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Abstract: Recycling irrigation reservoirs (RIRs) are an emerging aquatic ecosystem of 

critical importance, for conserving and protecting increasingly scarce water resources. 

Here, we compare water quality between runoff entrance and middle of four RIRs in 

nurseries in Virginia (VA) and Maryland (MD). Surface water temperature (T) and 

oxidation-reduction potential (ORP) were lower in the middle than at the entrance, while 

the trend was opposite for dissolved oxygen (DO), pH and chlorophyll a (Chla). The 

magnitude of these differences between the entrance and middle decreased with increasing 

depth. These differences were magnified by water stratification from April to October. 

Minimum differences were observed for electrical conductivity (EC), total dissolved solids 

(TDS) and turbidity (TUR). Cluster analyses were performed on water quality difference 

data to evaluate whether the differences vary with respect to reservoirs. Two clusters were 

OPEN ACCESS



Water 2015, 7  3862 

 

 

formed with one consisting primarily of VA reservoirs, and the other consisting mostly of 

MD reservoirs in both years. Water quality in the middle and at the entrance of RIRs was 

expected to vary greatly because of runoff inflow. The two-point water quality differences 

observed here, although statistically significant, are not large enough to cause significant 

impact on crop health and productivity for most water quality parameters except pH. 

Additional analysis of outlet data shows that the range and magnitude of water quality 

difference between the middle and the outlet are comparable to those between the middle 

and entrance of RIRs. These results indicate that monitoring at a single point is sufficient 

to obtain reliable water quality estimates for most water quality parameters in RIRs except 

pH. This is important when considering the cost of labor and equipment necessary for 

documenting water quality in agricultural production systems. However, additional pH 

measurements are still necessary to make practical water quality management decisions.  

Keywords: recycling irrigation reservoir; water quality monitoring; spatial variation; DO; 

pH; ORP; EC 

 

1. Introduction 

Recycling irrigation reservoirs (RIRs) have been adopted in production nurseries to conserve 

increasingly scarce and costly fresh water resources. Such practices help ensure the availability of 

water for plants during periods of limited rainfall or at critical times during plant development. The 

quality of the recycled irrigation water is a significant issue for this conservation practice, as it could 

impact pathogen survival, water treatment efficacy and other agricultural practices.  

A number of recycled irrigation water quality parameters must be considered because of their 

impacts on plant quality and productivity. Increased electrical conductivity (EC) decreases the growth 

of Ranunculus asiaticus [1] and other crop plants, such as beans, onion, corn and potato [2]. Water pH 

affects nutrient solubility and availability to container grown plants. For example, the solubility of 

phosphorus, iron, manganese, zinc, and boron decreases dramatically with increasing pH from 5.0 to 

7.0 and becomes very limited in alkaline water [3]. Phosphorous becomes less available to the plants 

when pH is above 7.2 [3]. Water temperature (T) [4–9], pH [10], dissolved oxygen (DO) [11], EC [12] 

and oxidation-reduction potential (ORP) [13] also affect the survival and growth of plant pathogens in 

the same reservoirs.  

In light of the importance of water quality to crop health and productivity, it is desirable to monitor 

water quality parameters, and define trends in RIRs. Such information is important to decision-making 

on water treatment such as acidification, aeration to bring individual parameter to ranges suitable for 

crop health and production. Water quality monitoring programs have been carried out in natural lakes, 

reservoirs and rivers to document the spatial and temporal variations in the hydrochemistry of surface 

waters [14–16]. The surface water quality can change daily, monthly, seasonally, or annually resulting 

from agricultural activities, land use types and rain events [17,18] as well as due to biogeochemical 

processes, atmospheric deposition, and hydrological changes. Researchers have evaluated freshwater 
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quality spatial variation using multivariate techniques including cluster analysis (CA), principal 

component analysis (PCA), and discriminant analysis (DA) [16,19,20]. 

Water quality in RIRs and its spatial variation has not yet been extensively studied. Hong et al. [21] 

conducted continuous water quality monitoring in RIRs in the Mid-Atlantic region of the U.S. since 

2006, documenting water quality fluctuation in RIRs. However, the continuous data was collected at a 

single point and depth in each RIR. Zhang et al. [22] reported that RIR water quality varies vertically 

in the water column due to thermal stratification. Whether and how water quality in RIRs may vary 

between points within the same reservoirs is unknown. 

