DOI: 10.2478/frp-2019-0027
Available online: www.lesne-prace-badawcze.pl

Le$ne Prace Badawcze / Forest Research Papers
Grudzien / December 2019, Vol. 80 (4): 269-276

REVIEW ARTICLE

e-ISSN 2082-8926

Forest management practices and the occurrence of suspended solids in rivers and streams and
their influence on ichthyofauna and river ecosystems

Tomasz Mikolajczyk!", Przemystaw Nawrocki?

"Expertise and Ichtiological Research Laboratory — PEBI, ul Juliusza Lea 236/9, 30—133 Krakow, Poland; *World Wildlife FundPoland —
Fundacja WWF Polska, ul. Usypiskowa 1, 02—-386 Warsaw, Poland

*Tel. +48501306003, e-mail: tomasz.mikolajczyk@salmonidae.org

Abstract. This article is based on a literature review and attempts to highlight the harmful effects of forest soil erosion on aquatic
ecosystems with particular emphasis on ichthyofauna. We focus on the phenomena of excessive soil erosion caused by forest
management practices and forest roads, subsequent sediment runoff as well as silting of watercourses and their impact on fish.
Among others, the direct influence of the suspended sediments on fish reproduction, egg incubation, respiratory processes, growth
and immunity, as well as indirect effects on habitat and migration are discussed. The authors' intention is to draw attention to this
important and underestimated aspect of forest management in Poland. The aim of this publication is to bring about changes in the
management of commercial forests that will minimize the erosion of forest soils, formation of high levels of suspended solids in
rivers and in turn limit their negative impact on aquatic ecosystems.
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1. Introduction

As of December 31, 2017, over 97% of the 9.24 million
hectares of forests in Poland, after excluding the national
parks and nature reserves (GUS 2018), are managed forests.
Forest management work, especially timber harvesting and
skidding, and also breeding and maintenance work in older
tree stand age classes, not only affects the forest environment,
but also comprehensively impacts elements of the natural
environment: climate, water conditions, species composition
of plants, fungi and animals, including the fish and fauna
dependent on water. The result of such work on the aquatic
environment is intensification of the erosive processes and
deposition of excessive amounts of suspended solids (sedi-
ments) through watercourses to the catchment area.

Evolution has enabled aquatic organisms to adapt to life
and development under conditions of a specific amount of
suspended solids. Although they can survive a short pe-
riod of significantly increased water turbidity as a result of
heavy rainfall or thawing during certain seasons of the year,
they lose out in the face of environmental changes genera-
ted by human activity. Suspended solids of anthropogenic
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origin (their increased amount) adversely affect aquatic or-
ganisms, causing extensive changes in habitats and aquatic
organisms (Sigler et al. 1984; Ryan 1991; Bilotta, Brazier
2008; Clapcott et al. 2011), and excessive sedimentation
in a riverbed reduces the water quality and deterioratesthe
aquatic environment (Robinson et al. 2010; Goode et al.
2012). Increased sediment load and the siltation of waterco-
urses are now recognised as the main factors degrading the
open water environment, even more important than chemi-
cal pollution or eutrophication (USEPA 1990; Waters 1995;
Walling 2006). While the runoff of suspended solids from
cultivated fields and pastures is closely correlated with the
occurrence of precipitation and only increases the effect of
natural erosion, sediment transport and silting, the case of
some human activities during forest management (skidding,
transport, etc.) results in permanent or periodic occurrence
of water turbidity and silting of the riverbed and banks, most
often without any relation to the current meteorological and
hydrological situation. The appearance of this type of pollu-
tion at an unusual time or during periods of low water levels,
that is, when the suspended solid load cannot be diluted, is
extremely dangerous (Photograph 1).
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Photography 1. The mouth of the Roztoczka stream to the Solinka
river. Strong turbidity of Roztoczka (in the period of low water, no
rainfall) caused by logging. Photo T. Mikotajczyk

2. Guidelines and quality parameters of water
contaminated by suspended solids

Suspended solids, that is, inorganic particles with a dia-
meter of 0.45 pm to 2 mm in flowing water (Clapcott et al.
2011), and the effect on nature associated with their pre-
sence are an integral part of the aquatic environment. This
phenomenon is associated with the natural process of land
denudation, the weathering of rocks, and water erosion and
the movement of river debris. The amount and type of se-
diments in rivers depends on many factors such as the type
of bedrock (substratum), slope and shape of the catchment,
amount and type of precipitation and type of land use.

The problem of open water contamination by suspended
solids was already noted in some countries several decades
ago. In 1964, the European Inland Fisheries Advisory Com-
mission to the United Nations (EIFAC 1964) identified five
main ways by which fish and inland fisheries are adversely
affected by an increased load of suspended solids of anthro-
pogenic origin. These are:

« direct effects on fish in water;

+ impairment of the development of fish eggs and larvae;

» modifications in the movements and migratory beha-
viours of fish;

* destruction of the food supply and

 preventing or impairing fishing and other fisheries ma-
nagement activities.

In the same document, the Commission proposed the
following water quality criteria for the protection and con-
servation of natural resources and fisheries by defining the
levels of suspended sediment:

1. <25 ppm-lack of evidence of a negative impact of such
a concentration of suspended particulate matter on fisheries;

2. 25-80 ppm — borderline conditions for the maintenan-
ce of good or sufficient conditions for fisheries;

3. 80—400 ppm — very difficult conditions for operating
fisheries and

4.>400 ppm — conditions are lacking to sustain the life of
fish and operate fisheries.

The EIFAC recommendations and criteria, which are based
on scientific research, also apply to the concentration of sedi-
ments in the substrate that forms the bottom of watercourses.
In order for lithophilous fish (those spawning on a rock and
gravel bed) belonging to the Salmonidae family, as well as
some species belonging to the carp family to be able to spawn
without any problems, the fine sandy fraction (<2 mm) of the
rock material forming the bottom of a stream must not exceed
10%, the <3 mm fraction should be 19% and the <6.5 mm
fraction should be less than 25% (EIFAC 1964; Crisp 2000).

Since the publication of EIFAC (1964), the problem of incre-
ased amounts of suspended solids of anthropogenic origin and
its influence on fish has been the subject of numerous studies
and papers, among others, in the USA, Canada, New Zealand,
Australia and Great Britain. Publications by authors such as Si-
gler et al. (1984), Newcombe and MacDonald (1991), Anderson
(1996), Newcombe and Jensen (1996) and Caux et al. (1997)
showed conclusively that the impact of sediments on organisms
living in open water and water-dependent environments (coastal
zone) is related to the sediment load and turbidity duration. The
negative impact of these two factors is measured by the so-cal-
led “stress index”, otherwise known as the pollution intensity
index (Newcombe, MacDonald 1991; Newcombe 1994). The
development of such an index made it possible to estimate/pre-
dict losses, for example, in ichthyofauna, after the occurrence of
an increased sediment load. The model, after many modifica-
tions, is still based on the pollutant concentration and duration
function and has been adapted in many countries as an official
tool for research and environmental impact assessment.

3. The impact of an increased load of
suspended solids on fish

The harmful effects of an increased load of suspended
solids in flowing waters and sediments of anthropogenic ori-
gin have been described by Lloyd (1987); Newcombe, Mac-
Donald (1991); Waters (1995); Anderson (1996); Birtwell
(1999); Crisp (2000); Crowe, Hay (2004); Cavanagh et al.
(2014). Its impact was considered at two levels:

« direct — on various stages of fish development (from
egg to adult) and

+ indirect — through its impact on the habitat, on other or-
ganisms in a trophic relationship with fish, as well as on the
entire water ecosystem and transition zone (riparian zone).

Additionally, a higher suspended mineral particulate load
also means changes in the chemical composition of water,
changes in its pH, temperature, as well as an increase in its
nutrient content (eutrophication).
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3.1. Direct effects

The direct impact most often consists of the destruction
of laid eggs, mechanical injuries, abrasions and damage to
the integumentary system, destruction of gills, increased
susceptibility to diseases and parasites and reduced growth
rate. These effects are much more pronounced in the early
stages of fish growth (larvae and fry).

Effects on spawning and egg incubation

The influence of sediments on the quality of spawning and
reproduction of salmonids is particularly well known (Waters
1995). Fine sediments affect spawning grounds in two ways:
by changing the composition of the gravel that constitutes the
spawning ground (i.e. the quality of the habitat) and by chan-
ging the surface of the spawning grounds (Shirazi and Seim
1981). The concentration of fine sediments is a key factor in-
fluencing the embryonic development of salmonids (Wood and
Armitage 1997). A significant increase in the concentration of
particles results in reduced egg survival, increased number of
prematurely hatched larvae and increased likelihood of preda-
tion occurring among the surviving juveniles. Blocking crevi-
ces in the gravel' reduces the flow of water through the nest
and impairs gas exchange, as well as hinders the removal of
metabolites, slowing or stopping egg development (Furniss et
al. 1991; Shirazi and Seim 1981). The oxygen concentration in
water decreases even further under the influence of fine sedi-
ments rich in organic material, causing the embryos or larvae to
suffocate (Bjornn and Reiser 1991), and a 10% content of fine
sediment in trout or salmon nests is already the limit for proper
egg incubation and larval hatching (Crisp 2000). The diame-
ter of the suspended mineral particles and composition of the
bottom substrate play a huge role in processes affecting ichthy-
ofauna. Shirazi and Seim (1981) defined a strong relationship
between the geometric mean diameter of the substrate from
which the nest is built and the percentage of embryo survival of
anumber of salmonid species, where embryo survival increases
from 13% to 90% in a gravel diameter gradient from 5 to 20
mm. Excessive sedimentation may also lead to its accumula-
tion in the surface layers of the bed's substrate, its hardening
and entrapment of developing eggs and hatchlings in the nest
(Wood and Armitage 1997) or prevent adult fish from excava-
ting nests (Furniss et al. 1991). The reduction in the number
and size of spawning grounds leads to increased competition
for suitable breeding sites (Bjornn and Reiser 1991) and may
result in eggs being laid in previously formed nests or the spaw-
ning of several fish species in the same site.

'The nest of salmonid fish (e.g. brown trout) has the form of an
elongated shallow cavity created by the females in the gravel bed
of a brook, into which the eggs are laid, and is then covered with
gravel. The key condition for proper development of the eggs in
such a nest is the free flow of water between the grains of gravel.

Effect on the gills and respiratory processes

The direct harmful effects of an increased load of suspended
solids on fish includemechanical damage to the outer body and
gills due to the physical abrasion of the tissues by the suspen-
ded particles. This also causes the gills to be blocked by the
sediments, impaired gas exchange, swollen gill filaments and
hypertrophy of the epithelial cells (Sherk et al. 1973) and tissue
necrosis (Servizi and Martens 1991), and ultimately death or in-
creased susceptibility to pathogenic invasion, disease and inhi-
bition of fishes’ growth rate (Herbert and Merkens 1961; Ryan
1991; Wood and Armitage 1997). Gill damage, gill thickening
and clogging most often occur at relatively high concentrations
of mineral suspension (>500 mg/l), but this lethal level may
vary depending on the species or fish growth stage. Longer
exposure to several times lower sediment concentrations (100
mg/1) almost always causes moderate gill damage (Sutherland
and Meyer 2007). The harmful effect increases when the su-
spension is made up of sharp-edged particles.

Growth

In contrast to behavioural reactions, growth disorders as a
physiological reaction are generally observed after prolonged
exposure. Sigler et al. (1984) found that the growth of rainbow
trout Oncorhynchus mykissfry was significantly weakened
after exposure to a clay or bentonite suspension at concentra-
tions between 84 and 120 mg/1 during 14-21 days of exposure.
Similar concentrations of suspended solids (100 mg/l or more)
significantly inhibited the growth of Arctic grayling Thymal-
lus arcticusfry (McLeay et al. 1987) and rainbow trout (Buck
1956). Another example (Sutherland and Meyer 2007) showed
a significant reduction in the growth rate of two minnow spe-
cies,Cyprinella galactura and Erimonax monachus, which was
associated with respiratory disturbances due to contamination
by suspended solids. The time within which growth disorders
were observed after exposure to long-term turbidity ranged
from 2 weeks for rainbow trout and Pacific salmon to 6 weeks
for Arctic grayling (Sigler et al. 1984; McLeay et al. 1987).

Immunity

The presence of above-normal concentrations of mineral
suspensions in water has been associated with a general de-
crease in the ability to defend against diseases and a reduced
tolerance to chemical toxins. Herbert and Merkens (1961)
observed that rainbow trout are more susceptible to fin ne-
crosis when the fish were exposed to a 270 mg/l diatomaceo-
us earth concentration for 121 days. Similarly, Servizi and
Martens (1991) found a correlation between the incidence
of viral kidney disease in Pacific salmon and increased sedi-
ment concentrations. When the mineral suspension concen-
trations exceeded 100 mg/l, the tolerance of Arctic grayling
to toxic pentachlorophenol (PCP) decreased significantly
(McLeay et al. 1987). This observation usually indicates a
general decrease in fish tolerance to environmental stressors.
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3.3. Indirect effects

Indirect effects include disruptions in the migration cycle,
prevention of effective spawning, difficulties in obtaining food,
changes in diet, and thus, changes in the growth rateas well as
in the structure and size of fish populations of a given species.

Habitat change

The indirect influence of suspended solids and their sedi-
mentation is manifested by changes in the habitats of ichthy-
ofauna, located both in the river or stream itself and in the
coastal zone and periodically in floodplains. The sedimen-
tation of suspended solids and bottom silting impacts the
local fish populations, in particular, by unifying the bottom
structures, eliminating the hiding places and feeding sites
and destroying the spawning grounds of lithophilous fish
(spawning on gravel-stone beds). Experimental studies on
the effect of the substrate and sedimentation on the New Ze-
aland bully Gobiomorphus breviceps found that the density
of the bully decreases significantly in response to increased
sedimentation and a corresponding reduction in the surfa-
ce area of the natural stony substrate (Jowett and Boustead
2001). The authors suggest that other bottom (benthic) spe-
cies react similarly. These experimental results were confir-
med in the field studies performed by Richardson and Jowett
(2002) who discovered decreasing fish densities in the North
Island streams of New Zealand with an increase in sediment
load. A number of studies performed inNew Zealand suggest
that the impact of sediment deposited in rivers and streams
on native fish relates more to adverse habitat changes than to
food availability (Richardson and Jowett 2002).

The number of salmonids (especially fry) in streams is
closely correlated with the quantity and quality of the bot-
tom substrate, consisting of gravel and stones (Bjornn and
Reiser 1991; Heland 1971). Muddy and sandy substrates are
of low value as the riverbed cover, especially for salmonids.
Having sediments fill in the spaces around the gravel as well
as in the spaces between larger substrate elements, such as
boulders and stones, prevents them from being used by fish
as habitats and refuges (Waters 1995). Bjornn and Reiser
(1991) found that the population density of juvenile rainbow
trout and salmon, both in summer and winter, was more than
halved when a relatively small amount of sand was added
to an experimental substrate to fill the spaces between the
stones. Similarly, when sand was added to a natural stream
pool, filling one-third of its depth, the fish population in this
area soon decreased by two thirds.

Movements and migration of fish

Fish avoid waters (areas) polluted by an increased load of
suspended solids, which affects their migration and movement
(Newcombe and MacDonald 1991; Ryan 1991; Waters 1995;
Wood and Armitage 1997). Changes in migration can be of par-

ticular importance for the population size and species diversity
of diadromous fish communities, for which the recolonisation
and settlement of streams depends on successful annual migra-
tions and effective spawning (Rowe and Dean 1998). Anthro-
pogenic water turbidity may change the routes and destination
of fish migration with all its negative consequences. Laboratory
studies have shown that juvenile stages of native diadromous
fish populations in New Zealand react differently to high water
turbidity (Boubée et al. 1997). The species Galaxias fasciatus
(endemic to New Zealand) proved to be the most sensitive to
increased turbidity (already showing an avoidance reaction at a
turbidity of 25 mg/1). Other species, such as Galaxias macula-
tus, were less sensitive and Retropinna retropinna showed no
avoidance reaction even at very high concentrations of mineral
suspension (>1000 mg/1). Larger (adult) salmonids appear to
tolerate the short-term effects of elevated mineral suspension
concentrations, such as those occurring during heavy rainfall,
better than smaller-sized salmonid fish species and juvenile sta-
ges of other species (Cordone and Kelley 1961). These resear-
chers noted that migrating salmon also avoid waters with high
suspended solid loads until migration ceases when turbidity
cannot be avoided/bypassed. Thus, the migration of salmon can
be significantly delayed by sediment loads occurring frequently
or over a longer period of time (Bjornn and Reiser 1991).

4. Forest management as a cause of increased
soil erosion and water pollution from
suspended solids

The last few decades have been a period of dynamic deve-
lopment of machinery performing harvesting work in forests.
The proliferation of harvesters and skidders (tractors, skidders,
forwarders), often for more efficient movement in wet or slo-
ping terrain, equipped with chains on wheels, has largely made
it possible for work schedules to be carried out regardless of
the weather (ground frost, moisture, etc.). What is more, the
harvesting activities are conducted all year round and not, as in
the past, in winter, when one was able to take advantage of the
frozen ground. The presence of snow cover also mitigated the
negative effects of the work on the environment. The extent of
soil damage is affected not only by the type of equipment used
and the type of soil, but also by the number of times the ma-
chines travel over a route, the moisture content of the ground,
the time of year of the work, the distances between the timber
transport routes and from the timber harvesting and storage lo-
cations (Suwata 1991; Dudek, Sosnowski 2011; Sadowski et
al. 2016). Research in the United States (Bates et al. 1993) sho-
wed that skidding in summer causes 40% more damage to soil
structure (number and depth of ruts) than winter skidding in
the same area. Intensive forest management negatively affects
water ecosystems in four basic ways (Campbell 2017):
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1. It increases soil erosion and sedimentation runoff with
all the above-mentioned effects on aquatic fauna and the ri-
vers themselves (Photograph 2).

2. It changes the chemical composition of the water in
streams and brooks, increases eutrophication and the che-
mical pollution of water (pesticides and herbicides, oil
derivatives).

3. It eliminates or drastically reduces shading of the water
surface of streams and brooks, thus changing the living con-
ditions of plants and animals, and especially increasing the
water temperature, which can be lethal for cold-loving fish
(salmonids, burbot, Alpine bullhead).

4. It changes the availability of woody debris in the ri-
verbeds, essential for aquatic fauna and flora, from a drastic
excess during the felling itself (bark, boughs, tree branches)

Photography 2. Strong turbidity and silting at the mouth of the
nameless tributary from the logging area to the Wolosaty stream
during the summer low water (no rainfall). Photo K. Kukuta

Photography 3. Crossing of the skidding trail with the Dolzyczka
stream (tributary of the Solinka river) during of the low water in the
autumn. Photo T. Mikotajczyk

to its complete lack for many years after the felling (the gro-
wth period of saplings).

Sources of suspended mineral matter in open waters

Forestry activities may affect the hydrological system of
rivers and streams by shortening the time between precipita-
tion and the emergence of increased flow in the watercourse
(reduction of catchment retention through destruction/distur-
bance of forest soil surfaces and removal of vegetation cover)
and, consequently, increasing the height of the flood wave,
increasing the sediment load, and increasing the flow rate and
strength of riverbed-forming processes. Changes in the hy-
drological regime then cause changes in water temperature,
its chemical composition and the size of the sediment load,
which in turn leads to changes in the geometry of the riverbed,
width and depth of the stream, and the type of bottom subs-
trate (Meehan 1991; Salo and Cundy 1987). The sources of
site erosion and sediment runoff into open waters associated
with forest use include forest roads, skidding trails and timber
storage areas (Anderson 1996; Grace 2005; Croke, Hairsine
2006; Anderson, Lockaby 2011). The main sources of incre-
ased sediment load are forest roads and skidding trails (Cen-
derholm et al. 1981; Furniss et al. 1991; Waters 1995; Brown
et al. 2015). Intersections of forest roads and skidding trails
with watercourses and related travel up and down slopes (Pho-
tograph 3) represent the sources of erosion with the greatest
potential/danger to watercourses because of their direct hydro-
logical contact (Lane and Sheridan 2002; Aust et al. 2011; Wear
et al. 2013). Erosion also results from the use of stream chan-
nels as skidding routes, which is also often observed in Poland.

In addition, an important source of sediments associated
with forest roads are landslides and mudslides, as well as the
construction and maintenance of culverts, bank fortifications or

Photography 4. A completely silted Dolzyczka stream (tributary
of the Solinka river), about 2 km below the crossing with the skid-
ding trail (photo 3) during the low water in the autumn and during
the spawning season of brown trout. Photo T. Mikotajczyk
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embankments, including earthworks (excavation) performed by
heavy construction machinery, often directly in the stream bed.

The intensity of suspended mineral runoff into open waters
depends on several factors such as: the intensity and nature
of the precipitation, the type of soil and, above all, the slo-
pes. Erosional processes take place most rapidly in mountain
areas, precisely because of their significant land gradients as
well as the greater amount of precipitation there.

In managed forest areas, most of the eroded materialsare from
skidding trails and forest roads that have no plant cover and tend
to have low hydraulic conductivity and little water infiltration
capacity. This leads to increased surface runoff and erosion that
is much higher than in the forest surrounding roads (Elliot et al.
1994a). If the forest soil permeability is about 15 mm/h in an unu-
sed forest and the erosion runoff is 1 tonne of sediment/ha/year,
the values in the forest during forestry operations are 5 mm/h
and 20 tonnes/ha/year, respectively. These same parameters for
unpaved forest roads are 1 mm/h, and erosion can reach as high
as 100 tonnes/ha/year (Swift 1988; Bilby et al. 1989; Eliot et al.
1994b) or up to 98 tonnes/ha/year (Brown et al. 2015). Succes-
sive scientific studies found that the sediment flow from forest
roads in Idaho, USA, increased to 750 times in 6 years compared
to the period before forest use. It was calculated that during this
time, the average erosion rate from skidding roads was 51 to 56.2
tonnes/square mile of road/day (Megahan and Kidd 1972).

The problem of forest road erosion and its impact on the
environment in Poland has not yet been analysed in detail.
Dabek and Zmuda (2011) note that forest roads are often po-
orly planned and poorly maintained, both during and after
use, constituting a very serious source of soil erosion. They
have shown significantly higher erosion from an unpaved and
poorly maintained road section compared to a road section
equipped with well-functioning drainage channels. Unfortu-
nately, the authors did not present calculations that could give
an idea of the amount of erosion per hectare of area and/or per
kilometre of road, but they did demonstrate the significance of
the problem and presented options for reducing it.

The size of the sediment flow from storage/manoeuvring
yards and skidding trails inside the forest is difficult to es-
timate due to its very scattered and large-scale character.
Skidding trails cause the greatest damage to forest soil
through their movement of large masses of soil. Additional
disturbances are caused by the tyres (especially those equip-
ped with chains) of the machines, which tear and loosen the
soil and then create deep ruts (Photographs 4, 5), especially
on slopes exceeding 20% (Eliot et al. 1994b).

5. Summary

Increased soil erosion caused by forest management acti-
vities, conducted without taking into account the need to protect
watercourses, results in far-reaching negative effects on water

ecosystems. The effects of this phenomenon are particularly
visible in mountain and foothill areas, which are related to the
terrain and its relief. The erosion of forest roads and skidding
trails has a particularly negative impact on watercourses and
all the organisms inhabiting them. The mechanisation of forest
work and change in the time of harvesting and transporting
wood exacerbate this effect. According to the authors, in Po-
land, as in many other countries of Europe and the world, there
is an urgent need to give attention to this issue on the part of
foresters, leading to necessary decisions to reduce or eliminate
these environmentally harmful phenomena. Therefore, there is
an urgent need to develop systemic and practical methods to
reduce the erosion of forest soils in Poland. The experiences of
countries that have already recognised and solved this problem
can be useful in this respect.
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Photography 5. The skidding trail in the Cisna district on the
Solinka river. Photo T. Mikotajczyk

e 5ot BER i aa

Photography 6. The skidding trail on the Witrylowka stream
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