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ABSTRAGT

Wet site improvement was examined on three goilg ina
Scottish Border Upland forest; peaty podscl, peaty gley, and deep
peat. The area was hand-drained and turf-planted with Sitka
gpruce in 1928-1932. The growth and digtribution of natural
seedlings i_n 0.1 acre clearcut gape were uced ag an index of pre-
ferred growing conditions,

The seedlings were rooted in the superﬁcié_l. wellsaerated
organic horizons, mainly ix.i. spruce litter from the overwood.
Roots did not penetrate to the old Malinia peat below, Aeration
values, meagured as Redox, Oxygen diffusion rate, and svailable
pore space, decreased rapidly with depth, Preferred microsites
were small depressions and the base of cut stumps. These
moisture conserving conditions 'ind_icate. an intoleyance of drought
6tregs during the short dry periods in the grpwigg _seaeom. On
two ddtes during the 1968 seagon geedling relative cell water
content (R, T. ) approached limiting levels estimated in 2 laboratory
tegt. Seedling pumbers decreased but helght growth increesed
across the gape from the stand to the gap centre., These are
responges to a),vegetat!xm competition and b} 'light_. Best height.
growth occurred in the no:"th. half of tlrlm three circular gape
sampled, Mortality among the 1968 germinants ie to 2 large
extent attributable to a drought/beat Icomplex in the surface organic

horigonsg,



.E;;_aﬁ;nation of sulphide distribution in the top ten inches
of goil indicated that scedling roots are exposed to anaeroblc and
poseibly toxic conditions rapeatedly for short pericds durlng the
growing se,ason on the paat and peaty gley soils. A ﬂuctuating ‘
water table improvees aeration and fluahea a.way these reduction
products, The inﬂuence o£ draining and tree growth. in the study
area hag lo'wexl-ed the water l‘evel,. increased wafer table fluctuation,
| ~and raised soll aeration st‘atus in comparison with an undrained
unforested control sample, and has prbvided a vériei;y of seedbeds
suitable for spruce germination and aeedli.ng survival, Differences
in soil moisture, aeration status and seedling growl_:h', were revealed
between the three soll types,  °

"-jx’ubeél nursery .seedlinés were seﬁsitiv& to a fest range of
depth to water table and aer#tlo}z levels in fibréué pieat.' Aeration
levels on modern ploughing ﬁttems for deep peata. cérﬁi:arad
favoura.bly with the teet levels. Rooting of windblown trees which
were observed on the study area indicates tha.t on shallow peats
therve is rocting down to the mineral goll within one rotation after
site i‘mprovemen't.

The -auvicultura_l implicationg of thege asgeﬁsmeﬁts are
discussed with regard to afforegtation programmes ;md to regenera-
tion of gpruce for the second rotation, in the face of a majo,r wind

stability problem on wetlands.
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SPRUCE REGENERATION ON WET FOREST SITES

-

INTRODUCTION

Current demands for ti:miaer in the face of an increasing
woxl& lend hunger are' .f_o.rc‘ing the forest manager to consider the
potsibilities of econdm.ic forest production from preéioml;y "anplante
able" -siteé and from “non-productive’ forested areas., These
problem sites include high -elevatian;l, expased ¢lopes, thin rocky
goils, barren sands, and wetlands, Production potential -;an wetlands
is high and where these occur .a.t lower elevations in agceasibie loca«
tions, some gort of site improvement is usually alrea;dy in operation,
Initizl efforte to-bring wetlands into forest production had their
origins in agricultural practice &nd the fex;tiie mineral goils were
fivet to be iﬁproved. Rigg and furr culti'_vatidﬁ of Q:ed'i;aeval times
ie an example (Booth, 1965),

On most wetlands in the Northern Coniferous Forc;t gone
the mineral soil is capped by & more or less deep layer of orgénic
matter,  Where this layer has formed undér oxygen deficient con=
d.itimia and excess moisture, peat develops with a high proportion
of raw relatively uz;decampoaed plant remaina, ieheunayr (1954)
recognises two dépth clagses: shallow peat, 6-24 iﬁches, and deep
- peat, more than 24 inches., Lines and Neustein (1966) consider more
than 12 inches accumﬁlatian is peat, but report that the Geological
Survey of Great Britain used 24+ inches, and the Soil Survey 12

inches. For the purposes of this study depths as shallow as 6 inches



are éoﬁaidered to be peat because of their anmercobic nature. Peat
may form on feirly steep topography because of a high piectpitation/
evaporation retio, or on ‘plane topography with impeded drainage
and in depr-easion-a where drainage water accumulates., The rate of
peat formation for a given pﬁyaiogxéphic situation is controlled by
a2 number of factors inchiding temperature, moisture lev.els: and pH,
on which the microt_;iolqgit:a.l. activit}?' of the :-soil depends. jVagt
areas of peatiand extend acrope Canada, the north of the United
Kingdom, S,ca.nd.'inavia, Fi,niand. Poland and the U.5,S.R,, ‘where
the growing séanon is not long enoygh to permit efficient breakdown
of plant rémaina. At lower latitudes highef temperatares are offset
by excess m@iﬁture} end -lack of aeration. In the United Kingdom
Zehetmayr (1954) indicates i;he 40 inch isq'hyet as dicﬁnin‘g‘areas
where peat forms, with ﬁw exception of local depressienai peats
which may occur in lower rainfall areas, |

The large foresﬁéd areas on wetlandg in Chnada and the
U.8,8, R. Lave been considered as a foreut reserve until very
req:ent.ly, : 'I'he pressure on 1and in the European countries has
relegated recent afforestation and the expansion of the cor_uferous
forest estate to sites marginal for agricultural use. A well-developed
technology now exists in peatland forestry, Many of the original
triﬁls'are nearing the en:d of the firat rofation and the in.fc.-:rmation
so far produced ia being re-invested in current peatland aﬁorentation
practices, With the increasing demands for dimenaiona.l timber, for

wood pulp, and the chemical products of wood utiliaation, it ie not



surpi‘iﬁing that wet forest sites which were previously avoided, are
now to be considered potentially productive. New extraction methods,
more efficient transport systems and more complete utiligation of the
product make the returns on the necea‘uaruy highei' imlreatm'enu in
peatland forestry more attractive. Increased transport costs mako
long haulage distances from digtant forest areas less attractive

and the wetlande close to processing plants and markets are first to

be improved for forest growth.

TREE GROWTH AND STABILITY ON WETLAND GITES

Two early aims of wet site improvement for forest growth
were- removzl of excess water by lowering the water table and the
provision of a well aerated planting site. The combined aim was to
increase effective rooting depth.  To theee aims must be added the
suppression of vcget_atlo:_ln competition. These three are now fore~
most in current wet site improvement practice. The hialtory and
development of Aplantlng on peatlands is summariged by Zehetmayr
(1954) for the United Kingdom.

