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Abstract. Treated wastewater (TWW, i.e., treated effluents) is a growing water source. However, irrigation with TWW 10 

irrigation exacerbates oxygen deficiencies in the root zone, particularly in clayey soils. Coarse-textured filled trenches are used 

to ameliorate soil oxygen deficiencies in agriculture. This study aimed to investigate the impact of scoria-filled soil aeration 

trenches on nitrous oxide (N2O) and carbon dioxide (CO2) emissions from clayey soil irrigated with TWW. N2O and CO2 

fluxes were measured in the field for three years, along with soil water content monitoring (10 and 35 cm depth) and porewater 

(30 cm depth) sampling. Irrigation and intense rain events led to transient (hours-long) near-saturation conditions in the clay 15 

soil. Concomitantly, the soil at the bottom of the trench remained saturated for prolonged periods, extending to days and even 

weeks. Nitrate was the dominant N-form and showed a seasonal trend with high concentrations (>50 mgL-1) between June and 

October. N2O fluxes were positively correlated with fertilizer applications, and fluxes from the trenches were higher throughout 

the year, with maximal differences during the winter. CO2 fluxes were higher from the trenches during the fertigation seasons 

yet lower during the winter.  Simulation results of N2O fluxes showed higher fluctuation in the scoria-filled trenches following 20 

fertigation events.  Further, it showed that filling the trench with finer medium, aimed to maximize the rate of water uptake by 

the trees' roots, increased the emissions maxima, dampening its minima. Overall, our study shows that aeration trenches may 

serve as N2O hotspots and that, during winter, they might be counterproductive. Further study is needed to find the optimal 

filling material that would maximize aeration yet minimize water build-up at the trench bottom. 

1. Introduction 25 

The availability of treated wastewater (TWW), also known as treated effluents or reclaimed water, for agricultural purposes, 

is on the rise globally, correlating with the expanding global population (WWAP, 2017). In regions facing a scarcity of 

freshwater resources, the adoption of TWW for crop irrigation is rapidly increasing, underscoring its significance as a vital 

water resource (Assouline et al., 2015; Hamilton et al., 2007). However, research has demonstrated that prolonged utilization 

of TWW for irrigation results in notable deterioration of soil structure and hydraulic properties, primarily attributed to elevated 30 

exchangeable sodium percentages (ESP) (Assouline et al., 2015; Assouline and Narkis, 2013; Levy and Assouline, 2011; 

Stevens et al., 2003). Moreover, increased irrigation volumes are necessary to facilitate the leaching of salts present in 

TWW(Assouline and Narkis, 2013). These irrigation practices, in conjunction with the dissolved organic matter in TWW, 

exacerbate oxygen deficiency in agricultural soils, particularly in fine-textured soils with slow internal drainage (Assouline 

and Narkis, 2013; Ben-Noah and Friedman, 2016; Friedman and Naftaliev, 2012). In turn, such conditions may amplify 35 

denitrification processes, leading to increased N2O emissions from the soils (Fillery, 1983). 

N2O represents both a significant degrader of stratospheric ozone (Ravishankara et al., 2009) and a potent greenhouse gas 

responsible for 6.24% of the total global radiative forcing (Butterbach-Bahl et al., 2013). Approximately 50% of annual N2O 

emissions stem from human activities, with nitrogen additions in agriculture contributing around 70% of this total (Tian et al., 

2020). These emissions primarily result from microbial processes of nitrification and denitrification in soils (Braker and 40 
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Conrad, 2011; Syakila and Kroeze, 2011). Key factors influencing N2O emissions from agricultural lands include fertilizer 

application, soil temperature, and moisture content (Baram et al., 2018; Butterbach-Bahl et al., 2013; Syakila and Kroeze, 

2011). Peak N2O emissions typically occur when soil pore space is filled to 60-80% capacity with water (Davidson et al., 

2000), although varying soil types may exhibit significant emissions under different moisture conditions (Butterbach-Bahl et 

al., 2013; Zechmeister-Boltenstern et al., 2007). In the last decade, research has also highlighted increased N2O emissions from 45 

agricultural lands irrigated with treated wastewater (TWW) (González-Méndez et al., 2020; Shang et al., 2016; Xue et al., 

2012; Zhu et al., 2023), emphasizing the augmented global warming potential associated with increased TWW usage for crop 

irrigation. 

The practice of excavating trenches next to tree lines and subsequently filling them with coarse-textured materials (Ben-Noah 

and Friedman, 2018; Rubio-Asensio et al., 2018; Shamian et al., 2000; Tamir et al., 2022; Zipori et al., 2020) or profile mixing 50 

