ISBN: 978-1-60741-097-3
In: Agricultural Runoff, Coastal Engineering and Flooding
© 2009 Nova Science Publishers, Inc.
Editors: Ch. A. I Iudspeth, T. E. Reeve. pp. 27-48

Chapter 2

AGRICULTURAL RUNOFF: NEW RESEARCH TRENDS
Victor Hugo Durán Zuazo*12,
Carmen RocIo Rodriguez Pleguezuelo" 2, Dennis C. Flaiiagan2,
José Ramón Fran cia Martinez' and Armando Martinez Raya'
IFAPA Centro Camino de Purchil. Apdo. 2027, 18080-Granada, Spain
2,t
USDA-National Soil Erosion Research Laboratory,
West Lafayette, Indiana 47907-2077, USA

ABSTRACT
There is public concern worldwide about the impact of agriculture on the
environment and the migration of agrochemicals from their target to nearby terrestrial
and aquatic ecosystems and sometimes to the atmosphere and other times to the
groundwater. To achieve the highest yields, farmers use many agrochemicals and
practices, which frequently have repercussions for the nearby natural or/and senii-natural
adjacent areas. Research is needed to identify the correct amount of fertilisers and the
appropriate management to be applied in order to minimise non-target effects while
allowing the farmers profitable yield from their agro-ecosystems. Some agrochemicals
can leave the agro-ecosystem by the runoff water, by the percolation of soil water or by
evaporating into the atmosphere as gases. The recent awareness about the relationship
between agricultural activities and non-point source pollution is also growing in many
parts of the world. The challenge for farmers, land managers, and land users is to
maintain the quality of surface waters and the health of biological communities by
reducin g and managing the amount of sediment, nutrients, and other pollutants in
agricultural runoff. Making changes to land use or correcting past abuses is often
expensive. A considerable amount of research is underway by organisations with a
commitment to, or responsibility for, managing the effects of land-use practices on the
environment. Studies have been made concerning land-use practices to reduce
environmental impact, such as more efficient fertiliser use, sustainable grazing practices,
fencing of riverbank access, and re-planting of vegetation along streams. Finally, research
has supported a range of monitoring activities to determine the quantity and fate of agroCorresponding autor c-mail: victorh.duran@juntadeandalucia.cs.
Address: 275 S. Russell Street, West l.aIaycttc, IN 47907-2077, USA
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materials in agricultural runoff; this information is used to assess the health and status of
agro-ecosystems and form a basis for evaluating the effectiveness of land-management
practices to reduce threats.

I. INTRODUCTION
Agricultural runoff is surface water leaving cultivated fields as a result of receiving water
in excess of the infiltration rate of the soil. Excess water is due primarily to precipitation, but
it call conic from irrigation and snowmelt oil soils. Also, there is considerable
concern about erosion of cultivated fields due to the rainfall and runoff processes, primarily
related to the loss of valuable topsoil from the fields and subsequent losses in productivity.
The potential for pollution of surface waters such as rivers and lakes due to agricultural runoff
has been recognized and the nature and extent of such pollution is systematically assessed.
Agricultural runoff is grouped into the category of non-point source (NPS) pollution because
the potential pollutants originate over large, diffuse areas and the exact point of entry into
water bodies cannot be precisely identified. These sources of pollution are particularly
problematic in that it is difficult to capture and treat the polluted water before it enters a
stream. The point sources of pollution such as municipal sewer systems usually enter the
water body via pipes and it is comparatively easy to collect such water and reroute it through
a treatment system prior to releasing it into the environment. Because of the NPS nature of
agricultural runoff, efforts to minimize or eliminate pollutants are focused on practices to be
applied oil near cultivated fields themselves. Agricultural runoff is considered to be the
primary source of pollutants to streams and lakes, as well as estuaries. Runoff from
agricultural fields introduces soil, organic matter, manure, fertilizer and pesticides into small
streams, increasing the volume of stream discharge and changing water quality. Researchers
such as Cooper [I] have reviewed the acute toxic and sub-lethal chronic effects of such
runoff, and have identified pesticides as one of the major stressors of aquatic communities.
One important environmental objective is to achieve and maintain a good chemical and
ecological status of surface water bodies, and the first step towards this is to locate water
bodies that are likely not to meet this criterion. For such evaluations, water-monitoring
programs are indispensable oil river-basin scale and even oil scales, especially in
the vast tracts of lands with agricultural production. More effective action is needed to further
reduce agricultural runoff of sediment nutrients, and other pollutants, thereby alleviate the
pesc1t llirei in the atroecosvstems.

