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Significant  risk  of  replenishing  land-
scape  ponds  by reclaimed  water  were
identified.
Great  differences  were  observed  in
algae  and pathogens  between  RW-
and SW-ponds.
RW-ponds  showed  Cyanophyta-
Chlorophyta-Bacillariophyta  type
with high  algal  diversity.
Health  risk  is relatively  higher  in  RW-
ponds  and  viral  pathogens  are  the
main driver.
Duration  of RW  replenishment
remarkably  affects  algal  growth  and
pathogen  risk.
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a  b  s  t r  a  c  t

Increasing  use  of  reclaimed  wastewater  (RW)  for replenishing  urban  landscape  ponds  has  aroused  public
concern  about  the  water  quality.  Three  ponds  replenished  with  RW  in  three  cities  in China  were  chosen
to  investigate  22  indexes  of  water  quality  in five  categories.  This  was achieved  by comparing  three  pairs
of  ponds  in  the  three  different  cities,  where  one  pond  in  each  pair  was  replenished  with  RW  and  the  other
with  surface  water  (SW).  The  nutrients  condition,  heavy  metal concentration  and  ecotoxicity  did  not  differ
eywords:
significantly  between  RW-  and  SW-replenished  ponds.  By  contrast,  significant  differences  were  observed
in algal  growth  and  pathogen  risk.  RW  ponds  presented  a Cyanophyta-Chlorophyta-Bacillariophyta  type
eclaimed water

eplenishment
andscape pond
lgal growth
athogen risk

with high  algal  diversity  while  SW  ponds  presented  a Cyanophyta  type  with  low  diversity.  Regrowth  of
bacterial  pathogens  and  especially  survival  of viral  pathogens  in  RW,  was  the  main  driver  behind  the
higher  risk  for RW  ponds  compared  with  SW  ones.  The  duration  of  RW  replenishment  was  proved  to
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have  a  marked  impact  on  the  algal  growth  and pathogen  risk. With  continued  RW  replenishment,  non-
dominant algal  species  subjected  to  decrease  while  dominant  species  were  enhanced  resulting  in the
biomass  increasing  but  diversity  declining,  and the risk  posed  by  viral  pathogens  might  become  greater.
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. Introduction

Water shortages are a dire concern in many countries and
egions of the world because of population growth and acceler-
ted industrialization and urbanization. In this context of scarcity,
lternative water resources (AWRs) are becoming increasingly
rominent as a way to meet different water needs. Such AWRs
ainly include rainwater, industrial recycled water and reclaimed
astewater (RW). Due to its stable quality and continuity of supply,
W has been widely used [1,2].

Although RW can ease the problem of water shortages, the
afety of wastewater reuse is occasionally questioned, as some
ompounds commonly found in RW,  such as nutrients and micro-
ollutants, have negative consequences for reuse. For agricultural
se, salts and heavy metals can accumulate in soils following
xtended RW irrigation and can have consequent deleterious
ffects on yield [3–5]. For municipal use, health risks can be gen-
rated by pathogens from the spray irrigation of a green area
ith RW [6,7]. For industrial use, pipes can become corroded

hrough microbial action [8]. Finally, for environmental use, the
igh concentration of nutrients in RW may  have negative impacts
n ecosystems in the receiving water bodies in the environment
2,9].

With increasing water shortages comes the need in the urban
aterscape for new water resources, and RW is gradually being
sed more often for replenishing urban landscape ponds. In Cali-
ornia, USA, about 25% of the effluent from wastewater treatment
lants (WWTPs) is used for lake replenishment [10]. About 50%
f the effluent from WWTPs is used to improve water features in
earby recreational leisure venues in Osaka, Japan [10]. In recent
ears, China has experienced rapid development and there is an
ncreased demand in urban life for attractive water scenes [11].
hina has taken great effort to conserve and augment the limited
ater resources available to meet the growing water demands.
lso, water reclamation, has been established as a key compo-
ents of the national water strategy [12]. In most cities, RW has
ecome the first option of water resource management for replen-

shing landscape ponds, such as at Olympic Park in Beijing [13],
co-wetland Park in Tianjin (the first theme park focused on envi-
onmental protection in China [14]) and Kunming Pool in Xi’an (the
argest artificial lake in northwestern China [15]).