(Miyamoto and Nesbitt, 2011) represents a technique employed to ameliorate soil aeration challenges in planted orchards. The 

interface between the coarse-textured filling material and the underlying soil may form a hydrological barrier at the trench's 

bottom (Berezniak et al., 2018; Russo et al., 2020). This, in turn, may lead to water accumulation, impacting N transformations, 

volatilization, and soil respiration. Numerous models have been developed to simulate N2O emissions from soils. Wherein 

these emissions primarily arise from nitrification and denitrification reactions and are influenced by various soil parameters 55 

including mineral N concentration, water-filled pore space (WFPS), temperature, pH, redox potential, and carbon (C) 

availability (Hénault et al., 2019; Rabot et al., 2015; Wu and Zhang, 2014). This study aimed to investigate the impact of soil 

aeration trenches on N2O and CO2 emission from clayey soil irrigated with TWW. Both field measurements and three-

dimensional (3-D) simulations of flow and transport were utilized to study the intricate dynamics between water flow, N 

transport and transformations, and N2O emissions. 60 

2. Methods 

2.1. Study area 

A field study was conducted in a commercial 'Hass' avocado orchard (Persea americana Mill.) at Kibbutz Yasur (Latitude 

32°53′46″ N and 35°10′22″ E), Israel. The orchard was established in 2009 and has been drip irrigated with secondary effluents 

(treated wastewater, TWW) ever since (see Supporting Information Table SI1). Detailed description of the orchard can be 65 

found in Nemera et al. (2023, 2020). In short, trees are planted 3.5m apart on ridges, with 6m between rows. The soil at the 

site is a Vertisol (58% clay dominated by montmorillonite, 19% silt, and 23% sand; Table SI2). The climate is Mediterranean, 

with a dry season (April – October) requiring irrigation, with rains during the winter (November – March).  

In 2016, four random locations were selected, each containing 7 trees in three neighboring tree lines (Fig SI1). Trenches (0.3 

m deep, 0.3 m wide, and 25 m long) were dug at these locations parallel to the tree line 0.3 m away from the tree trunks on 70 

both sides of the tree rows. The trenches were filled with a mixture of crushed volcanic Scoria and Tuff rocks (Tuff treatment). 

Drip laterals laid above the tuff trenches. From April through November, the orchard was fertigated every other day (control 

treatment), while the tuff treatment was fertigated seven times a week in the 2016, 2017, 2019, and 2020 growing seasons and 

ten times a day in the 2018 growing season. Both treatments were fertigated with an ammonium sulfate nitrate solution 

(NH4:NO3 = 3:1), maintaining 50 – 70 mg-N L-1 in the fertigation solution. The treatments received the same amount of water 75 

and N per week, with an annual N load of 350 kg-ha-1 and an irrigation depth of 850 mm. Out of the 350 kg-N, 50 kg-N came 

from the irrigation water (average N concentration was 6 mgL-1 (as ammonium-N)). Weekly water loads were based on 

reference ET0, crop coefficient factors (Kc) with a 20 % leaching fraction. Precipitation depths in the winter of 2018 – 2019 

and 2019 – 2020 were 859 and 739 mm, respectively.   

2.2. N2O and CO2 sampling 80 
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From June 2018 through June 2020, N2O and CO2 fluxes were measured at mid-morning using accumulation static chambers 

that were installed at 8 random locations in the avocado orchard (Fig. SI1). At each location, a chamber base with a dripper at 

its center was inserted to a depth of 6-8 cm two weeks prior to the start of the sampling campaign and remained in the soil for 

the duration of the experiment (Fig. 1). The bases were made from opaque polyvinyl-chloride (PVC) rings, 10 cm high and 19 

cm internal diameter (ID, surface area of 283.5 cm2). The chambers were built from a 20 cm sewer PVC cup (volume of 3119 85 

cm3), equipped with a vent (3 mm Swagelok bulkhead union with a 12 cm long coiled copper tube, 1.5 mm i.d.), covered with 

a bubble reflective foil and a rubber skirt to ensure sealing with the base. Fluxes were measured in real-time by circulating the 

headspace in the static gas chamber via Teflon tubes into a Fourier-transform infrared spectrometer (FTIR; DX4015, Gasmet 

Technologies, Finland). During the enclosure period, N2O and CO2 concentrations were recorded every five seconds; each 

measuring point represents an average of 50 reads. Gas fluxes (q) [g cm-2 sec-1] were calculated based on the linear slope, 90 

representing the increase in gas concentration throughout a 4 to 8 min enclosure time (Eq. 1). The Pearson’s correlation 

coefficient (r2) was calculated for the linearity of the slope, and readings were accepted when r2 was >0.70.  

𝑞 =
𝑑𝐶𝑔𝑎𝑠

𝑑𝑡
∗
𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟

𝐴𝑐ℎ𝑎𝑚𝑏𝑒𝑟
∗
𝑃

𝑅𝑇
∗ 𝑀𝑤 (1) 

where Cgas is the measured gas concentration [µL L-1], t is the time [sec], Vchamber [cm3] and Achamber [cm2] are the chamber 

volume and surface area respectively, P is the ambient pressure [atm], R is the gas law constant [0.08206 L atm mol-1 oK-1], T 

is the temperature [oK], and Mw is the molecular weight of the gas [g mol-1]. 95 

The trend of N2O fluxes in the days following N applications (day after fertigation, DAF) was estimated in the field on three 

occasions (spring, summer, and fall). The collected data and the data reported in the literature for drip irrigation (Alsina et al., 

2013; Baram et al., 2018; Garland et al., 2011; Kennedy et al., 2013; Schellenberg et al., 2012; Wolff et al., 2017; Zhang et 

al., 2016) were combined and used to create an exponential decay function for the N2O flux in the DAF (Flux = 0.927e-0.607DAF) 

(Fig. SI2). Daily values for each chamber were obtained based on the decay function, linear interpolation, and numerical 100 

integration between sampling times. N2O flux from the wetted zone around each dripper was calculated using equation 6 in 

Baram et al. (2018). Cumulative N2O flux estimates were taken as the average of the cumulative fluxes of the 4 individual 

chambers, each (Parkin and Kaspar, 2006).  