2. CoNi'IoLLlN(; A(aZICULTURAL RUNOFF
Water quality and agriculture are closely linked because of the potential NPS pollution of
lakes, rivers, streams, etc. by agricultural runoff [1, 2]. Contaminants such as sediments,
bacteria (e.g. dairy waste), nutrients (e.g. nitrogen and phosphorus), and pesticides may be
transported from agricultural fields during rainstorm runoff events. As Cooper [II stated,
iesticides have played a key role against food shortages and vector-borne diseases, and
iummnkiiid oii!d be vastl diIlrent v ilhoiit tlicii usc. I lo\vcvcr. noil-target impacts irniii

F

Agricultural Runoff: New Research Trends

29

pesticide-associated agricultural runoff persist, and thus scientists are currently studying
methods to minimize these risks.
One possible solLLtion to minimize agricultural runoff into streams and other water bodies
involves the development of constructed wetlands to replace lost edge-of-field wetlands and
serve as buffers. The utility of constructed wetlands for mitigating several different kinds of
contaminants has been extensively studied. Their effectiveness in removing organics,
nutrients, and metals has been previously reported [3, 4, 5, 6, 7]. Few studies, however, have
focused on the potential of constructed wetlands as buffers to mitigate pesticide losses [8, 9].
One of the most direct methods of controlling pollution from agricultural runoff is to
minimize the potential for runoff. Oilier methods such as best management practices (HMPs)
can be used to reduce the amounts of sediments and dissolved chemicals in surface runoff
(Figure 1). BMPs are individual practices or combinations of management, cultural, and
structural approaches which have been identified as the most effective and economical way of
reducing damage to the environment. Often practices aimed at controlling one aspect of
agricultural runoff can also he successful in reducing other components because of the
interrelationships between runoff volume, erosion, transport, dissolution, and delivery.
Maintaining good soil tilth and healthy vegetation can reduce runoff by promoting increased
infiltration into the soil matrix. Terracing, contour ploughing, and use of vegetated waterways
to safely convey surface runoff can result in decreased runoff by slowing the water leaving a
field and allowing more time for infiltration. Construction of farm ponds to receive runoff can
result in less total runoff from a farm, lowered peak runoff rates, and water storage for LISC in
irrigation or livestock watering 1101.
Control of water pollution in agricultural runoff is often effectively achieved by reducing
soil erosion from the field, and the primary method of doing this is by maintaining some type
of plant cover on the soil surface or reducing the area of bare soil [II. 12, 13]. Techniques
include conservation tillage, strip tillage, plant strips, and the use of cover crops. Additional
measures that can be employed at the edge of the field, or off-site, include farm ponds and
vegetative filter strips, especially during critical runoff/erosion periods.
The loss of nitrogen and other plant nutrients can be reduced if fertilizer is applied in
appropriate quantities and when the crop needs it. This often requires multiple applications,
which caii he difficult, time-consuming and costly. Because nitrogen fertilizers have been
relatively inexpensive, growers tend to overapply rather than underapply. Efforts have been
made to make the N less soluble by changing the form applied to the field so that it becomes
available to the plants (and, thus, available for loss by runoff) more slowly [141.
Another method of controlling losses of agricultural chemicals is to minimize their use
through sLich programs as integrated pest management (IPM), in which fields are regularly
monitored and some crop damage is allowed until it becomes economically justified to apply
pesticides. Development of chemicals that are more easily degraded is also desirable, so that
they are less likely to persist long enough to be transported by agricultural runoff.
On other hand, agricultural activities associated with livestock management can have
large impacts on the quality of pasture runoff and adjacent surface waters. Field spreading of
livestock manure can contaminate streams and estuaries with fecal coliform bacteria (FCB),
signalling the possible presence of feces-associated pathogens and thus oulweighing
beneficial uses. The installation of plant buffers between manure-application areas and
surface waters is a common BMI [IS].
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Figure I. Best management practices (BMPs) for phosphorus to reduce the impacts of land applied
manures on P loss to surface water bodies.