Although RW can satisfy the Chinese water quality standards
or environmental reuse [16], use of RW instead of the traditional
urface water (SW) for landscape needs will certainly affect the
ater quality of the receiving ponds. In urban landscape scenes,

he primary objective of RW use is to help create an aestheti-
ally pleasing water landscape, and until now, most studies on
W use in this context focused on aesthetic aspects, such as con-
rolling algal growth and eutrophication [13,14,17]. Few studies
ave measured non-sensory indexes of water quality for RW-
eplenished water features, and research attention has mainly
ocused on the concentration of heavy metals in the water col-
mn  and sediment, as well as their accumulation characteristics
nd corresponding technologies for controlling them [18,19]. Fur-

hermore, there are even fewer studies on the impact of toxic
rganic micro-pollutants and pathogens from RW replenishment.
oxic organic chemicals are one of the dominant hazardous compo-
© 2016  Elsevier  B.V.  All  rights  reserved.

nents of wastewater, and conventional treatment processes cannot
remove them thoroughly [1]. Of the various pollutants, persis-
tent organic pollutants, disinfection by-products and microbial
metabolic products have received much attention because they are
slow to degrade, can bio-accumulate and can be ecologically toxic
and carcinogenic [20,21]. In addition, although most pathogens
are killed during wastewater treatment processes by disinfection,
the bacterial pathogens can regrow because of the availability of
nutrients in the water bodies replenished with RW,  and the viral
pathogens may  survive and remain infective in the water environ-
ment due to their high resistance to the inactivation of disinfection
of wastewater treatment, especially for chlorination [22]. In recent
years, health problems caused by pathogens following wastewater
reuse are being reported more and more frequently. This includes
acute gastroenteritis caused by rotavirus, vomiting and abdominal
pain caused by norovirus, and enteric fever caused by Salmonella
[6,23,24]. In short, it is necessary to analyse the impact of replen-
ishing urban landscape waters with RW in a more comprehensive
manner. This should mainly focus on the impacts on the trophic
condition, algal growth, accumulation of heavy metals, toxicity of
organic micro-pollutants and health risks posed by pathogens.

The water quality in such replenished water bodies will also
be influenced by external environmental factors such as the local
climate and atmospheric deposition, and intrinsic factors such as
depth, coverage and hydraulic retention time. Özkan et al. [25]
assessed the relative roles of different environmental factors in
phytoplankton growth by investigating 195 Danish lakes and ponds
in a spatially explicit framework, and found that the main influenc-
ing factors were lake chemistry (especially total nitrogen [TN] and
total phosphorus [TP]) and lake morphology (especially lake depth),
but that climate conditions (including air temperature and solar
radiation) had little effect. Phillips et al. [26], through analysing a
large dataset of 1138 European lakes and ponds, also concluded
that the water quality was affected by lake morphology and local
climate. Wang et al. [27] concluded that the water cycle plays an
even more important role in stabilizing water quality than does the
control of nutrient levels. Therefore, the present approach to study-
ing the effect of replenishing urban ponds with RW was to compare
these RW ponds with ponds replenished by SW located in the same
region and with similar characteristics, including hydraulic reten-
tion time, coverage and depth.

The objective of this research was to gain insight into the effect
of RW replenishment on urban landscape ponds by comparing such
RW ponds with counterparts replenished by SW,  and to reveal
the differences related to visual effects, ecology and health risk.
In total, three RW-replenished landscape ponds in three different
cities were chosen to investigate 22 indexes of water quality in
five categories: trophic condition, algal growth, heavy metals, eco-
toxicity and pathogenic risk. This was done by comparing the RW
ponds with nearby ponds replenished by SW in each of the three
cities. The paper identified the key effects on the water quality from
RW replenishment, which will be useful for landscape planners and
managers to determine what should be monitored and what proac-
tive steps should be taken to minimize any negative effects of RW

use. Such insights will also help to promote further use of RW as a
water source for replenishing urban landscape ponds and to relieve
the urban water shortage problem.
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. Materials and methods

