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ABSTRACT

Recreational waters are associated with a higher risk of disease for people engaged in activities that bring them into
contact with these waters. The primary cause of contamination of recreational waters is fecal microorganisms, which
may originate from various sources and involve several modulating factors, making it a complex public health and en-
vironmental issue. Monitoring recreational water quality should include two key components: Microbial water testing
and monitoring environmental determinants associated with higher risks of contamination. Conducting both activities
provides the foundation for a comprehensive assessment according to risk and the actual level of fecal pollution and
thus could promote good management actions to ensure safe water quality. Nevertheless, monitoring of environmental
determinants is rarely fully integrated in monitoring programs and is also harder to achieve, especially when water pol-
lution is mainly associated with nonpoint sources. In order to achieve identification and monitoring of environmental
determinants associated with fecal contamination of recreational waters, some specific steps should be followed and
some questions must be answered. The objective of this review article is to present current knowledge on this topic and
to suggest and discuss recommendations. Potential sources of contamination and factors able to modulate them should
be identified and measured after the geographical area influencing fecal contamination of recreational water has been
delineated. Statistical models have been developed to identify the relative importance of these environmental character-
istics on fecal pollution of recreational waters but they do not allow for a full comprehension of the exact processes
leading to this pollution, thus other methods should also be used to better understand these processes.
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1. Introduction overloads could prevent the appropriate performance of
treatment plants and thus lead to the dumping of waste-
water directly into watercourses.

Human populations can be exposed to impaired sur-
face water through drinking water but also through rec-
reational waters. Different types of pollution can affect
recreational waters, such as fecal contamination, cyano-
bacteria, and chemical pollutants. Fecal contamination
can result in a large amount of microorganisms that lead

In the last few years, health risks associated with active-
ties in recreational waters were a growing preoccupation
for public health communities all around the world, but
more specifically for industrialized countries. This inter-
est can be explained in part by the growing attendance on
public beaches, driven by climatic and demographic
changes. In the next decades, global changes, including
climate changes, will cause important perturbations to > . . ; . .
aquatic ecosystems. Among these, degradation of micro- Fo various types of |_Ilnesses |r_1clud|ng ggstromtestmal
biological quality of surface waters is expected [1]. Cli- |Ilne_sses (GI) and respiratory, skin, and_ear mfectlons_ [3].
mate changes will bring an increase in the frequency and ! illnesses are the most frequent diseases associated
intensity of rain events which will be followed by an with activities in recreational waters but they are usually
increasing amount of water reaching watercourses by mild and self-limiting, which can lead to some difficul-
runoff [2]. This increased runoff will carry a larger ties in their monitoring. Nonetheless, epidemiological

amount of microorganismsl Moreover, the growing fre- studies have shown positive associations between SPo-
quency of rain events could overload the sewer systems radic cases of Gl illness and activities in recreational
and the wastewater treatment plants, which were not de- waters and between fecal contamination of these waters

signed to work with and treat this amount of water. These ~ and Gl outbreaks [4-8].

Copyright © 2012 SciRes. JEP



Monitoring Recreational Waters: How to Integrate Environmental Determinants 799

Surveillance of the microbial quality of recreational
waters is mainly done by measuring levels of fecal mi-
crobial indicators such as Escherichia coli or fecal coli-
forms. This measurement can provide an indication of
water quality relatively quickly, usually in 24 - 48 hours
following the sampling. Different microbiological tech-
nologies like QPCR have been developed to palliate this
time limit, providing results in only a few hours [9,10].
Moreover, predictive models have been elaborated from
various meteorological parameters such as rainfall and
wind speed in an attempt to predict the level of fecal
contamination according to these conditions [11,12]. In
general, these methods aim to answer the question: Are
recreational waters safe for people today or in the next
few days? Although these measures are crucial for quick
decision making on the likelihood of a microbial hazard,
they do not allow a complete evaluation of the risk of
fecal contamination.