The goals of this study are: (1) to determine water quality variation with respect to spatially 

separated sampling points in RIRs and determine whether the variation is significant; (2) to document 

the pattern of spatial variation of water quality across different seasons and nurseries; and (3) evaluate 

the potential impact of the variations on water quality monitoring in RIRs. 

2. Materials and Methods 

2.1. Site Description  

Four plant container-production nurseries, VA1 and VA2 in Virginia and MD1 and MD2 in 

Maryland were included in this study (Figure 1). One reservoir was selected from each nursery and the 

major characteristics of these four reservoirs are summarized in Table 1. All four reservoirs receive 

runoff from the production areas and the stored water is used for irrigation except VA21. 

Reservoir VA21 is described in detail as an example. Located in Nursery VA2, Reservoir VA21 is 

elliptical and has a surface area of approximately 8100 m2 and an average depth of 3.78 m in the 

middle. VA21 receives stormwater and irrigation runoff from the nursery production area and the 

water overflows into the next reservoir when VA21 reaches 90% to 95% capacity. Mature trees and 

natural shrubbery surround the earthen-walled reservoir.  

Table 1. Characteristics of recycling irrigation reservoirs studied. 

Nursery Location Reservoir 
Surface 
Area, m2 

Average 
Depth *, m 

Distance between 
the Middle and 
the Entrance, m 

VA1 
Eastern VA  

(36°46′03.2″ N, 76°38′21.3″ W) 
VA12 8100 2.28 51 

VA2 
Central VA  

(37°46′52.3″ N, 77°27′28.9″ W) 
VA21 8100 3.78 42 

MD1 
Northern MD  

(39°29′28.9″ N, 75°47′18.0″ W) 
MD11 17,000 1.80 70 

MD2 
Central MD  

(38°57′05.4″ N, 76°39′04.1″ W) 
MD21 6100 2.36 76 

Note: * Depth was measured at the middle of each reservoir.  
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(a) 

(b) 

Figure 1. (a) Location of all four nurseries studied in Mid-Atlantic region in USA and  

(b) layout of reservoir VA21 at Nursery VA2. 

2.2. Data Collection 

To investigate water quality variation in different locations in RIRs, monthly measurements were 

recorded from August 2011 to October 2014 at two sampling points within each reservoir: the entrance 

and middle of the reservoir. At each sampling point, nine water quality parameters were measured in 

triplicate, vertically at every 0.50 m interval from the surface to 1.50 m below, using a Water Quality 

Multiprobe (YSI Inc., Yellow Springs, OH, USA). Those parameters include T, pH, dissolved oxygen 

(DO), chlorophyll a (Chla), oxidation reduction potential (ORP), EC, salinity, total dissolved solids 

(TDS) and turbidity (TUR). The YSI multiprobe was cleaned (probe surfaces washed with soap and 

water) and recalibrated before taking each measurement. All the field measurements were done 

generally at the same time of the day. In order to observe water quality variation from the middle to the 

outlet of RIRs, additional water quality data were collected at the outlet of reservoir VA12 in 2014. 

Meteorological data including air temperature, photosynthetically-active radiation (PAR), precipitation, 

wind speed and direction were recorded every five minutes via onsite weather stations. 

2.3. Data Analysis 

2.3.1. Water Quality Range in RIRs 

The mean and standard deviation of the nine water quality parameters at each location were summarized 

at all depths to illustrate the ranges of water quality parameters in RIRs during 2011 to 2014.  



Water 2015, 7  3865 

 

 

2.3.2. Water Quality Difference and Analysis of Variance (ANOVA) 

Water quality differences (WQ.Diff) between the middle and the entrance for each RIR were calculated 

at depths of 0.2 m (approximately 20 cm below the water surface), then 0.5 m, 1.0 m and 1.5 m below for 

each sampling date following Equation (1): WQ.Diff = WQେୣ୬୲ୣ୰ −WQ୉୬୲୰ୟ୬ୡୣ (1)

Boxplots were created on WQ.Diff at different depths and nurseries to show the pattern of spatial 

variation within each RIR. An one-way ANOVA was conducted in R (version 2.15.2) to determine if 

the WQ.Diff at each depth were statistically significant (p < 0.05) for each nursery on each sampling 

date. The percentage of observations (dates) with statistically significant WQ.Diff was then 

summarized. The same procedures were used to evaluate the differences between entrance, middle and 

outlet of reservoir VA12.  