.1. Selected ponds and water sources for pond replenishment

The RW-replenished landscape ponds of Cuihu in Kunming city
designated R1), Fengqing in Xi’an city (R2) and Lingang in Tian-
in city (R3) in China, which are solely replenished by RW,  were
hosen for water sampling and analysis (Fig. 1). Corresponding SW-
eplenished ponds were chosen to match the key characteristics of
he three RW ponds: Yueya in Kunming city (S1), Lianhua in Xi’an
ity (S2) and Changhong in Tianjin city (S3), respectively. Table S1
ists the basic information for all of the ponds. All six ponds have
imilar hydraulic and morphologic features, with hydraulic reten-
ion time (HRT) ranging from 28 to 40 days, average depth from 1.5
o 2.2 m and surface area from 5 × 104 to 12 × 104 m2.With respect
o the RW ponds, by 2015 Cuihu, Fengqing and Lingang had been
eceiving RW for around 9, 5 and 3 years, respectively. The basic
roperties of RW and SW as source water were showed in Table 1.
ll the RW are transferred from related WWTPs to the RW ponds by
ipelines. The SW for S1 and S3 ponds come from two  urban natural
ivers while that for S2 is transferred by an artificial underground
unnel.

.2. Water sampling

Field investigations for most indexes were conducted from
anuary to December 2015, with the exception of samples for
he algal identification, which were collected in July, August and
eptember when the growth rate of algae was expected to be the
ighest. Samples were collected once a month and all samples were
ollected at approximately 11:00–11:30 A.M. every day. Five sam-
ling sites were chosen for each pond, including one site at each

nflow (Fig. S1). The samples were collected using a water sampler
2000 mL)  at a depth of 0.5 m below the surface (except the inflow
ater sample of RW ponds, which was cascading water, collected at
ipe ends). Eight litres of water samples were collected from each
ampling site, and kept in glass bottles. Two-litre samples for phy-
oplankton detection were immediately preserved in Lugol’s iodine
olution and then concentrated to approximately 100 mL in the lab-
ratory. The pH value, total dissolved solids (TDS), residual chlorine
with standard methods [16]) and transparency (Secchi disk clarity,
D) were measured in situ.

.3. Water sample analysis

As Table 2 shows, 22 indexes in five categories of water qual-
ty were selected and measured as follows: (1) parameters related
o the trophic condition, including nitrogen, phosphorus, chemical
xygen demand (COD), chlorophyll-a (Chl-a), and SD; (2) param-
ters related to algal growth, including algae species, dominant
lgae and their richness and evenness; (3) parameters related to
eavy metals, including the concentrations of As, Cr, Cu, Cd, Zn and
b; (4) ecotoxicity indexes; and (5) concentrations of three typical
acterial pathogens, namely Escherichia coli (E. coli), Salmonella and
higella, and three typical viral pathogens, namely enterovirus (EV),
orovirus (NV) and rotavirus (RV).

In addition, heavy metal pollution index (HPI) and hazard index
HI) were used to evaluate the ecological and health risk due to
eavy metals respectively. Comprehensive ecotoxicity was mea-
ured by detecting effective phenol concentration (EC50-phenol).

nfection rate by pathogens were quantified to assess their health
isks. The details of all the selected indexes described above were
eferred to Supplementary materials (detailed water sample anal-
sis).
aterials 324 (2017) 573–582 575

2.4. Statistical analysis

Statistical analyses were conducted using SPSS software (v. 19.0,
Statistical Product and Service Solutions, IBM, USA) to identify the
effects of RW replenishment on all the measured water quality
indexes and to reveal their linear correlations with the duration
of RW replenishment. In order to increase the normality of the data
and the suitability of the linear regression model, and to stabilise
the variances, all variables were logarithmically transformed. The
significance and strength of the relationship were shown by the
P-value and the multivariate Pearson’s correlation coefficients �,
respectively.