 

Figure 1: (A) Schematic illustration of the monitoring setup for each tree at the control (Ctrl) and Tuff treatments, which includes 105 
a porewater sampler at depth of 35 cm, two TRD probes at depths of 10 and 35 cm, and a static chamber used to measure gas 

fluxes. Drip laterals are located next to the tree lines or along the scoria-filled trenches, with light circles representing the wetting 

bulbs around the emitters. (B) Picture of a chamber base inside the trench. (D) The chamber base (1) and its cover (2) with the air 

inflow and outflow ports use to circulate the gas through a portable FTIR.  

2.3. Porewater sampling and soil monitoring 110 
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Porewater samplers (45 cm long SSAT, Irrometer Company, Inc. CA. USA) were installed at 30° to a depth of 30 – 35 cm 

under each static chamber base (Fig. 1). Porewater was sampled every 2 to 4 weeks throughout the same sampling period using 

a vacuum pump.  All water samples were stored in polypropylene bottles and kept on ice until laboratory analysis. Water 

samples were analyzed for NO3
− and NO2

− concentrations with and without using vanadium (III) reduction (Doane and 

Horwáth, 2003), NH4
+ concentrations as indophenol blue complex using salicylate (Kempers and Kok, 1989), and total N 115 

concentrations using the persulfate digestion method (APHA 4500-N C) (APHA, 1998). 

At each of the eight monitoring sites, soil water content and temperature was measured at depths of 15 and 35 cm using True 

TDR sensors (Acclima, ID. USA) (Fig. 1). The sensors were connected to CR1000 (Campbell Scientific), and temperature and 

water content readings were taken every 15 min throughout the year. 

2.4. Modelling water flow, nutrients fate, and N2O emissions  120 

2.4.1. The physical domain and its parametrization 

The model used in this work was described in Russo et al. (2020), and Baram et al. (2022).  In brief, a 3-D, spatially 

heterogeneous, variably saturated flow domain that extends over L1=2 m, L2=15 m, and L3=10 m along the x1, x2, and x3 

Cartesian coordinate system, respectively, is considered here (where x1 is directed downwards). The modeled subplot includes 

two adjacent tree rows on top of ridges, located 6 m apart, with four trees, located 3.5 m apart, along each row.  125 

Following Russo et al. (2020), the van Genuchten (1980) (VG) five-parameter model (i.e., saturated conductivity, Ks, 

shape parameters, α and n, the saturated, θs, and residual, θr, values of water content, θ), was implemented for the local 

description of the constitutive relationships for unsaturated flow. Based on previous studies (e.g., Russo et al., 1997; Russo 

and Bouton, 1992), it was assumed that each of the VG parameters is a second-order stationary, statistically anisotropic, random 

space function characterized by a constant mean and a two-point covariance. Parameters of the latter, the variance and the 130 

correlation length scales, were adopted from Russo and Bouton (1992). Grain-size distribution data was obtained by the laser 

diffraction method (Eshel et al., 2004) from 0.3 m-segments of five soil cores extending to a depth of 1.2 m. The data was used 

to estimate the local-scale VG parameters by an optimization procedure. Mean values and coefficients of variation (CV) of the 

resultant VG parameters are given in Table 1 of Russo et al. (2020). The numerical grid used for the generation of the 3-D VG 

parameters field accounted for the application of water by the drip irrigation system and for the geometry of the ridges. 135 

Both Tuff-filled aeration trenches and trenches filled with soil capable of maximizing the rate of water uptake by the 

trees' roots (Ks=15.52 m d-1, α=0.94m-1, and n=4) were modeled as described by Russo et al. (2020). Deterministic molecular 

diffusion coefficients (D0) for chloride (Cl-), nitrate (NO3
-) and ammonium (NH4

+) in water, D0 = 5.410-5 m2d-1, dimensionless 

Henry’s constant for N2O, KH = 0.2, and pore-scale dispersion tensor (with longitudinal dispersivity, λL= 2×10-3 m, and transverse 

dispersivity, λT = 1×10-4 m (Perkins and Johnston, 1963)), were considered in the simulations. First-order rate constants for 140 

nitrification and denitrification, K1 and K2, respectively, and a liquid-solid partitioning coefficient for ammonium, Kd1, were 

considered as depth-dependent, implementing values within the range suggested by (Lotse et al., 1992). Estimates of the root 

uptake coefficients for ammonium and nitrate, Ku1 and Ku2, respectively, were calculated by extending the method of (Nye and 