To further reveal seasonal variation of water quality difference between the middle and the entrance 

in RIRs, WQ.Diff data were plotted against time in scatterplots. The significance of correlation were 

determined between water quality differences and environmental variables including air temperature, 

daily light integral (DLI), wind speed and precipitation to determine if water quality differences vary 

significantly with respect to seasons. DLI is the total amount of PAR received each day and calculated 

by integrating PAR. 

2.3.3. Cluster Analysis  

Cluster analysis was performed to identify groups of RIRs according to their water quality differences 

data. WQ.Diff data from each RIR were standardized through scale function (this function centers and 

scales the column of numeric matrix) in R (version 2.15.2) to avoid misclassification due to wide 

differences in data dimensionality. Cluster analysis was then applied to the standardized WQ.Diff data to 

classify the reservoirs into clusters based on their similarity, resulting in spatial dendrograms. Cluster 

analysis was performed separately on yearly data in 2012 and 2013. The variables included in cluster 

analysis are T, pH, DO, Chla, ORP, EC and TUR. Salinity and TDS are highly correlated with EC, and 

therefore were not included in cluster analysis. 

3. Results  

3.1. Water Quality Ranges in RIRs 

Over the three-year study period, no dramatic differences in water quality ranges were observed 

between the middle and the entrance in RIRs, even though some water quality parameters exhibited 

various degrees of differences with distance (42 to 76 m between the middle and entrance in these four 

RIRs). The range for all nine water quality parameters at all depths in RIRs is summarized in Table 2. 
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Table 2. The range of water quality parameters measured at two sampling points and at all depths in four RIRs during the 2011 to 2014 sampling period. 

Reservoirs 
Sampling 

Points 
Depths 

T  

°C 

DO  

mg/L 
pH 

Chla  

µg/L 

ORP  

mv 

EC  

dS/m 

Salinity  

ppt 

TDS  

g/L 

Turbidity 

NTU 

VA12 

Entrance 

Surface 19.4 ± 9.0 10.8 ± 2.6 7.4 ± 1.1 53.3 ± 46.9 307.5 ± 84.2 0.19 ± 0.08 0.09 ± 0.04 0.12 ± 0.05 48.5 ± 160.5 

0.5 m 18.1  ±  8.3 10.8  ±  2.9 7.2  ±  1.2 57.9 ± 52.7 326.8 ± 87.1 0.18 ± 0.08 0.09 ± 0.04 0.12 ± 0.05 41.4 ± 143.2 

1.0 m 14.9 ± 7.4 11.5 ± 2.1 7.6 ± 0.9 82.7 ± 77.9 298.9 ± 64.7 0.15 ± 0.06 0.07 ± 0.03 0.10 ± 0.04 124.4 ± 309.4 

1.5 m 10.6 ± 2.1 11.6 ± 1.5 7.2 ± 0.6 90.1 ± 96.9 283.7 ± 65.2 0.12 ± 0.04 0.05 ± 0.02 0.08 ± 0.02 308.2 ± 467.2 

Middle 

Surface 19.4 ± 8.7 10.9 ± 2.2 7.7 ± 0.9 61.3 ± 57.2 302.6 ± 53.8 0.18 ± 0.08 0.09 ± 0.04 0.12 ± 0.05 46.1 ± 162.1 

0.5 m 18.2 ± 8.2 10.7 ± 2.7 7.5 ± 1.1 59.4 ± 45.0 318.0 ± 66.9 0.18 ± 0.08 0.09 ± 0.04 0.12 ± 0.05 52.2 ± 192.2 

1.0 m 15.1 ± 7.4 12.0 ± 2.1 8.0 ± 1.1 89.2 ± 86.1 293.8 ± 67.0 0.15 ± 0.06 0.07 ± 0.03 0.10 ± 0.04 85.4 ± 261.1 