3. Results and discussion

3.1. Impacts on the trophic condition

As Fig. 2a shows, the TP level in each of the RW-replenished
ponds was  remarkably lower than the TP level in the correspond-
ing source water: 25%, 22% and 43% lower for R1, R2 and R3,
respectively; however, there was  significantly less difference in TP
between the source and pond water for the SW-replenished ponds.
Based on related studies, PO3−

4 -P is the dominant form of phospho-
rus absorbed by planktonic microbes in water [9,14]. Accordingly,
the dominant component of TP in RW from a sewage treatment
process wasPO3−

4 -P, whereas in SW,  the proportion of PO3−
4 -P in

TP was not as high. Thus, the significant decrease in TP in the RW
ponds can be attributed to the high percentage of PO3−

4 -P in the
RW source water. In addition, relative high concentration of PO3−

4 -
P was possible to reduce the toxic effect of acid (H+) concentration
on freshwater biota, and further to stimulate primary productivity
and nutrient assimilation [29]. In addition, TP in all the SW ponds
was a little higher than in the source SW water, but PO3−

4 -P was con-
verse. As a reason, on one hand, phosphorus was  probably released
from sediments which tended to be more abundant in the SW ponds
than in the RW ponds due to the relative long history of SW ponds;
on the other hand, rapid algae growth was certain to consume most
of PO3−

4 -P in the ponds.
Regarding nitrogen shown in Fig. 2b, the source water TN con-

centration declined in all ponds except S2, but the decline was
particularly notable in the RW ponds, the average decreases were
46% and 67% for the SW and RW ponds, respectively. Due to the
aerobic treatment unit in WWTPs that provided the RW,  most of
the nitrogen in the original untreated wastewater had already been
converted to NO3

−-N, which accounted for the majority of TN in the
RW.  By contrast, organic nitrogen is abundant in SW,  and it is not
readily absorbed by aquatic plants and phytoplankton [9,14]. Due
to large absolute algae quantities which can be learned from Chl-a
concentrations shown in Fig. 2d, TN showed much more declina-
tion in the RW ponds than in the parallel SW ponds. In particular,
abundant Bacillariophyta in the RW ponds (see Fig. 3a) would con-
sume plenty of nitrate accounting for a high proportion of TN in
RW, because it is an algae division significantly associated with the
uptake of oxidized nitrogen which will be further discussed in the
following impact on algal growth.

Besides, COD and Chl-a are also main indicators of trophic con-
dition and their performances were shown in Fig. 2c and d. The COD
concentrations in all the ponds were higher than in the correspond-
ing source water, which probably attributed to the contribution of
algae cells to COD because it was  measured without any filtration,

and COD concentrations in RW ponds were higher than in the corre-
sponding SW ponds, conforming to the results of Chl-a very well. As
an indicator for algal quantity and growth, Chl-a tended to be much
higher in all the RW ponds than in the compared SW ponds, which
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Fig 1. Location of the three selected ponds replenished by RW and the three corresponding ponds replenished by SW.

Table 1
Basic properties of reclaimed (R) and surface (S) source water for pond replenishment.

Items pH TDS (mg/L) COD (mg/L) TN (mg/L) NO3
−-N (mg/L) NH4

+-N (mg/L) TP (mg/L) PO3−
4 -P (mg/L)

R1 7.95 ± 0.02 500 ± 20 19.24 ± 3.32 6.39 ± 0.52 4.63 ± 0.40 1.10 ± 0.10 0.31 ± 0.15 0.25 ± 0.14
R2  7.73 ± 0.04 401 ± 25 23.12 ± 2.23 9.51 ± 0.40 8.89 ± 0.42 0.35 ± 0.08 0.58 ± 0.20 0.42 ± 0.21
R3  8.01 ± 0.03 – 20.93 ± 3.21 9.78 ± 0.34 7.01 ± 0.27 1.95 ± 0.52 0.36 ± 0.14 0.34 ± 0.12
S1  8.40 ± 0.03 372 ± 24 14.42 ± 5.08 4.57 ± 0.42 1.35 ± 0.21 3.02 ± 0.51 0.20 ± 0.07 0.13 ± 0.04
S2  7.40 ± 0.04 277 ± 30 17.63 ± 4.23 6.14 ± 0.33 4.53 ± 0.37 0.36 ± 0.05 0.22 ± 0.13 0.15 ± 0.12
S3  8.37 ± 0.03 – 15.08 ± 4.01 5.03 ± 0.23 1.30 ± 0.13 1.28 ± 0.12 0.15 ± 0.06 0.06 ± 0.05

Table 2
Water quality indexes selected for analysis and those detection methods.