Tinker, 1977); for more details, see (Russo et al., 2013). Root distribution data, adopted from (Salgado and Cautin, 2008), were 

employed in order to construct a time-invariant, normalized root depth-distribution function for the avocado trees. 145 

2.4.2. Quantification of the flow and the transport  

Considering water and N extraction by plant roots, water flow, and solute (NH4
+, NO3

-, and Cl-) transport in the 3-D, 

unsaturated, spatially heterogeneous flow system were simulated employing numerical solutions of the 3-D Richards equation, 

and the 3-D single-region, advection-dispersion equation (ADE), respectively. The iterative procedure described in (Russo et 
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al., 2006) was employed in order to determine the size of the time-dependent ponding area that may develop around the drippers 150 

at the soil surface during an irrigation event. Furthermore, following Russo et al. (Russo et al., 2020), the sink term representing 

water uptake by the plant roots was modified to account for the effect of oxygen availability on water uptake. The maximization 

iterative (MI) approach proposed by Neuman et al. (Neuman et al., 1975) was adopted here in order to calculate water uptake 

by the plant roots and, concurrently, the actual transpiration rate, τa(t). 

Following (Russo et al., 2013), the ADE was modified to account for N transformations and uptake by plants’ roots in 155 

the soil-water-plant-atmosphere system.  The competition between Cl- and NO3
- and its effect on the extraction of N by the plant 

roots, and the inhibition of nitrification induced by Cl- were considered. For more details, see Russo and Kurtzman (Russo and 

Kurtzman, 2019). The uptake of NO3
- and NH4

+ by the plants’ roots was also calculated by a MI approach described by Eq. 6 

in (Russo et al., 2013). 

Emissions of N2O were calculated based on Hénault et al. (2005) and Hénault et al. (2019), accounting for nitrification 160 

and denitrification-driven emissions. N2O flux during denitrification (N2Odenit; mg-N m-2 d-1) was calculated as a combination 

of the potential denitrification rate (DP; mg-N m-2 d-1) and response functions to several environmental factors (i.e., WFPS, 

assuming the WFPS parameter serves as a proxy of the oxygen availability for microorganisms,  soil NO3
- content, soil 

temperature), using a constant (rmax) representing the maximum ratio of N2O to denitrified NO3
- under anaerobic incubations 

(in this study rmax = 0.3) (Baram et al., 2022; Hénault et al., 2005). N2O production during nitrification (mg-N m-2 d-1) depended 165 

on the WFPS using a proportion constant (z) of nitrified nitrogen emitted as N2O (in this study z = 0.006), rmax, and the actual 

areal nitrification rate (NA; mg-N m-2 d-1) (Baram et al., 2022; Hénault et al., 2005). Details of the flow and the transport 

equations and the numerical schemes employed to solve them are given elsewhere (Russo et al., 2013; Russo and Kurtzman, 

2019). 

Appropriate initial conditions for the present analyses were created by considering measured water content and solutes’ 170 

concentrations profiles obtained prior to the irrigation season. For the flow, a second-type upper boundary condition was 

imposed on the top boundary (x1 = 0) with flux that is determined by the drippers’ discharge and by the time-dependent 

potential soil evaporation flux. A unit-head-gradient-boundary was specified at the bottom boundary (x1=L1). For the transport, 

a first-type upper boundary condition was imposed on the top boundary with inlet concentrations corresponding to the irrigation 

water concentrations. A zero-gradient boundary was specified at the bottom boundary. No-flow conditions are assumed for the 175 

vertical boundaries located at x2=0, x2=L2, x3=0, and x3=L3. 

2.4.3. Model implementation 

Actual concentrations of NO3
- and NH4

+ in the irrigation water (including amounts added as fertilizers) and concentration of 

Cl- in the irrigation water used in the field experiments were implemented in the simulations. Reference evapotranspiration 

ET0(t), was based on meteorological data collected at the site, using Penman-Monteith method. Potential evapotranspiration 180 

rates, εtp(t) = εp(t) + τp(t) (where ε: evaporation, τ - transpiration), were estimated from the ET0(t) data using the time-dependent 

crop coefficients used in the Yasur site. Assuming that the wetted soil surface area of the ridge is completely covered by the 

trees’ canopy, a negligibly low soil evaporation rate was adopted for the surface area of the ridges, i.e., τp(t) = ετp(t). For the 

soil surface area between the ridges outside the rooted zone, a negligibly small transpiration rate was assumed, i.e., εp(t)=ετp(t). 

Actual rates of water loss by evaporation, εa(t), were implemented by an MI approach described in (Russo et al., 2006).  185 

The chamber base was modeled as a cuboid whose axes coincide with the coordinates of the flow system as described 

in Baram et al. (2022). Unit-head-gradient was specified at the horizontal plane located at the bottom of the chamber (bottom 

boundary). For the transport, a first-type upper boundary condition was imposed on the top boundary with inlet concentrations 

corresponding to the irrigation water concentrations. No-flow (zero-gradient) was specified at the horizontal plane located at the 

top of the chamber and at the vertical planes, which coincide with the chamber's perimeter in the horizontal directions. 190 
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Starting at the beginning of the irrigation season (May 1st), flow and transport simulations, and N2O emissions proceeded for an 

irrigation period of 180d. Actual concentrations of NO3
- and NH4

+ in the irrigation water (including amounts added as fertilizers) 

used in the field experiments were implemented in the simulations. 