Numerous studies have evaluated the influence of agricultural practices on
microbiological quality of runoff water [16, 17, 18, 19]. To quantify this impact is difficult
because the extent of bacterial pollution is related to climatological factors such as rainfall
amount and intensity, as well as microbial populations and die-off. Bacterial transport varies
ith the initial population, soil conditions, temperature, sunlight, and organic matter [20]. For
these and perhaps other reasons, empirical data correlating manure application with the
quality of runoff water frequently contain contradictions [21].
In addition, fecal coliform bacteria (FCB) concentration is a common indicator of
bacterial contamination, implying the potential presence of microorganisms that are
pathogenic to humans [22]. 1 lomeothermic animals shed large amounts of these bacteria in
their feces, and pathogen presence in water implies fecal pollution. The US Environmental
Protection Agency requires that FCB concentrations do not exceed 200 colony-forming units
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(cfu)/l 00 mL for contact recreation and 14 cfu/ IOU mL for shellfish harvesting [23]. Most
pathogenic bacteria are removed by physical and chemical adsorption within the soil profile
[20], and FCB concentrations therefore typically decline substantially when transported
through soil, suggesting that transport to surface water occurs mainly by surface flow [24, 25,
26].
Management practices that are currently used to diminish the input of pollutants from
animal waste to surface and groundwater include control of animal numbers 127, 281, control
of animal diet [29], constructed wetlands, and riparian filterstrips [30. 31, 32]. However, there
are some problems with vegetative systems: (I) vegetation in wetlands or riparian areas can
take months to years to become completely established; (2) the systems are not effective
when the vegetation is not growing, and caii become nutrient sources rather than nutrient
sinks [33, 34, 3 5 ]; (3) riparian filter strips or constructed wetlands are effective for only small
quantities of runoff (relatively infrequent or low-intensity runoff events) because continuous
application can quickly overload the systems ability to withdraw nutrients [36, 37, 33]; and
(4) vegetative systems cannot be transported to the site of a waste spill or runoff area.
Therefore, even when BMPs are used, livestock production can sometimes contribute large
amounts of nutrients and enteric microorganisms to watercourses and water bodies. Pollution
control is achieved through natural processes that promote leaching and that prevent or retard
overland transport. Although these functions are well established, the degree to which they
can be enhanced by the installation of larger buffers has not been quantified [38, 39]. In this
context, according to Sullivan et al. [40], substantial FCB contamination of runoff occurs
from manure-treated pasturelands, and it might be disproportionately associated with specific
field or management conditions, such as the absence of a vegetated buffer or the presence of
soils that allow low water infiltration and therefore generate larger volumes of runoff.
Mulching the soil surface in farmlands with a layer of plant residue is an effective
method of conserving water and soil because it reduces agricultural runoff, increases
infiltration of water into the soil, and retards soil erosion. Mulching the soil with elephant
grass (Pennisetum purpureuni) debris may benefit late cropping (second cropping) by
increasing stored soil water for use during dry weather and reducing erosion and agricultural
runoff on sloping land [41].
Sedimentation occurs when surface runoff carries soil particles from one area, such as a
farm field, and deposits them in a water body, such as a stream or lake. Excessive
sedimentation clouds the water, reducing the amount of sunlight reaching aquatic plants, and
covers fish spawning areas and food supplies. In addition, other pollutants such as
Phosphorus, pathogens, or heavy metals are often attached to the sediment particles. Farmers
could reduce erosion and sedimentation by 20 to 90% by applying management measures to
control the volume and flow rate of runoff water, and reduce sediment transport [11, 121.
The application of anionic polyacrylamide (PAM) to soils and/or vegetative treatments
may also provide a cost-effective way to dramatically reduce bacteria and nutrient loads in
animal waste and thereby reduce pollution in waters receiving these effluents. PAM
application can be used alone or in conjunction with vegetative strategies, which may then
operate more effectively due to reduced contaminant loads in waste entering the system.
Wastes from a variety of agricultural runoff sources are major sources of nutrients,
pesticides, and enteric microorganisms entering surface and ground waters. Water-soluble
anionic polyacrylamide was found to be a highly effective erosion-preventing and infiltrationenhancing polymer, when applied at rates of 1 - 10 g m in furrow irrigation water. Water
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flowing from PAM-treated irrigation furrows substantially reduced sediment, nutrients, and
pesticides. Recently PAM and PAM mixtures [PAM + CaO and PAM ± Al (SO 4)3 1 have been
shown to filter bacteria, fungi and nutrients from animal wastewater. Low concentrations of
PAM [175-350 g PAM ha"' as PAM or as PAM + CaO and PAM +A1(SO 4 ) 3 mixture] applied
to the soil surface, resulted in dramatic decreases (10 fold) of total, coliform and faecal
streptococci bacteria in cattle, fish, and swine wastewater leachate and surface runoff. PAM
treatment also filtered significant amounts of N114, PO 4 and total P in cattle and swine
wastewater.
Potential benefits of PAM treatment of animal-facilit y waste streams include: (I) low
cost, (2) easy and quick application, (3) suitability lbr use with other pollution-reduction
techniques. Research on the efficacy of PAM for removal of protozoan parasites and viruses
and more thorough assessment of PAM degradation in different soils is still needed for a
complete evaluation of PAM treatment as all waste-water treatment. Entry et al. [42]
demonstrated the potential efficacy of PAM and its mixtures in reducing sediment, nutrients,
and microorganisms from livestock and poultry effluents.
Alum [Al2 (SO4 )3 nH3O] treatment of runoff has been used as a storm-water retrofit
option and its effect on water quality and ecological impacts of treatment systems had been
studied [43, 44]. Alum treatment of stormwater consistently provides removal efficiency of
85-95% for total phosphorus, >95% for total suspended solids (TSS), 35-70% for total
nitrogen, 60-90% for metals, and 90-99% for total FCB. Although only positive chemical and
ecological impacts have been reported in water bodies receiving alum treatment, current state
policies require collection and disposal of the generated floe, an issue that has received
considerable attention in recent years. Oil other hand, according to Smith et al. [45], the
addition of alum to various poultry litters reduced P runoff by 52 to 69%, the greatest
reduction occurring when alum was used in conjunction with HAP (high available
phosphorus) corn and phytase. This study demonstrated the potential added benefits of using
dietary modification in conjunction with manure amendments in poultry operations. Thus,
integrators and producers should consider the use of phytase, I lAP corn, and alum to reduce
potential P losses associated with poultry litter application to pastures.
Controlled drainage systems (CDS) are all management practice to reduce
water losses from agricultural fields with subsurface drainage tiles, as well as losses of
associated agricLiltural chemicals such as nitrates and phosphates. Originally developed in
North Carolina (USA) [46, 47. 48] as a means of reducing high levels of agricultural nutrients
leaving tile drains that were adversely affecting off-site water bodies, these systems also can
boost crop productivity by increasing soil moisture available for plant growth during
droughty summer periods. A CDS has some type of control structure or housing, that allows
placement of a series of vertical blocks or gates that prevent water from a tile system outlet
lioiii exiting a field, effectively raising the soil water table. The water table is maintained at a
high level during the winter and early spring, then the blocks are removed a month or so prior
to field operations and planting, so that the soil call
enough to support tillage equipment.
Following planting and other cultivation, blocks are added to all height, reducing
excessive drainage and helping to maintain moisture in the lower soil profile for plant growth.
Prior to harvest the blocks may all be removed to allow the soil to fully dry again so that it
all heavy harvesting equipment. After harvest and any fall tillage, the blocks are all
iserted again so that the water table is at its highest level (perhaps a foot below the soil
Lirface) during the winter. Several reseachers have shown large benefits of CDS oil
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nutrient tosses from agricultural sites to off-site waters, particularly losses of nitrate-N (losses
reduced up to 95%) [49, 50, 51]. Use of CDS in new tile systems and retro-fitting of existing
tile systems in the Midwestern United States may be one part of a solution to reducing
hypoxia problems in the Gulf of Mexico which result from high soluble nutrient losses from
agricultural lands.