1.5 m 10.3 ± 2.1 11.9 ± 1.2 7.5 ± 0.5 118.0 ± 128.3 318.0 ± 21.2 0.11 ± 0.04 0.05 ± 0.02 0.07 ± 0.02 209.4 ± 368.7 

VA21 

Entrance 

Surface 21.8 ± 9.2 10.9 ± 3.1 7.9 ± 1.3 15.0 ± 10.9 248.5 ± 57.8 0.14 ± 0.03 0.07 ± 0.01 0.09 ± 0.02 62.7 ± 186.1 

0.5 m 19.7 ± 8.2 10.1 ± 2.8 7.4 ± 1.2 17.1 ± 13.8 271.0 ± 60.0 0.14 ± 0.03 0.06 ± 0.01 0.09 ± 0.02 28.5 ± 47.9 

1.0 m 16.9 ± 8.9 8.5 ± 3.3 6.9 ± 1.2 20.1 ± 13.8 240.8 ± 83.4 0.13 ± 0.03 0.06 ± 0.01 0.08 ± 0.02 113.5 ± 244.5 

Middle 

Surface 21.5 ± 9.0 10.7 ± 2.8 8.1 ± 1.3 15.3 ± 8.9 191.1 ± 94.6 0.14 ± 0.03 0.07 ± 0.01 0.09 ± 0.02 57.0 ± 189.0 

0.5 m 19.3 ± 8.3 10.4 ± 2.7 7.8 ± 1.2 17.5 ± 13.3 214.4 ± 81.3 0.14 ± 0.02 0.06 ± 0.01 0.09 ± 0.02 28.6 ± 47.1 

1.0 m 17.2 ± 9.0 9.3 ± 3.2 7.4 ± 1.2 17.5 ± 12.3 238.1 ± 77.5 0.13 ± 0.03 0.06 ± 0.01 0.08 ± 0.02 34.4 ± 64.0 

MD11 

Entrance 

Surface 23.6 ± 4.0 14.2 ± 3.9 8.6 ± 1.0 16.2 ± 14.3 408.6 ± 184.7 0.17 ± 0.02 0.07 ± 0.01 0.11 ± 0.01 88.5 ± 63.5 

0.5 m 21.0 ± 5.2 13.0 ± 2.3 8.3 ± 0.8 14.5 ± 9.5 415.1 ± 184.8 0.16 ± 0.02 0.07 ± 0.01 0.10 ± 0.01 115.9 ± 123.4 

1.0 m 16.5 ± 7.1 10.9 ± 2.6 7.8 ± 0.6 14.9 ± 10.1 465.3 ± 176.6 0.15 ± 0.02 0.07 ± 0.01 0.10 ± 0.01 107.1 ± 113.7 

Middle 

Surface 23.3 ± 4.0 14.7 ± 4.6 8.7 ± 1.0 20.3 ± 20.6 379.3 ± 190.8 0.17 ± 0.02 0.08 ± 0.01 0.11 ± 0.01 65.5 ± 75.6 

0.5 m 21.6 ± 3.2 12.7 ± 2.7 8.4 ± 0.9 15.8 ± 12.9 388.3 ± 186.6 0.16 ± 0.02 0.07 ± 0.01 0.11 ± 0.01 77.4 ± 51.9 

1.0 m 17.4 ± 6.6 11.2 ± 2.9 8.0 ± 0.7 15.3 ± 10.8 442.6 ± 181.3 0.15 ± 0.02 0.07 ± 0.01 0.10 ± 0.01 73.2 ± 50.1 

MD21 

Entrance 

Surface 16.9 ± 10.1 8.7 ± 6.8 8.0 ± 1.3 25.4 ± 17.9 275.8 ± 77.4 0.29 ± 0.06 0.14 ± 0.03 0.19 ± 0.04 141.1 ± 360.1 

0.5 m 17.2 ± 9.5 13.8 ± 4.9 7.9 ± 1.2 30.5 ± 36.0 280.1 ± 77.1 0.28 ± 0.06 0.14 ± 0.03 0.18 ± 0.04 42.2 ± 65.5 