2.5. Statistics 

Data was analyzed using JMP® Pro Statistical Software version 15.0 (SAS Institute Inc., USA). For each treatment, we used 195 

a t-test to analyze the effects of the tuff-filled trench on the measured and modeled parameters. The data met the assumption 

of homogeneity of variances. The impacts of soil-measured parameters on daily N2O and CO2 emissions were tested using 

Multiple Linear Regression (MLR) model. Presented data are means ± standard error (SE), with p values (p) representing the 

level of statistical significance.  

3. Results  200 

3.1. Soil water content 

The volumetric water contents at depths of 10 and 35 cm in the Tuff and control treatments increased following irrigation and 

rain events (Fig. 2). Following rain events (November through March), and irrigation (April through October), the water 

content at 15 and 35 cm under the control treatments reached near saturation conditions (i.e., WC = 0.6, WFPS = 100%) which 

lasted for short periods (hours). The water contents in the clay at the tuff-clay interface (35 cm) and at 15 cm in the tuff-trench 205 

were impacted by the irrigation frequency and rain intensity. Intensive rains resulted in short periods (hours) of saturation in 

the trench (i.e., WC = 0.38), while the clay under the tuff-clay interface (35 cm) remained saturated (WC = 0.6, respectively) 

for days and even weeks (Fig 2A). Pulse irrigation (10 irrigations per day) kept the water content in the tuff-trench and in the 

clay under the tuff-clay interface at nearly constant values close to saturation (WC = 30±4% and 51±3%2, WFPS = 77±9% 

and 85±6%, respectively) (Fig 2B, C). Single irrigation per day led to fluctuation in the water content, reaching saturation for 210 

a short duration (hours), followed by quick drying of both the tuff in the trench and the clay under the tuff-clay interface (Fig 

2).  

 

Figure 2: (A) Temporal dynamics of the volumetric water content measured by True TDR in the Ctrl and Tuff treatments 

throughout the year. (B) and (C) show daily dynamic from two consecutive weeks during the growing season where irrigation was 215 
applied in four pulses along the day (7 am to 2 pm) (June 2018 – circles) or once a day (7 am) (June 2019 – diamonds), and during 

the winter between two rain events (February 2019; winter – triangles). (B) shows data from the tuff-clay interface (depth of 30 – 

35 cm) and the control (Ctrl), and (C) data from the shallow probes inside the trench (depth of 10 – 15 cm) and the control. Each 

data point represents an average reading of four sensors. Note that the saturation point of the Tuff is 39 – 40%, and that of the clay 

is 59 – 60%. 220 
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3.2. Porewater nitrogen concentrations 

Over 930 porewater samples were collected between March 2018 and June 2020. Though ammonium was the dominant N 

form in the fertigation water (>40 mgL-1), its concentrations in the soil porewater were low (< 2.5 mgL-1) (Fig. 3A). Nitrite-N 

concentrations were normally low (<2.5 mgL-1), except for five sampling dated during the fertigation season at which high 225 

concentrations (> 8 mgL-1) where measured mainly under the Tuff treatment (Fig. 3B). Nitrate, was the dominant N form, and 

showed a seasonal trend with high concentrations (>50 mgL-1) between June and October (Fig. 3C). Inspection of the daily 

trend during the fertigation season did not show a clear pattern, and the concentrations resembled the seasonal trend (fig. 3D).   

 

Figure 3: Seasonal dynamics of the (A) ammonium-N (NH4
+-N) (B) nitrite-N (NO2

--N), and (C) nitrate-N (NO3
--N) concentrations 230 

in the porewater sampled from a depth of 35 cm under the Tuff and control (Ctrl) treatments. (D) Daily dynamics of the same N 

forms for five consecutive days in October 2018, where the Tuff treatment was irrigated daily and the Ctrl treatment once every 

other day. Presented are averages, with standard errors as vertical lines. In A, B, and C applied N loads (fertilizer plus TWW) are 

presented as vertical lines descending from the top, and shaded areas represent the wintertime 

3.3. Nitrous oxide (N2O) and carbon dioxide (CO2) fluxes 235 

Field measurements of N2O fluxes from the soil surface indicated that the fluxes were lowest at 8 am, increased by 10 am, 

and hardly changed until 4 pm (Fig. SI3). Hence, fluxes were measured between 10 am and 2 pm and were thought to be 

representative of the daily flux. Throughout the monitoring period, N2O fluxes were positively correlated with fertilizer 

applications. Fluxes measured during the fertigation period (April – October) in 2019 and 2020 were significantly higher than 

the fluxes measured in 2018 (Fig. 4A). A multi-parameter analysis (soil temperature, irrigation duration, water content, and 240 

nitrate nitrite and ammonium concentrations) could not elucidate the lower fluxes in 2018. During the two winters, average 