3. PLANT NUTRIENTS IN AGRICULTURAL RUNOFF
For crop and livestock agriculture, P is an essential nutrient, which can migrate from
farmland to off-site bodies of water, accelerating eutrophication [52, 53]. Recent waterquality appraisals have identified eutrophication as one of the most common water-quality
hazards in America, Europe, Australia, and Asia [54, 55, 56]. Eutrophication restricts water
use for fish farms, industry, and recreation, by spurring growth of undesirable algae and
aquatic weeds, as well as depleting oxygen levels through these organisms' death and
decomposition [57]. Intensive livestock farming has caused a vast transfer of P from grain- to
animal-producing areas, where localized surpluses of P-manure can accumulate. The land
application of manure can increase the potential loss of P to surface waters [58, 59 ] . More
attention has focused on livestock as part of agriculture's role in water-quality damage and
the need for BMPs for manures, which are an integral part of remedial strategies [60, 61, 62,
63].
Table I. Best management practices (BMPs) at farm level to control the excess of
nutrients
BMPs in crop lands
Nitrogen leaching
- Apply only recommended rates of nitrogen
fertilizer, manure or sludge
- Know the accumulated levels of nitro-en
collected from rotated legume crops, and past
fertilizer, manure and bio-solid applications
- Proper application timings including spitapplications when appropriate
- Realistic yield goals

- Correctly calibrate application equipment
- Use of cover crops to utilize the residual
nitrate in the soil at the end of the growing
season
- in irrigation system farms periodic control of
nitrate concentrations in irrigation waters