1.0 m 18.5 ± 8.8 12.5 ± 3.9 8.0 ± 1.1 31.7 ± 33.5 295.3 ± 85.9 0.29 ± 0.05 0.14 ± 0.03 0.19 ± 0.03 35.1 ± 65.4 

Middle 

Surface 16.9 ± 9.8 12.6 ± 6.6 8.3 ± 1.3 29.8 ± 31.7 293.9 ± 79.2 0.28 ± 0.05 0.14 ± 0.03 0.18 ± 0.03 14.5 ± 11.4 

0.5 m 16.9 ± 9.1 14.1 ± 4.6 8.3 ± 1.3 32.2 ± 30.6 289.1 ± 78.8 0.27 ± 0.06 0.13 ± 0.03 0.18 ± 0.04 21.6 ± 27.1 

1.0 m 17.4 ± 8.1 12.8 ± 3.6 8.3 ± 1.2 33.1 ± 34.4 293.4 ± 77.7 0.27 ± 0.05 0.13 ± 0.03 0.18 ± 0.03 24.0 ± 37.9 

Notes: T: Temperature; DO: dissolved oxygen; Chla: chlorophyll a; ORP: oxidation reduction potential; EC: electrical conductivity; TDS: total dissolved solid; TUR: turbidity.
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3.2. Water Quality Differences  

Water quality differences between the middle and the entrance of each RIR were calculated 

following Equation (1) for each sampling date. Figure 2 shows the variation of water quality 

differences for each water layer in Reservoir VA12, VA21, MD11 and MD21, in terms of median, 

25th, 75th, 10th and 90th percentiles. Higher water quality differences can be seen for T, DO, pH 

and ORP, while Chla, EC, salinity, TDS and TUR exhibit relatively few differences. When 

comparing reservoirs, VA12, VA21 and MD11 showed higher levels of variation in water quality 

difference than MD21. When comparing water depths within the same reservoir, water quality 

differences have greater variation at the surface (0.2 m) than at 0.5 m, 1.0 m and 1.5 m, with  

few exceptions.  

T and ORP were lower at the middle than at the entrance, while DO, pH and Chla were higher 

at the middle than at the entrance. Taking VA21 surface water as an example, the median and 

maximum differences were 0.11 and 1.44 °C for T, 0.04 and 3.69 mg/L for DO, 0.17 and 1.41 for 

pH, 0.97 and 11.25 μg/L for Chla, and 57.50 and163.33 mv for ORP, respectively. The differences 

for EC, salinity, TDS and TUR, however, are small with most data points (close to the red solid 

line which represents zero difference (Figure 2). In reservoir VA21, the maximum difference is 

0.03 dS/m for EC, 0.02 ppt for salinity and 0.02 g/L for TDS. Although the maximum difference in 

TUR is 522.30 NTU, the majority of the TUR differences are between 4.14 and 6.74 NTU. 

ANOVA was conducted to determine the significance of water quality differences between two 

sampling points in each reservoir for each sampling date. The percentages of observations (dates) 

with significant location differences are summarized in Table 3. It is evident that T, pH, DO and 

ORP have statistically significant differences in the majority of observations with the percentage 

values mostly above 60% in all four RIRs. In comparison, the majority of percentages that were 

significant for EC, TDS and TUR were between 40% and 60%. The percentage values for Chla and 

salinity were less than 30%. 

The water quality differences of all water quality parameters, except ORP and turbidity are 

statistically significant (p < 0.05) among the entrance, middle and outlet in VA12 as shown in 

Figure 3. The entrance has higher T followed by the middle and then the outlet. The median and 

maximum differences between middle and outlet are 1.6 and 2.2 °C. The pH levels are highest in 

the middle followed by the entrance and then the outlet. The median and maximum differences 

between middle and outlet are 1.2 and 1.5. The concentrations of DO and Chla are the lowest at 

the outlet. The median and maximum differences between the middle and outlet are 2.5 and  

4.4 mg/L for DO, 6.5 and 24.0 μg/L for Chla. No ascending or descending trends were observed 

for EC along the three sampling points, although the differences were significant. The median 

and maximum EC differences between the middle and outlet are 0.01 dS/m and 0.03 dS/m. 
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Figure 2. Boxplots of water quality difference between the middle and the entrance of 

reservoir VA12, VA21, MD11 and MD21 at various water depths. Each boxplot represents 

the median (solid line), 25th and 75th percentile (box) and 10th and 90th percentile (error 

bar) for water quality differences at each depth in RIRs investigated during 2011 to 2014. 