N2O fluxes from the tuff treatment were higher (1.3 – 2.4 ng cm-2 min-1) than the fluxes from the control (0.4 – 0.5 ng cm-2 

min-1), yet without a statistical significance (Table SI3). During the 2018 and 2020 fertigation seasons, the fluxes from the 

tuff were higher than the control (0.8 and 3.3 ng cm-2 min-1 vs. 0.5 and 2.1 ng cm-2 min-1), while in 2019 it was higher in the 

control (3.5 vs. 4.6 ng cm-2 min-1), all without a statistical significance (Table SI3). During the fertigation seasons, cumulative 245 

N2O emissions from the Tuff treatment were higher than the control and amounted to 0.23% vs. 0.15%, 1.37% vs. 1.17%, 

and 1.53% vs. 1.51% in 2018, 2019, and 2020, of the applied N load, respectively (Table SI4). Cumulative N2O emissions 

during the winter were about two times (1.7) higher in the Tuff treatment than in the control. In the winter of 2018-2019, it 
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accounted for 55% of annual emissions, while in 2019-2020, it accounted for 26% of annual emissions. Overall N2O emissions 

in 2019 and 2020 were around 1.5% for both treatments and about 0.50% in 2018 (Table SI4). 250 

 Carbon dioxide (CO2) fluxes from the soil surface showed a daily trend with a midday peak in the Tuff treatment, yet 

no trend in the control (Fig. SI3). Fluxes in the 2018 fertigation season were significantly lower than in 2019 and 2020 (Fig. 

4B). In both treatments, emissions peaked from late spring (March) through late summer (September) and subsided in the fall. 

Cumulative emissions (ton CO2 ha-1) during the fertigation seasons were higher in the Tuff treatment than in the control (2018: 

4.32 vs. 2.32; 2019: 13.4 vs. 8.25; 2020: 2.56 vs. 1.63) (Table SI5). In the winter of 2018-2019, emissions from the control 255 

treatment were significantly higher than the Tuff treatment, while in the winter of 2019-2020, they did not differ.  

 

Figure 4: Seasonal dynamics of (A) nitrous oxide (N2O-N) and (B) carbon dioxide (CO2) emissions measured from June 2018 

through June 2020. Presented are averages, with standard errors as vertical lines. Irrigations and rain are presented as black and 

blue vertical lines descending from the top.  260 

3.4. Model results 

Simulation results of N2O fluxes showed higher fluctuation following fertigation events in the Tuff treatment relative to the 

natural clayey soil (Ctrl) (Fig. 5A). The use of a finer soil (media) aimed to maximize the rate of water uptake by the trees' 

roots from the aerating trench ("optimal"; i.e., SAop in Russo et al. (2020)) increased the emissions maxima, dampening its 

minima.  Cumulative emissions following 60 days of fertigation showed a 4% decrease in the tuff and a 5% increase in the 265 

hydraulic optimal soil, relative to the clayey soil (Fig. 5B). 
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Figure 5: Simulation results of (A) temporal dynamics and (B) cumulative N-N2O emissions during the fertigation season, and (C) 

changes over time in the ratio between the daily cumulative N-N2O flux and the applied N load. Each point represents an average 

value of six emitters, three from each side of the tree. Ctrl. – the clayey soil at the site, Tuff – scoria-filled aeration trench, Optimal 270 
– soil aimed to maximize the rate of water uptake by the trees' roots from the aerating trench (i.e., SAop in Russo et al. (2020)).  

4. Discussion 

4.1. The effect of aeration trenches on N2O emissions  

In 2018, measured N2O fluxes were very low (compared to 2019 and 2020), while CO2 fluxes did not differ between the three 

years (Fig. 4). These similarities in CO2 fluxes minimize the possibility of biased readings of N2O fluxes due to technical errors 275 

in the measuring apparatus. It is possible, to some extent, that the placement of the chamber bases altered the microbial 

community structure and reduced the emissions. Nevertheless, such perturbation is not expected to last long, and the two-week 

gap between installation and measuring should have accounted for that (Clough et al., 2020). We do not know what drove the 

low emissions in 2018. As N2O fluxes are renowned for their high temporal variability (Barton et al., 2015), the lower 

emissions of 2018 might have resulted from an inadequate sampling frequency. However, this is less likely as a similar 280 

frequency was used throughout the research period and post-fertilizer emission trends were observed in all three fertigation 

seasons (Fig. SI2). 

As reported in the literature, N2O emissions were positively correlated to N application. The measured fluxes in the 

2019 and 2020 fertigation seasons were higher than what is commonly reported for drip irrigation (Alsina et al., 2013; Baram 

et al., 2018; Fentabil et al., 2016; Schellenberg et al., 2012). One possible explanation for the higher emissions measured in 285 

this work is the use of real-time in-situ measurements, which limits the closure period of the chamber, enabling high sensitivity 

(± 10 ppb), and minimizing biases associated with long closure periods (e.g., temperature, saturation, non-linearity) and sample 

handling (e.g., leakage). An additional factor may be the location of the chamber base (anchor) relative to the emitter. In this 

work, emitters were placed inside the chamber base, a practice that results in higher fluxes compared to the placement of the 

emitter outside the base (Baram et al., 2022). Baram et al. (2022) estimated that this bias can be minimized when accounting 290 

for the soils' capillary length. Hence, the use of a 20 cm i.d. chamber was sufficient for the Tuff treatment, yet a 40 cm i.d. 

chamber should have been used to represent the actual emission from the clayey soil. Nevertheless, it can be assumed that the 

measured fluxes represent the true differences between the two treatments, with a slight overestimation of the fluxes from the 

control.  