Phosphorus loss
- Use soil erosion control practices
- Test soils on a regular basis and avoid
applications of manure or fertilizer that would
result in soil levels above an optimum range
- Obtain nutrient analysis of manure sources
and use soil test recommendations and yield
goals when calculating application amounts
- Adopt phosphorus based management plants
for areas vulnerable to phosphorus runoff or
Ic acli in g
- Do not spread manure on frozen ground
- Inject or incorporate applications of manure
or fertilizer whenever possible
- Using P-rich organic sources like manure
and sludge on soils with lower soil test rates
for phosphorus
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Controlling the fate of P applied in manure requires efforts at many scales, which range
from field-specific BMPs to watershed-wide planning (Table 1). These practices are generally
LIsigned to use agricultural chemicals efficiently, encourage ground cover, impede surface
runoff, and improve livestock waste management. On the other hand, the control of soil
cIc)sion is essential to avoid nutrient NPS pollution of surface waters, since eroded soil
mlicles can carry nutrients, particularly phosphorus, into water bodies [11, 64]. Also,
ccking agricultural nLltrient non-point source pollution solutions, farmers may adopt physical
ipproaches (e.g. waste-containment tanks or pits, sediment basins, terracing, fences, tree
planting) and/or managerial ones (e.g. nutrient budgeting, rotational grazing, conservation
tillage). Either way, sound management is indispensable to decrease agricultural pollution.
To check the effects of long-term localized P accumulations, system-level changes in
farm and regional P balances are required. In any case, even when nutrient balances are
maintained, P can migrate from land to water. Because manure contains high concentrations
of nutrients in ratios beyond crop needs, appropriate application of manure requires a holistic
approach to P management.
Modern farming practices are often wasteful in terms of using inorganic fertilizers.
Therefore, much of the N can be lost to the environment in several ways and its control is
urgent (Table 1). For example, large amounts of nitrate (NO 3 ) can be lost in both surface
runoff as well as in water leaching down the soil profile below the plant root zone, and from
there lost either in tile drainage (that reaches surface ditches and streams) or deep seepage
(that can contaminate aquifers). Nitrogen entering the soil disturbs the ammonium ions
(NH4 ), which are normally in equilibrium with NH 4 ' in the soil. This disrupts the soil p11,
thereby affecting plant growth. Whenever the soil pH is high enough, the equilibrium is
tipped towards production of volatile ammonia gas (NI 1 3). This nitrogen release into the
atmosphere eventually ends in NH 4 returning to the soil with rainfall. An additional problem
can be denitrification of NO 3 back to volatile nitrogen gas (N 2 ) by soil bacteria. Although not
a direct cause of pollution, it is wasteful, since artificial fixation of nitrogen for fertilizers
requires large energy inputs.
The growing use of phosphate fertilizers has resulted in the accumulation of P in soils.
Problems arise because the means by which P is immobilized cannot accommodate the
additional P that fertilizers add to soils. Consequently, greater soluble and sediment-bound
phosphorus loads can be transported off-site with agricultural runoff, negatively affecting
lakes, streams and other water sources because, as mentioned above, P leads to
eutrophication. Both N and P upset aquatic systems by augmenting the growth of algae and
aquatic weeds. After death, microbial decomposition of the detritus depletes the oxygen
supply available to other organisms that depend on dissolved oxygen levels in the water.
Government programs are available to land owners and land managers to help design and
pay for systems and practices to prevent and control NPS pollution. Several U.S. Department
of' Agriculture and state-funded programs provide cost-sharing, technical assistance, and
economic incentives to implement NPS pollution-management practices. Many farmers use
their own resources to adopt technologies and practices to minimize losses of increasingly
expensive fertilizer inputs and limit water-quality impacts caused by their agricultural
activities.
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4. PESTICIDES IN AGRICULTURAL RUNOFF
Insecticides, herbicides, and fungicides, though used to kill pests and control the growth
of weeds and fungi, call water through direct application, runoff, wind transport, and
atmospheric deposition, killing fish and wildlife, poisoning food sources, and destroying
animal habitats. Such NPS contamination from pesticides can be reduced by applying IPM
techniques based oil specific soils, climate, pest history, and crop selection for a particular
field. IPM helps limit pesticide use and manages necessary applications to minimize pesticide
movement from the field. Although relatively small herbicide loads are carried by surface
runoff water in relation to the amount applied to a cultivated field (from less than 0.5% up to
serious environmental risks. The main pathway for
5%) [65], their residues call
herbicide losses is surface runoff, and a rainstorm shortly after application call high
chemical concentrations in the runoff [66, 67], wreaking serious consequences for water
quality and wildlife habitats. Vegetative filter strips (VFS) have been proposed as a means to
reduce surface water contamination caused by agricultural NPS [68, 69, 70]. A VFS acts as a
natural dam or terrace and, by reducing runoff, the water has more time to penetrate and
incorporate the pollutants in the soil and thus prevent off-site movement [71]. Also, VFS
alters flow hydraulics, reducing runoff speed and increasing water infiltration [72]. The filter
thus enhances sediment deposition and filtration by vegetation, pollutant adsorption into the
soil and dead and living plant materials, and uptake of soluble pollutants by plants [73].
Infiltration was found to he the most important herbicide removal mechanism associated
with VFS, especially for soluble or weakly adsorbed pesticides [74]. Watanabe and (irismer
[75], investigating diazinon transport within a VFS, found that the pesticide was trapped on
its surface and in the root-zone, where further adsorption, attenuation and presumably
degradation may occur. Nevertheless, enhanced infiltration could cause more leaching,
allowing the herbicide to reach the water table, changing the ecotoxicological impact from
surface to subsurface water. Delphin and Chapot [76] evaluated this leaching and investigated
the fate of atrazine and de-ethylatrazine transported in runoff effluents and trapped by a grass
filter strip.
The plants in the VFS conferred higher organic-matter content to the filter zone than in
the adjacent cultivated fields. This organic matter accumulation boosted the adsorption
capacity and microbial activity for herbicide degradation, thereby reducing the amount of
herbicide in surface runoff and leaching water [77]. Higher herbicide dissipation in the VFS
soil is due both to enhanced degradation and the formation of non-extractable (bound)
residues, which can become a long-term sink inside the filter [78].

5. AGRICULTURAL RUNOFF CONTROL IN MEDITERRANEAN
MOUNTAINOUS CROPLANDS
Torrential rains are the major cause of runoff and soil erosion in agricultural mountainous
areas in Mediterranean south-eastern Spain. Strong efforts have been made to curb cropland
erosion, primarily by reducing agricultural runoff that risks pollution of water bodies [11, 12,
641. In southern Spain (Andalusia), many orchards (i.e. vines, almonds, and olives) are under
rainfed conditions and confined to slopes or rugged land, occLlpying large parts of mountains
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iiI hills of the Mediterranean agroecosystein. In such an environment, rainfall needs to be
buy harvested and unnecessary runoff losses should be minimized, given the vital
importance of water in this type of climate. Also, extensive rainfed crops arc cultivated
n:iinly in shallow soils under traditional agriculture techniques with a high risk of
lr:msporting pollutants. In this sense, according to Francia ci al. [11] and Martinez et al. [12],
a g ricultural runoff can be significantly reduced by the use of different plant strips running
:ieioss the hill slope, especially aromatic and medicinal plants (AMP) in comparison with the
runoff of other traditional soil-management systems used in the zone (Table 2).
Inappropriate wild harvesting of AMP by uprooting in mountainous areas endangers the
soil resource. Durán et al. [13] on the southern flank of the Sierra Nevada Mountains (SE,
Spain) studied the runoff response to cultivated AMP covers by comparing four harvest
intensities (HI) of the biomass (0%, 25%, 50%, and 75%) of four aromatic shrubs (Lavandula
lunlana L., Santo/ma rosinarinifolia L. Origanwn bastetanu,n, and Salvia lavandulifolia V.).
The average runoff for 111-0, HI-25, H1-50, and 111-75 during the study period was 2.6, 3.2,
3.4, and 4.7 mm, respectively, differing significantly from that found by Durán et al. [7 9 ] for
hilly areas and bare soil (182 mm) in the same study zone. This study demonstrated that the
cultivation of AMP (even when removing 50% of the above ground biomass), rather than the
harvest of wild AMP, protected the soil from rain erosivity and produced potentially
profitable essential-oil yields [18]. Consequently, rational harvesting on agricultural semiarid
slopes not only protects the soil against erosion and enhances soil quality but also minimizes
the pollution risk from agricultural runoff in mountainous regions.
The coast of the provinces of Granada and Malaga (SE Spain) are economically
important areas for intense subtropical fruit cultivation [80, 81]. The farmers in this zone
construct terraces primarily to use the steeply sloping lands for agriculture.