Data above the red solid line indicate higher water quality parameter values in the middle 

than at the entrance, and vice versa otherwise.  
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Table 3. Percentage of observations (sampling dates) with statistically significant water 

quality differences between the middle and entrance in each RIR studied (p < 0.05 

considered as statistically significant). 

Water Quality 
Parameters 

Reservoirs Surface 0.5 m below 1.0 m below 1.5 m below 

T 

VA12 61% 74% 64% 67% 
VA21 60% 53% 30% – 
MD11 79% 79% 77% – 
MD21 92% 65% 81% 64% 

DO 

VA12 57% 79% 82% 67% 
VA21 30% 37% 80% – 
MD11 57% 79% 62% – 
MD21 58% 82% 50% 36% 

pH 

VA12 78% 89% 82% 100% 
VA21 75% 63% 90% – 
MD11 93% 93% 85% – 
MD21 75% 88% 100% 100% 

Chla 

VA12 48% 58% 82% 67% 
VA21 50% 37% 40% – 
MD11 50% 57% 62% – 
MD21 58% 53% 44% 36% 

ORP 

VA12 57% 84% 82% 100% 
VA21 50% 53% 60% – 
MD11 79% 93% 92% – 
MD21 100% 71% 75% 73% 

EC 

VA12 57% 58% 36% 67% 
VA21 20% 42% 60% – 
MD11 50% 57% 62% – 
MD21 67% 53% 56% 55% 

Salinity 

VA12 13% 11% 18% 0% 
VA21 10% 11% 20% – 
MD11 29% 29% 15% – 
MD21 0% 12% 0% 18% 

TDS 

VA12 52% 47% 18% 33% 
VA21 20% 26% 60% – 
MD11 43% 57% 46% – 
MD21 50% 47% 44% 64% 

TUR 

VA12 26% 58% 45% 33% 
VA21 30% 42% 40% – 
MD11 14% 43% 46% – 
MD21 58% 65% 56% 64% 
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Figure 3. Surface water quality at the entrance, middle and outlet of reservoir VA12 in 2014. 

3.3. Seasonal Impact on Water Quality Differences 

Several water quality differences vary with season, however, the correlations are not significant. 

Figure 4 displays the water quality differences between the entrance and middle over time in VA21 at 

three depths. Statistically significant water quality parameter differences (T, pH, DO and ORP) are 

most prominent during the stratification period (from April to October) compared to the non-stratification 

period (from November to March). The trend is clearly demonstrated by pH variation. At both water 

surface level and 0.5 m below surface, the peaks of pH differences occurred in September 2012, 

August 2013 and May 2014. At 1 m below water surface, the peaks of pH differences took place in 

June 2012, July 2013 and May 2014. Similar to pH, the peaks of DO differences were present within 

the time of stratification. T and ORP were lower in the middle than at the entrance, therefore, similar 

trends but negative peak values were expected for these differences. More noise is present in the 

scatterplot of T and ORP, compared to pH and DO. For EC, salinity, TDS and TUR, there is little 

difference between the stratification period and the non-stratification period and the differences 



Water 2015, 7 3871 

 

 

between the middle and entrance are minimal throughout the year. Chla differences do not show 

consistent pattern with respect to seasons based on data collected in this study.  

 

Figure 4. Water quality differences between the middle and the entrance at various water 

depths in reservoir VA21 during the 2011 to 2014 sampling period. The highlighted area 

marks the stratification period. 

The seasonal variation of meteorological variables in VA reservoirs and MD reservoirs is present in 

Figure 5. The air temperature and DLI rise during the stratification periods from April to October and 

decrease during the non-stratification periods from November to March. Wind speed and precipitation are 

highly variable. Temperature differences were found significantly correlated to DLI, wind speed and 
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precipitation for two reservoirs (p < 0.05). The pH differences were significantly correlated with wind 

speed for one reservoir (p < 0.05). The remaining water quality differences, however, were not significantly 

correlated with meteorological variables.  