Although the N-forms concentration in the irrigation water and the applied loads hardly differ between the years 295 

(Table SI3), emissions in 2018 were an order of magnitude lower at both treatments (Fig. 4A). In the Tuff treatment, the low 

emissions in 2018 might be an outcome of the pulse irrigation practiced that year. Pulse irrigation kept the WFPS at depths of 

10 and 35 cm, at values close to saturation, with minor changes throughout the day, while in 2019 and 2020, the values 

fluctuated throughout the day, with short durations (hours) of near saturation values (Fig. 2). Under high WFPS (>80%), the 

solubility of N2O in water, along with the short-term limits on diffusion, may reduce the accuracy of on-land measurements of 300 
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N2O production (Smart and Peñuelas, 2005). Further, high WFPS promotes denitrification and might reduce N2O emissions 

due to complete denitrification (Butterbach-Bahl et al., 2013; Wang et al., 2023).  

Winter (2019 – 2020) N2O emissions amounted to 34% and 24% of the total annual emissions (Table SI4). These 

values are on the lower end of the values (30% – 60%) reported for agricultural practices in Mediterranean climatic zones 

(Verhoeven et al., 2017). It is likely that the lower values reported here stem from the method used by us for upscaling the 305 

point measurements (i.e., chamber area) to the orchard scale (ha). In this work, we only accounted for the fluxes emitted from 

the wetted zones around the drip lines. During the fertigation period (spring – summer), the fluxes from the non-wetted zones 

were below detection, while in the winter, they were either below detection or very close to the detection limit. Integration of 

these low fluxes into the spatial budget would have increased the winter's contribution to the annual N2O emission. Emissions 

during the winter were low due to low N concentrations in the topsoil profile (35 cm) (Fig. 3) and lower soil temperatures (Fig. 310 

SI4). Interestingly, in both winters, N2O emissions from the Tuff treatment were 1.7 times higher than from the control. 

Probably, the increased emissions stem from the differences between the high hydraulic conductivity of the tuff-scoria gravel 

used to fill the trenches compared to the low conductivity of the clay soil. These differences lead to the accumulation of water 

at the trench's bottom (Fig. 2), and to the formation of hypoxic/ anaerobic conditions at the Tuff-clay interface which promotes 

denitrification. 315 

The calculated emission factors for the 2019 and 2020 fertigation seasons (> 1.17%) (Table SI4) were higher than 

what is expected from drip irrigation in the Mediterranean climate (0.51%) (Cayuela et al., 2017; Sanz-Cobena et al., 2017). 

As with winter calculations, emissions were only calculated for the wetted zones around the drip lines, which accounted for 

8.5% of the orchard's land surface area. Accordingly, the emission factors for the whole orchard were much lower and 

amounted to ~0.1%. These low values are promising as irrigation with TWW is thought to increase N2O fluxes directly via 320 

degassing of dissolved N2O, and indirectly by changing the physicochemical conditions in the soil and microbial activities 

(Thangarajan et al., 2012). Low dissolved oxygen concentrations in TWW (in this study, 4 – 2 mgL-1, data not presented) and 

its sodicity-induced structural damage (Assouline and Narkis, 2013; Levy and Assouline, 2011) promote the development of 

hypoxic conditions, favoring N2O production and emissions (Saggar et al., 2004). Further, TWW irrigation may promote nitrite 

(NO2
-) buildup in the soil (Master et al., 2003, 2004), as seen in this study (Fig. 2B). This N-species is intermediate in both 325 

nitrification (nitritation) and denitrification, and serves a substrate for N2O production. Though high NO2
- concentrations may 

inhibit denitrification in clayey soils (Master et al., 2003, 2004).  

Overall, the reported N2O fluxes show that the wetted zone around emitters on drip lines serves as hotspots for N2O 

emission. Accordingly, the use of drip irrigation as a mitigation strategy for N2O production (Cayuela et al., 2017), may be 

counterproductive when most of the field is wetted by the emitters' wetting bulbs (as commonly observed in field crops). In 330 

the case of aeration trenches, the very weak capillary forces of the scoria (tuff) filling material reduce the wetting bulb size, 

leading to a rapid decrease in its water content and hydraulic conductivity while concurrently creating conditions at the 

channels bed which favor N2O production. Our simulation results show that filling the aeration trench with hydraulically 

optimal soil may increase water uptake but concomitantly increase the N2O fluxes (Fig. 5). This soil, is characterized by a 

substantially lower conductance and substantially larger capillary forces, and substantially improve the soil aeration in the 335 

upper part of the soil profile, mainly during the rainfall seasons (Russo et al., 2020). These improved properties increase the 

total N2O flux from the trench during the fertigation season (Figs. 5A and 5B). Mitigation of the irrigation frequency also 

impacts the N2O fluxes. Pulse irrigation, maintains the water content in the trench, and at its bottom, at near saturation 

conditions (Fig. 2). This practice leads to a considerably shallower active root zone (Russo et al., 2020), enhancing the duration 

of denitrification favoring conditions, at the clay-tuff interface, and in the tuff.  340 

