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N ‘ | Abstract .

] B : ‘ . : o Drainage* of upland areas is a widespread
' ' - .. practice in land manag>ment., yet little

’;: - ' _ ? - guantitative information is availabie

2 . i . . concerning its effects. To this end a

. ‘ small upland catchment on peat was
Ay o ‘ ' R Q i : . - . instrumented prior to its drainage by open ,
: : ’ L e ditches for forestry.
’ ' Sediment concentrations in the stream
. increased by over two orders of magnitude

’ . ‘ @ Coe during the draining, and took a number of
‘ : ey S R S " years to decline to a new equilibrium - BT
o " ' o ' C : severdl times higher than beforé the drains :
) ‘ Y . ‘ i he : T © werxe cut. The decline in tediment ylelds
. i _ . after drainage could be described by an

exponential decay and this curve was

‘ : - extrapolated to make estimates of the losses -
g after the sampling programme ended. There
were substantiated by measurements of

S " Fa oo S sediment ‘accumulation downstream. - ,
- ’ : % LA : "Phosphate fertilizer was applied prior to g
; o ; . the drainage and the levels of its loss from o
' , Tk i . : b - the catchment in ‘the-stream water. were R
. Y. [ - , ; monitored. '
. i : , * i — ! ’ ~ The draining produced a much peakier stream »
. ) o ) response with higher flood flows and the \ ,
. : i i - : v time to'peak of the stream hydrograph“ias i -
] _ O . . halved. The annual walgr.yicld increased T '
! « ' - o by 5%: attributable mainly to an increase in B
s ' moderate to low flows resulting from
i . N improved drainage of the catchment between
R | - R ‘storms by the enlarged drainage network. "
- . . ‘, *The open ditches used to drain Zam[ for .
i , 4 - " forestry (and also in moorland. gripping S
it (. echemes) are usually referved to as 'drain: R
. e " and this nowcriilaluee ha: becn adppled, . o e
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). INTRODUCTION ’

Tha atdo=uffaciu cf larga=poala Jorant dminaga, aush
ae the influance o water condittiona in the anrrownding
uplands, water digoharge, [fieh 1ife in laken, ponde ani
rivcra and on nature ia (eneral, have as far recaivad
little atteniton, It in apparent that tha marked
transformations brought about by foreat Jraznage cannot
ocaur without th-FPathng e¢ffeata on nature in ganeral.
Studies to elarify these oide effects are urgently
required.

(Heikurainen, 1948) )

1.1 Background and setting

Afforestation is the largest single land use change in Britain today. . "
Between 1945 and 1975 tha area planted by thae Forestry Commission: R
increased four-fold from 202x10° ha to BO9x10® ha (Forestry Commission

Annual Reports), an average annual increase of 20000 ha. Together u

with an approximately equal rate for private forestry (Mather, 1978)

this represents an annual planting of about double the area lost

arnually to urban development (Best, 1976). The Forestry Commission

in a recently consultative document on possible future policies

~(Forestry Commission, 1977) recommended-the afforestation of a further

—r1.8%10°. .ha, mainly in upland Scotland, which it considered could be

achieved without affecting agricultural or urban requiremehts. This

expansion would be carried out over the next half century and increase

the perceiitage of the British uplands under forest from the present

figure of 15% to nearly 50% (Centre for Agricultural Strategy. 1980).

The majority of afforestation to date has been on the uplands, and
this land is often poorly drained and peaty, requiring draining’ prior - e
to planting. - The purposes of the drainage include the regulation of ~ '
water and improvement of aeration, the mobilisation of nutrients, the
reduction of competition from natural vegetation and the reduction of
soil compaction. From 1948 to 1967 about 60% of the planted land was
drained (Taylor, 1970) and this percentage will undoubtedly rise as-
forestry becomes increasingly concentrated on the uplands,

while much attention has been given to comparing the effects of

different land uses, and in particular to studying the hydrological

- differences between moorland and-mature forests (e. g. Lewis, 1957; -

Law, 1958; 4anon, 1976) much less is known of the:.situation prior to

the canopy closure of a forest and in particular the effects of the
L,draining operations required for traee establishment.

_ - ‘ ‘ o JThis study is primarily concerned with the hydrological consequences
R, _ ’ , . o oo . ; - . ' b~ .. of the drainage of an upland area -for forestry, although-the-results:

should also-be relevan& to npland draining to improve rough- grazinq
. \F\\\

N
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(moorland *yripping’). The &uttisng of Sps. Bitedas for offayestation
oid for IBDIGVING GEALing each cocwrs oh abowt 5000 ra of inéd per
annum in Scotland aione et the present time (Green, 1979)., The
results presented here ar= (or the Conlbuen ‘or Coal Burn) catibawut,
4 $2ali Pennine ares of blanket peat, and typicai of mueh of the
uplands of Britain, Neasurensnts wers sude Lo deternipe the affect
of draining upon both the strean water quaiity umpmdd sedizent

and solute loads) and water quaiity (peak flows, low (lows and water
balence): In addition,; the loss of fertilizer (cften applisd il the

game time as the dreainage’) war monitored,

1.2 giption of

The Cealburn catehment fz 2 152 ha (122 xo?1 Lpland aise in Ui
headwaters of the RIVer Irching, some 40 km northwest of Carlisle
(Pigure 1}, With an altitudo of about 300 & A.D.D. and a nean anseal
precipitation of about uoo M, the natural vegetation comprised rough
pasture of NHolinia grasslarnid and peat bog, Most of the catchnent iz
covered by a thick deposit of boulder clay under a thin veneer of peat,
although the underlying lower Carbonifer us rocks are exposed in

places lnquu 7). fThe oriqinai streeam network of esven main

i
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_FIGURE 1  Topography and instrusentation of the.stucy catchment
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Concentrations were determined using a Unicam SP90OA Series 2 atomic
absorption spectrophotometer. Total dissolved sollids were measured
by evaporating a known volume of water dryness and weighing the residue.

2.  SUSPENDEDL SEDIMENT

JPSEIN
VL

Water samples were taken for suspended sediment a‘;xglysis at the time
the catchment was drained in 1972-3, and further samples were taken in
the winter of 1978-9,

The suspended sediment data may be subdivided into three main periods:
pre~draining; during draining; and post-draining. SR >

2.1 Calibration Period (March = 'July 1972)

It is naturally essential to have a standard against which to compare
and relate any changes in the catchment output resulting from the
period of change. For this reason water quality data were collected
prior to pleughing in order to determine the pattern and extent of the
variations from the catchment whilst still in equilibrium.  Ideally,
of course, a longer period of record would be desirable Possibly -
covering a whole year, but the very limited range in recorded sediment
concentrations for an enormous range in stream discharge suggests that
the range in'behaviour of the catchment was rather limited and may
have been adeguately covered,

During this period suspended sediment concentrations remained
conservative with respect to changes in streamflow, ranging from under
1°mg/1 up to only 28 mg/l, with a mean 3.6 mg/l, for'a .330-fold range .
in ‘discharge (from 2.5 to 830 1/s). Sediment rating curves for the
period are described in more detail in Section 2.4.2, and were of the

form: "

R ' c N‘QO, where C is Sediment concentrations’,’,’ and
§ « Ql S .is Sediment discharge, and -

Q is stream discharge
Naoay : K. o

‘This indicated that. the sediment concentration fluctuated little with
. discharge,- and that the observed variations.in sediment load were due
largely "to the fluctuatiens in discharge. A similar pattern. has been
. s e et O ; m}ﬂ e e observedwelsewhe:e (e.qg. .Kingstv:on‘-sroo ¢ near-Nottingham ~ Pottyer'”(l973‘)‘) .
¢, catchment in sumser 1979 shoving .8mell size ot";‘;t‘hpr gg_aﬁéh;;. "'under ‘onol:(t .o There are several factors that may have been responsible for this:-
) S AN oo L e : ’ " - v 4

Ly gt i

1

setre in heipht) |
ey Py Théi"séafifnientv.andi,watér. waves ‘may-have been out of ‘phase, -a ‘pPhenomenon

’ o e -  JITEL commonly noted in sediment studies, which would give considerable
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scatter to the ra'ting curve., However, even analysing the rating
curves for rising and falling stages separately showed little
correlation.

Alternatively, the sampling interval of 8 hours might miss the peak
sediment concentrations which occur only briefly, and this would tend
to under-estimate sediment lcads. However, this effect will be
lessened a8 an increasingly long period of record is considered,
tending to balance out the errors in the average and total sediment
loads. A large number of samples were taken over the calibration
period (about 300), and over 550 samples in all were taken prior to
draining (1f the 250 cr so 12-point samplés are inclgded).‘ it is
clear that sediment concentrations were generally low compared with
studies of other catcﬁ"ments where with equivalent sample sizes
concentrations up to at least 1006 mg/l have been noted (eg. wLoughran,
1976; wélling, 1974) ,; although they are comparable with the findings
of other studies of upland sites (eg. Lewin, et al., 1974; Oxley,
1974) . i"f - b

It is considered that supply, rather than transport limitation was the
main cause of the generally low concentrations and the poor rating
curve fit, and this conclusion is supported by measurements-taken
during" the draining when much higher sediment concentrations were
carried by much lower flows. In all, 60% of the recorded concentra-
tions were under 3 mg/l and 97% were under 10 mg/l. The loy sediment
availability was proﬁably due to the very low channel slopes /i armouring
of the channel bed by gravel, and the resistance of the stream banks to
the relatively small quantities of streamflow (peak discharges were

about 1 ms-1).

During ‘the early part of this  period there appeared to be an uppe‘“;
limit to sediment concentrations of about 10 mg/l, until the very:
intense storm on 13th June (with a maximum hourly rainfall of 11.9 'mm)
vhich seemed to have crossed a threshold and gave much higher sediment
concentrations, with a 28 mg/1l maximum recorded, and levels remaining
generally well® above 10 mg/l until the end of the following day. It
also seems to have lowered the stability of the catchment somewhat since
in the succeeding périod up to the draining, there were another 7
readings above 10 mg/l during fairly moderate flows, and about half in
fact occurred during non-rainfall periods, suggesting possibly the
releacse of materials from weakened stream banks.

2,2 Drainage period (July-September 1972)

The technique employed to cut the open ditches was to use a deep double
noulboard drainage’ plough, pulled by two Crawler tractors to dig a
single draln of about 50 cms depth and at about 5 m spacings. The

sod was thrown out equally to each side to provide ridges for the
establishment of the young trees. A record was kept by the Forestry
Commission of the area being drained, and also of the type of work

that was being carried out each week (Figure 3), This was necessary
since not all the .drains were joined directly to an outlet. Some had
their lower ends left blocked, and thus had little effect, until the
link and cross drain were ploughed to connect them to the stream system

\

/.

/ August 7-11

Original stream
network

—— TR
: areq ploughed

e
{ \ Unploughed crea
\ / areund raingauge

0 300
)
maetres

FIGURE 3 Schedule of drainage of the catchmer sub-areas

1

And when the accumulated water was released in a flood. . Unfortuni;tely
1t was not considered practicable to keep a record of the number of
drains in each categoxy.  However, this still represents a very
detailed record compared with the usual Forestry Commission Procedure.

No work was carried out at weekends, and also the two-week annual
holiday occurred abous two-thirds of the way through the drainage
operations. These breaks make it possible to sub-divide the effect
of the work both temporally and spatially. e

The density of the drains may be calculated from their spacing ‘as
about 200 km/km?, indicating roughly a 60-fold increase on the original
stream density. Suspended sediment loads increased dramatically
during the draining, with concentrations up to. 7720 mg/l, and a mean
value of 207 mg/l (cp 3.6 mg/l in the calibration phase). Most of

~ the very high concentrations.occurred towards the end of. .the. draining

operations when the link and cross drains were' being ploughed and a
bucket drainer was used to widen part of the main channel:

- To.gain a better understanding o'f'the processes qpe;g@;iqg Jq;»:gz:'ivg‘gwgb‘g;
-~ drainage phase,“water quality measurements were taken for a group of

/"
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six drains that were cut on Friday 14/7/72 (Davies, 1973). Rater-
samples were taken both in the drains themseives and also in the

stream into which they drained, at a point both upstream and downstream.
Sampling covered the period from shortly after the drains were cut to
nearly two days later (Figure 4). Since no further work was carried
out until the following Monday, and there was no rain in this period,
the observed rise in stream discharge of about 3 .1/s noted at the

basin outlet may reasonably be attributed to the release of water from
these drains, affecting about 3 ha or 2% of the catchment.

i
St

160] x
b
, ' ‘
1604 E Stream discharge
| at catchment outlet
i)
i .’ | o o Stdiment concanteation
1404 :° + downstream of ditches
I
o~ | . I. —.. . Sediment concenttation
§ - upstream of ditches
8y 210 - o StUIMENt cONCENtIOLiON
174 a at catchment outlet
gﬂ- 100+ T Réngc of ‘ua.mum
'é #  concentrations in
§|s- &  the six ditehes
S tkq E 804
5
§if
“ 124 ¥ 804 q
n1 1 '1 =
! ! < S | |
B A | S ! \9-""‘_"“"""'--—--—-._.. ol
IS 0‘ ~ e —.-.‘ g
n’ L".— ........... -—\¢ ..... _——.
~ ’-\-.o_ ........ — - e n o -
;zo.”N L \
SeoAl N
¢ ) e ——
o)
.| Ditehes eut ]
T2 % 9 8 20 222 2 &£ 6 b 10 2 % M 10 20 22 26 1 ¢ 8§ & 10 0
Timeg GMT o
/2 157712 : 8/7/72
FIGURE 4 Streamflow and water quality following the cutting of a set of

drains

The net volume of this wave may be estimated by extension of the
previous recession curve to have been in the order of 200 m? which,
‘assuming that the six drains were all of equivalent dimensions {approx .
1000 m long by 0.3 m wide) would indicate that about 30 m® of drainage
water was released from each drain representing about 7 mm over the
whole area drained, The variation in sediment concentrations is shown
in Figure 4, and clearly indicated a steady deciine in the sediment
release from the time of completion of the drains. An estimated 10 kg
of suspended sediment was released from the six drains over the two-day
period after they were ciit.

1
The first concentration nieasurement taken at the site upstream of the
drains appears anomolously high for a non-rainfall period compared,to

W
it

i

later readings. If this was assumed to have been due to the movement
of men or machinery across the catchment, then a fairly constant back-
ground concentration of about 25 mg/l was evident. The initial sed-
iment concentrations varied greatly between individual drains (from

128 to 760 mg/1 at about 1300 G.M.T. on 14/7/72), and possibly changed
rapidly with time too, though unfortunately no further samples were

taken until the next day and no record was kept of the order in which

the drains were cut,

It is clear that the ploughing of these drains produced a large amount
cf sediment compared with the background concentrations from the steep
and largely unaltered area upstream. The bulk of this gediment was

carried out- of the catchment within two days, by which time the quantity

of water draining had been greatly reduced and the sediment concentra-
tions in the drains were approaching those in the stream above the
drains. These results suggest that the cessation of work over the
weekends (a period of over 60 hours) would allow sufficient time for
the effects of the drainage operations in each week to be separated
although of course the existence of the drains would be likely to .

affect the patterns of storm response and baseflow levels in subsequent

weeks.

‘44'

In the following year the stilling basin was drained for maintenance
work to the weir and a distinct pattern of layering was noted in the
accumulated sediment, different horizons representing sediment from
areas of diffewrent soil types. This also gives credance to the idea
of subdividing the draining period into weekly intervals to study more
closely the effects of the draining upon catchment output, and because
the area ploughed each week was known, it permitted the effect of the
areal variaticins in catchment features to be studied as well.

The cutting of the six drains described above produced a sediment wave
lagged after the hydrograph at the basin outlet although this was not
necessarily always .the case; for example, on the rainless day of
2/8/72 the sediment wave resulting from the drainage slightly preceded
the water wave. It is thought that the distance of the. area being .
Ploughed to the basin outlet,. and the directness of the connection of

.- the drains to the stream network, would have been important factors in
controlling the relative timing of the waves at the main sampling point

It is interesting to note that whilst the largest stream hydrographs
during the drainage period were the result of storms, the draining
operations themselves were capable of '‘producing small hydrographs with
rigses of up to, say, 10 1/s recorded during non-rainfall periods.

The draining period was analysed using the records of water quality ‘
from the 8-hourly sampling program taken at 0400, 1200, and 2000 hours
G.M.T. over each period, commencing at 1200 G.M.T. on. the first-day -
and ending-at 2000 G.M.T. on the last day. Thus only tHe periocd '
during which ploughing actually took place was included. Readings
taken during the night were included for convenience since no diurnal -
cycle was evident in the sediment yields, the effects of the sediment

that

released lasting some time as shown by the study of ‘ylelds from the six

drains. g

11




13

12

b) Phase 2: Connecting the drains already ploughed to the stream
system by cutting link and cross drains, together with clearing ‘
blocked drains by hand (29th August - 18th September}). Although stream-
flow was much lower than in the first phase, with a mean flow of under
8 1/s and a maximum of 39 1/s, the concentrations of suspended
sediment were much greater, averaging 563 mg/l and rising to a maximum
recorded value of 7720 mg/l. However, due to the much lower stream-
flow, sediment discharge was only about 30% greater (averaging of
4.1 gm/s compared to 3 gm/s in the first phase).

From this it was hoped to be able to relate the average water gquality
properties to determining factors, both static (topography and sc.>il
type) and dynamic (the sccurrence of storms and ploughing operations).
This assumes that the sediment yield at the catchment outlet during a
sub~-period would be dominated by the ploughing operations in that sub-
period on a known area, and that the remainder of the catchm'ent
{(whether or not already ploughed) had a much less important effect.
This assumption whilst not of course strictly true, appears reasonable
given the findings of the 6-drain study and the pattern of sediment

oy

layering noted in the stilling basin. The results are summarised in If this second phase had not been so dry (average rainfall was only

1.3 mm/day compared with the mean annual daily rainfall of 3,5 mm) .

Table 1. still higher sediment yields would probably have been recorded. This
is demonstrated by comparison of the sediment rating curves for the two
t loss during the ploughing of catchment _ ‘
TABLE 1  Average sedimen phases (log sediment load vs log stream discharge). During the first ‘
sub~-areas phase there was a fairly good correlation since much of the sediment
- was brought out by storms or the release of water from the; cutting of
AREA PERIOD SIZE  MEAN MEAN  TOTAl,  RANGE MEAN ;:3;: TYPE OF WORK new drains, whilst for the second phase there was a much lower
{ha? LAND  FLOW Rﬁ: :::m ::?c corretlation with some of the highest concentrations being recorded
f‘f‘;’ st (/) s/ during the start of drain clearing at a time when there was no rain
- s T - o and relatively low stream discharge.
A w=7 July 23 10 a1 .5 5-117 34 '
5] +bC 0
B 10-12 July 11 3 36 .7 lo-82 51 P o N
. . 1 PHASE I
¢ 13-14 July 18 6 12 6 1722 % ai 22;: ) - .
DHASE D 19-21 July 8 8 7o 5-20 55 " D.ic 'In this drain cutting phase, we may examine seven sub-periods based
1 e . 5 upon the divisions of the draining schedule. The averaged sediment |
£ 24-28 July 2 11 14 6.0 9-22 94 ' : and water conditions have been plotted in Figures 5 and 6. It may be
: ii- & Aug kB 5 20 18.5 671 18 seen that the points tend to fall broadly into three groups, namely:
A o1 Aus 19 7 77 22.5  23-190 140 P,8+8C o : ’
¢ ~ad AUy ' © nr stream ' e
i. A,Gf .= high streamflow, sediment concentrations and yield
smssserrasespsn=nar-speup=zzo=xsx ANNUAL HOLID:Y .====;======:=j== ===1.:j = = ‘—— e 2 R B’C;"D,EIF _ moderate streamflow' sediment and concentration
9= 1 Sept - - .4 e i "
4- 7 Sept - - 8.3 8.6  4=39 1667 - LC.# " yield ) 3 '
. ‘ D 3. H,I - low discharge, high sediment concentration and
PH? 8-11 Sept - - 7.5 ° 5-8 260 - LC,H, ‘ moderate yield .
M 11-15 Sept ¢ - lo 2.6 6e30 au7 5 o , , i
14 - 9 ) 5-9 354 Be D.H The ploughing of drains in areas H and I coincided with drain clearance
1 14-18 Sept operations which would appear to result in much higher sediment

concentrations, and they are therefore discussed later with the rest

) e
spe may be s t to the slope of tHe drains. ‘ .
Land slope may be very differen o Ie Concen ration phase actlv.ities.

~xp

Peat

siotatien: sedil -~ P
Predominantly peat with some boulder clay

Clearly the sediment yield over a period reflects the values of both

P)BC =

z - Sandstone - T . |
g D Cink aig cioss streamflow and sediment concentration, so the mean sediment concentration- R

£ :m; :f‘d i:ozsc?rgi?:ked aa was chosen in preference as the best available measure of the effect of :

H - Hand cicaring o Araatg ‘ = X

;D - Bucket drainer used to widen main channel the drai ng operations i

Areas A and G had the highest mean concentrations, and this would
appear to Dbe related to the prevailing hydrological conditions, The '
‘time when they were being ploughed included the highest -discharges in
Phase I, and their mean flows were greater than the peak flows when
some of the other areas were being ploughed. The fact that -area A
exhibited the higher mean concentration, whilst having the .lower mean

The draining was divided by the holiday _pe_r;Lod intq two dis_tinct; .phases
according to the nature of the work in progress.

a) Phase 1: Predominantly ploughing drains ({H:h July - 1llth Auqust).
In this period sediment concentrations averaged 83 mg/l, with a maximum
of 995, and the stream discharge averaged 26.7 1/s with a peak of 191 1/s.
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i
and peak discharge, was due to the occurrence of a very high concentr-
ation (995 mg/l) recorded soon after the start of draining, which,
given the relatively small number of samples in any sub-period
(3 per day) could by itself account for the observed difference.
There is no record of why such a high initial value was recorded, but
field survey revealed the presence of a small drain running from this
sub-area into the main channel at a point about 10 m upstream of the
main sampling point. If this was cut at the time the sample was taken
it could account for the very high concentration (and the value is
similar to the highest concentration measured in the six drains
discussed earlier).

Areas B and F exhibited very similar average concentraticns and appeared
to have experienced similar hydrological conditions, especially with
regard to their range of streamflow and the average daily. rainfall
(about 4 mm) ., Each period included one large hydrograph, but that
occurring during the draining of area B maintained high levels of
discharge for longer, though sediment concentrations were very.-similar,
thus giving B a higher mean discharge and sediment yield than F,

At first sight areas C,D and E show a great deal of variation and little
pattern: D has lower mean-'and peak-.streamflow than C, but its mean
concentration is much higher; E has a similar streamflow pattern to C,
yet"much higher “concentrations (approaching those of the periods when A
and G were ploughed). The following picture is suggested: area C had
low concentrations due to .the low discharges and,réstricted range in
flows in this rainless period. Area D, though also having no rainfall-
during the ploughing, had a much greater range of flow /due to a stream
rise of 15 1/s on 19/7/72 which may be attributed to the cutting of

link and cross drains. Area E produced very high concentrations
despite generally low streamflow. It is suggested that this was the
result of the first rain for over a week flushing out material released
in this period and accumulated in the previous rainless periods C and D.

The general level of sediment response during the draining of Coalburn
may therefore be approximated:

150 mg/l - draining in a period of relatively high stream
discharge .
30 mg/l =~ draining during a period of moderate flow
30 mg/l =~ draining in a rainless period with low streamflow

The study has demonst;atgd the importagce of other factors, in addition
to the prevailing hydrolhgical conditions, on the quantities of

.. sediment released by draining, The importance of cutting link and

cross drains is shown by the average level of sediment concentration
for area D, which was approximately double that of the general pattern
above. The large sediment flush resulting from the first rainfall
since the link and cross drains were cut (périod E) emphasises the
importance of the antecedent conditions and ground state.

II) PHASE II

During this phase concentrations were much higher than in the ‘first o

wt
i
i




‘area beding worked and it s condition,

It was a&also bbserved that in contrast to the rapid decline after the

differen+t " draining phases to be isolated and compared

phase , aven though streampflow was generally lower. The predominant
work was the connection of the drains already cut to the stream net=

work, a&and the ¢learing of blocked drains.

In the first week (29th August = lst September), concentrations rose
from tie level of about 25 mg/l observed during the holiday to 140 mg/l
as the 1link and cross darains were cut, In the following week
(4th= 7t h September}) blocked drains were also clearoed and concentrations

reache«l over 7000 mg/1 <For flows of only 5 1/s. Rain fell in the
latter part of the week but could only raise concentrations to a couple

of hundxed my/l. On the Friday and Monday, the 8th and llth of
Septemirer, a J.C.B, 'bawk-acter' bucket drainer was used to widen part
of the mmain channel, Concentrations of up to 500 mg/l were racorded,
rising toover 600 durirg a storm in the intervening weekend. In the
last two vweeks, areas H and I were drained and drains were hand cleared.

Area H peroduced more seciiment, probably due to the hiyher flows,

It is A4 fficult to ascribe typical values of sediment concentration

producecl during the i £ Ferent operations since they depended upon the
If the drains being linked up

to the sStream network wexre cut in a dry period they would have a
quantitx” of sediment ava dilable to be flushed out during the next storm.

cutting of the drains, the sediment concentrations during drain
clearincg remained high o-wer the intervening weekends, indicating a
'carry—~cover' from one week to the next.

Given these qualificatiorns the levels of mean and peak concentrations
that might be expected would be in the order of:

B I
Mean Conc r Max Conc

P

Type of work

300 - 1 700 mg/L 10 000 mg/1 Hand clearing of blecked drains
200 - 360 1 o000 " Bucket drainer widening channels;
5 - 150 ¢ 1000 Link and cross drains cut }‘

——.
—— e e

(September 1972 to October 1973)

2,'3 Post drainage period

Before considering the lomng terms effects it is interesting to note the
immediat<e effect upon sediment yields of the cessation of draining.

The drairia&ge operations were suspended for the annual holiday in August,

by which time most of the drains had been cut, although they had not been
cleared o £, debris. This allowed the immediate responge after the two very

The hollaay period was falrly dry and sediment concentratlons were generally
in the sarne range as the I aseflow concentrations during draining namely
20-30 mg /1., and rose to nearly 200 mg/l in the only storm (7.6 mm rainfall).

/‘ ;

In contrast, the neoad wrm of drainaye cporations hid conprised &
period whan blocked drsini wers hand ¢learsd and very high eoNseRULFs ik
were noted. On completion of this work thare was 3 suddss ranan i
fall in sediment leveis from 290 m§/i 0. 50 mg/) i &6 elght Joi iy
through the following dry month concentreiions remdinsd at ¢ jovel
than in the holidey period, with concentretione ef dhewt 10-33 sy
cising to 720 mg/i in the oniy -bnn, (5.7 o pweminils .

Much of mmm:mwwmmmummsn
ing basin of the weir and a bypase chisnsl was construsted t» ensbis
eleaning operations ¢o be conductud (Cumberisnd River Autherdey 200
The general maintenance work on the weir commenced 2t the end of

October 1972 and continued over a total peried of sdest size sestis,
during which streamfiow data was m oly intermistently. 1Ia
addition there were some breaks la the sodinent eowpling due larasly s
problems of a shortage in personnel remiltiag ia the sdnpier hetsiss
not being Inangad on & AURDSE Of TECAMIaRE. BOWVeE, ik 4ll It wae
poisible to extract data for Lall this pesicd (poedimimiily S ;
1974 = April 1973}, This reiated 0 thw first perisd SIoe Srasm:wg
with an appreciable quantity of rainfall, and with 2 sean fis- 5.
45 i/s and mean sedinent concentration of 7 mesi. ‘Thers wary 3
number of very largs storms and on four occasions mu
over 700 mg/l were recorded for storms with pesk flews wp &4
It was estimated that these storms probably csrried ummu

10 000 kg of sediment on their paak days, snd probably # twtel of stsus
15 000 kg each. This may be compared with peak daily leide of sbewe

3 000 kg during draining (when CORCENtrations were M grester et
streanflow was very much less because of the wnwsuslly iaw Palafall),
and about 100 kg during the calibretion perisd mmm

discharges to these winter fiows).

It should be noted that the majority of the sedimeat !’é&ﬁﬁB L. K )
lower than these peak values, with aver 70% of b wieN
50 mg/l and nearly 90% under 100 B3/i. Myﬁm%ﬂm
Clearly though, there had been a great increase im the ansunt of
sedizent which could bocome available for trsasport from the eatclment.

There uu:hcnah:uxu the resords Lram My o Awpwsh L1873, duwraw
which there were concurrent flow and sediment 4sta For Galy a fov Says,

but nearly a hundred sediment sasples were taken, with values up &5 .
Aaintaii over the

380 mg/l and a mean concentraticn of 3% aya.
period was closs on the seasonil averags | The ‘Esllovins perisd abes
sediment samplas were taken and the weir vas fully oporatisaal agpiR,
was unfortunately a period with less thaw average wainteil, Streew
discharge averaged only 11 1/s with a pe-x of M 1/s. Selinet
concentrations had s mean vaiue of 35 so/l and, apart feen @ singie

i*‘

zeading of 574 mg/l which did not apgear to be related e sither IS

rainfall or xunoff the highest conceatration was 330 ull

No furthex suspended sediment -am were tabhen -m; l"lla

This vas nearly seven years after the ploughing, iy“thit
was anticipated that the direct effects of the deainiag weuid hve

‘ended, and a nev equilibrium state would heve been sceatmed.

'Y
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Yol MEiS aivi tee mees, tad s Are sensitive to the prosence of
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' i Takie & _ .
72 ans tony _fo“m &0 sumurised graphically in Pigure 7 ‘ ‘flor the

gﬂﬂw shewed 34 wish a higher kurtosis than the normal distribution,
T Strnamtiae Mistribuacson wag the Bost peaky and highly skewed, and
Sediieqe SaiseRtralion the least, The rangs ip straanflow was much
FrEMBE TLBL Got silibeet conoentration, and the coefficient of variation
S UG Sbidiini bewed weve PeATLy emal 19 that of he streamflow, ‘being
indiowtdow of 43 TislT Telation to streanflow than sediment concen-

5 K

SR SENEeRtIALION Fose b o orders of magnitude during the
ARiing; a8 thes deslised greatly afeer its completion. This was
dnigite serean dishiige being alaost the antithesis, falling greatly
AR Ghe Mimining pericd and Teniising at e« fov level in the two post=
aidig poy (Figere 7).  Merage sedizent concentrations rose
“_ly sligusiy 1» e wetter prriod of winter 1972-3, when streanflow
" epivailern o ga!e uﬂ: the .alibretion pertcd (Table 2}. In the
9% sampil.ivy period, aversge streamflov was greater than in any
of the previews pericds, but Sedinent concentrations had declined still
Surchar apl vere muth lowey than avan in the very dry periods following
e ARiaiag 488 13 (3t were only about three to four times the level
ot e 2kl Shvaiiow Petiod.  Sediment loads followed broadly the same
peotenr a8 the ceassatration, although the highest loads were not
SaErivg i the draising paricd, but {n the succeeding winter.

The higher sratistion] noments show broadly the same pattern of change
&l $UESUSEY ., aitmowgh this hay been distorci;’ by the difference in :
SRRV, together with thp offoct of one Liivf storm in the otherwise
ralsiess L Bot-driining peried (pertod ¢ 15 Fiqure 7). ‘The

gk sisvw disschargs of 33, -3/8 ¥is so great in comparison with the

et flaw OF only 3.3 1/s that it dominated “he calculation of the

Bighet Matastical monta of the streamflow distribution, Similarly

parmaters of the sediment load have high values in. i

is peried. The higher moments of the sediment corcentration were
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less affected by this storm and showed a similar pattern through time
to the mean values.

The general trend of the sediment output (both total locad and concen-

MAX MEAN ‘
800 °\‘ o2 \ ) ‘ tration) was clearly one of a dramatic increase in magnitudes during
N MeEan g 3 -Q\ /: the draining, with more variation than before, and greater ilkew and
40 N - ! e peakedness of the frequency distributions, These parameters then
400 20 MAX Ny 8 ) decreased through time, although in all cases tending to a v\e‘.\lue that
\ . was still higher than in the calibration period. This resulted from
0 0 gt the fact that sediment loq’ds were much more responsive to large storms
than prior to draining when the range of sediment concentration had
11 801 X 10 s been so limited.
[Ys)
g:.o ~——_ / \ 3 5\,‘/ \ 2.4.,2  Sediment rating curves for the different periods
’ 2 % . o *
Per:doA e o ) @ OA B c D The changing pattern of sediment response may also be described by the
.relation between streamflow discharge and its corresponding sediment

B load. Sediment rating curves are given in Figure 8 for all the
. pericds.
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TABLE 3 Coalburn we‘e.nf " awpuased sediment loads (kg)

Not surprisingly the curve for the calibration period exhibited the
lowest sediment load for a given flow, and with a slope only slightly

above unity demonstrates the lack:of variation of concentration with .
streamflow. The curve for the whole draining period whilst having . WEEK kg WEEK kg WEEX kg WEEK ky
higher sediment loads, shows a lower rate of increase in sediment with 1 215 21 98 a1 140 61
r;sing discharge. This appears surprising at first, but if the two 2 160 22+ 10 42 450 62 :;:
drainage phases are treated separately it becomes apparent that they : 2 23% 4o 43 N/A 63 N/A
form two distinct populations each with a slope of about 1.6, However, 5 80 §§. fzgg :g 13;;8 64 N/A
vhen they are combined, the rating curve must attempt to fit both the 6 35 26 i3o 46 1000 22 ::5:
high streamflow, moderate sediment levels of phase 1, and the low Z 72 27 50 47 N/A 67 N/A
streamflow, high sediment concentration of phase 2. The result is a 9 250 ’gga 338 :g ug:g 662 A
‘curve with a much *~v r slope of about unity. o lio 30 390 50 320 70 :;:
The ratings for 1972 and 1973 show progressively lower levels of : 1w 51 N/A 51 N/A ‘n N
sediment for a given discharge, indicating a decline :in the level of 12 230 32 N/A 52 N/A 72 n;.:
sediment, response after the very high concentrations of the ploughing ' Y ﬁ zgg 2 a i N . A
period. The very steep curve for post-draining values in 1972 was ARG 15¢ 1185 ¥ vk o '1'43 i o S
largely due to one extreme point. ‘ ) 16+ 210 36 4120 56 250 7% 32 ‘
= i ;e: ‘528 ;; 15240 57 420 77 40
The pattern of decline in sediment yields indicated by these curves is - s ST 19*  53d2 39 22;? Z‘; :5: .}S Sgg i
further substantiated by the results of the fieldwork in 1978 which s o 20t 535 40 595 50 N/A go 816 !
showed that levels have declined still further, though have remained R * Ploughin {od . o
greater than in the pre-draining pericd. The greater availability ' 9 perie NA - 2:5‘:3;‘;93““"‘ or discharge record :
of sediment after draining was demonstrated by the increased response | 7% paxt of the week. . .
to higher streamflows, with a sediment rating curve now of the form: f]!{
s « Ql.s where § is sediment discharge FIGURE 9 Weekly suspended sediment loads ;'
Q is stream discharge
' 0000
Tentative estimates of the magnitude of annual sediment yields may-be e . ‘
made and indicate about 4.5 tonnes per year prior to draining and about : b 100004
18.5 tonnes in 1978.  These values must however be treated with a\ ‘ 0001 BN N/ data nat satttis
great deal of caution due to the short sampling periods considered.
2.5 Catchment recovery to a new equilibrium level " J
16004 4
It is both interesting and instructive to study the manner and the rate i . ' ’? -
I

of the recovery of the caﬁchm\ént, from the disruption caused by the

Ploughing operations, to the establishment of a new equilibrium, |
: - : 200 ‘

e .
. i

2.5.1’ Pattern of changes in sediment yields

Suspended s«mmnuigw

Estimates of the total weekly suspended sediment loads were first made
'study the changing level of sediment yield through time. ’ v
This was the'approach adopted by Painter et gl (1974), but ‘note their b 104'

in ordér to

graph was incorrectly drawn and has unfortunately been reproduced ol
elsewhere, e.g. Clarke and McCulloch (1979). The correct weekly ,v 3 SRR 3 3

estimates are given in Figure 9 and Table 3. T the . ' ‘

Hgyﬁgyefk, as can be seen from the figur=, the general trend of the data g 1l , 1 \\gk

" was sé;‘\r;éifly distorted by the, very iz‘:egular pattern of rainfall during :
the period. ~ Thus, the wet calibration period which had very low .. o ) o + o 4 - - i , .
v

P
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sediment concentrations produced weekly sediment yields similar to those
occuriny immediately after draining when,

much greater, stream discharges were very much lower.

In order to reduce the effect of individual wet and dry periods on the
overall pattern of change in sediment yield,
able to relate the sediment to the passage of
Thus, dry periods when little material was moved would be
given mich less 'weight' than high rainfall periods when large
quantities of water and sediment were discharged from the catchment.

A double mass curve of sediment vield and streamflow was constructed
From inspection of the graph it is clear
stable relationship.

and is shown in Figure l0.
that prior to draining there was a very
start of draining, sediment loads increased dramatically, and the two
phases of draining can be readily identified,
holiday periogd

A

although concentrations were

it was considered prefar-
discharge rather than of

with the intervening
when little sediment was carried from the catchment.
After draining the relationship was much more irregular,
steepen during storm periods,
carried and concentrations were hi
during periods of low
has already been noted, the post-
higher baseflow concentrations th
3 mg/l) and@ with a greatly increa
In the largest winter storms afte
were carried in a single day
dradnage.

tending to
when large quantities of sediment were
gh, .and flattening out somewhat
flow when less sediment .was carried out,
draining pattern was one of generally
an before (about 30 mg/l c¢f, about
ged sediment response to storm flows.
r draining, quantities of sediment
equivaient to the yearly cutput prior to

: pog
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_ FIGURE .10 . .

Cumulative discharge (Cubtc metres x103)

Doublemm curve of streamflow and sus
-from-the catchment.
excavate sediment that was ac
of .the -weir,.

pended sediment output
ta resulted from work to

FIGURE 11
cumulating;in the stilling basin

Breaks in the da

The broad trend of the catchment sediment yield may be studied by
fitting a smooth curve through the double mass plot to filter out the
cffects of the individual wet and dry periods. An automatic curve
fitting routine could have been used, but would have involved an
initial assumption as to the nature of the relation which would have
influenced the result. A moving average model would have led to the
loss of data at each end of the series, whilst a polynomial fit tends
£o give rise to osciliations unless a large number of terms are used.
Both these methods involve an arbitrary assumption concerning the
number of terms toc be used. Given reasonable assumptions about the
accuracy of the data and of the amount of detail that might be

required, it was considered that fitting a smooth curve By eye was

Justified. It should be noted that the main break in the data occurred

towards the end of the period and thus would have had a minimal effect
on the fitting of this curve.

The slope of this line gave the sediment load per unit discharge, and
therefore represented the changing level of sediment concentration.
It was considered that this parameter would most clearly demonstrate
the changing pattern of sediment output, .and so the ordinates of the
smoothed double mass curve were digitised using a d-mac pen table, and
a simple computer program used to calculate the changing slope along
the line. Figure 11 shows the averaged sediment concentration derived
by this method and plotted against the cumulative discharge. In this
way it was felt that the effects of the irregular rainfall pattern
would have been filtered from the data to yield a picture of the
underlying trend of catchment response,

3001
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It should be recognised that since this curve represents <che

derivative of thevi- smoothed double mass curve, it will be very sensitive
to changes in theiposition of the cumulative curve. Thus, towards the

end of the period’; when the pos i tion of the smoothed curve was less

cextain, small differences in positioning would have magnified effects
for the final concentrations in Figure 11, and the latte part of this
curve must be considered to be <{:-entative.

However, the general pattern of change in concentration shown in the’
f£igure is not in doubt, and given this picture of behaviour we may
turn to examining the underlying physical processes operating. k

n

-—
— .

-z Facturs alfeciilg catciunent recovery W
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Theoretically it might be éxpec:ted that the ploughing opqlzj'qugi‘on.s;;lwo-;

alter the sediment response of the catchment in two ways.. ' Fizstiyid I

by the direct effect of the mecharical changes to tie are., anG
secondly, indirectly through the changed hydrolngical be.iaviour.

. ‘ IR : NG e
'Tne direct mechanical chanues to the catchment were 'c1-~4 rly evident.

Over 250 km of drains were'loughed, involving the upheaval of the

wrder of 6 x 104 m3 of material. This made 'arg: quantities of
=~ ~2iment available for removal and exposed ldfge areas of bare soil ‘
cosice.  However, both of thesejetlelits would be Jargely transient
~wgetatlon began to cover and bind theipare scil and as sediment was
imnerd from the catchment. In spring 1974 it vag estimated that there
about 100 m3 of loose minsral soil in the drainage systeil
ks © T oac, 1974)*%, If we as<ume a bulk density va o Lo
Crly cdbpresentotive of clay soils (e.g. Brady, 197 this would
-~ abrat 130 tonnes of sediment, and constitute a o !
L. Gt te moveral yrzars_,/sediment yield at post-drainin.
i .
ct o en regulted Frosm the altered hydrological reg.
£ “tit inrfrease  in drainage density. The effe.. s
e cuGoadee D storm water from the cutohnen . nas been _
fuii .n Section 5 and invelvew a much more 'peaky’
£Ia C i dall ot*ﬁef:’”factors were te have remained
s csoElorm response might be expec 2d to nev
ek . v e of sediivant vields,

5("u::4rm' roation of -untemporary photographs and visits to other newly
wixr #lne-i sites indicates that sedimnent -losses were probably derived
aimost entirely from within the drains, losses from the earth ridges
being comparatively minor since the plough deposited most of the

material as a fairly intact mass to form. a ridge about one metre from
the drain edge. Furthermore, these Yidges would have ‘contained the

*This valueé'should be treated with considerable caution since only a
rounded value is quoted, no information is given on its density or how’

Ao

“the amount was estimated, and it may have included fresh erosion.since

draining.

i

-
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supply - of .sedi

surface vegetation mat dug from the drain which would have served both
to hold the material together and to facilitate a fairly rapid coverinc
of vegetation.

In contrast, colonisation of the bare drains and of the loose material
that had fallen back in from the plough would have been a much slower
pProcess and it seems doubtful if any significant plant cover would have
become established before the second year after draining (S5.R. Eyre,
Leeds University personal communication). Some seven years after the
draining the main plant types cbserved in the drains includ J grasses,
mosses and rushes, with species including Eriophorum, Sphagnum, Juncus,

- Vaceinium, Plantago, Ranunculus and (irsium, though some of the smaller
plough drains did not contain vegetation due to shading by the Molinia
grass on the drain tops. : ‘

A study of erosion of material from the drains was carried out in the
18 month period after draining (Painter, el qf., 1974) and concluded
that mechanical erosion by flow was negligible, freeze-thaw and the
flaking of dry surfaces being the dominant processes. This is5 perhaps
ot surprising when the enormous density of the. network .is considered,
providing only a small area contributing to each, and it should also be
noted that due to the generally gentle relief, the majority of drains
had relatively low gradients. It is also of interest to note that the
maximum measured rates of downcutting were reported to have been lower
for drains in peat than in mineral soil, a phenomenen which has aleo
been noted in Scotland (Graesser, 1979) and in mid-Wales (Newson, 1980) ,
being related to the greater bulk density and cohesion of the peat,
together with the more frequent exposure of the underlying mineral
material on the steeper slopes. '

Unfortunately the author was unable to obtain further details of this
survey, or to ascertain the manner in which the relative importance
of the erosional processes had been determined. - However, field
inspection of the drainage network at the present time indicated that
although two gullies had formed in the south-eastern gart of the catch-
ment where main drains carried water down a steep (30°) slope to join
the main stream channel, the majority of the drains had retained their
original form. The larger gully was reported to have cut down nearly
one metre by March 1974, and when re-examined in 1979 was found to
have cut down only about a quarter as much again, indicating that even
where a ‘gully had formed it was tending towards a new stable state
(Graf, 1977). : ) ' ‘ B o B

2.,5.3 A tentative model of catchment behaviour

Following the discussion and observations of Section 2.5.2 concerning .
‘the physical processes operating in the catchment, it seems reasonable

‘/to assume that the very high rates of sediment yield following the

‘draining wq‘\u_'ld_'have resulted predominantly from the loss of the
available loose material within the drains. After some time this
meni,would be exhausted and further sediment” yields

W
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A simple two component model may thus be suggested to describe the
level of sediment concentration, and is shown in Figure 12, This
comprises a large and rapidly declining component representing the
flushing out of the loose material from the drains, and a much

smaller and probably much more coﬂstant component representing the loss
of material by erosion of the baré soil surfaces.
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Cumulative discharge
FIGURE 12 Generalised model of sediment output after drainage

We might expect the rate of sediment output of the loose material to be
related to the quantity still remaining, and so an exponential curve
was fitted to the declining limb of Figure 11 to yield the equation:

C'= 168 ¢ *0I06 2, 4

where C i3 the sediment conceﬁﬁration-&mg/l) ‘ “

e is the base of natural logarithms
Q is the cumulative discharge since ditching (m3x10?)

K is the'supply cf fresh material by ercosion; here taken as a

i : constant value-of 15 mg/l, (based on the concentrations

observed in 1978, by which time the bulk of the loose material

in the drains would have been stabilised by plant growth or

flushed out of the drains). _ o
This equaéién was derived by‘fitting the central portion of the curve
between loo‘énd QOO,mleO3 in Figure 11, which was considered to be the ,
mbst:feprésentatfve section, thus avoiding both the immediate effects
of the drain clearance and the uncertainties of the-final part of the ¢
curve (due to the less certain fit,of the smoothed curve near the end

of the data, and the effect of the main period of missing data in
summer 1973). ‘

This decay curve may then be extrapolated to make tentative estimates

of later sediment levels. Values of cumulative discharge were
calculated from the available discharge records together with estimates
of flow for the period when the weir was inoperative. Using this

curve suggests, for instance, that the material released by the draining
would have been largely removed within four years (Figure 13). It must be

remembered however that the model predicts average yields and does not
consider the effects of individual storms.
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FIGURE 13 Model predictions of sediment loac

The rate of sediment loss after ¢ .ig can perhaps be expressed most ) o
meaningfully in terms of the 'halt- .fe' of the remaining loose sedi-~ B
ment. . This may be calculated from the exponential decay curie ags:. 0 7 oo

e b
i ‘ T
ln 2 m3x10% of flow N o

b L e - 4

- ‘ , . ” . o ,’.},.!:_ L0 L s

where ln is natural logarithms: - ‘ S

b is the power term constant of the decay curve (0.001056)w¢t~

This indicates that on averagé half the;:emain;nq‘mape;;glwfwmu‘, S
would-have been  removed in each passage of 660x10° m? of runoff, or * "
about 7 months duration given the mean annual flow of 1170x10? m? :
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Much o the sediment carried from the catchment was deposited in the

‘would p>ax-obably have only represented about 25 tonnes (Section 2.4,

, The measured sediment loss ‘over this per:Lod comprised

- measured  loss during draining and an allowance for new erosion would N }

We maxy” also estimate the total quantity of loose material, from the
area amder this curve, as having been about 160 tonnes, which together
with tIe 19 tonnes of sediment released during draining would be
equiva 1 ent to nearly half a century of sediment loads at pre-ploughing
'natux-al' erosion rates. This helps to underline both the enormous
effect of the draining upon the catchment system and alsc the dramatic

rate o £ recovery to a new equilibrium,

It is o f course necessary to treat such estimates with caution given g

the gxreat extrapolation of the curve, and several checks were made,
compax i ng the predicted loss of material with estimates by other means.

2.5.4 Verification of the model

still i rmxgg basin of the weir giving a lower bound to the amounts carried
and thai = provided an opportunity to make an independent estimate of
sedimerxt loss, The stilling basin was drained for the maintenance
work dixrz 1973 and in May the accumulated sediment was measured and

excavat ed, .

A

An unkricwn quantity of sediment had accumulated in the five years from
the cornstruction of the weir up to the draining, but, sediment loads
before Aralning were low, and even if all the sediment was trapped

The metlaiod adopted to estimate the accumulated sediment was by
survey i rag the bottom of the stilling basin at over 200 grid points

before aand after excavation, and although it was not possible toc ensure
that thhe new base coincided exactly with the original level any difference
should Xaowever be small since the stilling basin was cut into bedrock.

This suaz=-vey gave an estimated total volume of about 77 m? of sediment. :
Samples  taken from the basin in summer 1979 in a dry weather period of ‘ ' '

little = 1ow had densities of between 0.36 and 1.44 gm/cm®.  Taking
an average value of 1.4 gm/cm3 indicates about 110 tonnes of sediment

had beexra trapped.
to drairaing this would suggest about 85 tonnes of sediment had accum-

ulated uring draining and up-to May 1973..

draining and another 66 tonnes afterwards. However this included only o
about 4 ‘700 n? of flow after drainage, and it has been estimated that :
a furthe=x 260000 m* went unrecorded when the weir was inoperative. A

crude estimate of the sediment output in this period may be made by . .
= L] . '

increas:.ng the sediment load in proportion to the extra discharge, which ;
§

yould add an additional 55% or 36 tonnes, to give a sediment yield since i M

the staxrt of draining of about 120 tonnes.

The cumwl ative discharge since ploughlng was about 720000 m3 by May b ‘

1973, and . from the exponential decay model proposed above ‘we can - il B

estimate  a sediment load of 95 tonnes, which, together mth the ' e alb
Co

give a total of about’ 115 tonnes.

\x it

e

')) . e e e

If 25 tonnes is assumed to have accumulated priocrx

s tonnes during po “" :

Not surprisingly the agreement betwoen the wessured suspended »adisiit
yield and that derived from the exponential decay model waa very eleve
(under 5% difference). The value based on the exponentisi decsy wsari

18 slightly lower since it'made allowance for the levels of sweiewht
loss during the period of missing data to have declined somewhat [ron

those racorded in the period immediately after tha ploughing,

The estimated quantity of sediment in the stiiling basin was aueh
lower than these values and suggested an overall trap efticiensy of
about 708, This does not of course mean that 70% of the ssdinmt
load at any given tlme would be trapped. The tiap efficiency wowid
probably vary during each storm and with storm magnitude as well as
tending to decline through time as avdiment accuiulated and the voiis
of the pond was reduced (Reed, 1978). This figure then repretests the

integration of all of these facters.

It was originally intended that another estimate of the sediment
deposition in the stlilling basin could be obtained when it was Pext
drained in 1978 for periodic maintenance work on the weir. Yhis wonid
have provided another estimate of wediment yieid for comparison with
predictions by the decay curve model. Unfortunateiy this work had to
be postponed several times by the Water Authority dus o bad weather
and staff shortages, and has to date not yet been Garried out. Theies
fore, an estimate of the volume of sediment in the basin was mide in
summer 1979 during a period of low water lewvel when much of the W
was exposed. From this it was -estimated that there was about 70
material, with a weight of approximately 100 tonnes.

The exponential decay model predicted that about 45 tonnes of smiimant
would have been lost from the catchment between May 1973 and June 1979,
and making an allowance of about 18 tonnes per annum &ie to fréih
erosion (see Section 2.4.2), this would give a total sedisent yieid
over the period of about 175 tonnes. If & trap efficienvy of 0 i
assumed to be applicable (since the amount of sodiment deposited in the
basin in 1979 was very similar to that measured in 1€73), zhis would
give a total load of 145 tonnes which represents a difference of saly
19% in the estimated sediment totals for the six-year peric? utenm the

catchment was still in disequilibrium,

It might well be expected that the trap-efficiency of the stilliny
basin would be lower than in the period up to 1973 sirce in the
former period much higher sediment concentrations were carrisd and m
potential for depcsition on entering the basin would have been much

greater. The value of a 60V trap efficiency for the period 1973=197% . :

(based on the predicted sediment loss from the catchhent and the esti-
mated deposit:l.on in the basin) does not therefore appéar unreasonable.

A further test of the model was to compare the predicted levels of
sediment concentrations with those actually observed. It would

obviously be invalid to use any data upon which the curve was Gtiamuj’ RS

fitted, but the samples collected at the end of 197) were bot weid is
the fitting of the curve (see Section 2.5.3), and could be used tu test

‘the predicted levels at a time over a yur atm tho lnd °£\!th DIWM»

AR
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1t is clear that tho quantitios of bed load were negligihle in
somparison to the suspended sediment loads, and in fact accounted for
under 1% of the total sediment load. The suspended sediment measure-
TeAts may therefore be taken as a good approximation of the total
particulate loss of sediment from tha catchment. ‘

The measuremont period extended from shortly befora the cessation of
deaining on 20/9/72 up to, and including, the large winter storms in
Rovember and December. It is evident that whilgt suspended sediment
guantities declined attur draining, but increased again in the large
vinter storms, the bed load quantities in comparison showed a steady
decitne.  This was despite the [ect that bed load transport is
wsuslly considered to be largely confined to storm events.

™he va;htlbn in bed load may alsc be shown to follow an exponential
decline through time after drainage and had a relationship of the

forms
C = 252 @ ~+000052 Q

where - .. Led lead concentration (gm/m?)
@ is .= base of natural logarithms
% i3 the cumulative discharge (m?)
The decline after draining was much more rapid than for suspended
sodiment with a ‘half-life' of about 13500 m?, which represents a time
of about four days assuning the long period average daily flow,

The small quantity of bed load is thought to be due to the lack of -
suitably sizod particles in the soil, together with the low competence
Of the main stream (resulting from the small total flows and generally
gentle channel gradients) making it unable to transport the larger
pebbles eroded from the boulder clay and which were then left to line
the channel bed. In fact it {s possible that the quantities of bed
10ad described horo may be overestimated since even the small effect
on flow caused by the prasence of the trap may have.been sufficient
to cause some deposition of suspended sediment given the extremely .
high concentrations that occurred. - o

" . o . Fy v

3.  NATURAL WATER CHEMISTRY

i
4

In parallel to the study of the mechanical removal of material from .
the catchment study was undertaker as an undergraduate project of

the .solute concentrations in the“stream water (Davies; 1973). . . This . . . ...

was to determine if the cutting of the drains ‘and consequent alter-- .=
ation of the catchment moisture regime had changed the pattern of -

chemical erosion. : . ,

sy B A
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3.1 Description of observed solute levels

Water chemistry analyses were conducted on thirty-seven samples taken
during the calibration period, and covering a hundred-fold range in
discharge. This was obviously insufficient to describe the detailed
temporal pattern over this period but was considered adequate to

describe the general extent of soclute variations. The results are
summarised in Table 5.

TABLE 8 Stream solute concentrations: range and mean values

Sampling
Discharges
Pericd
erio (1/s)

Solute concent';:ations (mg/1)

Ca Mg Na K T.D.S.

‘ 4-853 ! O. 7—802 0. 5-102 2n9-6.4 .06-150 30-90 '
Calibration

43 - 3.0 0.7 4.6 0.4 55

7-77 3.6-5,7 0.9-1.5 4.1-5.0 0.7-1.1 110-170
Draining 31 5.0 1.2 4.6 1,0 140
2.4-3.6 11.3-12.1  2.9-3.1 5.9-6.1 0.8-1.2  80-120
Post~draining - ’
(1972 11.7 30 6.0 i 0.9 05,
41-374 4.0-6.1 / 0.7-0.84 2.8-4.2 0.5-1.4: 4o-pr "
«, 2976-1979 152 4.7 0.8 3.6 7 0.7 st ",

—
1 " v
4
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The concentrations wére_vvery similar to values for Jcﬁélcium, s.oaium and o
I potassium published by Crisp (1966) for the Rough Sike catchment, a '
small Pennine .pland area in the Moor House National Nature Reserve.

The variation in concentration with streamflow was studied; .an

inverse relation with discharge has often been reported for solute
concentrations (the well known 'dilution effect!'’ first noted by’ Hem in
1948), ~Although considerable scatter occurred, the rulhtions are
given. in Table 6. These relations are also very simfias to
found by Crisp ) -

«

"to those

m. . ..Calcium concentrations were negatively correlated to; diséhjarge whllst
- potassium was weakly positively related and sodium appeared to be little
affected by discharge. : ' ; , ! o

s !,\ ] - L - o L ‘ e

L

Other studies of ‘solute- behaviour (e.g. Foster, 1978 ) have generally ... . . .

~noted’an inversé relation between discharge and cation concentrations:
, . with the exception of potassium ions, The positive relationship of

M e e AN e e M -

~had been stored-in the soil for some time. For example Davies(1973)

*the relative abundanc- of: the"

- in water chemistry from.a'pre

=L N‘::r:b:.:shmfwfwzmm;r.-:zmmmx.Wm.m:.:w;ﬁ::m‘m&:wm

TABLE 6 Solute~discharge ratings prior to draining /
Solute Relation Coefficient Significance*
' determination
".03

T.D.S. Ca@ 33 Not sig at S% level
Ca CelQ“'27 42% _ . S5ig at 1% level

Mg cag % - 15% ~ Sig at 1% level

Na cag*: %01 0% Not significant

K CaQ""os 3% Not sig at 5% level

*Tests of the significance of the sample correlation coefficient were
made using Student's 't!', "

potassium with streamflow is related to the manner:in which potassium s
ions are held by the colloidal fraction of the soil.,

Samples taken.during the drainage period were bulked for the 4individual -
sub-periods, prior to analyses. The values given should be treated o
with some caution since the bulking necessitated srage time
before analyses. The values refer to samples. ta: the first
draining phase, a'i! they were all near the upper end .. the range in T
concentratinns ndtg,‘_i'during the calibration period. This might be -
expected since the drainage operations would have released water which

reported T.D.S. values of up to 260 mg/l for water draining £rom a . s
freshly cut drain, : M T ;/”’f \ A

Only a further four samples were andlysed in 1972 after the dixaining was
completed. . These figures showed generally-higher concenirations.forrall - G e
sclutes than prior to draining aqu;:exb‘j,”pitn:ed an espec‘:_LMa‘v:’lf.ly_V‘c}zfamggg,g_gg&
increase in éél’c':iiih]" levels.

-

3.2  Discussion of findings R e

. PR LAY g Dy T L ;., At
in solute leggls qgf_te\; d:rwa_ r}iglg' “qnd g
' main - ¢atinns ‘alte ed” £rom “Na>Ca>Mg>K"*
to Ca>Na>Mg>K. It hus been suggested that this reg

S g

There was an apparent increase

" its exposufe by the draini.(Diyies,

>l

1973). This argument was laf:
draining a water sample had b en

It
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peat area and in a boulder clay area. Much higher concentrations of
calcium, magnesium and total dissolved solids were found in the stream
draining boulQer clay (1.5, 4.5 and 240 mg/l respectively) than in
that draining gpeat (1.7, 0.35 an/d' 60 mqg/l).

: )

However, no record was made of the sampling locations, stream character-
istics or flow conditions, and there was only a single sample from each
soil type. Faarthermore, no allowance was made for the fact that the
stream dischax<ge was .very different in the periods immediately before
and after dradming, both in terms of mean values and the flow range.

In fact, the huighest flow during sampling after draining was lower than -
the smallest £ Xow sampled prior to draining. The most noticeable ™
increase in comncentration was for calciom, and to a lesser extent
magnesium and <Total dissolved solids; sodium and potassium showed
little evidence of change. This corresponds exactly with the

pattern of behawiour that might have been expected for very low flows
from an examination of their solute-~discharge rating relations (Table 6).

To examine whexher a genuine change had occurred in the pattern of
chemical denudation of the catchment , the pre-draining solute rating
curves for total dissolved solids and calcium were used.to estimate
the ‘concentrat-ion that might have been expected for the low flows
after draininga. This gave values of about 57 mg/1 and 6.2 mg/l
‘respectively, wihich were both niich smaller than the measured concentr-
ations. Howevwrer, this assunes that the relationships were indeed log-
log linear, an< it has been demnstxrated that more complex equations
may give a better description (eg, Walling, 1974). The solute-~-discharge
relations priox to p! ughing are plotted in Filgures 14 and 15, and it is
evident that thwe double logarithmic curves gave a very poor fit to the
low discharge, *aigh concentration values. It was considered that a
non-linear curwve might give g hetter £it to the data, and quadratic
logarithmic cuX~wes were tried, This gave an improved fit to the
calcium concentxations, with an estimated calcium concentration of
12.2 mg/1 for a discharge of 2,51/s, so indicating that differences
in discharge comditions alone could probably have been capable of
accounting for L he observed differences in solute concentrations. The
Picture for the +T.D.8. concentrations was confused by the greater
. measurement erroxs involved); the values were obtained by eviporating
a-water sample amd weighing thé residue, and the errors involved .
(weighing and hyrgroscopic errors) vould be at least of the order of
% 5'mg/l, and thee concentrations neasured were only quoted to the
nearest 10 mg/1  (Davies, 1973), A guadratic logarithmic relation
gave little “mTovement ovér the double log £it, and a predicted
value of 70.mg/1 . A curve wasthen fitted by eye and gave an estimated
wvalue of ‘about 8O mg/l, which is reasonably close to the post-draining
fmean concentration of 95mg/l, '

Given the small  mumber of sémples; the large amount of scatter in the

Solute rating cuxves and the imménse difference in stream discharge
devels' in 1972 befofe and after draining. (due to differences.in

xainfall), it is ~Felt that thers'is insufficient evidence to substan-

¢ resulted in a fundamental change in

the pattern or chenmical erodion inthe catchment.,

He

I e

hd

.o .
. Ca concentration img/i})

L] L] U
\.\\ .
\\
\\\
14 \\\\
L] [}
. . s . 10 Stream discharge(i/s) 50 100 300 1000
FIGURE 14 Relation between calcium concentration and flow
I
before drainage .
i
i
100 TS Surve titted by eye -
80 Sl ® . .
‘*-.-~ o .
— 604 . .--'“~--___‘ . . . L] . »
550{ Double log cutve  * b R OO ¢ ' ¢
'E'LD* . [ L] L) o TTemmeemaal e
£
5304 .
v 1
E )
220 .
2
°
3
L
10 _
n 5 0 100 oS00 1000

‘ S0
Stream dischorge (i/s)

st

Relation between total dissolved soclids and flow
before drainage

FIGURE 15

This conclusion has been further supported by sampling.in 1978-9, whefh . .. ...
in a period of fairly average rainfall, all the solute concentrations'

were found to be similar to the value recorded prior to the ploughing, .
both in absolute terms and’also relative to one another (Table §) T

4

There would appear thus to be a 'cross-over® "point-at about 15-20"1/s, -

i

o)

below which calcium was the most abundant cation in the stream water

and above which sodium was ‘dominant.

nl
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It is interesting to note that the total annual dissolved load would
have probably been in the order of 40 tonnes/km? » which is greatly in
excess of the mechanical erosion, being about 12 times the pre~drainage
load and about three times present levels. A similar picture has been
shown for other humidQ temperate catchments {Oxley, 1974; wWalling, 1971).
Dissolved loads increased during draining as water which had been in
contact with the soil for some time was released, so that, for only &
short period during and after draining were suspended sediment losses
greater than dissolved loads.

4. FERTILIZER LOSSES

Upland soils are genexally poor in nutrients and the addition of
phosphatic fertilizers has become almost the rule on peat soils ({(Seal,
1973). Ground rock phosphate was applied to the catchment from the
air in May 1972, some nine weeks prior to the draining and laboratory
analyses of phosphate (PO4) concentrations in the stream runoff were
carried out by the Cumberland River Authority in accordance with

D.0.E. (1972), The analysis comprised the determination of particulate
and dissolved orthophosphates by colorimetry using a molybdate reagent.
Organic phosphates and polyphosphates were converted to orthophosphates
by acid hydrolysis. Problems of interference due to the peat were
countered by the use of blank determinations on the samples (A. Hollington,
North West Water Authority, personal communication).

4.1 . Phosphate concentrations in the stream runoff

Measurements of phosphate concentrations in the stream water commenced
in April 1972, about a month before.the application of fertilizer,to
study the natural levels as a base for comparisons. Phosphate concen~
trations were generally low with values ‘ranging from 0.0l to 0.06 mg/l
and a mean concentration of 0.016 mg/l. . Concentrations were not
related to discharge levels, although this may have been due to the fact
that the concentrations measured were of a similar magnitude to the
accuracy of the technigues used (about 0.0l mg/l). The observed values
were comparable to levels of about 0.02 to 0.1 mg/l phosphate recorded

- in the Rough 5ike catchment in Westmorland (Crisp, 1966).

- Within a few hours of - the aerial application of the fertilizer, phos--

phate levels in the stream increased from 0.0l to about O, 27 mg/l,
probably resulting from rock phosphate which had fallen directly into
the natural stream channel network. In succeeding storms more phos-
phate was washed ‘down the stream network and concentrations rose as
high as 1.5 mg/li -, Levels between. storms. remained at about 0.25 to

- 0.35-mg/1, ie,-about 15-20 times the previous natural level. Phosphate
concentrations were positi,vg;y related to discharge by an equation of the M

form: )

| I e g e [ .
i \

P, « g5

where PO 4 is phosphate concentration
Q is stream discharge.

The low exponent of the relationship (0.5) results from the smaii range
in concentration values compared to the 400-fold range in discharge.

It should be noted however, that despite the great increase in phesphate
levels with a mean concentration of 0.5 mg/l they were still much lower
than the concentrations of many other elements (see Section 3). This

is due to the fact that water soluble phosphates are precipitated in

very insoluble forms in most soils and in acid soils would bind to iron -
and aluniniuz oxides and hydroxides, and to soil colloids.

Phosphate concentrations increased further with the start of drainage
operations, and during the first draining phase ranged between 0.7 '
and 2.2 mg/1 with a mean value of 0.1 mg/l ie. double that prior to
ploughing. Concentrations were no longer simply related to discharge
but fluctuated in an apparently random way as the draining Progressed.

During the two week annual holiday- perioed in August pheosphate ‘concentr-"
ations declined slightly with a maximum value of 1.l mg/l and a mean

of 0.8 mg/1, but concentrations still showed no correlation with dis-
charge. , ‘

/

again in the drain clearance period,
with values recorded up to 1.5 mg/l. Concentratiens fluctuated little
with discharge, being related rather to suspended sediment cencentrations
(ie. the pattern of the drain clearance operations). ! o

Phosphate concentrations increased

Unfortunately the analyses were only continued for & . 'aw Weeks after the
end of the drainage work, and as mentioned in Sec..ion 2 this was a
generally dry pericd with low streamflows.
therefore, 1if the low phosphate concentrations (0.2-0.6 mg/l) were the
consequence of the low runoff levels or the result of the exhaustion of
the remaining available phosphate. At the time it was felt that the
latter explanation was the mc;jt -likely: "... by the end of September
(five months after the application of the fertilizer) a. fairly steady
level was maintained at about ten times that found in the catchment
prior to fertilizing." (Institute of Hydrology, 1973).

-However, despite the limited range in streamflow in- this ﬁ)eriod-, ~it-has

been found that phosphate congentrations were positively related to

+ discharge in the form:

ey

This stroﬁgiy ‘:;suqqests that the phosphate levels weie limited by the
low streamflow levels, and would have been much higher if the weather .
conditiens had, been more typical (ie. much wetter). - P P ,

it

It is not immediately clear,
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4.2 Quanti Xies of phosphorus lost from the catchment

The loss of «e=lemental phosphorus from the catchment may be estimated
from the recc>rded concentrations of phesphate described above, and be
related to time total quantity appiied.

- The rock pho==phite was applied at the rate of 37§ kg/ha and comprised
0% P,O., 45— S0t Ca0, and the balance of silica, fluorine, iron and
alumifiiim whi <hoccurred in the natural rock. The total weight of
rock phosphat=e applied was thus 57000 kg, of which 8440 kg represented

phosphorus.

The loss of e=3emental 'Phosphorus before fertilizer application was very
low, amountir<g to only about 0,094 kg/week or 0.0.,2 kg/ha/year. This
may be compar<dwith the average loss in drainage water in England and
Wales of O0.06—2.2 kg/ha/year (Owens, 1970). Since the annual phosphorus
input in the =rainfall over Britain 13 about 0.2-1.0 kg/ha (Allen, el al.,
1968), this <X early shows how the land surface acts as a 'sink’' for
phosphorus Quae= to the binding of phosphorus in 4insoluble forms.

The quantitae=s of phosphorus lost dur . and immediately after the

Ploughing are glven in Table 7 below.

TABLE 7 Phos Zphorus losses at Coalburn

Loss ove: “quivalent
Period -nnual loss
(kq) (kg/ha/year)

Average flow
(1/s)

Period

0.354
75.8
13.9

0.032
2.9
0.876
0.297
0.334
0.134

Pre-fertilizexr  (6/4/72-1/5/72)
Post-fertilizex= (2/5/72-3/7/72)
1 (4/7/72-11/8/72)
(12/8/72-28/8/72 2.1
Draining phase 2 (29/8/72-20/9/72) 8.1 2.9

Draining phase
Holiday
0.74

Post~-draining (21/9/72~4/10/72) 3.8

The total loss <over the five month period was 96 kg which r‘ep,rye_sen‘tsh
-under 2% of the - applied phosphorus. In addition, further losses
would have occu=xred in the succeeding wet winter.

L .
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i's.  HyDRoLOGICAL EFFECTS OF THE DRAINING
11' '

5.1 Introduction

The pv-pose of the draining was to modify the moisture regime of the
catchment, and it might therefore be expected that the pattern of runoff
from the catchment wosuld be altered in some way as a consequence.
Unfortunately no measurements were made of the soil moisture, so this
discussion must necessarily be restricted to changes in the hydro-
meteorological inputs and outputs of the catchment, and in particular
the catchment water balance and the pattern of storm runoff. The
boulder clay and sandstone bedrock underlying the peat are thought to
be impermeable and the catchment is considered to be watertight.

The only previous study of the hydrological changes at Coalburn, was
that of Williams (1977), and initially it was intended to largely refer
to his conclusions. However, after a preliminary examination of the
data and of the methods of analyses adopted, it was considered that a
detailed re-examination of the basic data was Justified, hut since ’
‘Williams' analyses were based upon much the same data set it was felt
that they should be referred to in the text for comparison, and where
the author reached different conclusions, the possible reasons for the

disagreement are discussed.

Chaﬁges in catchment runoff were studied at a variety of scales, ranging -
from the annual water balaﬂge down to individual storm responses and

low fiow conditions.

5.2 = Storm runoff

The effect of the drains upon storm runoff patterns was studied by
comparison of. sets of storm hydrographs before and after draining.

i b

5.2.1 Time distribution of storm runoff

Storm hydrographs will vary with storm rainfall patterns and catchment
conditions, ~thus making comparison between periods very difficult. A"
simple and objective method of comparing hydrograph shapes was required
and it was considered that the use of hydrograph analyses would be ,
appropriate to provide non-dimensional runoff hydrographs ‘for comparison.

The unit hydrograph has always posed theoretical problems, such.as the
definition of net rainfall and runoff, although these are problems for
‘much more sophisticated models too (Nash and’Slceliffe, 1970). " More
recently it has become fashionable for the criticism to be centred on
thérinheren;‘hon-linearity_qf the flow processes. Evidence of non- .
linearity has however proved to be surprisingly elusive, and the Flovd
Studies Report (NERC, 1975), for linstance,.failed to produce-any-clear
- .evidence for non-linear ideas. This may be due to the fact that many
basin parameters such as total flowing channel length, lag time, and.
stream velocity, become increasingly constant with high flows."  One

I
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study (Minshall, 1960) is often quoted as demonstrating systematic FIGURE 16

variations in unit hydrograph parameters with increasing storm intensity,
but must be treated with caution due to the very small catchment area ,
(0.1 km?), the fact that the unit hydrographs were not standardised to R ‘ ./
a common time interval, and the relationship derived used only a few of ‘ 14 1
the data points (Robinson, 1976). 1In addition, the method of net " |

Coalbuen Catehment ur - hydrographs

—_—

Averaged one hour
= Pre-ditctung unit hydrographs
' before and after

=== Post-ditching {1973} drai o
rainag

rainfall separation adopted may have tended to induce an apparent e Post-ditcning (1976-77)

|
negative correlation of lag with storm intensity (Lowing, 1976). ‘ 181 :.’
1

—— " e W
3

It is not intended to discuss further the merits or demerits of the unit § | r
hydrograph method, except to say that despite its critics it will ‘ !
continue to be widely applied until ancther practical method can be
proved to be superior.