 

Figure 5. The daily average of air temperature, daily light integral (DLI), total 

precipitation and wind speed in VA reservoirs and MD reservoirs during the 2011 to 2014 

study period. 

A cluster analysis was performed to determine if water quality differences between sampling points 

vary geographically (VA reservoirs versus MD reservoirs) and temporally (stratification period versus 

non-stratification periods). The cluster analyses were conducted on water quality difference data in 

2012 and 2013 separately (Figure 6). Two clusters were formed in each dendrogram and each cluster 

contains all four RIRs from VA and MD across non-stratified and stratified periods. In 2012, the left 

clusters from the 1st branch consist of measurements predominately from stratified periods (71%) 
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while MD and VA RIRs were in similar proportion. All data from the right side of the 1st branch to the 

left side of the 6th branch forms a cluster that consists of measurements predominately from VA RIRs 

(64%) while non-stratified and stratified periods were in similar proportion. The data forming a cluster 

from the right 6th branch consist predominately of measurements from MD RIRs (80%) while  

non-stratified and stratified periods were in similar proportion. In 2013, the data forming a cluster from 

the right-side of 1st branch consist of measurements predominately from stratified periods (82%) and 

from VA RIRs (82%). From the left-side of the 1st branch most of non-stratified and stratified periods 

and MD and VA RIRs are distributed in similar proportion. However, tracking down the left clusters 

from the 1st branch, the data from the right-side of the 4th branch consist of measurements 

predominately from MD RIRs (83%). 

 
(a) 

 

(b) 

Figure 6. Dendrograms showing hierarchical clustering of water quality differences at 

surface level in four reservoirs (a) in 2012 and (b) in 2013. Each label represents the 

reservoir name (VA12, VA21, MD11 and MD21) and the sampling date. 

4. Discussion 

This study examined the spatial variation of nine water quality parameters in recycling irrigation 

reservoirs, an aquatic environment of great importance to agricultural production and water resource 

conservation. Water quality differences exist between the entrance and middle of RIRs for several 
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parameters. T and ORP were mostly lower at the middle than at the entrance, while DO, pH and chlorophyll 

a were mostly higher at the middle than at entrance. EC, salinity, TDS and TUR had very small differences 

between sampling points. Generally, the two-point differences were small in magnitude for all parameters, 

even though they were statistically significant. It should be noted that water quality samples from the 

entrance were taken at times when no runoff was flowing into the RIRs. The chemical gradients between 

the entrance and the middle of the RIRs may be diminished due to physical mixing. Additional analysis of 

outlet data shows that the range and magnitude of water quality difference between the middle and the 

outlet are comparable to those between the middle and entrance of RIRs.  

The water quality differences between the middle and entrance varied with seasons and geographic 

location. The water quality differences were greater from April to October when water column was 

stratified than the non-stratification periods from November to March [22]. The differences also varied 

with geographical location and time of year as indicated by cluster analysis. Significant clustering due 

to geographical locations and time of year was evident yet not consistently distributed in hierarchical 

placement. High similarity was observed between MD11 and MD21 and also between VA12 and 

VA21 in 2013. Temperature differences between sampling points among different reservoirs are 

significantly correlated with DLI, wind speed and precipitation (p < 0.05), and pH differences are 

significantly correlated with precipitation, while other parameters are not, which indicate weather 

conditions have limited contribution to grouping of VA reservoirs and MD reservoirs. The scattered 

aggregation of the grouping indicates other covariate factors not identified in this study may still need 

to be elucidated. The clustering of reservoirs may also be due to the irrigation activities in each nursery 

which has not been documented in this study. 

Water quality differences between the entrance and middle of RIRs, although statistically 

significant, are not large enough in magnitude to cause significant impacts on plant pathogen survival. 

A variety of plant pathogens including bacteria, fungi and oomycetes are present in the RIRs [23], 

among which Phytophthora species are the most economically important to nursery production. 