To account for a broader assessment of risk, the World
Health Organization (WHQO) recommends the evaluation
and monitoring of sources of fecal contamination and
environmental characteristics (environmental determi-
nants) influencing this contamination in addition to water
testing [13]. Unlike rainfall events and temperature, these
characteristics are relatively stable in time and could ex-
plain as much as 40% of the fecal contamination varia-
tion for a beach [14]. Knowing and monitoring these
determinants could help ascertain which beaches have a
higher risk of fecal contamination. Integrating a sound
assessment of both risk and determinants into the moni-
toring of fecal pollution using microbial indicators would
provide the base for a more comprehensive and accurate
evaluation and thus would promote good management
actions to ensure safe water quality.

Monitoring of the sources of fecal contamination can
be performed in different ways. The WHO recommends
the annual census of every potential source of contami-
nation of recreational waters by field inspection activities
[13]. This precise and relevant method for point source
pollution can be very difficult to apply to water bodies
associated mostly with non-point source (diffuse) pollu-
tion, like most fresh and inland water bodies. Moreover,
annual field campaigns can be time consuming and also
very demanding in terms of financial and human re-
sources, resulting in a big challenge when trying to apply
them across large territories. Therefore, there is a need to
develop new efficient methods able to characterize the
proximal environment of beaches and thus contribute to
the identification and monitoring of environmental char-
acteristics associated with a higher risk of fecal contami-
nation.

In order to achieve this identification and monitoring
for recreational waters, some specific steps should be
followed and some questions must be answered. The
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objective of this article is to conduct a review of know-

ledge on this topic and to suggest and discuss four steps

that should be followed:

o Identify potential sources of fecal contamination of
recreational waters.

Identify factors able to modulate this pollution.
Delineate geographical area influencing the fecal
pollution of water bodies.

o Identify and apply methods for quantitatively mea-
suring these sources and factors and assessing their
association with fecal pollution of recreational waters
in order to establish best monitoring practices.

2. Identify Potential Sources of Fecal
Contamination of Recreational Waters

Sources of fecal contamination are various and can in-
clude urban, wildlife, and agricultural activities. Water
contaminated by both animal and human sources of fecal
microorganisms can represent a health risk for people
engaged in recreational activities. Although it is assumed
that, in general, animal sources of fecal contamination
represent a smaller risk to human health than human
sources [13], animals can carry zoonotic pathogens such
as Salmonella, Campylobacter, and E. coli O157:H7,
which may lead to gastrointestinal illness and sometimes
severe sequelae [15,16]. Studies have indicated that risk
of gastrointestinal illness associated with exposure to
recreational waters impacted by animal feces may not be
different from waters impacted by human sources. No-
netheless, human health risk from exposure to recrea-
tional waters impacted by non-human sources is still not
well understood; some studies did not find statistically
significant associations between illness risk and fecal
contamination of water by animal sources [17,18].

2.1. Urban Activities

Urban fecal pollution can occur through different means.
During rain events, waters can runoff by two major ways.
They can reach watercourses via pluvial sewer systems,
carrying many pollutants such as organic components
and fecal pathogens coming from domestic wastes, do-
mestic fauna, and wildlife [19]. Waters can also be di-
rected to combined sewer systems that collect domestic
industrial and pluvial waters [20]. However, during
heavy rainfalls and rapid snow melts, water discharge
coming into these systems can overwhelm wastewater
treatment plant capacities and overload. Water containing
pluvial waters and wastewater from domestic and indus-
trial use can be discharged into watercourses by overload
drains called combined sewer overflows (CSOs) [21].
CSOs may represent a health risk for people in contact
with these waters since the principal source of bacteria it
contains is from human waste, which can contain large
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quantities of fecal pathogens [22]. E. coli concentration
associated with CSOs can reach more than 10%/100ml,
which it is much higher than recreational water guide-
lines [23]. Wastewater treated by wastewater treatment
plants can also contain large amounts of fecal bacteria if
these waters are not disinfected before being discharged
into watercourses, placing people swimming in waters in
close proximity to these discharges at higher risk for
health problems [24].