One hour unit hydrographs were derived by the 'least squares' technique
adopted in the Flood Studies Report (NERC, 1975) for one pericd before
drainage and two periods after. For each period about a dozen unit
hydrographs were obtained, and a mean unit hydrograph produced by
averaging the individual parameter values. The range in values of
some of the main parameters of the unit hydrographs for individual
sto;‘ms are given in Table 8 together with the mean values for each
Period. S o

Ptopastional discharge(par hous)

TABLE 8 Summary of the main parameters of the unit hydrographs

Period Time to peak Peak flow Base length (hours)

S NS S e s s e s S s e e e o |
O 2 4 8 8 10 12 1 16 8 20 22 24 28 28 30 32 % 38!
Time (hours)

19€9-71 4-6 +122-138 34-39
' (5) (.130) ' (36)

1973 .::';32) _ %61;2)54 l?;g? ‘ G . In some catchment studies a geasonal difference-in the unit hydrograph
) * . ‘ : - Lo has been noted (eg Harvey, 1971). The Mann-Whitney test indicated
1976-77 1-4 .138-.219 13-26 X ' ' X there was 7o significant seasonal difference in any of the unit hydro-

(2.2) (.168) (19.5) graph parameters etther before or after drainage. o v

It isl:vxippa‘rest‘.xg‘to note that the unit hydrographs derived for the period
four to five years after drainage showed a slight decrease in peak flow
and an increase in time base compared with those derived in the year
following drainage. Whilst tke differences were not statistically
Fiqgure 16 sh t Heh R N R S significant and could have beenaccounted for by chdrice, they may also
a;gudEmorelsir:::s :Je.e;nii; Eﬁ:ﬁ :ﬁ:rggifﬁgspfgzizzgha°,ﬁu§:e,;§}r’:e§e§,f;‘°ds _ P57 R R . be. interpreted- as-resulting from the growth of “vegetation-in-the ‘drains.”
‘rianc espons DroOXim: ' - ted to continue, and once the .
runoff response, with approximately a halving of the ‘time to peak and g:e;?g::?::aigqge;zt5:-:?’:; T:yizecizf::demay r:sult in a more’ stable = ©

an increase of about 40% in the peak £l .
| ep ow value ) pattern of flow than from the original undisturbed moorland: ~ “...

Me=an va.ues are given in parentheses,

i~

- The individual unit hydrographs were then examined in order to . : : I Ry
detemine if the apparent differences before and after drainage could ki e eT.ap sure you are right that ditching causes an incredsing =~ =
“hawe occurred simply by chance. A Mann-Whitney U-test (eg Pearson and ol 1iability to flash floods and only occasionally will initial . ‘
Haxtley, 1972) indicated that the differences in both the times to peak n ' ditching-increase the storage capacity. It is when the .. - - . ou oo
ana the peak flows were significant (o = .005) before and after drainaqge. B de ‘ growing trees, by their increased transpiration loss and by . .. ...
However, the differences between the two post-drainage periods were S .the addition of layers of litter, both cause the drying of. ...
. no* significant. S B R the soil and increase the storage capacity in the surface' - -

o




) layers, that, the classical picture of the forest as a modera-
.-/ tor of flows and a beneficent influence on the frequency of
‘flooding is realised." (W.0. Binne, Forestry Commission,
personal communication).

Coniwversely, a preliminary. study of a grassland catchment and one under
mature forest (with drains) indicated a more rapi‘&»”runoff response from
the latter under identical rainstorm inputs, and this was attributed to
the forest drains (Newson, 1979). Further work is needed to clarify
this important aspect.

5.2.2 fTotal storm runoff

In considering the flood potential, we must of course consider the total
flow to be apportioned in addition td the time distribution of that
flow. About 15-20 storm events covering a range of magnitudes were
samp>1led both before and after the draining to study the relation between
stoxm rainfall and the percentage runcff. h

At was noted that in each period the largest runoff percentages were
associated with the storms having the highest maximum rainfall inten-
sities, and since there was also a tendency for greater storm intensities
priox to draining, the analysis was confined to storms with a limited
range of maximum intensities.  An arbitrary maximum value of 3.5 mm/hour
was &dopted (excluding the three most intense storms from each. sample).

This wyielded equations of the farm:

i

Beforxre: % R.O. 0.848 R + 22.9 r = ,29

Aftexr: % R.O. 2,601 R + 7.84 r = .,78

The xrelationship between storm rainfall and runoff was much stronger

. aftex thedraining,-e;nd this may indicate a decrease in the importance

- of antecedent 'conditions. The importance of catchment storage may still
be ewident for small storms (under 8.5 mm total) for which these equations
indicate a decrease in percentage runoff since draining, ‘possibly due to
the somewhat drier soil conditions being able to absorb a greater portion
of the rainfall. For storms with greater than 8.5 mm rainfall, the
impro~red rundff provided by the drains, outweighs the improved storage,
and the percentage runoff increased steadily. ' '

Freguency distributions for storm magnitudes aie not available, but -daily
rainfall frequencies have been analysed (Figure 17B). For the whole
period of record, 60% of the total rainfall occurred on days with over
~ 7.6-mm rain, and 40% of the total rainfall occurred on days with over
. 12.6 mm. These figures probably tend.to overestimate the -importance

of small storms somewhat, since many of the larger storms will be cut
between different rain day records. But it appears likely that the
overal l effect of the drains on storm runoff yields would have been
limited.to a modest increase. - This conclusion appears to be confirmed
by-the daily flow duration curves for streamflow (Figure.17A), .which .. ..
show 1+ ttle change in storm runoff patterns for day with greater ‘than the
mean ea. .ual flow. - : : :
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FIGURE 17 Cumulative frequency curves for rainfall gnd runoft

An additional factor restficting any increase in storm runoff volumes
may be the presence of the turf ridges on each side of the drain.
These would effectively limit the contributing area for surface runoff
to the one metre wide''strip between ditch and ridge, and prevent the
two metre wide zone between ridges (40% of the catchment), from con-
tributing to runoff except by sub-surface seepage.

5.3 Low flows 7 Y ' ‘ ,

The presence of the ditches may affect the pattern of drainage between

storms as'well as during them. = The period after draining inqludgq_tho
" 1975-6 drought and although Coalburn was not as severely affectad as

many areas (Clarke and Newson, 1978)it might be expected.that .there. .

would have been a greater proportion of time with low streamflow, and

a lower flow rate for a given frequency of occurrence. In fact the

daily flow duration curves show that the opposite occurred, and the

level of flow at-a given frequency was higher than before (Figure 17A).’-~-"

This also, at first,. appears,a surprising result considering the
. greater rate of streamflow recession after the draining noted in the-' -
unit hydrograph study (Section'g,iz.l) . :

S
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_ for both the calendar and water year data.
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Y
To datermine Lif such a change could have been caused-by c¢limatic factors,
the index was calculated for a number of other catchments in the area.
None ¢f these showed any tendency for change over the same period.

The individual annual values of the Baseflow Index for Coalburn were then
tested by the Man-whitney U test and found to be significantly different
(@ = ,05) before and affer draining.

5.4 Water yield

The presence of the drains has been shown to have affected the drainage
of runoff both during and between storms, and there might be expected to
have been a change in the overall water balance, and hence runoff yield
from the catchment as a result. The data period available at present

extends from January 1967 teo March 1978, and includes a break from

November 1972 to June 1973 during maintenance work on the weir. This
unfortunately only provided a relatively short perlod of data before and
after ploughing for comparison, but it was nevertheless ‘hoped- that -1t~
would be possible to determine any tendencies to change and estimate
their magnitude. As discussed in Section 1.2, the trees are still very
small, and it was assumed that their effect on water losses to date have
been negligible,

5.4.1 Ann;:al water bhalance

The annual water balance.for the catchment was determined for both ~

calendar years (January-December) and water years (October-September) .-

The latter is prefeiable theoretically to reduce exchanges in catchment

moisture between years, but use of the former permitted five years of -
data prior to draining to be analysed instead of four. _ The following. ... . .
discussion therefore centres on the calendar year data, although identical .

analyses were performed for the water year data, and the results are

given for comparison. 5" The main components of thef":annual water balance -
are given in Table 9; all measurements are in millimetres.

The annual percentage -unoff after drainage increased by about ‘4._5'_ 7
(3 for'the water year data) despite the fact that the annual rainfall )
was somewhat lower. A comparison’was then made of the main elements '
of the annual water balance, to determine whether or not there were.
statistically significant differences between the two periods, A
Mann-Whitney U test indicated that neither the decrease in-rainfall
or increase in runoff between periods was statistically significant.
However, the -increase in the percentage runoff was significant (o '=70,1) =~
Ideally we should prefer .. .. ... ..
a zmore stringent level of significance, to ensure that a change. had
occurred, but it should be recognised that the power of the test has _
been limited by the small sample sizes (the power of a statistical test
tells the probability of agorrectly rejecting the null hypothesis of.no n
change, when a change has,in fact occurred, and will increase with the, .
sample size). ” A parametric test such as a trtest assumes further. . .. .
information about the data (normal distributions and equal variances)
and has greater statisticul power (ie. it gives a more sensitive test. . .o oo
with equivalent sample sizes), It is not possible to ensure that these.. . . ..

R VI e
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TABLE © Major components of the annual water balance

Rainfall Runoff % Loss i/ O
“(R) (Q) Runoff (R-Q) "
Pre-draining: .

1967 1480 998 67.4° 482 995
1968 1304 822 63.0 482 873
1969 1084 724 66.8 360 721

_ lg70 1297 914 70.5 . 383 868
197 990 655 66.2 335 655

. Mean: 1231 823 66.9 . . 408 822

Postfdraln Wngt 7 .

1974 - - -+1202- - B56 - 66.2 - 436 865 - -
1975 1100 795 72.3 305 732
1976 1159, 818 70,6 3l 773
1977 - 1264 966 76.4 298 845

 Mean: | . 1203 859 71.4 345 804

A ‘
'(Q-is‘-the predicted annual. runoff. from a simple’ rainfall-runoff model .
described later) i

assumptlons are valid with the small ‘quantity of 'data available here,
but but if the t-test is assumed to be valid and is applied to the data,
the increase in the percentage runoff is smgnifz.cant at.the & = .05 level.

Several earlier studies-have noted a higher water yield from a drained
‘catchment than’ from an undrained one although the mechanism was often
--unclear--(eg-Conway-and. Millar, -1960:.. Mustonen and.Seuna, 1972; - Green,

1970). Daily flow duration curves for the two periods are give in
Figure 172 and show an increase in flow levels below the (pre-drainage)
mean annual daily flow.  Since the slopes of these curves represents
the frequency of-occurrence’of-the-given daily flows, wercan see that
~..the greatest; change. :(represented by the greatest diffe’*ence"x.n Tslopes.
for-a:given: runoff value) was for-daily flows: of betwee\n\one and-three-
millimetres (about 20-50 1/s average flow). A Mann-Whitney U test was
.. applied to.the. flow duration curves: for the. indiwidual years .and indicated

'95% was highly significantly (ot =".01).

that the increase-in-the-daily flow-with an- exceedance probability of :

.....

~undrained catchment ,

" to establish:a model of the relationship between rainfall and:runcff

' These values ‘may then be compared with the runoff values actually observed

It was'then decided to study the data in more detail tc try to determine
the type of processes operating. As a first step, the quality of the
data had to be checked, in case there had been any change in the standard
of data collection that could have accounted for the apparent increase . in
yield. The Coalburn catchment is a research catchment with a high standard
of instrumentation, and random errors should therefore be small. Possible
systematic errors were then investigated.

5 ' ! f Y " “h
(1) Revisions of a stage-discharge relationship which are not applied to
earlier data may lead to «pparent changes in runoff patterns. However,
the same relation has been used over the whole period. The channel
improvement and drainage operations may have increased stream velocities
but any effect of this would hav< been to increase the streamflow dis-
charage for a given stage, and thus lead to underestimates of. discharge
rather than overestimates since draining (eg. Wilcox, 1979). Much of
any change in velocities would probably have .een lost in the stilling
basin. Any effect of, the accumulation of sediment in the stilling basin
would also have tended to lead to underestimates of runocff since plough~
ing, rather than overestimates.

{(2) The raingauge nerwork has been reduced over the period, but this was
achieved by removing redundant gauges which did not materially affect th

areal totals. In common with most upland sites it is however difficulu
to determine how accurately the network measures snow.

(3) Measurements in the catchment indicated the drainage and exposure of
‘bare soil had lowered the albedo from 0.15 to 0.13 (Institute of Hydrology,
1973). This would have given rise to a slight increase in evaporation
losses since draining. Estimates of potential evaporation at the catch-
ment are.only available since the installation of an Automatic Weather
Station in 1973. Earlier estimates were made from a meteorological
station at Spadeadam, some 12 km away, but were found to be about 1O%
lower due to site differences, and are therefore not comparable.

(4) In areas of relatively low slopes the drainage area o~f an undrained
catchment may be difficult to define, and the provision of an artificial
drainage network may alter the area, casting doubt on water balance com- ks
parisons. To avoid this problem a boundary drain was cut around the

- the outset of the project, in order to define

its area more precisely. This drain was cleaned out when the catchment

was drained and care was taken that the forestry drains did not cut

across this boundary drain.

In short, there does not appear to have been any change-in-the-data-
collection and processing which could account for the apparent increase
in runoff and, in fact, any changes that might have occurred would have
acted to decrease the streamflow measured after ploughing the drains.

In order to study the: change in rumvff more closely, it would.be. helpful

prior to draining, and use this to predict the runoff that’wotild -have
occurred after the ploughing, if this relationship had not been altered.

Ly
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after the draining. A simple linear relatfon has often been found
betweenn annual rainfall and runoff, and has been given a semi-physical
interpretation (Diskin, 1970). This approach was aiso adopted in a
similar study ¢f the hydrological effect of the draining of the Brenig

' catchment (Green, 1970).

- 'The relations for the annual calendar year data for the two periods

were.

0.693 R - 29.8 r? = 92%

0.606 R + 130 % = 52%

Pre-drainage: Q

Post-drainaye: Q

The pre-drainage equation was used to generate predicted annual runoff
totals for the whole period, and are listed in Table 8. The difference
betveen the actual runoff and the amount predicted are given in Figure

20, and this clearly shows an apparent trend t6 higher runoff values

after draining. The negative residual for 1974 was possibly due to a

lazge transfer to moisture into the succeeding year (December, 1974

having 120 mm more precipitation than runoff). The overall increase

in yleld over that predicted:after drainage may be estimated as 220 mm 6.8%
of the total runoff, (4.6% for water years) .

5.4.2 Seasonal water balance

For this analysis, the annual totals were divide. into two seasons com-

prising winter (October-March) and summer (April-September). 'he

fermer would generally contain *wetting up' conditions, whilst the latter
contains the period when the catchment was drying out.” The data are
summarised in Table 1O. ’ K

TABLE 10  Major components of the seasonal wafé:‘ba;ance”

(N6 Values have been rounded to the nearest om) .

PRL-LRAINING ' S N ; ' ‘
“Minter T Summer ‘
Period R T 8§ Runoff Perxriod R Q % Runoff
1967-8 926 729 78.7 1967 669 343, 51.2
1968-9- - 494 - - 455 92,1 - © 19e8 632 310 -49.1
1969«70 577 446 77.3 1969 579 259 44.7
T 1970-71 652 ©599 - 91,9 1970 - 575 305 53.0
197172 542 465 85.8 1971 - 475 196 42.8
Mean 638 ‘539 84.5 Mean 582 283 48.6
POST-DRAINING e ”
, 19734 542 /480 88.6 1974 497 235 47.3 )
1974=5 .. 794 636 80.1 1975 642 370 57.6 W T
1975-76 546 478 87.5 1976 449 199 44.3
1976-7 622 593 95.3 1977 584 315 53.9
1977-8 763 704 92.3

‘Mean 653 578  B8.5 Mean . 543 279 51.4

. "“authority, personal cémmunication).
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There was obviously a great deal of variation between individual years, -
but overall these results show little evidence c¢f a change in the ‘
seasonal runoff balance, with an increase in percentage runoff after
ploughing occurring in both seasons. The increase was slightly greater
for winter than for the summer, but th’s was probably due to the fact
that there was a slight tendency to weiter winters and drier summers
from about the same time as th draining.

This conclusion contrasts wit:. Lne study of Williams (1977) who argued
tha: there had been an increase in winter flows and a decrease in summer
flows, duc to the increased drainage network removing excess water in
winter morc efficiently, leading to a greater drying of the soil in
snmmer. Th~ method Williams adopted was to divide the year into the two
seasons, and to carry out a regression analysis of the monthly rainfall
and runoff totals for each. The regression lines before and after
draining for each season were then compared. .

Several aspects of Williams analysis may be criticised however.

Firstly.

"The linear regression model is not applicable in cases
where there is appreciable carryover or lag between
»  rainfall and runoff". (Diskin, 1970).

Changes in catchment moisture storage in a given month may be of a.
similar magritude to the precipitation or runoff, due to fa ‘tors such
as snowfall, snowmelt, the timing of the rainfall, ox very dry ground
conditions. There were, for instance, a number of months with over
100% runoff, clearly reflecting the release of water from a previous _
period. Secondly, months which lay too far from the regression lines
were discarded from the analysis for “this and for no other reason.
This subjective decision to ignore data is less than satisfactory, and
would invalidate the subsequent use of significance tests (Barber, 1976).
These tests incidentally indicated that only the winter inTxease was
significant (no level was given). Nevertheless, Williams assumed
that there had been an equivalent decrease in summer runoff, since a
double mass curve analysis of runoff at Cocalburn and from nearby Kielder
Burn had indicated no change in the relation before and after draining
(and hence nco change in the total annual runoff) .

Kz.elder Burn was however rejected here as a 'control‘ catchment in this

study for-a variety of reasons. Firstly the period of common data.was

very short, with only two years of records prior to ditching. Secondly .,

the Kielder Burn catchment is 40 times larger than Coalburn, giving a
different seasonal moisture regime and seasonal changes in the slope of

the mass curve line which tended to obscure ‘any change: in slope. Finally,
the stage-discharge relation. for Kielder Burn was revised:
{the start of the common data period after draining) . and-has been. further
revised since then. The new relations have not yet beers used to recal-
culate the historical data; \“ and it 'is not possible to say: ,fow they would

have affected the calmulai: = yields -(M.J. Storey, Northumbrian Water.
~Unfortunately no-other ‘suitable -~

&
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gauged catchment could be located to act as a 'control’.
It is interesting to note that Williams Observed for the monthly data:

"Using the full data record the analysis shows a slight
but consistent increase in runoff for any given
rainfall".

Zfom his graph, the average monthly increase was approximately ¢ wm, in-
T;:a:ing 48 mm/year, or about a 5.8% increase in the average an' ...l runoff.
§ compares very closely with the increase suggested in Section 5.4.1.

The available evidence therefore seems to indicate‘ that the observed
increase in water vield was not confined Lo a particulaz sehédh, but .

Tepresented an increase in flow throughout the year. Attention was then '

turned to trying to identify the mech t
e Lo oyl 4 anism_ responsible for ;rfe‘ ‘ch?nges in

5.4.3 Possible physical mechanisms causing a change in yields

A r‘i‘umber of possible physical causes of th op ‘ |
. e small apparent incr
¥ield were then. 1pvesti-gated and are discussed beloﬁf‘ o s in

€1) .The presence of the drains“might lead to a reduction in soil

meoisture levels in the catchment, 'gnd during the period of this decline
There would be a temporary pericd of increased flow while water was drained
Erom the wetter areas and from the newly created turf ridges. .This
might”be expected to lead to an increase in low flows. Howeverv we
would-\also expect any change to decrease over time, and this was not ob-

served (Figure 19).  The release of significaqt quantities of water

120
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after drainzje has .jenerally been associated with much deeper and wetter
peat bogs such as raised bogs (eg. Wilcox, 1979}, than the conditions at
Coalburn. Furthermore, the period immediately after drainage (when the
rate of release 'would be greatest) was not included in the analysis due
to the maintenance work being carried out on the weir. The release of
large quantities of water is alsoc generally associated with a drying out
and shrinkage of the peat, resulting in a measurable lowering of the
ground surface (eg. Burke, 1972). No measurements were made at Coalburn,
but work at nearby sites in the Kielder and Wark forests found no lowering
of the ground surface after drainage (D.A. Thompson, Forestry Commission,
personal communicaticn).

(2) The drier soil conditions may have led to a reduction in evaporation
losses since: ‘ .

"The results of drainage are a fall in the water table and decreased
transpiration, so drainage must increase runoff" (Heikurainen, 1973).

However, this would lead to peet shrinkage, for which there .s no evidence,
and would alsc picbably tend to even out streamflow (and especially reduce
flood flows in summcr), but therc is no evidence of this frem the study of
catchment unit hydrographs. Peak flows. increased after. drainage and there
was no significant difference between seasons.

(3) The open drains account for about 10% of the catchment area, and if
they returned 100% of the rainfall that fell into them, instead of 67%
average runoff as from the rest of the catchment, this could lead to an

" increase in water yield of up to 3.3% of the annual rainfall. Such an

increase would however be largely confined to storm-events rather than
to augmenting low flows and would probably be greater in summer (when
cdatchment losses are greatest).® : ; '

{(4) The increased drainage network would allow runoff contributions from
areas far from the original network, which previously.had probably only-
rarely contributed to runoff. This would probably lead to an increase
in storm runoff, and we might expect an increase in low flows as well.
There would probably be little change in the seasonal balance.

(5) The draining wou.J expose areas of bare soil, and since evaporation .:-
losses from bare ground are lower than from vegetated surfaces, this might
have led to a decrease in evaporatioun losses and conseguently an increase
in runoff. = This, explanation was sugyested for the increase.in runoff
from the Brenig catchment (Grern, 1870, But i1, does not appear valid
for the Coalblrn catchment * o to the rapid revegetation of tHe turf

ridges and colonisation of the drain sides.  Furthermore, this mechanism
would lead to a reduction in the higher runoff yields through time, as

the bare soil became vegetated. There appears to be no tendency for

the runoff residuals to decrease through time at Cozlburn (Figure 19),

The most likely mechanism to account for the observed changes_in runoff =
from the catchmcut would thus appear to be ‘(4), namely that the increase '
in the drainage network allowed dfainage to occur between and dbring = =

R
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storms <Xxrom parts of the catcliment which had previously made little
contrilaation to stream runoff.

6. IMPLICATIONS FOR OTHER CATCHN :NTS

If this <ase study is to be 0of more than mnrely local interest, it is
importanat to outline its context, discuss the general features observed,
and tx o ass.oz the practical significance of the ce: . o_.

With the 1likely continued expansi n of British forestry, and an increasing
concentaxation on the uplands, much larger portions of upland catchments
will be <LForested in the future, These areas provide the collecting
groundss ©f many of the country's major water supply reservoirs, and much

of the 1.amnd will have to be drained prior to afforestation. The study

- catchmer - is typical of many of these upland areas, and it is hoped that
~theresuits of this investigation will go some way ‘to providing quanti-
tative estimites of the effect of such drainage operations, which may

be of use to reservoir managers, foresters, agriculturalists and ecologists.

6.1 Streansediment loads’

It was estimated that about 120 tonnes/kxnz of sediment was carried from
the catchment in the streamflow as a direct result of the draining,which
represents a loss of only about 0.2% of the total 60000 m? of material ’
that was esxcavated to create the d*a:.ns.

- The stu1y provided a rare opportunity to observe sedlment levels dumng
the draimning operations. Sediment concentrations were seen to be °
"dependent: upon the type of work being carried out, the prevailing
weather <conditions, and to some extent the antecedent conditions.
"Topograph ic and pedological differences appeared to have little effect,
“though this may be largely due to the small size of the catchment

(195 km?®) limiting these variations. ‘

There was a dramatic increase in sediment levels during and after -
draining, with concentrations rising from a previous level of

i, generally” under 10 mg/l, to above 7000 mg/l., Even. greater yields

would prol>ably have resulted from . a catchment with steeper slopes and
‘more minexal soil of a suitable grain size distribution, “but it is :
thoug: . 1 i kely that the observed rapid rate of decline to a new
équilil>r i ram level higher .than before draining would be a ‘general:
feature. The fact that it was reached without any influence from the
~young sap . ings suggests that it would be a feature of moorland drainage
schemes oo although sediment loads would probably be lower due to the
much widex drain: spac:mgs generally adopted. .. The: most important con-
clusion tegarding sciment yields is therefore that on a regional scale .

—the .effect. .of -the.draining is determined-more- by current- rates of

drainage,f than by the total cumulative area drained.

1

"A more qeneral problem resulting from sediment loads may be &

Possible practical problems posed by the increase in sediment loads
were then investigated. If the bulk of the sediment released by the
drainage operations is carried as suspended sediment, then it will be
transported rapidly in the stream and deposited in any reservoir down-
stream, thus reducing its capacity, and so possibly “there are serious
implications for the afforestation of catchments containing reservoirs"
(R. Hey, University of East Anglia, personal communication}. However,
"~ reaction from members of Water Authorities contacted was generally
the increase in yields would probably not have any serious con-

3 on reservoir storage.
it
will be: lim:Lted interest from Water Authorities in the
yield £3. .gures because of the low levels of sediment
i n'most Impounding reservoirs” (R., v;od, Severn _'.;e.‘s 'i‘ y
ter Authority, personal com.nun:f cation) AT

t
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s

. increased sediment lcads may cause a numb*: of iocal( i ey O
,bless due to the larger quantities of ~ediment that will be derBs ited‘ B
ere flow velocities are reduced. This may lead to c¢h: neg.in the-
stream channel downstream of an area of increased sediment yields (eg.. .
Wwolm n, 1964) and also necessitate expensive removal from strucliires
such as the stilling basin of a weir (as happened at Coalburn):or -from- -
Increased sediment =y

the fire ponds used by the Forestry Commission.

" loads may sometimes cause problems of reduced storage for small”

reservoirs too. . For example, the Boltby reservoir, in’ Yoxkshire,

some 10 km north-cast of Thirsk, was built in the 18895 and had a low "
rate of sediment accumulation. However, some years ago the Forestry -
Commission ploughed the area around the reservoir. and the local water
undertaking expressed great concern at the large quantities of mineral

sediment that were being carried down into ‘the reservoir, fresulting-

in the Forestry Commission building ponds to trap the sediment ('I‘.
Johnstone, perscnal communication). :

ecological one:

“"Sediment loads released by ploughing cperations-are certainly -
controversial. Fishery interests in particular, believe that
the release of sediment has a detrimental effect on- the spawning
success of trout and salmon".  (I.R. Smith, Institute of

Terrestrial Ecology, personal communication)

It has been shown that very high concentrations cf suspended minexal . .
solids (200000 mg/l) can directly cause the death of fish within a

few hours, due to a“coating of silt forming on the gills (eg. Wallen,

1951). The effect of lower concentrations (<1000 mg/l) for more

prolonged periods appears to be more. indirect, by making fish more-
susceptible to adyerse conditions in their environment (Herbert: and Lo
Merkens, 1961), and Cole (1935) for instance found that a 20000 mg/l =~~~
concentration was not harmful tc initially healthy fish, but hastened.

the death of unhealthy individuals. = Sediment concentrations at = =

,‘Coalburn rose above 1000 mg/l for only short. periods, and even in. the,.
~wet winter-of-1972-3 were under 100 uq/)-for most of the time, so-any- -

N




direct physiological effect on fish would probably have been very
limited.

The effect of increased sexIiment loads in streams has, however, often
been blamed for a reductio=z= in fish stocks and a change in f£ish pop~
ulations from game fish swu«c—h as trout and salmon in clear water, to
coarse fish in muddy watexr== (eg, Tarzwell and Gaufin, 1953).

"There is abundant ew=i.clence that sediment is detrimental to
aguatic life in salmecomn and trout streams. The adult £ish
themselves can appar<mtly stand normal high concentrations
without harm, but depr>»cosition of sediments on the bottom of:
the stream will reduc—ee the survival of eggs and alevins,
reduce aquatic insec-t— fauna and destroy needed shelter.
There can scarcely be= any doubt that prolonged turbidity
of any degree is alsc> harmful®. (Cordone and Kelley, 1961).

In the spawning season afte= arterial drainage work in Ireland, a 93%
mortality rate of salmon £x 7 In natural redds was noted (Torer, et al.,
1964) and Hassler (1970) regoorted a 97% mortality in northern pike eggs
covered with 1 mm of silt. Fish may also avoid spawning in turbid
streams, and.several instara<=es have-been reported of -salmon going to
spawn which have been obsexr—wred deliberately avoiding muddy tributaries
(eg. Cordone and Kelley, 19&1). ‘Drainage work in Scotland, associated
with hill land improvement .==ms well as with forestry, has recently been -
accused of harming fish sto<«ks and trout farms (eg. Graessner, 1979)

t and a similar claim was macke> some yvears earlier in Lancashire (Stewart,

1963} . The fact that the &=xea being drained does not support a large
" £ish population itself, shoxz=ald not be taken to mean that £ish. stocks
g ,will not be. affected- .

4

"It is possible that Ciae effects of ditching on stream
o “ temperature and sedime=mt léads further downstream may
have a more serious izxagoact on fish populations than
= the direct disturbance= at the actual work site. This

is particularly true £=m situations where the drainage
~ditches form the uppezxamost reaches of a stream system
and ‘'do not themselves w—ontain significant fish
populations (Hill, 19‘76).

The quantity of sediment released as a consequence of the draining of i
Coalburn amounted to. the oxrcCher of nearly half a century's load at pre-
ploughing rates and it was <=arried from the catchment in under 10% of \;\
" that timé. " "Present loads xemain at about four times pre-draining
-levels.. - ‘Drainage work is concentrated in- summer- (when the ground is atfy
its driest), and sediment lcadsiwould have little time to decline signi-

'+ ficantly before the spawnincg of fish in the following autumn and spring. «
If such, work is carried out «ona large scale it would appear almost ,,,,, .
inconceivable that ‘it shoul - “not have a detrimental-effect; for at” E,J R
least a number of years, upoxa fish stocks, both in terms of numbers and

fish species, and possibly ta:::tal recovery would never be achieved. Iy

‘,:4;\, .‘”‘

Cin Northern Ireland (Gibson, 1976), for mstanoe,.’, aind
‘phosphorus levels 1n lakes with fertilized forest cat‘
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6.2 Water chemistry

6.2.1 Natural water chemistry . ‘ o

Cation concentrations and total dissolved solids were measured as part
of an undergraduate project. Only a small number of samples were taken,
and streamflow discharge rates were very different before and after
drainage. However, it would appear that no great change occurred in

the general levels of these solutes as a result of tlie draining, although
a temporary increase may have occurred as soil water drained from the
catchment. It is not clear what influence, if any, the phosphate
application may have on the solute levels.

6.2.2 Tertilizer losses

Rock phosphate fertilizer was applied to the catchment a short time
before the draining, and its loss in solution from the catchment was.
monitored, for two main reasons. Firstly, the phosphorus carried in
the stream represents a ‘loss of expensive fertilizer, and secondly it
plays an important role in eutrophication.

‘Phosphorus is often found to be the principal nutrient-limiting aquatic-.......-

plant populations  (Lee, 1973; Taylor, 1967), and small’' increases in
phosphorus concentrations may stimulate the growth of blue-green algae
and .other organisms, making rivers and lakes unsuitable for recreation
and increasing water treatment costs. Increased growth of floating
and bottom rcoted plants reduces streamflow and complicates other
aspects of water management (Taylor, 1967). Soluble phosphorus is

- probably the form most. important to the biology of lakes since it is
‘readily .available to-plants. . The excessive production:of aguatic--

plants is usually more significant in lakes ‘or reservoirs than in

rivers since lakes retain their nutrients for a much longer period and -
they are therefore available for aquatic plants such as algae. (Porter, . .
1975). Fish populations may also be affected since the plants consume
oxygen all the time for reéespiration but only produce oxygen in photo- -
synthesis during daviight. Fish mortalities may then occur during the
night,or if the’ overproduction of algae leads to a shortage of-food ;-

then large numbers of algae start of die off, leading to a depletion

of the dissolved oxygen in the water _ i ”

A critical level of 0.0l mg/l of phosphorus has often been quoted for
algal blooms,. although ‘many. exceptlions. have-been: noted. . .This. would
represent a level of about 0.03 mg/l of phosphate (POy ), and whilst

‘eoncentrations prior to application were below this level, those after

were . greatly in: excess, with levels before drainage averaging o. 5 mg/l, T :
and increasing to 1.0 mg/l during draining. It would thus appear that
unless another nutrient (such as nitrogen) was limiting growth, there .




A second reason for s?:udying the phosphorus concentrations was concerned
with trying to minimise the loss of fertilizer in the drainage waters
whilst still making it available to the young transplants. One
possible means is through altering the timing of the application. it
fertilizer is added prior to draining, the plough will overturn the
surface mat to create a ridge for tree establishment, and some phosphorus
is lost during the drainage. This probably amounted to under 2% of the
applied phosphorus during and shortly after drainage and though a lot
more phosphorus would undoubtedly have been lost after that, it represents
arn acceptably low figure (W.O. Binns Forestry Commission personal
communication) . An alternative method is to apply the phosphate after
tiie drains are cut, but a large amount will then fall directly into the
drains and be washed out of the catchment. We may make an estimate of
the losses from this technique by assuming them to-be.equal to the per-
ce=ntage.of the catchment comprising open drains. — This gives a ]
f£igure of about 10%, which is considerably more than that meastured at
Coalburn, and suggesting that this would be a much more wasteful method
of application:. : B ‘ ‘ ;
Tihe final decision on the best time to apply the fertilizer would also
hawe to take into account the importance to later tree growth of phos-
Phxorus being available during the early tree establishment pericd (..nce
it may take a year or more for. the transplants' ‘root-system to -recch the
Phosphorus rich sandwich layer at the base of the ridge, whilst if it
was applied to the surface after draining it would be available soconer
to the surface roots). - : ' :

6.3 Hydrology ' RO
Thexe has been a great deal of controversy regarding the hydrologicaf"'?f“»
ef fects of peat drainage. The. Peat and Fen working group of the NERC
hydxology committee which tried to reconcile the ‘apparently conflicting’
views of the effects of peat cover, and of changes to that cover,
summarised the situation graphically "even where there’is firm evidence
or well-based opinion, it seems to be conflicting, even to the point
whexe different people describe the same evidence in different terms"
(Green, 1973). It was unable, for instance’) to determine the effect of
drainage on. the  flood hydrographs, since thére were cases of inereased

2 flood peaks with drainage (eg. Conway and Millar, 1960), and examples
S .. of decreaged flood peaks (eg. Burke, 1968). - ' '

. e - , Cy . L . e g .

It Tas been shown that the properties of peat soils (such as bermeability
.'a'nd‘.”;.."bh}};. density) - will alter after drainage, and that the changes diffcr
for different peat types (Egglesmann, 1972).  Using this fact, it has.
7 "beern suggésted "that differences in peat type alone might be capable of
- accoanting for the different effects (McDonald, 1973). ©Thus, the
draimnage of a Sphagnum catchment’ (eg. Cotiway and Millar, 1960) would
leaa to increased flooding since Sghagnum compacts with drainage, :
redaas nd.its p oilit e.catchment:studied
B w ther hand, was o) .non-Sphar
a tle with drainage, and.

guld thus resulé.l;,

flows.
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. 'moorland gripping!, schemes (A. ‘Stewart, Research Assistant, Moor, House
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This interesting argument may, however, be something of an over .
simplification gor several reasons, ' Firstly, the effeect of the draifage
is measured by reference to conditions prior to draining (or to an un
drained catchment). Large differences may exist between undisturbed
catchments (such as the efficiency of the natural channel network), and
hence in their hydrological responsms, thus resulting in a non-uniform
'datum' against which to assess any change.

dly, Mcbonald only compared two catchments - Moor House (Conway
:sgo?'lil{;r, 1960) and glenamoy {Burke, 1968) ,.and“made no allowance for
the very great differences in drainage intensity. The drains at Moor
House are about 0.5 metres deep and 14 metres apart (field measurement),
whilst those at Glenamoy are about twice as deep and aboqj: four times

. S o ' iy

closer together (Burke, 1968; Burke, 1972). “
it Jould appear that there may be two (sqpeti.mes conflicting) processes
operating as a result of peat drainage:

;) The increased drainage network will facilitate rapid runoff,
b) The drier soil conditions will provide greater storage for rainfall.

These processesﬁ@ill possibly themselves be subject to considerable ,
-~ modification. Thus, the effect of the channel network-will.depend...... .. ...
upon the extent of the original network = 1if, for;;nstance,!it.WQB of

very limited extent, and runoff was limited to a small part of the-

catchment, then drainage might increase the total runoff, _»alt:‘hcw.gh_‘l N
the hydrographs might become less peaky since the 'centre of gxavity

of the catchment storm runoff generation zone will have been moved

further from the mouth, and also sub-surface flow will be encouraged.
The increase in -available soil meoisture storage‘after~drainagevwill‘~uuri

depend upon the degree of any surface compaction (Egglesmann, 1972)
‘and also upon the actual amount of lowering of the water tab;eq(which i b
will depend upon the intensity of drainage, anduin‘pa:ticularnthg;ditch:;w,W.i;ﬁ
spacing, in-addition to the type of peat) . | SR 8 -
Information was not available on the initial natural drainage network
at the two catchments, although details of the artificial drain networks .
have been described above, and may be compared. At Glenamoy,‘the
purpose of the ploughing was to drain the land for agriculture, and |
yilelds are given for various crops including, oats, kale, potatoes and
rye grass (Burke, 1968)., With a drain spacing of 3.6 m the water table

. : - was -kept-more- than:-40 c¢ms-below the surface throughout the: growlng ... ..

In contrast, the draining at Mgor-Housejwas desaigrne_zd,j mereiy-t@;;;improve~:_‘
the standard of rough grazing on the catchment. A review of such

h

Field Station, personal communication) suggests. th
in vegetation resulting’from the"driinageis much mox
has often been thought, and that drier soil conditions.
restricted to a small distanceeither: side of the drai
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~ downstream flood peaks are likely to be most evident where extensive

.. water y.telds. T

An increase in annual runcff of 5% is sufficient to be of interest to
reservoir managers, and especlally if much of it occurred in times of low
flows (. Storey, Northumbria Water Authority, personal communication).
Purth. iata from Coalburn will necessarily be limited as the saplings
grow aaturity, and begin to effect the water balance (eg, Anon, 1976).
It ma, .herefore be worthwhile to consider a study of the hydrological
effects of upland drainage (and preferably for catchments without trees),
to determine the resultant changes in both flood risk and overall water
yield. Drained moorland might perhaps represent the 'optimum' land use
around an upland reservolr, with higher water yields than either forest

or undrained moorland.

6.4 Conclusions

This raport describes the work carried out at an experimental catchment
to measure some of the effects of an upland drainage scheme. The author
has attempted to set the results in context with other related studies,
and to assess thelr practical significance by reference to published work

or informed opinion.

Stream sediment. loads ware observed to increase greatly after draining,
and to decline to a new, though higher, average level within 5 years.

It would appuar likely that the greater sediment loads would not have any
great siynificance for the loss of storage in reservoirs although silting
may cause a number of localised problems and may be important in small
reservoirs when a large part of theilr adjoining catc ont area is drained.

Of more importance may be the effect of the larger sediment loads on fish
stocks, Healthy fish may withstand enormous concentrations of sediment,
but even a shallow covering of silt (eg 2 mm) on spawning grounds may be
sufficient to kill most of the eggs, since it impairs the circulation of
water . \round the eggs, which is necessary for them to utilise the dissolved
oxygen: *aquired in their development. It would seem likely that more than
sufficient sediment would } - .eleased by drainage schemes to affect
breeding yrounds downstrea- md in particular the spawning sccess in the
autumn and spring followin. ' he drainage. The increased J ‘ ment levels
will continue for a number of years, and probably always rerua:.n above
pre-draining levels - even under mature forest (eg. Newson, 1980) and it

is therefore difficult to assess how long or how complete, the recdovery

of fish stocks may be. » v

Another environmental problem associated with the drairiége may be the
release of excessive amounts of phosphorus into the stream system uftor

fertilizer application (nitrogen was not applied at Coalbiirn, and therefore: "

6l

not measured), leading to problems of algal blooms in lakés. and.reserVoirs, ... ...
anaerobic conditions, fish mortalities and difficulties of water treatment. -

The unit hydrograph peaks at Coalburn increased by about 40% and it would

appear likely that upland drainage usually leads to an- increase in flooding'.‘f'"“*‘*"“*'-‘*“:51‘

This may be especially significant since the effects of land .drainage on .

drainage activity occurs in the upper portions of a river basin (Hill,
1976). . There may however, also be a beneficial effect of an’ ‘increase in

o s




The work has highlighted three main groups of problems which may be caused
by upland drainage schemes (both for forestry and for grazing land).
All the groups have a common feature in that their effects are, to som:a’
degree, temporary. Thus, the bulk of the sediment released by drainage
works will have been removed, and a new, though higher, equilibirum level
of sediment loss reached, within say 5 years; phosphate losses will
probably continue for no longer than 10 years (eg. Gibson, 1976): and an
increased risk of flooding will probably be largely reduced after canopy
closure of the trees - say 20 years (although the concept of a mature
forest being able to reduce extreme flood flows is not accepted by all).

Some of the undesirable effect may be reduced by short-term measures such
as the use of temporary sediment traps (eg. Reed, 1978), or the artificial
restocking of fish populations. However, a more comprehensive solution
could be achieved through a change in management policy. At present U.K.
forests are usually even aged, so that’ large areas must be drained at
approximately the same time. If instead, the timing of the work could be
staggered so that only a small portion of a drainage basin was undergoing
change in a particular year (or number of years), then many of the un-
desirable effects would be 'diluted’ by water from the rest of the catch-

-~ .ment,.and.-thus-limiting them "largely to just the’ area 'undergoing change.,

On a more general level this study indicates that many of the changes
resulting from forestry drainage are in fact in the opposite direction to
traditionally held ideas of the effect of forests, - These views were largely
based on work on established forests overseas, particularly in the USA, where
such drainage is not common. ~ In Britain however most forestry is on peaty
soils and drainage is a necessary part of site preparation, = It is these .
Qrains rather than the young saplings that may be expected to exert the

dominant hydrdlogidal effects in the early stages of afforestation. With
_cropping: cycles of 50=-60 years duration for managed forests in th 'I.K,
(C/4.8:, 1980) this early phase may comprise an appreciable part :he

cycl: - perhaps as much as a third - and so possibly 30% of a manayed

fore/ araa would be on average in this early tree establishment stage,

- making it a significant land use category in.its own. right. .
_JE‘urtﬁermore it is not certain.to what extent.the effects of the drainage
will remain throughout the length of the'cropp"inlg cycley and sc when making
comparisons of say, flood risk or soil erosion between (usually drained)

' forests and (often undrained) moorlands it may be difficult to distinguish -
between the effects of the drains and the trees. Overseas studies of
undrained -forests ‘may -therefore not be directly ‘applicable ‘to the U.X.
situation due to the need to consider the,additional effect of the drains.

[
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