Phytophthora species, such as P. gonapodyides and P. pini have been reported to survive best at 

temperature 20–25 °C [9,24] and a few high-temperature tolerant species, such as P. aquimorbida,  

P. hydrogena, P. hydropathica, P. insolita, P. irrigata, and P. virginiana have an optimal growth 

temperature of 35 °C [4–8]. Temperature differences between these two sampling points of within 1 °C 

would not alter the temperature biome for pathogen activities. Zoospores of several Phytophthora 

species including P. megasperma, P. nicotianae, P. pini and P. tropicalis were found to survive best at 

DO concentrations in a very narrow range between 5.3 and 5.6 mg/L [11] and the majority of DO 

concentrations in RIRs are outside this range. DO differences were within 2 mg/L for most sampling 

dates, which may not change DO conditions in RIRs from being unfavorable for pathogen survival. 

Survival rates for zoospores of seven Phytophthora species were pH dependent [10]. Most pH 

differences were within 1.0 unit in RIRs and would likely to have little effect on pathogen survival. 

Three high-impact quarantine pathogens P. ramorum, P. alni and P. kernoviae survive better at EC 

levels greater than 1.89 dS/m than at EC levels below 0.41 dS/m [12]. The EC levels and differences 

were primarily less than 0.41 and within 0.01 dS/m, respectively. Such small variations would not alter 

the negative influence on zoospore survival. ORP values above 650 mv can inactivate human 

pathogens [13]. Although the ORP variation is mostly within 100 mv, the ORP ranges in RIRs are still 

less than 650 mv, which would have a limited impact on pathogen inactivation. Compared to the 
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ranges of each water quality parameter that affect pathogen survival, the absolute water quality 

differences between two sampling points were relatively small, which may not alter water environment 

conditions and pathogen survival.  

Water quality differences between sampling points in RIRs could impact chlorination efficacy. 

Chlorination, widely used to disinfect water, performs best at pH 5.0 to 6.5 [25], and increasing pH would 

diminish the performance of chlorine. The efficacy of chlorination is approximately 100% at pH 5, 96% at 

pH 6, 75% at pH 7, 26% at pH 8, 10% at pH 9 and 6% at pH 10. The pH differences, even though it 

was within 1.0 unit, could greatly affect the performance of chlorination. Thus, it is important to take 

pH measurements at the point where water is treated.  

The spatial variation of some water quality parameters could affect plant growth and productivity. 

The solubility of some micro- and macronutrients decreases dramatically within 2.0 unit of pH [3]. The 

desirable pH level for some plants is between 4.5 and 6.5 [26]. The pH differences observed in this 

study could change the availability of nutrients to plants, depending on the buffer capacity. The 

recommended substrate EC levels for most landscape plants are between 0.5 and 1.0 dS/m or 0.8 and 

1.5 dS/m depending on the type of fertilizer applied [26]. The EC differences within 0.01 dS/m are 

unlikely to affect plant growth due to the scale. 

Single point monitoring in RIRs is sufficient for most water quality parameters except pH; and such 

monitoring scheme could save growers substantial cost and time compared to multi-point monitoring. 

Water quality data are essential for grower to make an informed decision on water treatment before water is 

delivered to crops. Water quality monitoring equipment can be expensive and taking measurements is time 

consuming. Our results demonstrate that two-point differences of most water quality parameters except 

for pH do not have significant impacts on pathogen survival, water disinfection and nutrient availability.  

The outputs of this study also could be utilized in RIR water quality dynamics modeling that is 

important to horticultural industry. The modeling is essential to identify kinetic processes controlling 

water quality fluctuations in RIRs and project water quality changes temporally and spatially. This 

study provides the spatial variations of water quality parameters, which is important in determining the 

spatial resolution of water quality modeling and data inputs.  

Overall, this study characterized the spatial variations of nine water quality parameters in RIRs, an 

emerging aquatic environment. These data provide a basis for considering the computer simulation of 

water quality dynamics and plant disease management in RIRs. The two-point water quality 

differences of most water quality parameters except pH, although statistically significant, are not large 

enough to cause significant impacts on crop health and productivity. This study suggests that  

single-point monitoring in RIRs is sufficient for most water quality parameters except pH. Additional 

pH measurements are necessary to made decisions on water treatments before water is delivered to 

crops. More studies on temporal variations of water quality, reservoir mixing (i.e., aeration) and 

reservoir geometry (i.e., size and depth) are warranted to develop further recommendations on 

management of water withdrawal, water disinfection, fertigation, and algal blooms.  
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