Fecal pollution coming from urban activities and
populations can also occur directly on the beaches. Bath-
ers can be a source of fecal microorganisms via fecal
accident, mainly where the proportion of children among
bathers is high and if there are babies and toddlers in
diapers [25,26]. Some outbreaks of Shigella sonnei (hu-
man pathogen) associated with activities in recreational
freshwaters have been reported. In these outbreaks, the
bacteria source mostly implicated were bathers who had
been attending the beaches [27-29]. Bathers can also
carry fecal microorganisms from the sand to the water
and also stir up bottom sediment, making contact be-
tween bathers and the microorganisms trapped in sedi-
ment more frequent [30].

Domestic fauna such as dogs and cats can also be a
source of fecal contamination. These animals can carry
pathogens like species of Campylobacter, Salmonella,
Giardia, and Cryptosporidium [31,32]. These microor-
ganisms could reach watercourses mainly by runoff fol-
lowing rain events.

2.2. Wildlife

Wild animals can contribute to fecal pollution of recrea-
tional waters. Waterfowl have specifically been studied
in the last decade [33,34]. These birds can be carriers of
many fecal pathogens including species of Campylobac-
ter, Salmonella, and Cryptosporidium and studies sug-
gest they can be a source of contamination of recreational
waters, particularly in rural regions [35-38]. Birds can
pollute water by direct deposit of fecal material but also
by contaminating the beach sand. Wild mammals can also
carry fecal pathogens communicable to humans, although
prevalence is usually low [39-41]. These animals can
bring fecal microorganisms into watercourses by soil
leaching and runoff during rain events and by direct de-
posit of fecal material.

2.3. Agricultural Activities

Agricultural activities can contribute to fecal pollution of
waters and eventually recreational waters in many ways.
Fecal pollution can come from animals and manure piles
on farms and animal production sites. Livestock can
carry and excrete in their feces zoonotic agents which
may lead to various health problems from self-limiting
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Gl disturbances to severe diseases that are potentially
deadly. Zoonotic pathogens most often associated with
farm animals are Salmonella Enterica, Campylobacter
jejuni and coli, E. coli O157:H7, Giardia spp. and Cry-
ptosporidium spp. [42,43]. These pathogens can reach
watercourses mainly following rain events. Water con-
tamination by stored manure on farms can result from
leaking storage, overflows, or manure piles. A significant
Gl outbreak caused by E. coli O157:H7 and Campylo-
bacter occurred in Walkerton, Canada in 2000 following
a contamination of a municipal water well. Much of the
evidence suggests that the origin of the contamination
was runoff coming from a manure pile close to a cattle
farm [44]. Manure spread on crop lands can also contain
a large amount of fecal microorganisms [45]. As an ex-
ample, fecal coliform concentrations measured in runoff
waters following cattle manure spreading can reach 1.9 x
10* to 1.1 x 10%100ml, depending on the initial manure
concentration [46]. Therefore, runoff waters coming
from agricultural fields often exceed the drinking and
microbiological guidelines for recreational waters [47].
Even if they can survive for many weeks on the soil after
manure spreading, risk of water pollution by fecal mi-
croorganisms is highest soon after the spreading. On the
other hand, some procedures can reduce the concentra-
tion of microorganisms in manure before spreading, such
as aerobic or anaerobic digestion and composting [48,49].

In addition to manure spreading, animals at pasture
can be responsible for water contamination through mi-
croorganisms present in their feces [50]. For instance,
some agents can persist in soil for many months after
exiting an animal’s gastrointestinal tract [51,52]. The
impact of animals at pasture can vary according to ani-
mal density. A high density can lead to a large quantity
of urine and feces on a relatively small surface, increas-
ing the probability of nutrients and microorganisms
reaching surface waters through runoff and also getting
through the soil to reach the ground waters [53]. High
animal density can also accelerate soil erosion which can
increase runoff during rain events. The impact of animals
at pasture could also be associated with their distribution
across the watershed and if they have access to a water-
course [54].

3. Identify Factors Able to Modulate Fecal
Pollution of Recreational Waters

Some factors can modulate fecal contamination of waters
by influencing the passage of fecal microorganisms to
surface waters, including vegetation, climatic conditions,
soil type, and topography.