Table 2. Agricultural runoff and soil loss prevention by plant strips in semiarid slopes in
olive and almond orchards
Olive orchards with 30% slope
Almond orchards with 35% slope
Soil-management Agricultural runoff Soil loss
Agricultural runoff Soil loss
system
(mm yr)
(Mg ha yr'') (mm yr'')
(Mg ha'' yr'')
NT
39.0
25.6
na,
n.a.
CT
10.9
5.70
58.1
10.5
BS
19.8
2.10
23.8
1.66
NVS
8.6
7.1
na.
na.
LeS
na.
n.a.
47.8
5.18
ThS
na.
na.
26.1
0.50
SaS
na.
na.
31.5
2.10
RoS
na.
na.
23.2
0.60
NT. non-tillagc without plant strips; CT. Conventional tillage; BS. non-tillage with barley strips: NVS.
non-tillage with native vegetation strips; LeS. lentil strips; ThS, thyme strips: SaS, salvia strips:
RoS. rosemary strips; na.. not available.
According to Duran et al. [821. severe soil erosion (9.1 Mg ha' yr") occurs frequently on
the hare luli ic of orclund terracc. cpecia 1k tlioc
iii uuriv southern orientations (some
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having runoff tip to 100 mm yrj. Use of AMP such as th yme (T/iymus scrp3'lIuicIes) and sage
(Salvia oj/Iciiialis) compared to bare soil reduced runoff in the taluses of orchard terraces by
54 and 40%, respectively (Durãn et al. 1831). Also, plant nutrient losses (NPK) from taluses of
orchard terraces was controlled by plant covers [64]. Thus, terrace pollution and erosion
(even destruction) were prevented by planting the taluses with plant covers having multiple
uses (aromatic, medicinal, culinary, and mellipherous, etc.). Moreover, with plant
establishment, an ecological balance call at least partially restored, reducing pollution risk
from agricultural runoff that is injurious to the environment as well as to humans.

6. IMPACT OF AGRICULTURAL RUNOFF ON RIVER SYSTEMS
In river systems, nutrient concentrations govern biological productivity as well as the
status of aquatic systems. Shifts in nutrient concentrations in river systems are often
determined more by anthropogenic activities that include discharge of waste inputs, sewage,
runoff from the heavily fertilized fields and silting in the surrounding areas than by natural
processes of weathering, and in situ eutrophication [84, 85, 86]. These factors call directly and
indirectly affect benthic fauna assemblages. During the winter months, dissolved oxygen
concentration in the river water call depleted due to metabolic requirements for oxygen to
degrade organic matter. Nutrient loadings to river systems can have far-reaching effects on
the biological status of aquatic systems and water quality, and therefore there is a need to
conduct environmental monitoring of agriculture in a critical rainy period. Water is known to
be an effective medium for the transport of pollutants from source to sink, carrying all waste
in catchment systems.
and nutrients generated oil
Oil other hand, in most oceans worldwide, biological productivity is controlled by the
supply of nutrients reaching surface waters. The relative balance between supply and removal
of nutrients, including N, iron (Fe), and P, determines which nutrient limits phytoplankton
growth. Although N limits productivity in much of the ocean, large areas of the tropics and
subtropics suffer extreme nitrogen depletion. In such regions, microbial denitrification
removes biologically available forms of N from the water column, leading to substantial
deficits with regard to other nutrients. Despite naturally high nutrient concentrations and
productivity, N-rich agricultural runoff fosters large phytoplankton blooms in vulnerable
areas of the ocean [87]. Thus, runoff strongly and consistently influences biological
processes, and in 80% of the cases stimulating blooms within days of fertilization and
irrigation of agricultural fields. This underlines the present and future vulnerability to
agricultural runoff in these ecosystems, and reflects the urgency to adopt proper
environmental control measures.

6.1. Grassed Waterways
Great potential to reduce agricultural runoff sediments and pollutants coming from
watersheds is offered by grassed waterways (GWWs) that have large hydraulic roughnesses.
For conservation planning the knowledge of overall effectiveness and its seasonal variation is
highly relevant.
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Another management tool widely considered important to decrease agricultural NIPS
Pollution are grass or vegetative filter strips (VFS) located at field edges or around surface
water bodies [88, 89]. Grassed waterways often attract less interest in this effort, even though
they might have a greater impact at the catchment scale. The sediment yield of a catchment,
according to Verstraeten et al. [90], could be reduced by 20% if ditches were replaced by
GWWs, while all of VFS at the downslope end of fields with high soil loss
consumed more agricultural area and resulted in only a 7% sediment reduction.
Even with the great potential of GWWs, most research studies have dealt with VFS and
assessed their sediment-trapping efficiency, runoff reduction, and trapping of pollutants in
plot experiments [91, 92, 76, 17], with a wide range of input parameters (inflow, rain oil
plot), vegetation characteristics (length and density of grasses, mostly single or a few grass
species), soil characteristics (soil type, soil moisture) and morphological parameters (slope
and length of the plot). The runoff reduction varied from 6% [85] to 89% [86]. and the
sediment trapping from 15% [91] to 99% [92]. Only a few studies have examined the longterm trapping efficiency of VFS under natural conditions. In this regard, Schauder and
Auerswald [93] found that a VFS located downslope from a hop garden trapped (17-year
average) 55% of the sediments entering the filter. Besides the experimental studies, there are
a few mathematical models of runoff reduction and sediment trapping in VFS [94. 95. 96,
971.
Ihe effectiveness of GWWs in reducing runoff and sediment loads has been investigated
9it. 99, 100, 101, 102]. In a landscape experiment, Chow et al. [98] found that a
terrace/GWW system reduced the average runoff by 86% and the average sediment delivery
by 95% in all where potatoes were grown oil slopes. Another study measured
the effects of two field GWWs between 1994 and 2000 [101]. One of the (iWWs reduced
runoff by 10% and trapped 77% of sediment, while the other reduced runoff by 90% and
trapped 97% of sediment because of a low flow velocity due to its flat-bottomed cross section
and rough vegetation.
Neither the VI'S nor the GWW studies have considered the seasonal variation in
effectiveness; even if the wide range of experimental set-ups give some clues on this issue.
Knowledge of seasonal variation in effectiveness is highly relevant for conservation planning
to ensure that a VFS or a GWW is effectively applied. For instance, for herbicides to be kept
from entering surface-water bodies, it is necessary to ascertain the practice effect at the time
the herbicide is applied and shortly thereafter. It was in this context that Fiener and
Auerswald [103] pointed out the high potential of GWWs for reducing runoff and sediment
delivery, particularly when combined with all soil- and water-conservation system
in the draining fields, and for conservation planning.
Therefore, vegetative biolilters including filter strips, GWWs, and natural grasslands may
shield water resources from non-point source agricultural pollution, with minimal impact on
firming profits [104, 105, 106, 107]. Such vegetative buffers function through infiltration
educing the volume of runoff, and through adsorption/sedimentation, lowering the
concentration of pollutants in runoff [108]. After infiltration, dissolved chemicals may
become sorbed to soil or organic matter [107] and may later degrade. Biofilters lower
sediment concentrations [109, 89] and thus may also diminish the concentration of pesticides
'trongly sorbed to sediment particles. However, the effectiveness of biofilters for pesticides
that are weakly to moderately sorbed (e.g. atrazine and metolachlor) is unclear [110, 111,
12]. Most studies appear to show that, regardless of - the degree of sorption. infiltration is the
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main mechanism for reducing pesticide loads [108, 1131 although adsorption/sedimentation
has not been thoroughly investigated [113]. In practice, where runoff-generating rain falls
about equally oil watershed area as on the receiving biolilter, infiltration will tend to be
much higher in the receiving area, creating a 'sink' for
low unless evapotranspiration is very
the runoff. Infiltration thus seems unlikely to be effective for retaining herbicides where the
ratio of watershed area to biofliter area is very high. Under these conditions, adsorption and
sedimentation may assume greater relative importance than infiltration.
In short, different mechanisms determine the effects of VFS oil
runoff: (i) dilution, which reduces herbicide concentration in runoff water passing through the
tiller, and (ii) the "sponge-like" effect, with chemicals temporarily trapped inside the filter,
then released after being degraded. A relevant factor influencing VFS effectiveness in
reducing agricultural runoff depth is grass cover: the denser the grass, the greater the
hydraulic resistance and the lower the runoff volume compared to cropped soil. Finally,
physical and chemical properties determine herbicide behavior in the environment and hence
their interaction with tue VFS. For these reasons, different climatic conditions and cropping
systems could require different types of VFS to assure the best performance in reducing
herbicide agricultural runoff.

6.2. Riparian Forest Buffer Systems
Riparian forest buffer systems (RFBSs) are streamside ecosystems that can be managed
to reduce NPS pollution after it leaves fields but before it reaches streams and lakes in many
types of watersheds. Many authors [114, 115, 116, 117 1 118, 119] have pointed out that
RFBSs are excellent nutrient and herbicide sinks that reduce the pollutant discharge from
surrounding agroecosystems. According to Comerford et al. [120], the use of RFBSs is
relatively well established as a BMP for water-quality improvement in forestry practices but
has been far less widely applied as a BMP in agricultural areas or ill urban or suburban
scenarios. The RFBSS are especially important for small streams, where interaction between
terrestrial and aquatic ecosystems is intense. Riparian vegetation has well-known beneficial
effects on bank stability, biological diversity, and water temperatures of streams [1211.
Compared to other NPS pollution control measures, RFBSs can lead to longer-term
changes in the structure and function of agricultural landscapes. To provide long-term
improvements ill water quality, RFBSs must be designed with an understanding of the
processes that remove or sequester pollutants entering the riparian buffer system, the effects
of riparian management practices oil retention, the effects of such forest buffers on
aquatic ecosystems, the recovery time after harvest of trees or reestablishment of riparian
chemical,
buffer systems, and the effects of underlying soil and geologic materials oil
hydrological, and biological processes.
The RFRSs provide four important functions:
The first IS the control of sediment and sediment-borne pollutants carried in surface
runoff. A properly managed RFBS should provide a high level of such control
regardless of the physiographic region. Research studies have indicated that forests
are particularly effective in filtering fine sediments and promoting deposition of
sediment as water infiltrates. The slope of the RFBS is the main factor limiting the
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effectiveness of the sediment-removal function. It is important to convert
concentrated flow to sheet flow iii order to optimize RFBS function. Conversion to
licet flow and deposition of coarse sediment, which could damage young vegetation,
are the primary functions of the grass filter strip.
I lie second function of an RFBS is to control nitrate (NO) intlux into shallow
groundwater moving toward streams. When groundwater moves in short, shallow
Paths through an RFBS, 90% of the NO3 input may be removed. In contrast, NO3
removal might be minimal in areas where water moves to regional groundwater, and
high - NO 3 - groundwater then emerges in stream channels as base flow and bypasses
most of the RFBS. The degree to which NO 3 (or other groundwater pollutants) will
be removed depends oil
proportion of groundwater moving in or near the
biologically active root zone and oil
residence time of the groundwater in these
biologically active areas.
The third function of all
is control of dissolved P in surface runoff or shallow
groundwater. Control of sediment-borne P is generally effective. In certain situations,
dissolved P call a substantial amount of the total P load. Because most
soluble P is bioavailable, the potential impact of a unit of dissolved P on aquatic
ecosystems is greater than a equivalent unit of sediment-borne P. It appears that
natural riparian forests have very low net dissolved P retention. In managing for
increased P retention, effective fine-sediment control should be coupled with the use
ol vegetation which can increase P uptake into plant tissue.
The final function of all is to control the stream environment: adjusting stream
temperature and controlling light quantity and quality, fostering habitat diversity, altering
channel morphology, and enhancing food webs as well as species richness. These factors are
important to the ecological health of a stream and are provided best by an RFBS.
In addition, constructed wetlands have become a widespread technology to treat
contaminated surface and wastewaters [122, 123]. Wetlands are particularly appropriate for
treating NPS of pollution, such as urban and agricultural runoff, because they function under
a wide range of hydraulic loads, are capable of internal water storage, and can remove or
transform a number of contaminants, including oxygen-demanding substances, suspended
solids, and P and nitrogenous compounds [124]. Nevertheless, achieving cost-effective P
removal to very low levels (<20 ug L_ I ) in wetlands has proved challenging because the
surface area required to reach low P levels call unmanageably large [123]. In this regard,
Dierberg et al. [125] indicates that the incorporation of submerged aquatic vegetation (SAV)
(Najas guada1upensis, Ceratophvlluiu dciii ers urn, Cliara spp., and J'olamogelon illinoensis)
communities into the stormwater-treatment areas may benefit Everglades restoration by
removing P from agricultural runoff.

7. CONCLUSION
Water-quality protection and the degree of enforcement within watersheds requires more
thorough scrutiny. Future research should include total-nutrient assays, especially total
phosphate concentrations, in order to assess recent trends from historical phosphate data, and
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to achieve a better appraisal of the nutrient dynamics in aquatic systems. More data are
required to evaluate changes in water quality over time, and determine the impact of other
lime-sensitive influences on water quality. Also, more research should concentrate oil
relative impact of the various NPS pollutants, thus dictating which sources might require the
most legislative efforts to improve water quality for the future.
Also, this review provides other basic rellections:
- Future research may be directed toward efficacy of inert new compounds such as
polyaciylamide to remove specific bacterial species from wastewater, since PAM can
already remove larger organisms like fungi and algae.
Fomenting organic farming avoids the use of high amounts of pesticides and
fertilizers.
Avoiding large concentrations of animals can reduce nutrient pollution, and their
much
used as fertilizer for crops. Regulations are needed oil
waste call
manure can be held in a storage area without environmental risk.
Sediment loads needs to be decreased, especially those resulting from freshly-tilled
fields.
Conservation tillage is a good practice where ground cover after harvest remains on
the fields throughout the year (conservation agriculture).
Strip cropping, or growing plants in strips across the slope to reduce water erosion, is
profitable and combats erosion as well as contaminant migration.
Conservation tillage, which also includes the no-till method, can be very effective
against sheet and rill erosion and the spread of pollution.
Applying IPM techniques based upon soil type, climate, scouting history of the
specific pest, and the type of crop is also useful.
- Surveys of rational pesticide use together with annual summaries should be made
available for policy purposes, and manufacturers of pesticides should he included in
these studies.
- Further analyses of pesticide-use patterns need to be carried out at the national,
regional, and individLial-user level in order to identify uses and practices which
constitute significant ongoing risks (applicator, sustainability of the production
system, environmental, food chain, etc.).
- Watershed management decision-support systems (predictive models) should be
developed for evaluating the environmental impact of land-management activities
designed to reduce agricultural NPS.
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