Five categories 22 indexes Detection method

Trophic condition Nitrogen (TN, NO3
−-N and NH4

+-N) EPAC Standard Methodsa

Phosphorus (TP and PO3−
4 -P) EPAC Standard Methods

COD K2Cr2O7 titrimetry
Chl-a EPAC Standard Methods
SD Secchi disc

Algal  growth Algae identify Counting method
Dominant species Cells count more than 10% [9,11]
Species richness Shannon–Wiener index (H)b [11,14]
Species evenness Pielou’s evenness index (J)c [11,14]

Heavy metals d [28] As ICP-AES (� = 189.0 nm)e

Cr ICP-AES (� = 267.7 nm)
Cu  ICP-AES (� = 324.7 nm)
Cd  ICP-AES (� = 228.8 nm)
Zn  ICP-AES (� = 213.8 nm)
Pb  ICP-AES (� = 220.3 nm)

Ecotoxicity EC50-phenol Acute toxicity to Q67f [21]

Pathogens E. coli RT PCRg

Salmonella RT PCR
Shigella RT PCR
EV RT PCR
NV RT PCR
RV RT PCR

a EPAC (Environmental Protection Agency of China), Standard Methods for the Examination of Water and Wastewater.
b Shannon–Wiener index (H) represents the abundance and the evenness of a species present, but it is not significantly affected by rare species.
c Pielou’s evenness index (J) is used as the measure of species evenness.
d Selected heavy metals are the major metal contaminants listed by EPAC.
e ICP-AES means inductively coupled plasma atomic emission spectrometry and � is the analysing spectrum lines for detection.
f Q67 is a luminescent bacterium.
g RT PCR means real-time quantitative PCR.
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Fig. 2. Changes in the levels of trophic condition between source and pond water.

Fig. 3. Difference in the algal diversity between RW and SW ponds.
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Fig. 4. Changes in As, Cr, Cu, Cd, Zn an

ould also explain rapid consumption of nitrogen and phosphorus
n the RW ponds.

.2. Impacts on algal growth

All species of algae in the ponds were identified and their pop-
lations were counted. As shown in Fig. 3a, the proportions of
yanophyta were 51% and 91% in R1 and S1 in Kunming, 24%
nd 88% in R2 and S2 in Xi’an, and 49% and 69% in R3 and S3
n Tianjin, respectively. It can be concluded that the richness of
yanophyta, which is an abundant phylum of algae in eutrophic
atural lakes, was much lower in RW ponds than in SW ponds.
his can be attributed to the fact that RW contains more NO3

−-
, and Cyanophyta are less competitive in utilizing that than
ther divisions of phytoplankton [30,31]. In contrast Bacillario-
hyta potentially take up nitrate to serve as a sink for electrons
uring periods of imbalance between light energy harvesting and
tilization, and this mechanism is apparently not present in non-
iatom species, thus Bacillariophyta growth well in RW ponds are
ssociated with high nitrate supply [30]. Besides, Chlorophytes
ave higher ability of nutrients predation and may  outcompete
yanophyta at sufficient PO3−

4 -P supply in RW ponds [32]. In addi-
ion, it should be noted that the RW was disinfected in the WWTPs,
hile the SW was  not. For this reason, the concentrations of residual

hlorine in the three RW ponds were measured irregularly but they
ere usually below a detection limitation of 0.05 mg/L, possibly
ue to chlorine volatilization and water dilution, and they were far

ess than the concentration for algae growth inhibition which was
eported to be around 1 mg/L [33]. Therefore, the impact of resid-
al chlorine on the algae growth was negligible. As a result, ponds
upplemented with RW tend to be of the Cyanophyta–Chlorophyta-
acillariophyta type, but those supplemented with SW tend to be
f Cyanophyta type.

Moreover, from the analysis of dominant species (Fig. 3b)
hich defined as any species whose cells count accounts for
ore than 10% of the total cells, three species (Merismopedia

lauca, Scenedesmus quadricauda and Cyclotella meneghiniana)  were

dentified in R1, while only one species (Merismopedia tenuis-
ima) was identified in S1. Four species (Scenedesmus quadricauda,
olenkinia paucispina,  Cyclotella meneghiniana and Pseudanabaena

imnetica) were identified in R2, while only two species (Meris-
vels between source and pond water.

mopedia sinica and Pseudanabaena limnetica) were identified in
S2. Three species (Microcystis aeruginosa, Merismopedia punctata
and Cyclotella meneghiniana)  were identified in R3, while only
two species (Merismopedia glauca and Microcystis aeruginosa) were
identified in S3. In summary, each RW pond had no less than
three dominant species, which belonged to at least two kinds of
algal division, but for SW ponds there were no more than two
dominant species, and these belonged only to the Cyanophyta phy-
lum. Principally dominant species distribution was  matched to the
opportunities provided by environment, and all the identified dom-
inant algae in RW ponds appeared great growth potential in the
high nutrients condition [34].

In addition, as shown in Fig. 3c and d, RW resulted in higher
values for the Shannon–Wiener index (H) and Pielou’s evenness
index (J). The H values were 2.25, 2.35 and 2.68 in R1, R2 and R3,
respectively, while they were 0.63, 0.67 and 1.33 in S1, S2 and S3,
respectively. The J index also revealed a substantial gap between
the RW and SW ponds. It can therefore be concluded that the
algal diversity in the RW ponds is much greater and more stable
(as shown by H and J, respectively) than in the SW ponds. Note
worthily not only rich dominant species but also non-dominant
species whose richness were between 5% and 10% in RW ponds
contributed largely the diversity expressed as H and J. Reportedly
high NO3

−-N and PO3−
4 -P in RW could enable many new species to

become established in the system and further increase the lake’s
algae diversity [35].

3.3. Impacts on heavy metals

Six heavy metals were measured, namely As, Cr, Cu, Cd, Zn and
Pb, and the changes in their levels between source and pond water
for RW and SW ponds are shown in Fig. 4. Water sources had no
significant effect on the concentrations of heavy metals in ponds.
Moreover, the final concentrations of all metals in ponds changed
from the levels in the source water for both RW and SW ponds. For
example, in most of ponds, the concentrations of As, Cr and Cu were
lower in the source water than in the ponds, while Cd, Zn and Pb

largely followed the opposite trend.

The results showed that the concentration of heavy metals in
source water might not be the only one that have a significant
impact on the subsequent heavy metal levels in ponds, and some
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Fig. 5. Changes in EC50-phenol between source and pond water.

ther factors, such as sediment adsorption, atmospheric deposi-
ion and algae absorption, may  play more important roles than the
eplenishment water source. As related studies have mentioned,
ediment has a great ability to accumulate Cd, Zn and Pb [36], and
he heavy metal content in atmospheric deposition was  found to be
–9-fold higher than in ponds [37,38]. Furthermore, the adsorption
apabilities of different algae species differ depending on the metal
18,39].

The risks of heavy metals on ecosystem and human health were
lso evaluated by means of HPI and HI method, respectively (see
upplementary materials). The possible maximum HPI values were
etermined as 10.3, 7.5, 17.6, 15.2, 21.5 and 33.6 in R1, S1, R2, S2,
3 and S3, respectively, which also presented no obvious difference
etween RW-ponds and SW-ponds. Furthermore all the HPIs were
uch lower than a critical value of 100 [40], which indicated the

elected ponds were not critically polluted by heavy metals. In addi-
ion, the HI values due to heavy metals in ponds were calculated,
here the exposure frequency and ingestion rate were assumed

s 40 d/y and 100 mL/d (all of that through ingestion exposure in
his text for conservative assumption) respectively, according to a
elated research [41]. The results showed that the possible max-
mum HI values due to heavy metals were 1.3 × 10−2, 1.1 × 10−2,
.2 × 10−2, 1.8 × 10−2, 2.9 × 10−2 and 3.2 × 10−2 in R1, S1, R2, S2, R3
nd S3, respectively, which were smaller than the safe risk thresh-
ld of unity [40].

.4. Impacts on ecotoxicity

Fig. 5 illustrates the value of EC50-phenol in source water and in
he receiving ponds. The concentrations of EC50-phenol in SW and
W source water were very different, but after entering the ponds,
he gap decreased in all cases. In this analysis, the ecotoxicity in
onds had little relationship with the source water, which was
robably because the influent ecotoxic compounds were within the
cope of the ponds’ self-purification capacity. For instance, some
isinfection by-products (DBPs) in the RW such as trihalomethanes
THMs), haloacetic acids (HAAs), halogen acetonitriles (HANs), etc.
end to be ecologically toxic, but most of them have low vapour
ressure and weak resistance to sunlight irradiation thus would
eadily evaporate or degraded when they entered a pond with a
arge surface area [20,42,43]. And also the sediments can act as a
ink for ecotoxic compounds through direct sinking of the algae
ells capable of removing ecotoxic compounds or through incorpo-

ation in zooplankton fecal pellets and subsequent sinking [44,45].
n addition, some organochlorine pesticides and organic biocides

hich was available in the SW [44,46], and pharmaceuticals in the
W [21], are always less water soluble and nonpolar, and are easily
Fig. 6. Yearly infection risk from human exposure to the RW and SW ponds.

adsorbed to sediment particles and accumulated in the fatty tissues
of organisms [47,48].

3.5. Impacts on pathogen risk

As Table 3 showed, among the six selected bacterial and viral
pathogens, only four were identified, comprising E. coli, EV, NV and
RV, and all samples had a detection rate of 100%. The activity of
pathogens might be inhibited by the residual chlorine in RW ponds,
but the concentrations of all pathogens were still much higher in
RW ponds than in SW ponds, except the concentration of EV in R1,
which was lower than in S1. The high rate of detection of pathogens
in RW ponds was mainly attributable to their high resistance to the
external environment and other influences in the water environ-
ment. Reportedly, the fate of pathogens is crucial determined by
inactivation by ultraviolet (UV) radiation [23,49]. Commonly low
transparency caused by high algae biomass in RW ponds made
pathogens affected by less UV radiation [23,49].

The high rate of detection of bacterial pathogens in RW ponds
was also attributable to the contribution of the relatively high
nutrient content of RW,  e.g., assimilable organic carbon, nitro-
gen, phosphorus, and necessary microbial trace elements, which
are conducive to regrowth of bacterial pathogens in the ponds
[23,50,51]. Regarding viruses, they are not directly involved in
nutrient metabolism as they are obligate intracellular parasites and
are not living entities, however, it is likely that the high biomass in
RW ponds enhanced virion attachment and promoted viral persis-
tence by microbial biofilm formation and extracellular polymeric
substance flocculation in situ [52,53], which meant the majority
of virion in RW ponds are more stable or remain infectious. In
addition, pathogens adsorbed onto suspended particles are readily
settled down and accumulated in the bottom sediments, and are
therefore protected from inactivation by natural or artificial dis-
turbance, under such condition, pathogens would survive longer
in the RW ponds sediments which contained available nutrients
contents [54].

Through field investigations, we identified that the main means
of public exposure to pond water were fishing and boating. To cal-
culate the daily risk of infection, the mean volume of water ingested
was assumed to be 5 mL  (the possibility of swallowing those vol-
ume  water was about 1%) per day [24], and the exposure frequency
was assumed to be 40 events per year. The yearly infection rate
for pathogens in all the ponds was shown in Fig. 6. In each city, the
total risk for the RW pond was  higher than that for the SW pond. For
E. coli, the difference was  quite small, while for EV, NV and RV, the

differences observed were notable; and for EV, the difference was
statistically significant. Notably, in Kunming and Xi’an, the yearly
infection risk for viral pathogens was 1.2 × 10−4 and 1.4 × 10−4,
respectively, in ponds replenished with RW,  which exceeds the
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Table 3
Concentration of bacterial and viral pathogens in RW and SW ponds.

Unit R1 S1 R2 S2 R3 S3

E. coli Copies/L 801 ± 256 656 ± 240 3632 ± 620 3028 ± 740 4560 ± 1120 2735 ± 750
EV  Copies/L 760 ± 354 796 ± 468 1130 ± 338 762 ± 372 354 ± 131 342 ± 85
NV  Copies/L 55 ± 11 50 ± 24 90 ± 21 57 ± 17 51 ± 20 39 ± 14
RV  Copies/L 340 ± 80 142 ± 25 280 ± 36 204 ± 49 64 ± 23 36 ± 18

*The Salmonella and Shigella pathogens were not identified because their concentrations were below the detection limits.
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Fig. 7. Scatterplots and linear regression lines for the relationships between th

orld Health Organization’s recommended safe threshold of 10−4.
he health risk of landscape ponds replenished with RW thus war-
ants attention.

.6. Impacts of the duration of RW replenishment

In addition to the above, the duration of RW replenishment was
ound to have an important effect on the water quality in the RW
onds as indicated by the various indexes. From the analyses in the
revious Sections 3.3 and 3.4, it was already seen that the heavy
etal concentrations and EC50-phenol in ponds had little relationship

o the source water type. The correlations of other indexes with
he duration of RW use are shown in Fig. 7. As can be seen from
ig. 7a, nitrogen and phosphorus concentrations in ponds were less
ffected by duration of RW replenishment. Commonly an urban
ond has a much shorter hydraulic retention time than a natural

arge lake, for this reason, most of the physicochemical parameters
f water quality including nitrogen and phosphorus in the ponds
ay  tend to appear close correlation to the input quality instead of
ime.
However, the Chl-a level, which is closely related to SD, had a sig-

ificant (P < 0.05) and positive (� = 0.55) relationship with the RW
eplenishment duration (Fig. 7b). Furthermore, the H and J indexes
ber of years of RW replenishment and indexes of water quality in RW ponds.

showed a significant (P < 0.05) and strongly negative (� < −0.70) lin-
ear relationship with the RW replenishment duration (Fig. 7c). As
mentioned the Chl-a level was closely related to the amount of
dominant algae species, while the diversity expressed as H and
J was contributed not only by dominant species but also mainly
by abundant non-dominant species. With continued RW replen-
ishment, non-dominant species subjected to decrease significantly
while dominant species were enhanced due to long-term competi-
tions [55,56], which resulted in the biomass increasing but diversity
declining. Researchers made similar findings for many large SW-
replenished lakes monitored continuously for many years, such as
Chaohu Lake (8 years), Taihu Lake (11 years) and Vortsjarv Lake
(40 years), which showed with the time going, the biomass of algae
increases while the algal diversity declines [57–59].

As for pathogens, a chlorination process is the ultimate treat-
ment for the three WWTPs producing RW and the concentrations
of various pathogens presented no significant difference in the
three RW source water based on irregular sample detections. How-
ever, it was noticeable that most of the detected pathogens in the
RW ponds displayed linear relationships with the replenishment

duration. A significant (P < 0.05) and strongly negative (� = −0.85)
correlation was observed for E. coli, but trends were different for
viral pathogens, especially for EV and RV (Fig. 7d). The concentra-
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ions of EV and RV were highly significantly (P < 0.01) and strongly
ositively (� > 0.70) related to the replenishment duration, and

ncreased 2- and 3.86-fold, respectively, from 3 to 9 years of RW
eplenishment. These results indicated that as the duration of RW
eplenishment extends, the health risk posed by viral pathogens
ight become greater. The difference in the trends for E. coli and

iral pathogens can mostly be attributed to their different sur-
ival abilities in ponds [23,51], as well as the different main factors
ffected their survival abilities [23]. Viruses generally are more
nvironmentally resistant than enteric bacteria in pond’s water
ody and sediment [50,60], so that can survive long enough for
he virion levels to accumulate and which would promoted by the
igh content of viruses in sediment, and eventually to infect human
osts.

. Conclusions

The effects of replenishing urban landscape ponds with
eclaimed water (RW) were studied by comparing three ponds
eplenished RW with three ponds replenished with surface water
SW) in the same cities and with similar hydrologic and hydraulic
haracteristics. Algal growth was significantly affected by RW
eplenishment, showing that RW ponds presented a Cyanophyta-
hlorophyta-Bacillariophyta type with high algal diversity while
W ponds presented a Cyanophyta type with low diversity. The
ealth risk from pathogens was the other indicator significantly
ffected by RW replenishment, due to regrowth of bacterial
athogens and especially survival of viral pathogens in RW,  which
roved to be the main driver behind the higher risk level for RW
onds compared with SW ones. The duration of RW replenishment
as also found to have a great impact on the transformations of

lgal growth and pathogen risk. With continued RW replenishment,
on-dominant algal species subjected to decrease while dominant
pecies were enhanced resulting in the biomass increasing but
iversity declining, and the risk posed by viral pathogens might
ecome greater. The research results help to enable a better under-
tanding of RW as a source for replenishing urban landscape ponds,
nd thus to improve the management of RW reuse and promote the
ppropriate utilization of RW.
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