4.2. The effect of aeration trenches on CO2 emissions 
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Soil respiration (CO2 fluxes) is the sum of heterotrophic (microbes, soil fauna) and autotrophic (root) respiration. Seasonal 

CO2 emission was mainly driven by soil temperature, with high emission during the summer (soil temp 27°C), and low 

emissions during the winter (soil temp 12°C) (Fig. SI4). The soil remained moist year-round (WFPS >40%) and did not show 

a clear impact on soil respiration (Fig. 2). Differences between summer and winter emissions had a Q10 value of 3 – 6, which 345 

is higher than what is commonly reported for soils (Meyer et al., 2018). The differences were probably an outcome of increased 

root activity during the summer, as suggested by plant physiology and CO2 assimilation values (Nemera et al., 2020). The 

diurnal cycle was not positively correlated to the soil temperature, which hardly changed throughout the day (<1°C) (Fig. SI4). 

It was lowest in the morning (5:00 – 6:00 am), peaked at midday (12:00 3:00 pm), subsiding in the evening. This daily trend 

is in good agreement with diurnal CO2 assimilation, and assimilates transport to the root system (Nemera et al., 2020). A meta-350 

analysis of agricultural soil respiration showed increased CO2 fluxes following N addition (Lu et al., 2011; Zhou et al., 2014). 

On the seasonal scale (i.e., winter vs. fertigation) our observations agree with these findings (Table SI5). However, during the 

fertigation season, CO2 fluxes did not differ much throughout the week, unlike the N2O fluxes which were mainly regulated 

by N concentrations in the soil. This apparent discrepancy between the annual and weekly response of CO2 emissions to N 

availability may be explained by the porewater nitrate concentration which hardly changed throughout the week (Fig. 3D).   355 

The main purpose of aeration teaches is to promote root growth in a well aerated substrate, mitigating damages 

associated with hypoxic root zone. In this orchard, Nemera et al. (2020) showed higher sap flow, canopy conductance, and 

whole plant hydraulic conductance in the Tuff treatment during the fertigation season. Theses improved values could have 

enhanced the soil respiration, leading to higher CO2 emissions from the Tuff treatment (Fig. 4B). In contrast, during the winter, 

CO2 emissions were higher in the control treatment. This flip can be explained by (a) the low water holding capacity of the 360 

Tuff gravel, which hindered root uptake and respiration, and (b) flooding of the trenches following heavy rain events, that 

prevented root respiration and damaged the roots, especially close to the trenches bottom (Fig. 4A), (c) higher contribution of 

microbial respiration to the total soil respiration. Root respiration is clearly a combination of root activity and the activity of 

microorganisms in the rhizosphere, which can be distinguished using stable or radioactive isotope methods (Hanson et al., 

2000; Pett-Ridge and Firestone, 2017). Although, stable or radioactive isotope methods were not used in this work, it is well 365 

established that the relative contribution of microbial respiration and root respiration to the total soil CO2 flux (respiration) are 

driven by the physicochemical conditions in the soil and may fluctuate substantially (Hanson et al., 2000). 

Annual carbon (C) assimilation by Avocado trees is assumed to range between 60 to 120 Mg ha-1 (Schaffer and 

Whiley, 2003). Based on our measurements C losses through CO2 emission from the ridges amount to about 6 Mg ha-1 

(representing 50% of the land area). Assuming the fluxes from the rest of the area were similar, annual CO2 emission were 12 370 

Mg ha-1. In parallel, annual N2O emissions equalled 0.35 kg ha-1 (assuming an emission factor of 0.1%), which equal 0.104 

Mg CO2eq (assuming 1 kg N2O equals 298 kg CO2eq), less than 1% of the net C assimilation. These values show the annual 

carbon sequestration potential of avocado orchards.  

5. Conclusions 

This work evaluated the impact of scoria filled aeration trenches (Tuff treatment) on N2O emission, from a clayey soil irrigated 375 

with treated wastewater (TWW). Three years of field measurements in commercial avocado orchard showed that the tuff filled 

trenches increase the N2O fluxes throughout the fertigation season and during the winter. Modeling efforts and field 

measurements show that most of the emissions come from the clay-tuff interface where high WFPS persists. High winter rains 

may flood the trenches, making them N2O hotspots.  Simulations show that filling the aeration trench with a hydraulically 

optimal soil may increase water uptake but concomitantly increase the N2O fluxes. Balance between annual N2O and CO2 380 

emissions and carbon assimilation by the trees, show that the orchard serves as a carbon sink. Accordingly, improved growth 

may balance the increased N2O emissions from the trenches. 
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