3.1. Vegetation

Riparian zones can reduce the concentration of fecal mi-
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crobes coming from agricultural lands and entering sur-
face waters by more than 90% by preventing soil erosion
and contributing to absorption of runoff water [55-57].
However, no scientific consensus exists on the minimal
required width for an efficient reduction of microorga-
nism transfer, although it is known that recommended
width is affected by ground slope and vegetation type
[58]. Wetlands can capture many elements brought by
runoff such as sediments, microorganisms, and nutrients,
reducing water pollution [59,60]. According to a study
carried out in an agricultural watershed, wetlands could
capture as much as 68% of E. coli coming from runoff
waters [60]. Forest areas can also be associated with bet-
ter water quality given their capacity to reduce runoff,
sediments, and nutrients in surface waters. They could
also have a positive influence on surface water quality by
promoting water infiltration to the water tables [61].

3.2. Climatic Conditions

Rain events and their intensity are an important factor

affecting the transport of microorganisms at the soil level.

Runoff can carry bacteria a long distance downstream
and thus contribute to water pollution [62-64]. As an
example, risk of fecal contamination of watercourses
following manure spreading during dry periods would be
significantly lower than when manure is spread within a
few days before rain events [64]. If there is no rain dur-
ing days following manure spreading, bacteria movement
to watercourses will diminish and under some environ-
mental conditions—UV rays and desiccation—bacteria
count will also diminish [65]. Moreover, during rainfall
some bacteria such as E. coli would be quickly carried
away by runoff waters and would have less chance to
interact with the soil matrix [66]. Furthermore, studies
have shown positives associations between rain events
and waterborne disease outbreaks [67-69].

Exposure to solar rays could also be an important ele-
ment in the bacterial inactivation process in water and
soil [62]. Bacteria count in water decreases more rapidly
during sunny days than during cloudy days, even at vari-
ous depths [70]. In general, microorganism survival is
prolonged in cold temperatures [71].

3.3. Soil Type and Topography

The two major modes of microorganism movement with
water in soil are the infiltration to ground waters and
runoff to surface waters. Relative proportions of these
two modes depend on various elements including the
type of soil [72,73]. Soil composition such as clay and
soils with high levels of organic matter can influence the
movement and survival of microorganisms. High clay
concentrations can influence this survival by offering a
protection against environmental stresses such as UV and
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desiccation. For example, E. coli counts in soil could de-
crease more rapidly in sandy soil than in clay soil [74].
Humidity level can also influence the microorganism
movement in soil. The higher the soil humidity, the more
contaminated the runoff will be following a rain event
because the high humidity facilitates microorganism
transport to watercourses [63].

Land slope also plays a role in microorganism move-
ment. The more steep the slope, the more runoff will
occur and at faster speeds, which promotes soil erosion
and particle movement, which includes microorganisms
[62,73].

4. Delineate Geographical Area Influencing
the Fecal Pollution of Water Bodies

There are two ways by which surface waters and eventu-
ally recreational waters can be fecally polluted: they can
be contaminated by point sources such as wastewater or
storm water discharges; or they can be contaminated by
non-point or diffuse sources. These sources can include
some land uses as mentioned above—agricultural and
urban lands. Diffuse pollution is harder to estimate and
manage since it can be influenced by various characteris-
tics of the drainage area such as topography and soil type
and also by interactions between these characteristics and
land uses.

Therefore when it is the time to identify and quantita-
tively evaluate the environmental characteristics or de-
terminants that influence water quality, questions about
the area influencing it the most remain not fully unan-
swered [75,76]. Those answers will inevitably vary ac-
cording to the type of environment and type of water and
will be different if we study surface waters in small vs.
large watersheds, lakes vs. rivers, fresh vs. marine waters,
or chemical vs. microbiological pollution. Despite the
fact that a single answer is impossible to reach, since
each water body and watershed has its own and unique
combination of characteristics, few studies have tried to
find definitive answers applicable to particular situations
in microbiological pollution [14,76,77].