- 'For.adequate forgﬁt growth the problems of the peat substrate
are associated with water table manipulation and aeration. The
need of the forest crop is for increased rooting depth to exploit a
larger volume of peat, to improve the stability and maintain 3'1'1
ecolno'.mic' growth rate. Many of the eaily attempts at peatland
forestry fajled beéause the planting techniques were those used for

well drained sites. Thus the benefits of drainage, effective toa



few Inches depth from the peat surface, were offset by notching the
transplant down below the layer of improveynent; It was not until
turf planting was applied to these areas that promising results were
obtained and it was with the introduction of Sitka spruce that headway
was inade, Zehetmayr (1954). The adoption of the Belgian spacged-
turf planting method (Stirling=Mazxwell 1910 and 1913) with hand
draining led to the development of ploughed drains with planting

on the ribbon of turf. Zehem?ayr { 195'4) accords to 2nderson in
1925 the initiation of slieing the turf to align the r@ota in g sandwich
between tuz.-f and original peat sumce. By 1939 the ?oregtry com-
mission practice for peatlands had developed to more closely spaced
hand-cut drains, and tractor drawn ployghs were tried which produced
a long ribbon of planting turf alongside the drains. The early peat
plantatione of Sir John Stirling Maxwell at Corrour ieaponded to
addition of 2 0z, of phosphate perAplaint which helped the early pro-
blem of planting check (Anderson 1967). - After 1948, development
with new machines was rapid and a variety of ditch sspac ings, depths
and turf patterns became available. Planﬁng ché.ck (Binns 1959)
and heather check (Handley 1963, Weatherall, 1953) were contlnuing
problems, Binns (1959) showed how the appli,cgﬁog of phbsphatic
fertilisers increased growth yates of Sitka spruce transplante and
raiged the amount of ava.ilé.ble nitrogen, Larger turfs increased
the rate of nitrogen mineraliqation and provided a greater volume

of a,eraﬁed, peat. Handley (1963) examined the poseible antagoniem

of fung! ageociated with Calluna and spruce seedling roots, Basic
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élag end gro@d mineral phosphate are still generally used to aid
the recycling of nutrients in drained peats, |

Stability 65 spruce stands on improved wetlands has been’
examined by Fraser (1966, 1_9:6'73) :;ndrgase_r_aqd Gardiner (1967).
A response to drainage and to .dﬂf@ﬁ: hitek:zé_itjr is shown B}.r Fraser
(1966) through deeper rooting and lowering of the water téble.
Table A ig reﬁroduced from Fraser's reports. o

TABLEA S

MEAN ROOT DEPTH IN INCHES ON FIVE MAJOR SOIL
TYPES FOR ELEVEN SPECIES STUDIED

Soil type” ; Brown Pesty Surface Peaty Deep
' o earth podsol water gley pley peat
Species Samples . -
: 19 . 34.3.
Sitka spruce 4 26,1 .
7. - 1T
17 B . 16.5
” 6 L . 25,5
Norway epruce 6 34.9 o,
' 3 . ‘20,3
Douglas fir 1 37.1 ”
Japanese larch 1 38.2
S 1 ” 25.4
European larch 1 55.8
L 1 o 28,1
Scots pine 1 22,2
Lodgepole pine 1 24.3
Western Hemlock i 18.2 l
Lawsgon cypress 2 27.0 -
Red alder | 35.1
i 33,6

Grand fir

Superficial rooting go_nti,nﬁes to be thé major problém in wet site
forestry (Fraéer and Gardiner 1967). With an in¢ reasing proportion

of the coniferous forest estate on wetlands, a windblow problem on

teproduccd by the courtesy of the author (Fraser 1966)



these sites becomes of national concern, Recent examples from
January 14-15, 1968 in the United Kingdom, Denmark and Germany
involved more than 50 million cublc feet of merchantable timber
(World Wood Réviaw 1968). f‘raaer and Gardiner (1967) classi~ .
fied peatiands in an attempt to dgveiop a windblow hazard rating.
Peaty gley soils and deep peats yielded rooting depths of less than
30 igches for mature ‘trées. The t¥ee~pulling studies, they report,
show a high hagard on surface water gleys, péa?y gleye and deep
peats., Stem lengths are unlikely to exceed 50 feet on ax_pésed
sites and 60 feet if less le:}:poaedk. befo.re luﬂéring aew'reare windblow.
Typical root forms and :en;alting windblow on a peatj gley soil are
{llustrated in Figures 1, 2 and 3. Natural spruce forests on peat
show a drainage rﬁponae although the gengfal growth pattern ~la one
of densely spaced shallow-rooted, stunted trees {(Kayll 1960, Horton
and Lees 1961). Cold we?; solls prpvidi a poor nutrient cycle
(Hutkari 1955). The species which grow on peatlands generally
»have some root a.daptatioix which permits them to adjust to the higi-z
fluctuating water table: a'eiirey' (1459) and Wagg (1967) describe the

multilayered root gtructure of white spruce, Picea glauca Moench

Voss, in reaponsé to a rising watex} table and a plate-like rooting
ioi-m in response to a fixed high water table, Black spruce Plicea_
mariaing {Mill) ﬁsp comp;etea successfully on wet gites by prolific
root grafting and sprouting, and by layeri,:;g of basal branches on
well-aerated micro-sites (Kayll 1960; Horton and Lees 1961). By

a prolific and widespread seed-fall broadleaved species such as birch



Figure 1.

1

Shallow Sitka epruce rooting at Ae Forest

B .



F‘igt\_xre 2.,

Windblow at Ae Forest - .

Figure 3.

Wind blow of & -drainﬂ;de tree









‘Betula pubescens and B. papyrifera and by root sprouts Populuge

balgamifera L., are able to take advantage of favourable micros

sites, and the poplars and birches are components of many pem_tléuzd
forests, Day (1957) exanﬁniag Sitka spruce in natural forests in’
British Columbia reports that seedlings were to be found on peaty
areas only on those micro-sites raised above the Su_rf.ace of the bog
and whoere there was lateral watey movement or Va fluctuating water
table. Huikari (1966) and Heikurainen (1967) describe a significant

improvement over a wide age and diameter class range in the growth

of Scots pine, Pinus sylvestris L. and Norway spruce Picea abies L:

Karst. to drainage of forested swamps.

REGENERATION

The first response tc: removal of thé ‘overwood is ﬁ rige in
the water table and a re-mvasiou of ground vegetation, eapecially _
grasees and rushas. (Holstener J orgensen 1967, Bay 1965) A
rotation under a drainage regime together with the effects of tree
.routing alte_ra_the physigal properties of the pest. Peat dryiag,
shrinking and cracking éccura. (Binns 1959, Hooghoudt 1950). The
substrate for seedling growth in the 3e<;ond rotation ie th'carefore
quite éhanged from that of the afforestation projeét. ‘

Nevertheless the aerated pl_anti:;,g turf produced in c;rrent
ploughing practice producéq adequate eetablishment yates for trans-

plants, Addition of fertilisers provides a growth increase to take

advantage of the few growing seasons of vegetation suppreseion re-
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sulting from turf inversion. Ap abundance of natural seedlings in
windblow garps;‘ zlong roads and logging ;ra..cke suggests that a seedbed
condition has been created within the rot‘atiaa‘ which is receptive to
Sitka spruce germination and purvival. Features of that regeneration
are a high population beneath the stend in the abgence of vegetation
competition, few seediings in the open and a8 mazkedly clumped digtri -
bution. Abae@ge of establighed seea}ings in ’the numbers observed
among recent germinants points to considerable seedling losses during

the.early years following germination.

WET SITE CHARACTERISTICS )
i M.

The build-up of organic matter is associated with a preciéi-
tation/ eva?’oratipn ratio greater than unity and a precipitation distri-
bution which is more or less even throughout the gro.wing geason.
Number of days with rain ia;- thia Aipexiad is high, Xononova (1961)
pointe out the importance of témpemture on the rate of humug build-
up. A rige of 10°c. she reports, at low 5&-3&1 temperatures can
increase microbliological activity two or th:ree timea,  Above 60%
of peat moisture capacity, activity _iallsoif. Where there ig in-
creased precipitation in the winter months, the soil is re-weited and
the tréés redice transpiration, eyapbration rate falls with reduced
temperatures and the watér {!:able riges.

'_I,‘h,e distribution of ta;infal:l and mean mﬁnthly temperature

records for a hill station in the Border Uplands are shown in Table 1.

s
S
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TABLE

RAINFALL, TEMPERATURES, AND RAINFALL
DISTRIBUTION FOR ESKDALEMUIR

Jan Feb Mar Apr May June Jui_y Aug Sept Oct Nov Dec  Year

Reln incheg |
5.93.8 3.7 3,7 3.8 40 4.8 56 5553 586.4 583

Femperature °c ‘ '
1,1 1,53,75.9 9.1 11,412,9 12.6 10.98.04,52.¢ 7.0

.Percentage Days with rain
77.0'69,6 63.5 62,7 56,7 57.8.64.3 67,7 67.8 73,3 72.6 73.3.67.2

Parkpgate, Gubhill Rainfall .
6!74.!.3.63033053.34964.74!.86;15.75.9 . 56-4

These records are typical of border upland wet sites 2s the records

from Parkgate, Gubhill in the Forest of Ae indicste.

TORO B raghz_

A -Itranaéct of mlling' topography iz} the $¢ott;sh Border Up-

' lands provides examples of a varic;ty of wetland peat types. Physio«
gfq.phic peatlands form where topography and soil combine with
climate to form basin :imor (‘ii‘rasﬁr 1935).‘ Topography on -thié

type is ﬁat or depressional and these are water receiving sites.
{Figure 5:)'. Climatic peaﬂanﬂ forms on a variety of topographic
situatione where precipitation and temperam,re levele combine to
allow peat accumulation even on steeply sloping terrain, {Figure 4)

- blanket peat (Fraser 1933)



Figure 4.

Figure 5,

Blanket peat, Scottieh Border Uplands

Basin peat, Flanders Moss

12
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Peat forme over a variety of solle where vertical drainage
ie 1mpede.d‘. Jron .pans. indurated iron rich layers, and maasive
clays oft:en underly peats. These layers prevent drainage of surface
m,oi_e'tm'e.. Feduce geration, Iprlev_etgt_‘rdqt' penetration, a2nd may lead to
| continued peat ‘build-.;.xp. The peat types on basin mooyr and chmatic
moor have distinctive textures which present physicai probierns to
rooting a.f,tti d,rainage.l ._F_ra.gg:_- (1933) 1list 3 main types with 10 -
varieties., He assigns aeration gtatus to them thus: high - surface

amezphoug;_modexa.te - Zibrous, fragmental, ghallow dark; pseudo

fibrous - low,
The fibrous peats do not ghrink and crack on drying to the
- same extent as the black, well humified and amorphous peats.
Lines and Neustein (1966'_) condense these classes to
1. Pseudo-fibrous « low aez;ation and high shrinkage
Z. Fibrous - =~ high aeration, iow.-éhr:ink_ag_e-

3 Amorphous ~ low aération.’ high ghrinkage
' and cracking

aﬁd include the peaty gl:eys and peaty poasbia jq,_i Fitzpatfick (1964)

ae problem soils on weﬁemds. fhe peat because of m origin
(species), structure, texture (co!loidal nature) and level of humiﬁca-
tion determines the pesponse to dramage and a base level of producte.
ivity to which fertiligsers :have m be added to achieve economical

ptoductim returna. Thus the ioreat plazmev gquickly comes to

zecogniae peat typea whoaca production potential can be anticipated
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A Molinia peat is superior to o Galluna/Eriophorum or Sphagnusm

peat in broad productivity terms. A basin peat with a high Molinia

content {8 indicative of good aeratlon just as Juncus content on
blanket'h.ili peat indicdtes a site flushed by lateral water move:ﬁe:‘:t.
Inforzma!;iim -on paet proﬁu‘c_ﬁdn of foreste.l on peat may be available
fyom buried end preserved stumps,

o ]‘ Thxla lo\; aer;stioz;z .‘&tatu;s of séme .s‘oil tlype_e; ae\;erely llimu‘:s :
rooting since the waste products of respiration are not removed, |
oxygen supply to the roots is restricted and toxic et_ib‘staﬁce's remain
in the rhigosphere. Pgarsali—‘(ms())»uets,methane. 'hydro;ge:; gulphide
metal sﬁlyhide_a and phogphine as occurring under anéeraobic_ con--
ditions'iu wet goils. Crawford {(1967) and Fulton and Erickson (1964)
assessed ethanol in the xylem to relate root failures to aichoho}.
build+up in roots under waterlogging. FPoor gr—owﬂi :eaponaee_; to -
low aération levels are recorded by Letey et al (1964) fora o
variety d‘f annuals. Oxygen diffusion z;tatua in c;rganic moi}s is
examined by Poel (1960) and Armstrong (1967) to explain bog plant
dia:tributio:.z. Hydrdgén sulphi&e levels in peat have bee—n ageessed
quantitatively by Armstrong (1967) and qua;litativély by Urqubart (1966).
WET SiTE IMPROVEMENT TEGHNIQUES |

Watgr Table Manipulation

The effect of modern drainage techniques on the watey table
level ig rapid, During the ¢arly monthe of drain congolidation, high
water volumes must be handled. With outlet drains of adequite size

the run-off following heavy precipitation can be easily led away -but
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proper drain aligﬁment.ig vital if erosion and drain 8couring are
to be avoided.

The effect on water storage capacity of modern drain
intensity ie in some doubt. . an {1965) and Boulter {1964) record
water storage capacity for drained and u.nd;:aingd pgat# ;n the U.S. A, -
The drained peat acts ag.a better sponge than undrained and wa_te_rlogged_
peat. . However the work of Hoogﬁdudt (1950) in Holland shows that
shrinking, cracking and irreversible drying of peat after draining |
can result in a loss of storage ca,p_acity'compared with the 'undralned
conditions, The upper horizons .of the amorphous peat become an
irrevereibly drier layer of black sealed crumbs on tép of a water-
logged layer. The waterholding capacity of this layer is reduced
by draining: These effects depand on the peat type since draining
may improve storage capacity of a fibrous peat but will reduce él;at
of an amorphous peat if 1rrév-ereibly dried. Where bre;ipitatior;
and number of rain days are high however, drying geldom advances
rapid}.y enough to produce water storage and run-off problems
Generally, the water storage capacity of drained peats is improved,
Water table levele falling by as much 28 50 cm. are Ireco:ded by
Heikurainen (1964) and Paavilainan {1966) in Finland while compar-

‘able rates in U. K, are reported by Zehetmayr (1954), Honman (1‘963) and
Lines and Neustein (1966), "I‘h_'e early work of MacDonald {1945) on.
the Lon Mor and reported by Zeh@atmayi (1954) revealé a drying o

effect which extends only 2 few inches from the drain side and down

from the peat surface on certain pseudo~fibrous peat typea.
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Current practice tends towards more intensive draining and
the maintenance of as complete a forest cover as pogsible (Lines
and Neustein 1966), = Thus 2 typical forest drainage project in U.K.
utilises deep (24 inch) cultivation to provide the planting turf, with
36 inches deep croes drains every 100 feet, A step is .cut into the
side of high turfs to éll,ow plant roots to be placed in the'aerat.ed
layer i;eﬁveen turf and peat surfaces. For maximum local pemoval
of surface water the ploughed furrows run downhill, Cross draine
ere aligned more or less diagonal to the contoure to. collect run~off
and to dr.a.in‘ the.deeper so_il-hdrizgns._ ~ Current -drainage patéems on
hill peats are shown in Figures 6, 7 and 8 and 9. A single moulde
board plough is used in this illustration providing a high planting turf
and increased local drainage. ~ This plough or e degpér mouldboard -
may aipo be used for créss;draini/ng, ~ As the intensity of open draine
fncreases a large proportion of the surface area becomes unavailable’
for planting and the risk of instability c;f dfainaidé &ees is‘..increa;ed'.
A variertjlr of underground or mole drains have been tried eépeq'ially N
at the Glenamoy Peat Research Station in County Mayo, Ireland,
Thesge have a slit which is kept open by filling with gi'é.vel leadi-ng
to an underground funnel or i:erforated plastic pipe. A variety of
machines ére now. available for the formation of this drain type
but the effect on u.ral:er t'ab;lc levels is not yet known. Provision of

a planting turf is not part of this machine operation,



Figure 7

Ploughing, single mouldboard.

The single mouldboard plough
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Figure 8, . Single mouldboayd plough in raised poamon.
tractor htted with wide tracks, _

Figure 9. T Wet aite improvement on blanket peat showing
o pattern’ of crose~draing and accegs tides
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Planting site improvement

From the Belgian turf methods first employed on peatlands
in this country in'1910 by Sir John Stirling Maxwell came the thin
.-sliced tur{ of Anderson {Zehetmayr 1954) who placed the roots m*
the well ;;,erated sandwich between turf and peat surfaces, The
| effect on growth rates was immediate, but the eariy workers were
quick T;‘.o bbser‘;e that rooting was réatricted to i};e tuﬁ. The windblow
that followed often involved a whole line of trees as. the turf was
simply overturned. On exposed locations the spaced turfs‘ dried,
cracked and eroded exposing a stilt-like structure of upexfiéial
roots. Under conditions of excessive drying, fissures and voids
(Binns 1959) developed in deep peat which reduced root aln_chorage.

The provision of an aerated"pl_an'ting site is necessary for
establishment of spruce on wet sites; Turf Planting providgg such
& rooting medium above the water table. ' The upturned turf su_pprese.es
compet;ing vegetation. Site improvement technilques_. draining, |
fertiliin;g. and shelter:; are also of benefit to the competing
-veg-etation, 80 there is an immediate response of luxuriant growth
of bog apecies eepecially the heathers, grasses and rushes., The
upturned turf is therefore an;important part of the control of com-
petition for rooting space, light and nutriente.

The top of an upturned turf is not necessarily the preferred
or "safe site” (Harper, Williams, and Sagar 1965) that random

seeding might select and it presents problems in exposure because
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of its pogition above the surrounding ground level, Rennie (1956).
The stepped turf which developed from the need to put plant roots
in the aerated sandwich with high turf patterns may be a hettex;
example of a '"safe" site. -

EFFECTS OF AMELIORATION TREATMENTS . "

Al

| sShort term

. Wa;ter éabi’e response to dﬁraini,ng is rapid; ‘aeration of the
planting turf occurs and the moisture content of the roaﬁng.zone
decreases. The large volumes'-clbf water handled by the drains lead
to erogion of the drain network and the filling~in of drains. "I‘he ’
first three years following t reatment often lead to as much as alw__’;
loss in drain depth (Granfield, 1965) (Lines and .Neuatei_;} 1966).
The roots respond to initial &ite improvement by ‘sp:eading along the
tur{ ribbons. It is not until later that they ramify across the
space between turfs or beneath ploughed furrows, -‘I‘he rootg
£aithfu11y follow the aeration gradient and will extend up the gradient
or acrosa it but seldom down into the undisturbed peat, ' A few
growmg seasons following drainage the onset of peatdrying and -
shrinkage can be seen ar;d surface cracking is evident, Aiong
drainsidég the level of latezél watei' movement can be detécted
and distinct textural horizons are revealed. The .b:are peat ~surface
once céacked and locally dried can be colonised by vegetation more
demanding than the first sedges and mosses. Figures 10, 11 and 12

illustrate this on basin peat at Flanders Mosgs. Since the cracks



Figure 10.

Peat cracking in a double mouldboard furrow

al






Figure 11,

F.iguré 12,

Peat cracking with drying of algal colony.

Peat cracking after heavy rain,
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stay open after re-.-we.tting an important local drainage effect
develops.

Short term effects of forest draihage were most encouraging
to the early workers and the need for .dee;‘:er drains and more

intensive spacing was not imhuedié;.tely apparent, The progressive -

drying effects and the scope of loxig term changes in peat after draine

ing are only now evident and are reviewed below.

Long term effects

Inspection of older spruce .stands established on drained
peats shows 8 particular form of microtopography. Thatis, the
'groun,d eurface dips gently between stems, A network of superficial
;ﬁp;@:‘tiné roots is evident ahd-the buttress of the stems is exposed.

This ie caused by peat shrinkage. A close inapection of the organic

s0il horizon. ah9ws that there aré fissures and voids which often

permit a hand and arm to be thrust among the tree roots. The whole

root system is felt to éwing as the trees ave mo‘ved'by wind and thig
action m"a.y pump mineral goil onto the peat surface, Steel rods
anchored to the mineral 80il below drained peats have metered
ehr.in.kagé of 6 inches in the first 10 years.

The irreversible drying of peat with accompanying shrinkage
was examined by Binns (1959), His work on.uforeéted peatland in |
Scotland indicated shrinkage ratios of 20% on ovendiying at 87°F and
a marked degree of irreversible drying was achieved. He also
pointed out that !r‘reve.r.sible drying was sometimes difficult to detect

in the field since the root network held up the peat and shrinkage then

e
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led to formation of voids beneath: Hooghoudt et al, (1960) theorise
that irreversible drying may be ¢aused by a number of reactions.
Wazxes and resinsg from the organic matter may effect-lve1$r seal off -
peat particles. The cells on the outside of the peat may cqllap"éé :
on cir_ying to form s varnished seal. On gley soils with high ir;an“
content, the peat pa&ticle_s may be coated with iron oxide dur_ing.
drying. The lnet effect ig to changle‘the .peat structure to a crumby
aggrega}é of hard black particles which de not rewet. :I‘izeae are
easily eroded by wind and water and often break off from !-;he
planting turf to expose the superficial tree roots. - Frost .mévement
of irreversibly dried org‘a.nic horizons is 2 serious éﬁ-ect during
seedling éstabli_shment_._ Ameorphous well decomposed surface peat
layers are most susceptible to thia: erosion,

On the other hand, the improvement of structure, the
cracking and fissuring of drying peat, leads to 2 progressive and
important local drainage effect. The horizontal lﬁygring of organic’
horizons ig broken up and effective rooting depth is steadiiy increased,
Binng (1962) compares the mineralisation rate of a variety of
turfs which give an encouraging indication of long term benefits.

He reports greater mincr&:li;sation‘oi nitrog@n cn large turfs which
is accentuated by the addition of phosphatic fertilisers. |
EFFECTS OF TREE CROP
Lowering of the water table
Early prescriptions for drain intensity took into account

the drying effect of a tree crop. The "biological pump' as it wae



know was expected to take over much of the load from drains.
This asgumption was reagonable in the light of felling experience
on wetlands when removal of the canopy or'pump'resulted in a
rise in the water table. . However, this did not always cccur and
Qhefe d:;'ain maintenance has been neglected, r.:s:,_pid soil re-wetting .
has followed. It is difficult to separate the components of the
water'. cy'éie 1nl wetllands.," --Thé treé c.ovei' inc':réa_'sels i:r.an_spi rz;tion
' and integ'(.:ep,tion of precipitation to give increased évgpoféﬁon.
The ground cover is protected from the sun and surface eérapov
ation decreases, The surface conditions are cooler and .;no're
humid. However the work of modern regsearchers s‘hows that the
water tab,ll-e rises rapidly in response to felling. Heikurainen
(1_96?) records 40 cms. rise follév'ring clearcutting or thinning.
Wilde et al. (1953) record a rise of 14 inches following cutting
‘_oi aspen in Wigeonsin., Craib ‘(1929)' and Binns {1959) warn of
over-draining where the §verwpnd can contribute to drought
mo;tali_f‘;y of natural regeneration during tension periods of ghort
dﬁration.l |

Vegetatim_:\” suppression

One of the aims of w@tland ploughing is the puppresgaion of
ve‘getatién at the planting Vgite, From canopy clc;-sﬁré"the stand
fulfile this role. In the intervening period, up to 16 years,
vegetation suppression depends on a variety of site factors, the

planting spacing, and the degree of cultivation., Until canopy



26

clogure occurs weed control using herbicides may be necegsary
to combat the luxiiriant growth of competing vegetation which

results from site improvement treatments. Growth of heathers,

especially Calluna vulgaris and Erica tetralix can be important
growth checking factors (Handley 1963), Mature stands of Sitka

spruce are associated with a clean forest floor and 2 carpet of

xémsse,s especi:ally Plagiothecium a‘pp.- Into opehingé m the
canopy -hc;wever. come the compdnents of the original gro@d ‘
cover, with some indicatc;rs of gite improvement such ag ferns,
rushes and finer gragses.

- Windblown geps larger than.llzo acre are qui;:kly cotonised
by a vigorous growth of '.g-x,aaae#. rushes and small herbs as
increased light and abundant moisture stimulates their growth:
This provides a further problem for second rotation regener-a,.t_i:on.
establishment. It points to a2 need for canopy control for

vegetation suppression,

NATURAL REGENERATION

A. feature of the windblown gaps, recent fellings, and heavy
thinnings in Sitka spruce on ‘wetli;nds is the appearance of natﬁral
regeneration, Stand treatment studies for tree growﬂ; improve-
ment, regeneration trials of several species, and of establishment
methods including broadcast and spot seeding are reported by the

Forestry Commisgioners. In his :sum,rhary. Wood {1966) indicates



that greater attention should be paid to this regeneration and a study

of its status undertaken. Profegsor Bonnemann (1967 pers. cormm., )

of GiUttingen University notee the appearance in Germany of né.tural'

régeneraﬁion of spruces on wetlands which is an embarrassment to |

a local forest manégexﬁent committed tq'artiﬁéial fégengration;
Sitka spruce #tands vigited by the writer in U. K and

Germany {0 re;riew regenerati:on stafua all supported Ia wella

stocked {more tha;z 33% by milltacre quadrats)l popul_éti’on "o‘f

natursl seedlings. . These appear to be vigorous and by the time

they reach 6 years c-:ld are well established. The o?erwogd is

able to gustaln ground conditions on wetlands which ére receptive

to spruce geeding. A preferred location for seedlings ison

forest roadways which provide a mineral séil séedbed but this is

apparently becausge of a combination lolf factors s‘u;:h ag light,

temperature, vegetation competition and possibly ease of

_ observation,‘ Some of the conditions féiraurablé to natural

regeneration of Sitka spruce were atudied at Bangor University

by Howells (1966). He stresses the relative importance of a

moisture .c;onserving subsatrate and 'fou,nci litter sgedbeﬁs lacking,

in this agpect. /

1. Milliacre stock{ng represents the percentage of 1] 1000 acre surveyed quadrats with at
least one seediing.

27
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DISCUSSION AND SUMMARY

The amelioration techniques currently in use in wetland
forestry result in forest growth improvements. The treatment
aima.are: lowering of .t.he water table, provisgion of 2 well-aerated
planting site, and vegetation suppreesion. Ploughing brovides the
'necef;sary inveftéd turf and cfogs dlraiz;in.g lowers the water table
and intergépts surface run-off. The use of modern tractors
pulling heavy ploughs combines the geveral aims of treétmént in
one operation pass.. The planting site is uniform and extendg; along
long lengthe. Planting of the area is thus simpliﬁed.and 2 high
rate of planting can be achieved. Variability in peat d_epth and the
nature of the underlying mineral soil on blanket hill peat demands
a more careful site survey. Modification to standard equipment
includes tines to break up subsoil layers of i:_mn‘pans and iron
humus podsols, Draining to the first mineral 8611 horizon ie
often guificient to intercept late_r;a_l water movementr.behwen the
organic and mineral goil horizons, Below this level, it may be
more difficult to manipulate water in the mineral goil,

Draining peat lands p‘roduce;s rapid shorteterm ecffects.
Changes in water table level, moistur;e coatent, wat‘er storage
capacity and plaqting #ite aeration are immediate. Tree growth
responses are encouraging. Provided the drain leyout is efficient,

ehort-term disadvantages zuch as erosion can be avoided. The



long-term effects are less well known and understood, Without
proper maintenance, draine slough off at sides and corners and fill
with litter, Re-wetting will occur which may kill newly developed
roots, and windblow, especially of drainside trees, ‘becomes a
greater hazard, Wind stability on drained peat lands is disappoint. .
ing. The roots remain superficial and where deeper. rooting is
stimulated the éffectiv-e rooting depth may be reduced ‘by surface
shrinking. Binns (1959) suggested that drains might be allowed to
degrade to offset over-drying effects, Although the water table
rhay be lowered by.as much agé 36 inches, the tree roots seldém
get below 18 inches because of the impermeable 'natux;e and poor
aeration status of some peats.
_ Regeneration of epruce for the second rotation on drained
wetlands may be a particular problem.wherc shallow peats have
shrunk to a thin layer over impermeable mineral soil horizons.
Site treatment must then be directed to the imp;;0vemen1: of rooting
in the mineral soil layers. Specialised squipment may be
necessary to handle wet sites after a rotation o;' drainage and tree
cover,

The tree crop is more or less effective in adding to the
draining and drying processes on improved wetlands. Ground
vegetation is suppregsed from canopy closure to firet formation of
gaps in the canopy. Then invasion ig rapid and reflects the

original component vegetation together with more luxuriant growth

ki
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and some indications of 1mprovément. especially fine grasses and
less tolerant herbs., Before vegetation colonisation and soon after
gtands are 30 years old, an abundant population of natural seedlinge
is commoniy obgerved. This indicates a distribution of suitable
germination sites and a promiging potential for .reatocking. pro=-
vided survival and growth rates are maintained. Day (1957) has
discussed Sitka spruce in the light of its performance throughout
its natural distribution In the Pacific Nerthwest. Natural
regeneration accurs on bogs where rotten wood provides a seedbed
raised above the water table yet in capillary contact ﬁth it.
Seedling were also noted on disturbed soil where upturned wind-
blown roots provided a xeceptivé -seedbed,

The necessity for wet site afforestation and the improves
ment of productivity on forested wetlands is an expression of
pressure on land-use in the Northern Coniferous Forest Zone .
today. In the United Kin,gdom in particular this has led to the
development during the lagt 30 years of a highly specialised
technology for wetland afforestation and particularly the utilisation
of peat for forest growth, The aims of gite improvement techniques
remain the same a8 at the outset of this effort.

These treatments together with the application of phosphatic
fertilisers are suﬂicieni to maintain vigorous growth of Sitka spruce
and Lodgepole pine provided other gite factors such as climate and

topography, éspeciauy elevation, are not limiting, Early growth



_rates can be maintained by subsequent addition of fertiliser but older
stande are susceptible to windblow because of the exposed nature of
the sites available for forest use and the shallow rooting of the

trees. Some of the long term effects of drainage of peat such as

irreversible drying, shrinking, and crécking dd not always improve -

the rooting effective#ess as might be anticipated and surface ercsion
of peat, exposiﬁg_ roots and reducing efieétiv:a rooting depth, is a
‘serious problem. Rooting is often restricted to the aerated
ribbons of planting turf and roots extenci aonly slowly to the peat

bel ow the turfs.

‘Regeneration of existing spruce stands on wetlands is a
current problem since the early plantations on peatlands, though
not yet mature, are being blown down., This windblow is now being
intensively studied émd a variety of hazard ratings have been
developed based on examination of blown stands and on treé pulling
studies on a soil type range, Xnowledge of these dangers and |
advances in treatment techniques for afforestation have led to
further confidence in successful amelioration of wet forest sites,
However the -basic problem is still effective rooting depth, and
thig study is an examination of some soil factors limiting rooting
and satisfactory seedling growth on peat, the demonstration of
their effect under controlled conditions and an assessment of
current site improvement patterns in the light of these

limitations,
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OBJECTIVES

There were three main objectives of this investigation.
The first was to exanr;ine the responge of natural spruce geedlings
to wet site improvefnent and to assess aeration conditions l_i‘xniting
root growth and penetration. The peedlings provide an index of
preferred conditions assuming that seedfall is even, An examina-
tion of their survival, grow!;h and disl:rilmtion on a variety of
seedbed types was planned. |

The second objective was the study of seedling performance
under controlled conditions on a range of peat moisture and aeration
regimes which would encompase the known range of conditions on
the potentially more productive hill peat soils,

~ Thirdly the investigation was to examine 60§diﬁona for

transplant growth created on current operational trials of peatland
afforeetation% on basin peats to determine the distribution of the
known "prefefred" sites under this extreme of the wet site situation.

A finalr objective is to examine the silvicultural implica-
tions of these seedling responses to wet site improvement. H Re-
generation for the second rotation and current afforestation
techniques are considered.

To meet these objectives three study areas, shown in
Figure 13, were selected. Natural scedlings were examined at

the Forest of Ae on blanket hill peat. Curreat peatland afforest-

-
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ation on deep basin peat wae surveyed at Flanders Moss and to 2

lesser extent at Eddleston Moor Peat Demonstration Area,
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SITE SELECTION FOR REGENERATION STUDIES

Regeneration of Sitka spruce in Windblown gaps

A/feature of Sitka spruce stands planted between 1920 and
1930 on sl;aced turfs on wet soils is endemic wind throw at age
30-35 and at about 45 feet in heiglit. To investigate the _sevérity
of repsated small wi:.:xdblo'ws in certain forest compartments
thougl.:t to be at risk the Forestry Commission Research Branch
initiated 2 scries of studies, These comprised two main lines:
to establish windthrow hazard rafinga based on stand development
and soil type, and to assess the severity of the initial blow on the
potential for further spread of the damage area.

It was soon apparent that shallow rooting and low resistance
to wiﬁdﬁlow were features of the peaty sites especially peaty gleys
and deeper peats, (Fraser and Gardiner 1967). Small openings
"“in the: forest wover involved a greater perimeter at risk per unit
area and perimeter trees were susceptible to further windblow
from prevailihg winds as well as storm winds, (Neustein 1968),

The problem of re'sio'ckixig windblown gaps was exﬁmine&
at the game time and opeﬁinga in the forest of regular size were
createé to study'{theee acpects of the problem. The Forest of Ae
in the Scottish Border Uplands and Redesdale Forest in North-
umberland were selected for this purpose. The growth of planted
stock in 4 gap sizes, i.e. 0.1, 0.3, 1 and 10 acres, is measured

periodically. A well distributed population of natural regeneration
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of Sitka spruce was soon evident, A feature of the natural regen-
eration was its vigorous growth, needle size, and healthy colour.
These sites at Ae and Redesdale were among several
visited in 1966 &uring a preliminary survey of suitable areas t;:
study wet site amelioration effects. The following brief notes
were recorded during the survey:
Corrour - Invernesseshire.
Seedlings were rooted in raw spruce humuls and under-
neath were voids caused by peat éhrinkagé. during the
last rotation.
L.ennox - Stirlingshire.
Very heavy grass competition in gaps. A massive blue
clay lay under the shallow peat. Rooting was restricted
to organic matter.
Moorburnhead - Roxburghshire.
Regeneration stocking increased from stand margins,
then decreasedibecause of smothering in grass competition..
Canonbie Estate - Dumfries-shire.
Regeneration was noticeable in groups on exposed mineral
soil from roadways and upturned roots.
Kershope » No:j_thumberland,
Regeneration was rooted in surface peat layers below

which (14 in. ) was.a massive gleyed stony clay.
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Newcastleton - Roxburghshire: -
Regeneration was rooted in organic matter below which '
(9 in, ) was an indurated iron rich layer,

Kielder - Northumberland
Regeneration was rooted in spruce litter below which was
-ﬁ gley and at 121in, a co‘zﬁplete thin iron pan.

Ae « Dumiries-shire - -
Regenera?idn was rooted superficially on a wide‘ variety
of peaty '50il types, On some soils windblown trees had
peeled. off the peat layer down to mineral soil, in other

-

cases the roots held aﬁd the stems snapped.

To compare regeneration status at théée sarnple locations
a north~south transect was used across J".typical" or interesting
areas, Stocking levels rinprlexcess of 30% by %'miluacre quadrats
were normally encountered, -Séedling numbers per acre based
on these samples are exaggerated since the unatockéd areas are
not included. A stack:i_ng of more than 1, 000 established piants
per acre is iq&icated a;lthough the eéedlings have 2 markedly
clumped distribution around "preferred"” micro~secedbeds. |

The primary fesponse of the natural seédlings was
apparently to i;zsolation sinc‘e‘ vigorous growth occurs along
roadsides, logging racks and in windblown gaps. Growth and
vigour of seedlings is in accord with the observations of |

Fairbairn (1967) and Howelle (1966) who recorded increased
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growth of Sitka spruce seedlings ﬁp to 70-100% of full insolation,

Increased insolation on wet sites involves higher gro.unﬁ
temperatures, evaporation ratee and more rapid drying of the
rooting medium. Locally the microseedbed is .constantly cﬁanging
in moisture status. Microtopograéhy becdme important under
these conditions, Hollows"ai'e cAc_‘bldk and wet, ridges are ‘hot'and
droughty, (Harper._ William-a and Sagar 1965, Howells 1966),
However sufficient safe sites are available to produce the regener-
ation establishment which wé;sw::beerved at all locations,

Day-(l?éaj discusses the importance of microseedbed
. types in relation to advérse microclimatic factors. ' His findings
for spruce seedlings on the easf slopes of the Récky Mountains are
an extension of the more basic re!ationships esfablished by Harper,
Williams and Sagar (1965). ‘ Harper et al used seeds of annuals
to exaéxaine micz&otopography in pots. They rated each surface
according to its texture or roughness and qualified "safe sites”
for the experimental species. These were associated with rou gl; :
textures unleag evaporation was lirﬂited. Day's assessment of
natural spruce seedlings showed that under severe climatic
conditions germination was best on such moisture conserving sites
as rotten wood, and mixed miheral and organic soils; also that
cool slopes and the shade of stumps, .stones and logs were favoured

eites for good survival and growth.

‘I an even seed fau is assumed then the subsequent



distribution of natural seedlings reflects the arrangement of 'safe
sites" for growth. Furthef, the growth of the seedlings can be
used a5 2 phytometer (Clements 1924) or index of site conditions.
The well-established seedlings observed in the forest areas visited
during the early stages of this investigation presented a m_oét_
useful guide to favourable' conditionq for spruce growth on wet
sites and it was .dqcided to'use this method to assess the effects

of amelioration treatments in established forests.

Mowation supplied by the Forestry Commission Re~
search Branch (Neustein 1966 pers. comm. ) indicated that the
weed-free seedbed beneath dense Sitka spruce stands on blanket
peats provided an ~dequats substrate for germination bt inguff-
icient light for aubseqﬁent growth, The seedlings became wéll
established only in gaps and at a rate which pointed to immense
losses during the first 4 growing seasons. Studies were initiated
in 1966 to monitor these sur_vival_. rates (Neustein 1968) and the
early results of that survey i}re utiliced in this investigation.

The pptentiai of these pOpulé.tions of natural eeedlinge is now being
examined by the Forestry Commission Research Branch in the
light of a wind-firm rotation of only 40-50 years. MacNeill (1962)
discusses 't_his potentia_l’with regard to the ven;y serious vegetation
competition which can be'obsewedl in gaps in the existing spruce
canopy., His agssessment ls that "presence of natural regeneration

may be nothing more than an absence or weakness of competitors'.
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Survival and subsequent growth is another matter. It is not the
object of thisc investigation to esess the possible use of natural
regeneration in Sitka spruce forests on wetlands but it would be 2
serious omigsion to overlooic tﬁe'very high stocking l_e.vels

encountered.

At the Forest of Ae and on a variety of soil types a ecries
of circular clear~felled gaps was created for the Research Branch,
Forestry Gemxﬁiéeion. in Sitka spmcé stands, which had been turf
plante'd in 1928~1932 on wet upland sites on shallow blanket peat,
Experimental] establishment was completed in 1962, drains re-
opened, and re-planting with a variety of promising wet site
species finighed. Windslow studies began. A healthy population
of natural Sitka spruce seedlings followed good seeding in 1963,
1964 and 1966. By 1966 advance growth of Sitka spruce seedlings,
stimulated bf canopy opening and drainage began to interfere with
routine measurements of planted Sitka spruce. It was noticeable
that the natural seedlings looked more vigorous than the transplants.

The Ae sites at 700-950 feet a. s, 1. have an annual
precipitation of more than 55 inches, This has ensured that the
local Silyrian soil material is capped with a layer of peat from
6 to 24+ inchéa.

The windblow hazard survey carried out on the Ae forest
s0ils showed that the problem v.;;ae exacerbated on peaty gleys when

rooting depths were severely restricted, On peaty podsols



maximum rooting depths of 25, 8 inches were recorded, on peaty
gleys 12.5 in. maximum and on deep peats 23. 0 in, maximum,

These were indicated by the following vegetation types,

S0il - Bare ground vegetation Vegetation changes
under forest cover

peaty podsol Moiipi_*a- cearulea Mosses esp.
Calluna vulgaris Plagiothecium re-
Nazdus stricta - invasion of Juncus

spp. in gaps and .
along ridee

peaty gley Molinia caerulea Mosses esp.
dominant Plagiothecium . .

Sphapnum palustre.

In gaps slow in-
vasion of Juncus

basin peat Juncus effusus Mosses, as above
Sphagnum palustre .
Polytrichum commune

Pyatt (1965) in the Ae forest study and Fraser (1967) at Kielder
forest note that ‘ploughed and drained land had more resistance to
stem pulling and that rooting was significantly deeper on drained

areas,

STUDY AREA SELECTION FOR SEEDLING ROOTING
RELATIONSHIPS

Natural seedlings were found in abun.dance‘on these three
wet s0il types and gaps were selected at Ae (figures 14 and 15}
which allowed comparison of seedlings under £he 8pruce canopy
and in the open, and in gaps not confounded with fertiliser applic-

ation treatments,
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Figure 14. 0.1 acre circular gap, -Ae,Forest.

Figure 15. - Natural seedling of Sitka spruce on a 'st,um.p-bas_é
' micro-sgite. o
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The counstraints were:
‘Sitka spruce at the second growth stage of development.
Natural regeneration at an established development stage.
Wetland soil types representative of wet site imprwément
efforts to date. - |
Uniform coupe size to é}iiqw valid comparison of grc;mh
responges, | J . . Y . |
No treatment other than draining, turf planting é_nd canopy
opening size. -
Three 1/10 acre circular gaps therefore were selected in ,I
:40 year old Sit.ka sprﬁce stands, turf planted in the Forest of Ae
in 1928-1932, and on peaty ﬁadsol. peaty gley, and deep peat soils,
The selet?tion of these gaps .wa‘s foliowéd by that of an area outside
the forest which wae undfaincd and unplanted. Here it was hoped.

" to establish datum levels for soil moisture and aeration, A

description of the areas follows,

1. "Gap €13 On peaty 'gley' soil -~ 15" peat over grittya clay

Stand: 50 feet high, P1928 = |
130 sq. ft. basal
areafacre.

Soil:

%  Soil horizon nomenclature follows:

The Soil Survey of Great Britain, Department of
Agriculture and Fisheries for Scotland, 1967,

P



Horizon  Depth

0-1 ins,
1-2 ins.
2-11 ins.
i1-12 ins.

13.22.ins.

22+

Vegetation:

43

Description

spruce litter, moss roots.

decomposing litter with fungal mat. black/brown
well decomposed greasy peat. black
narrow mixed O, M, /M. M. dark brown

abrupt change to gritty stony layer grey/yellow
with bonding of heavy clay.

predominantly grey mottled gritty grey/blue
clay. Blocky

predominantly red mottled gritty -yellowlbrown
clay merging at 30 inches with

shattered bedrock :

Graéses predominant. 100% ground cover.

Birch Betula pubescens

Oak Quercus intermedn.a )

(2 seedlings)
Calluna vulgaris abundant

Vaccinium myrtiilus sparse

Chamaenerion a .gustifolmm occasional

.Tuncus effusus

.I . conglomeratus

J. squarrosus

Galium saxatile

Deschampsia caespitosa

Molinia caerulea abundant

Agrostie Spp-
Polytrichum spp.

rich podsol,

| Gap C3 on peaty podsol, Peat, 7-8 inches over weak iron

Stand: 54 feet high, P.1931
200 sq. ft. basal area/facre

Soils
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Horizon  Depth - Description
L 0+% ing.’  shallow needle layer .
F 1.1 ins, decompoeing litter, matted black/brown
H 13-8 ins." old Molinia peat, greasy ' black/brown
Ay 849 ins. ' diffuse humus stained silty layer. brown
A, 9-1 l-{- ing. bleached sandy gritty layer grey/black
By ‘11%<13.ins. diffuse humus stained clayey black
th '13-25.ins. red’stained gritty clayey, . red/brown
‘ massive-blocky with gritty
lenses and old root channels ,
25-36 ine. blue mottled compacted stony grey/blue
- clayey
C 36+ ~ shattered bedrock . grey/yellow.
Vegetation: Grét.s_ﬁea predominant, 95% cover with bare
peat _patches.. ' -
Deschampsia caespitoga ,
D. flexuosa ' abundant
Molinia cacrulea many clumps
‘Eriophorum angustifolium in old drain channels
Vaceinium myrtlllus : sparse, on drain spoil
Juncus articulatus occasional
_Ga.hum gaxatile densely matted carpet
Polytrichum spp. o in open
Plagiothecium spp, under stand
3. Gap C9 on deep peat. .Peat, 15-36 inches over heavy gritty clay.
Stand: 45 feet high, P.1929 :
140 sq. ft. basal area/acre. North of stand blown
out to 40 sq, ft, in 1968, . . ..
Soil: |
Horizen Depth ' Description
L " 0-% ine. sparse needles roots and leaves
F $-1% ins. raw humus in matted layers black/brown
H 13+19% ins. black greasy peat, more brown
and fibrous lower down. Strong .
smell of H,§ black
Bin 193-20% ins. black stained layer. clay - black
B, 20%-36 ins. blue/grey mottled massive c'.iay
& with gritty lenses blue/grey
C 36+ blue stained shattered bedrock blue/yellow
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Vegetation:

Birch

Rowan’

Vaccinium myrtillus
Chamaenerion anqustifolmm
Erica cinerea

Poténtilla erecta

Galium gaxatile

Molinia caerulea

Deschampsia caespltosa
Polytrichum commune on drain spoil
Plagiothecium under the gtand

Stations were selected at 1 chain intervals aiong the 4 c¢hain
control transect and water table bore holes established every }

chain, Brief notes on these samples appear below:

North, | : Soil _ Vegetation |
Station 1 Peaty p:odaol Nardus - Molinia
", 2 Peaty gley Molinia
" 3 Peaty gley - Juncus -  Molinia
" 4 Péaf . St | num - Eriophorum

" 5 Peaty podsol Molinia - Tricophorum

‘Norti::vsouth sample trén-secta were established acroes the
centre of the three gape. l.At:t_he centfé and at 3 chain intervals
from it, sample stations were set up to monitor soil moisture,
aeration and water"?able leyels. Secedlings were examined along
the 2 chain transectrl"engths on a strip ' 5 links wide to provide
40 % milliacre quadrats. The three gaps sele'cted for the study

of so0il moisture and aeration characteristics provided, within 2
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Mean borehole \‘.vater levels before (1961-62) and after drainage (i965

1y 39.5 ins.

-66) for Halwill Experi-

Figure 2.

ment 5. The total rainfall during the period shown in the two years.was respective

and 42.5 ins.



small area, a range of wetland situations with a high growth

potential, The control area _-Bérvéd as a datum to indicate

improvement attzined by the original attempt at wetland improver

_..ment and afforestation.. \ Thus four soil moisture regimes

ey

were sampled,
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ASSESSMENTS

WET SITE CHARAC'I’ERISTICS ON THREE SOLLS,

A major part of the aesessment of wet slte 1mprovement for
sprucﬂe vegetation was concentrated onl the three soil types at Ae.
It was pla.nned to sample key goil factors over a growing geason
to give some account of conditions for spruce- seedling growth and
to help explain eeedling rooting reaponeas to wet goil conditions,
Throughout the 1968 growing geason Irom April to September, soil
conditions were monitored and climatic records maintained. -
These were: Séil moi_stm;é content, depth t;: water tabi-e,_ a;.eration
levels, | and -diatﬂbution of pulphides. Awvailable pore space was
asseased to support soil aera-tioln studica ;tt one period of meaeure-

ment. Rainfall, relative humidity and air temperatures were

recorded during the summer.

Spil Moigture Content

ngtrodu_ctio;a.

In & review of pertinent 1it_!nara.t';ure. 'Co'pe and Trickett (1965)
Hst 95 references on the measurement of soil moisture, It is not
eurprising therefore that many works relating plant growth
response to goll moisture use a2 wide range of methods.

Toe great degree this work is associated with goils at the
dry end of the moigture scale and w_ifh high soil moisture tenéio_ne.

Thus Livingston and Ohga (1926) followed the summer march of



soil moisture by repeated welghings of porous porcelain containers
filled with water which were allowed to come into equilibrium with
the goil, re-weighed. recharged and replaced, These “soil points"
had lost 85% moisture when spruce 'wilted". Craib (1929)
followed goil moisture gravimetrically and demonstrated that
moisture stress induced by the overwood can contribute to drouéht
mortality of natural regeneration during tension periods of short
duration. Soil moisture content in the critical 0.0, 85 atinosph'e:fe
range can be meégured uging : tensiemeters, an advance on soil
moisture points (Scofield 1945). Scofield compares gra.vin;xétric
measuremehf from fixed volume samples, electrometric potenti-al
of plaster of Paris blocks and tensiometere. He concludes that
the tensiometric method appears to be the most accurate and the
most sensitive for measurement lof available soil water within the
optimum range of plants although limited to tensions less than 1
atmosphere. However many workers have found electrical
resistance a patisfactory method provided good contact could be
maintained with the goil (Fraser 1957) and that there are not high
concentrations of soluble salts (Marshall_.l 1959), A gra{imetric
method is described in the recent work of McQueen and.rvlﬁliller
(1968) for extensive surveys.involving large sample numbers.
Standard treated filtér papers are allowed to come te n‘m.;ieture
equilibrium with soil in sealed containers at 20°C. From the
wet welght bf the calibrated papers the sofl moisture content is

"calculated.
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In peat soils there are some basic problems associated
with moigture assessment. Feat at 15 atmospheres still retaing
over 100% moisture by weight (Binns 1959) and réports such as
that of Heikurainen, Paivanen and Sarasto {1964) discuss soil
moisture response to groundwater table in terms of 400-500%
moisture content,. The importance of the volumétric expression
of water content of organic soil is stressed by Boelter and Blake
(1964) because of the high moisture feten.tion prope-rties. cf pe_at:.‘
The wet yolume basis is recommended because of the shrinkage of

peat on drying.

Methods

At the outget of this examination high tensions were not
| antic}pated and a method wa3 selected by which rapld comparison
could be made of soii moistgre status in the rooting zone of
natural seedlings and between sample stations. A soil core was
extraéteