributed to the organic matter and nutrients from wastewater effluent, whereas the adverse effects are associated with the presence of harmful constituents in the effluent, such as heavy metals or aromatic polycyclic hydrocarbons. Among enzymes, dehydrogenase, which is an important intracellular enzyme in metabolic reactions in living soil microbes, is considered to be an appropriate indicator of microbial activity in soils treated with effluent or other polluted waters [20].

The effects of plant species (Ricinus communis L. versus Helianthus annus L.) and irrigation regime (freshwater versus secondary treated municipal wastewater) on soil properties and on seed and biodiesel yields were studied in a three year pot trial. Knowledge provided from this study is expected to help in the better understanding of the soil and yield response of bioenergy crops grown under different irrigation regimes, particularly those irrigated with wastewater effluent, leading to suitable plant species and better irrigation water/wastewater effluent management, ensuring sustainable yield with minor adverse environmental impacts.



2. Materials and Methods

The study was carried out in an experimental field of NAGREF in Iraklion, Crete-Greece. The climate is semi-arid with relatively humid winters and dry, warm summers. Meteorological data (temperature and rainfall) were obtained from a station next to the experimental field and are shown in Figure 1. In May 2007, seeds of castor bean (Ricinus communis) and sunflower (Helianthus annus) were planted in large pots (40 cm in diameter × 50 cm in height). Previously, the pots were filled with top-soil from an adjacent fallow field and were placed in a square of 1m intervals. The soil was characterized as clay-loamy (CL) (Sand 39%, loam 28%, and clay 33%) and the chemical properties were pH: 7.81, electrical conductivity (EC) (dS/m): 0.40, soil organic matter (SOM) (%): 2.40, total kjeldahl nitrogen (TKN) (%): 0.19, Olsen-P (ppm): 24.00. Plant species were irrigated with secondary treated wastewater effluent or freshwater and were arranged in a randomized complete block design with three treatments (plant species (2), water quality (2), and soil depth (3)) and seven replicates. Pots were located at a distance of 1 m from each other. The experiment was conducted for three consecutive growing seasons (2007–2009) and at the end of each season plant species were removed from the pots and replaced with new seeds at the beginning of the next season.

Figure 1. Temperature and rainfall during the experimental period.
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The effluent used in this study was collected from the biological treatment unit of the city of Iraklion on a weekly basis and was transferred through a plastic tank to the experimental field, where it was discharged and stored in a 500 L tank. The freshwater used was supplied from the irrigation system of NAGREF. The average composition of the effluent and freshwater applied to the pots is shown in Table 1. The application rates of the effluent and freshwater were based on crop water requirements estimated separately for each plant species using tensiometers reading from depth of 30 cm. The soil water potential was never allowed to fall below −40 kPa so that irrigated crops did not experience water stress. The hydraulic loading rates applied in this study were higher than those of reference evapotranspiration of the area [15] due to higher soil temperature since the pots were exposed to the sun. The application of effluent and freshwater was carried out manually with the use of volumetric flasks so that equal quantities of liquid were applied to all pots in every wet-dry cycle. The differentiation of the hydraulic load among different plant species is due to variations in the irrigation frequency resulting from different growth pattern and water needs. The method of application was thoroughly tested with freshwater during its establishment and at the beginning of every growing season to validate that flow was uniform within pots. The pots treated with freshwater also received commercial fertilizer, containing N, P, and K, applied at the beginning of each irrigation period. The planning of fertilization was mainly to achieve equal amount of nitrogen added between effluent and freshwater pots. The effluent and freshwater loads as well as the amount of N, P and COD applied to each plant species at the end of the three growing seasons are given in Table 2.

Table 1. Average values of chemical parameters in freshwater and effluent samples.


	Parameter
	Freshwater
	Effluent





	pH
	7.48
	7.59



	EC (dS/m)
	1.38
	2.28



	COD (mg/L)
	<1
	40.00



	TP (mg/L)
	0.80
	2.80



	TKN (mg/L)
	<1
	18.40








Table 2. Hydraulic, N, P, and COD loads applied to freshwater and effluent irrigated pots.


	Water quality/plant species/irrigation periods
	Freshwater/effluent (mm)
	N (kg/ha)
	P (kg/ha)
	COD (kg/ha)





	FH 07
	1,904
	285.0
	281.2
	-



	FH 08
	1,173
	277.7
	275.4
	-



	FH 09
	1,587
	281.8
	278.7
	-



	FR 07
	1,736
	283.4
	279.9
	-



	FR 08
	1,118
	277.2
	274.9
	-



	FR 09
	1,609
	282.1
	278.9
	-



	WH 07
	1,679
	308.9
	47.0
	671.5



	WH 08
	1,088
	200.3
	30.5
	435.4



	WH 09
	1,460
	268.7
	40.9
	584.2



	WR 07
	1,433
	263.7
	40.1
	573.2



	WR 08
	913
	168.1
	25.6
	365.3



	WR 09
	1,326
	244.0
	37.1
	530.5





F: fresh water; W: wastewater; H: Helianthous annus; R: Ricinus communis; 07, 08, and 09: irrigation periods.








Samples of effluent and fresh water were collected from the outlet of storage tanks, on a weekly basis, transferred to the laboratory, and analyzed for pH, EC, TKN, total phosphorous (TP), and COD. Sample preparation and the relevant analyses were done according to Standard Methods for the Examination of Water and Wastewater [21]. In addition, soil samples from 0–10, 10–20, and 20–30 cm depths were collected at the beginning and at the end of each irrigation period from each pot with the aid of a soil sampler. All samples were air-dried at room temperature for no less than 4 weeks each time. The dried samples were then ground to dust, sifted through 1mm sieves and analyzed for pH, EC, TKN, Olsen-P, and SOM according to methods of soil analysis [22]. The particle size analysis of the soil samples was carried out by the Bouyoucos hydrometer method. Measurements of pH and EC were carried out in saturation paste extracts. The Walkley and Black wet digestion method was used for the determination of organic matter (SOM) in soil samples. Available-P was assessed after extraction with NaHCO3 according to the Olsen method. Total kjeldahl nitrogen (TKN) was assessed by a micro-kjeldahl device. Soil samples for the examination of dehydrogenase activity were immediately stored at 4 °C. The dehydrogenase activities were measured by a slightly modified method of [23] within two weeks after the soil collection, as follows. Fresh soil (2.5 g) was added to a test tube (18 mm × 150 mm) and mixed with 2.5 mL of 1% TTC (2,3,5-triphenyl tetrazolium chloride)-Tris buffer (pH 7.6). The tubes were incubated at 37 °C in the dark for 24 h. The triphenylformazan (TPF) formed by the reduction of TTC was extracted with 50 mL methanol and measured with a spectrophotometer at 485 nm. Methanol was used as a blank.

In this study, growth, seed yield, oil content, and biodiesel production were estimated so as to compare different water qualities and crops. Therefore, all plants were cut down every year at the end of each irrigation period following the collection of the seeds. Height was measured from the soil level to the last part of the plant which was the back of the head for sunflower and the last blossom for castor bean. The seeds form each plant were collected every year at the end of the irrigation period or at the time when they were ready for harvesting, the sunflower seeds were cut down before the end of the irrigation period since they reached maturity before castor bean plants. After collection, seeds were air dried for two weeks at room temperature and then weighed. For the calculation of seed yield in kg per ha a spacing of 40 × 40 cm was considered including 62,500 plants per ha which is normal for castor or sunflower plantations [24,25]. Samples of seeds were sent to the lab of the Technical University of Crete for oil and biodiesel extraction. Assessment of biodiesel yield was based on the amount of seeds yielded, the quantity of oil that was extracted from the seeds, and the percentage of biodiesel reclamation from the oil. For the oil extraction process 1:6 m/v (mass per volume) seed to solvent ratio was used [26]. The synthesis of biodiesel was by the homogeneous base transesterification method using sodium hydroxide as a catalyst.

Statistical analysis was performed using SPSS 17.0 program. Analysis of variance (ANOVA) was used for data analysis. Post hoc pair wise comparisons among plant species, water qualities or soil depths were examined by Tukey’s honestly significant difference (HSD) test.



3. Results


3.1. Impacts on Soil Properties

Irrigation with freshwater and effluent tended to increase soil pH in all soil layers over the first and second irrigation period but then it decreased slightly in the upper soil layers towards the end of the experiment. In contrast, soil pH in the deeper soil layer continued to increase during the last period and as a result of this trend a significant effect was detected in that period, with the deepest soil layer showing higher pH values compared to those of the upper ones.

Pots irrigated with effluent were found to have slightly higher soil pH compared to those irrigated with freshwater, an effect which appeared at the beginning of the second irrigation period and peaked at the end of that period. Thereafter, the differences in soil pH between effluent and freshwater treated pots decreased with time. Furthermore, plant species had no significant effect on soil pH during the experimental period.

With regard to soil ΕC, it increased slightly during irrigation periods and reduced during the winter. Thus, no change was detected at the end of the experiment compared to the initial value, suggesting sufficient salt leaching. Pots irrigated with effluent had higher EC compared to those irrigated with freshwater throughout irrigation periods. Plant species and soil depth had no effect on the EC of soil.

SOM varied slightly during the experimental period and no change of the initial value was detected at the end of the experiment. In pots irrigated with freshwater the SOM increased slightly during the irrigation periods but returned to background levels after each winter. With regard to effluent irrigated pots, SOM remained almost constant during the experimental period. As a result of these trends, SOM was marginally higher in pots irrigated with freshwater compared to pots irrigated with effluent at the end of irrigation periods but this effect tended to decline after the winter (Figure 2a). As with water quality, plant species significantly affected SOM, with sunflower showing greater values than castor bean during the second and third irrigation periods (Figure 2a). No differences in SOM were detected among different soil layers.

Figure 2. Average values of (a) soil organic matter (SOM); and (b) total kjeldahl nitrogen (TKN) as a function of water quality and plant species, during the three irrigation periods (2007–2009).
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With the exception of the second irrigation period, soil TKN decreased slightly in all pots during the experimental period. It was marginally higher in pots irrigated with freshwater than in effluent irrigated pots (Figure 2b). This effect was evident mainly in pots planted with sunflower and it became stronger towards the end of the second irrigation period (Figure 2b). Soil depth had no significant effect on soil TKN, although plant species with sunflower showed higher TKN compared to castor bean.

Those pots irrigated with effluent showed only a slight variation in soil P levels, the final amounts being close background levels (Figure 3a and Figure 3b). However, soil P followed a different pattern in pots irrigated with freshwater, a significant decrease being detected by the beginning of the second period. Thereafter no significant variation of soil P was observed until the end of the experimental period. As a result of these trends, soil P was higher in the pots irrigated with effluent than in the pots irrigated with fresh water from the beginning of the second irrigation period to the end of the experiment. No differences in soil P were observed among soil layers until the beginning of the second period. Thereafter it varied greatly with soil depth in all pots; the upper soil layer showing higher soil P than the deeper layers. An increase in soil P was observed in the upper soil layer in effluent irrigation pots as indicated in Figure 3b. With regard to plant species no significant differences in soil P were detected (Figure 3a).

Figure 3. Average values of soil available P as a function of (a) water quality and plant species; and (b) water quality and soil depth, during the three irrigation periods (2007–2009).
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Dehydrogenase activity in the soil at the end of three consecutive irrigation periods was slightly lower than that measured at the beginning of the experiment. Soil irrigated with freshwater tended to have lower dehydrogenase activity compared to soil irrigated with effluent (Figure 4a), providing information for differences in microbial biomass and activities between pots irrigated with different irrigation regime. Soil depth had a significant effect on dehydrogenase activity with the deepest soil layer showing lower value than the upper soil layers (Figure 4b). As far as the plant species is concerned, no difference in dehydrogenase activity was detected at the end of the experimental period.

Figure 4. Dehydrogenase activity as a function of (a) water quality; and (b) soil depth, at the beginning and end of the experimental period (November 2009).



[image: Water 03 01112 g004 1024]









3.2. Plant Height, Seed Yield, and Biodiesel Production

Water quality had no effect on the height of sunflower throughout the experimental period. In contrast, castor bean displayed sensitivity to the irrigation regime, with taller plants found in freshwater irrigated pots than in pots irrigated with effluent (Figure 5). Plant species irrigated with freshwater achieved higher seed yield compared to species irrigated with effluent. With regard to differences between plant species, castor bean showed higher seed yield than sunflower (Table 3).

Figure 5. Plant height of different plant species at the end of the three irrigation periods.
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Table 3. Average values of seed, oil and biodiesel yields for different crops and irrigation regimes.


	Treatments
	kg seeds/ha yr
	kg oil/ha yr
	gr biodiesel/gr oil
	kg biodiesel/ha yr





	FH
	5,068
	908
	0.63
	572.04



	FR
	6,220
	1,060
	0.69
	731.40



	WH
	4,458
	818
	0.68
	556.24



	WR
	5,035
	853
	0.76
	648.28












The oil produced followed the same pattern as that of seed yield. The highest percentage of reclaimed biodiesel was observed in effluent irrigated castor bean followed by freshwater irrigated castor bean, freshwater irrigated sunflower, and effluent irrigated sunflower (Table 3). As a result of the seed yields obtained and the conversion percentage of oil, the production of biodiesel varied greatly among different treatments, with freshwater irrigated pots showing higher biodiesel yields compared to effluent irrigated pots. In addition, the amount of biodiesel produced by castor bean was greater than that produced by sunflower.




4. Discussion

A slight increase in soil pH mainly in the deeper soil layer (20–30 cm) was detected only at the end of the third experimental period. Furthermore, effluent irrigated pots showed higher pH levels than pots irrigated with freshwater. These differences may be explained by variations in the levels of carbonates and bicarbonates of several cations, such as Ca2+ and Na+, which have probably accumulated in the soil [27]. The plant species had no effect on soil pH, this fact together with the minor effects of soil depth and irrigation regime reflect the strong buffering capacity of the fine textured soil in this study.

Irrigation with water of relatively high salt content can increase the level of soil EC because of accumulation of salts in the soil. Increased levels of soil salinity may adversely affect soil properties and reduce plant growth due to declining soil osmotic potential and lower water availability [17,18]. In this study, an increase in soil EC was observed during irrigation periods, which was followed by a decrease to the background levels after the winter suggesting sufficient salt leaching. Pots irrigated with effluent were observed to have higher soil EC than those irrigated with freshwater due to the higher salt of the effluent. With regard to plant species the absence of differences at the level of soil EC might be expected due to similar application rates. Previous work has shown that the level of soil EC follows the pattern of application rate since plant species can assimilate only a proportion of the available salts [15,16].

SOM at the end of the irrigation periods was marginally greater in pots irrigated with freshwater than in those irrigated with effluent, reflecting the high assimilation potential of soil for organic matter contained in the effluent. This result is in agreement with those reported in a previous study [28] regarding the SOM in the subsoil (0.2–2.0 m), which was attributed to priming effect induced by available substrate in effluent treated pots. Effluent supplies soil with organic C, water, and nutrients which stimulate the growth and activities of microorganisms, which in turn induce decomposition of old SOM in the soil [29]. This was also indicated by the higher dehydrogenase activity in the soil of pots irrigated with effluent. In this study, soil depth had no effect on SOM due to the priming effect which probably masked potential accumulation of SOM, particularly in the upper soil layer, in effluent irrigated pots.

Plant species significantly affected SOM with pots planted with sunflower showing higher values than those planted with castor bean from the beginning of the second irrigation period to the end of the experiment. This effect was observed in both effluent and freshwater irrigated pots and could be indirect evidence for differences between plant species in root exudates and population and activity of heterotrophs mediating SOM mineralization, since there were similarities between plant species in the quality and loading of the applied effluent or freshwater (see Section 2). Previous work provided evidence that plant species, through root exudates, are able to adjust organic C in the rhizosphere and shape the microbial community which is sensitive to changes in soil C substrate [14]. It has been reported a variation of 20% in the C mineralization rate attributed to differences in the affinity between decomposers and available substrate [30]. In another study it was found that changes in plant diversity resulted in differences in the abundance, composition, and functions of microbial heterotrophic communities, leading to variations in respiration rates [31]. Moreover, plant species, through root exudates, can have a more direct effect on the concentration of SOM. For example, it has been reported that some species exude root enzymes, such as nitroreductase, dehalogenases, and laccases, which may induce the degradation of more refractory organic compounds [32]. However, such an effect was not investigated in the present study.

Soil TKN did not follow the same pattern with SOM showing also a slight decrease throughout the experimental period. In a previous study [16] with cyclic application of pre-treated effluent in different plant species, a similar pattern for SOM and TKN was observed, suggesting that C and N mineralization is tightly linked. However, in this study, the differences between TKN pattern and that of SOM suggest that the mineralization of organic N in the soil may be explained by some other mechanism different to that of SOM. This suggestion is strengthened by the concentration of ammonium N in the soil which was expected to be relatively low due to the induced nitrification by the favorable environmental conditions [16]. Rapid N nitrification rates have been observed n sites under effluent application, which was attributed to the increased C and N availability and application of wet-dry cycles [33,34].

Soil P increased in the upper soil layer in pots irrigated with effluent, which is attributed to the high adsorption capacity of soil. Fine textured soils carry more sites capable of reacting with P and increase the interaction time between soil particles and water [27]. In freshwater irrigated pots, soil P dropped significantly during the first irrigation period showing lower values than effluent irrigated pots until the end of experiment. This effect is not consistent with the amount of P applied via effluent irrigation or fertilization, however, in soils with relatively high P content release to soil solution is likely to occur when soil is exposed to water with low P concentration [27,35]. No differences in soil P were detected between plant species, reflecting the similar P loading between plant species since only a small fraction of the applied P is recovered from plant biomass [13,15].

Previous work has shown that effluent application increases enzyme activity in the soil reflecting the larger microbial communities present due to increased C and N availability [20,36]. In this study, differences in dehydrogenase activity were observed between effluent and freshwater irrigated pots, which is in agreement with the SOM and TKN results, suggesting differences in microbial biomass in the soil between effluent and freshwater irrigated pots. It has been found that in a dairy shed effluent irrigated soil the microbial biomass C and the dehydrogenase activity were elevated until day 30 of the experiment and then declined due to a decrease in soluble organic C [37]. Similar microbial biomass and dehydrogenase activity between secondary effluent irrigated soil and soil irrigated with freshwater has been reported suggesting changes only for a minor fraction of the bacterial community [36]. With regard to soil depth and its effect on dehydrogenase activity, results showed that it was similar in the upper soil layers but declined slightly at a depth of 30 cm. Lower microbial biomass and activities expected in the deeper soil layer may account for this result [36,37]. In this study plant species had no effect on dehydrogenase activity, suggesting that the potential variations between plant species in microbial biomass and communities were not sufficient to differentiate dehydrogenase activity.

Pots irrigated with freshwater showed higher seed yield for castor bean and sunflower compared to those irrigated with effluent. The higher level of soil salinity in effluent irrigated pots may account for this effect. In addition, the potential presence of toxic materials, such as heavy metals and aromatic hydrocarbons in the effluent may have also adversely affected seed yield in effluent irrigated pots [38]. Plant species significantly affected seed yield in this study with castor bean showing greater yield compared to sunflower. Previous work provides evidence that annual seed yield varies greatly with plant species and genotypes, environmental conditions, and agronomic practices. Typical seed yield reported for castor bean ranges from 900 to 1,200 kg/ha under irrigation with 40–60% oil content [39]. However, a study reported annual maximum of 2000 kg/ha with 48% oil for castor bean [40] and this yield is lower than that obtained in this study due to lower irrigation rates at 320 mm/yr. In Greece, seed yields up to 5,000 kg/ha with about 50% oil content for castor bean depending on the plant genotype have been observed [41]. These seed yields are in agreement with those found in our study but they were achieved with lower water irrigation rates and N and P additions ranging from 80 to 100 kg/ha and 18 to 48 kg/ha, respectively. However, there seems to be a ceiling in the seed yield of castor bean regardless of the fertilization rates more than 50 kg/ha for N and 30 kg/ha for P [42]. With regard to sunflower, its average seed yield ranges from 900 to 1,600 kg/ha of seed with oil content ranging from 18 to 40% [43,44]. However, a higher seed yield of 4056 kg/ha and oil yield at 1,841 kg/ha obtained from the treatment with no water stress has been reported [45]. These values are similar to those obtained in this study reflecting the favorable environmental conditions in which crops were grown during the experimental period. With regard to biodiesel production, in this study it followed the pattern of the seed yield since it was indirectly proportional to it. Furthermore, no significant differences in the percentage of oil and biodiesel extraction were observed between plant species or irrigation regime.



5. Conclusions

The results obtained in this study showed that irrigation with effluent did not result in significant changes in soil pH, SOM, TKN, and dehydrogenase activity whereas soil P was found to increase in the upper soil layer. The soil EC varied slightly throughout the experiment in effluent irrigated pots but no change was detected at the end of the experiment compared to the initial value suggesting sufficient salt leaching. Little differences between effluent and freshwater irrigated pots were observed with regard to soil parameters examined in this study. Thus, pots irrigated with effluent were found to have higher soil EC, P, and dehydrogenase activity compared to those irrigated with freshwater. In contrast, pots irrigated with freshwater had slightly higher SOM and TKN content. This result suggests that the effluent, through C and N additions, probably stimulated the growth of soil microorganisms which in turn induced mineralization of organic matter in the soil, as was also indicated by the higher dehydrogenase activity in effluent irrigated pots. With regard to plant species, only minor effects on soil properties were observed with sunflower showing greater values of SOM and TKN than castor bean. This effect provides evidence of differences between plant species with regard to microbial biomass, communities, and activities related to C and N mineralization in the soil. With regard to seed yield, it was higher in freshwater irrigated pots compared to that in pots irrigated with effluent probably due to the lower level of soil salinity. Plant species significantly affected the seed yield in this study with castor bean showing greater yield compared to sunflower. Biodiesel production followed the pattern of seed yield.

In conclusion, the findings of this study suggest that wastewater effluent can constitute an important source of irrigation water and nutrients for bioenergy crop cultivations with minor adverse impacts on soil properties and seed yield. Plant species play an important role with regard to the changes in soil properties and to the related factors of seed and biodiesel yields. Further research is needed in order to elucidate the effect of plant species on microbial biomass and communities which mediate C and N turnover in soil and nitrogen assimilation in plant biomass, affecting N cycling and losses (as nitrates or NOx gases) to the environment. Knowledge provided would help in successful selection of bioenergy crops and management practices ensuring sustainable yield with minor adverse environmental impacts arising from the use of the effluents.
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