The study of Sliva et al. [76] compared two appro-
aches to studying the impact of land use on chemical and
microbiological water quality in three watersheds. Water
sampling stations were located on rivers and microbi-
ological quality was evaluated according to the fecal
coliform level. The first approach was to measure land-
scape characteristics in an entire catchment area and to
determine if there was a correlation with water quality
measurements in the corresponding catchment. The sec-
ond approach was to measure those same characteristics
but only for a 100 m buffer around each sampling station.
Results showed that the correlation between fecal coli-
forms and landscape predictors was different depending

JEP



802 Monitoring Recreational Waters: How to Integrate Environmental Determinants

on the season of sampling. During the summer the corre-
lation was better with the 100 m buffer zone data but
during the fall, when the overland runoff is increased, the
correlation was better with data on the entire catchment
area.

Results of the study of Crowther et al. [77] also
showed a difference in the relationship between land use
and river water quality depending on if the sampling was
done under base- or high-flow conditions. During base-
flow conditions, E. coli levels seemed to be influenced
more by land use within 2 km of the sampling station
than the land within the whole catchment. Under high-
flow conditions, although the best correlation between E.
coli levels and landscape data was seen at the whole
catchment level, land use within 5 km was still able to
explain more than 70% of the contamination variation.
The study of Turgeon et al. [14] focused on recreational
freshwaters associated with a lake and sampling was
performed during the bathing season (mid-June to end of
August). According to the results shown in Crowther et
al., two buffer zones were delineated within the catch-
ment area of each lake, one 2 km in size and another 5
km from the sampling point (beach) (Figure 1).Various
land use and geo-hydrological characteristics were mea-
sured for each zone and the relationship between these
characteristics and the fecal coliform levels was assessed.
According to their results, the level of fecal coliform was
influenced by agricultural activities and the additional 3
km of the 5 km buffer zone did not bring any additional
information on the risk of contamination, suggesting that
the most influence on water quality is from within the

® Beach
C3 Lake
@% Proximal area of influence (2 km)
% Distal area of influence (5 km)
C75 Lake catchment f

Figure 1. Two buffer zones used to delineate the geogra-
phical area influencing the fecal pollution of water bodies in
the article of Turgeon et al. (With kind permission from
Springer Science +Business Media: Water Quality, Expo-
sure and Health, Fecal Contamination of Recreational
Freshwaters: the Effect of Time-Independent Factors, Vol.
3(2), 2011, 109-118, P. Turgeon et al., Figure 1).
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first 2 km.

Although results of these studies differ according to
their objectives and methods, one trend seems to emerge.
During a dry season, microbiological surface water qua-
lity would be more influenced by land use characteristics
located nearest the sampling station versus by the whole
catchment, reflecting a possible die-off or sedimentation
process along watercourses during this period.

5. Quantitatively Measuring These Sources
and Factors and Their Association with
Fecal Pollution of Recreational
Freshwater

After having identified potential sources of fecal con-
tamination and their modulating factors and delineating
the area where they should be monitored more closely,
the next step should be to quantitatively measure them in
the areas of interest. Various sources of data can be used
for this such as census data, regional or national thematic
maps, and field survey data [14,78-80]. National census
data from human populations can be useful for evaluat-
ing density or some characteristics such as age or socio-
economic distribution [81]. Census data from animal
populations can also provide information on population
density and species distribution or contribute to the
evaluation of some management practices such as ma-
nure spreading [82]. The advantages of this data source
are that data are usually standardized at the national level,
available freely and for a long period of time. However,
census data are collected most of the time by administra-
tive regions or districts or centralized by farms or busi-
nesses.

These methods can bring spatial uncertainty which can
be very relevant in the context of a hydrological process
where the location of the source of contamination in re-
gard to runoff direction and topography can play an im-
portant role [83,84]. Moreover, census data are usually
constrained in regards to timeline. As an example, in
Canada, population census is done every four years and
agricultural census every five years, which can prevent
availability of up-to-date data [81,82].

Data on landscape, land use, or on some environ-
mental characteristics such as climatic conditions or to-
pography can be acquired from regional or national the-
matic maps [80,85]. One advantage of using these maps
is that one map is usually able to provide data on wide
territories for more than one characteristic. Most of the
time, data can be relatively easy to extract and thus can
be ready to use with little manipulation. Nonetheless, like
census processes, thematic maps are usually not per-
formed every year and the timeline can be restrictive in a
monitoring context. Furthermore, spatial resolution of
these maps may limit their use or contribute to some
measurement errors when data are needed for small areas
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[80]. Field surveys can provide accurate, precise, and
up-to-date data on small areas, but one downside of this
method is the high cost in terms of time and human and
financial resources.

Lastly, land usage and landscape characteristics can
also be provided by satellite imagery and more specifi-
cally Earth observation imagery [86,87]. These products
can provide data on land use and land cover known to
influence surface and recreational water quality such as
agricultural lands, impervious (built) surfaces, wetlands,
and forest areas [88-91]. This source of data has many
advantages over more conventional sources. First, satel-
lites can have a very large coverage and thus provide in-
formation on wide territories [92,93]. Satellite data from
a particular sensor are always collected the same way and
usually for a long period of time, allowing for a large
amount of repeatable and consistent data which can be
very relevant for a monitoring program [94]. Data from
Earth observation can be highly precise depending on the
sensor; knowing the precise data on characteristics asso-
ciated with fecal contamination can be very relevant in
the context of a hydrological matter. However, some
factors can make their use difficult for recreational water
monitoring, such as image cost and the expertise and
technical resources needed for the gathering, processing,
and analysing of those data [95-97]. As all sources of
data present advantages and limitations, a combination of
more than one source is probably the best way to tackle
this step depending on the environment and the recrea-
tional waters involved.

Once the environmental characteristics associated with
potential sources of fecal contamination and their modu-
lator factors have been measured, it can be pertinent to
try to identify which of these determinants have the most
influence on recreational waters in the territory of inter-
est. Most of the time, statistical methods that were used
to achieve this step were multivariate regression model-
ling and Pearson’s correlation coefficient [14,77-79,98].
Knowledge resulting from this step could provide the
answer to the question: Which beaches have a higher risk
of fecal contamination? Identification of those beaches
combined with water sampling would provide the basis
for an overall evaluation according to the risk and the
actual level of fecal pollution, allowing for a better tar-
geted monitoring of recreational waters.

6. Conclusion and Future Directions

Based on a literature review, this paper aimed to suggest
and discuss steps that should be followed for the integra-
tion of environmental determinants in the monitoring of
recreational waters. Initially, potential sources of con-
tamination and factors able to modulate them should be
identified. Various sources and factors can be involved
and depend on the region of interest. Measuring these
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sources and factors for monitoring purposes can only be
done after delineating the geographical area influencing
fecal contamination of recreational waters. No scientific
consensus exists on this matter and few studies have par-
ticipated in the debate. Nevertheless, in dry periods,
which largely correspond to the bathing season, the pro-
ximal environment seems to play a more important role
in the pollution process than the whole catchment does.
Studies using mathematical and hydrological modelling
would certainly help to bring new knowledge on this
topic. Various sources of data can be used to provide
information on sources of contamination and modulating
factors and could be used to measure them on the geo-
graphical area of interest. Since none of them is suffi-
cient in itself to provide all the information needed to
fully characterize the proximal environment of recrea-
tional waters, a combination of more than one would be
the best way to measure environmental characteristics.
Some studies have used statistical models to identify the
relative importance of environmental characteristics on
fecal pollution of recreational waters. Although these
models provide relevant information on environmental
characteristics associated with a higher risk of fecal con-
tamination and thus can serve as a good working basis
for the integration of the monitoring of the environmental
determinants of recreational water quality, they do not
allow for a full comprehension of the exact processes
leading to this pollution. Source attribution methods
should be used to better understand these processes and
to provide information on a better estimation of the pre-
cise contribution of each source of contamination.

Monitoring environmental determinants of water qua-
lity should be integrated with monitoring programs of
recreational waters. In addition to water testing, it would
provide an overall evaluation according to the risk of
contamination and the actual level of fecal pollution,
promoting in turn good water management actions to
ensure safe water quality [13]. Moreover, knowing and
monitoring these determinants could promote preventive
actions to diminish their impact on water quality. In ad-
dition to contributing to better protecting the public, this
preventive approach would align with the multi-barrier
approach promoted in the domain of water quality [99,
100].
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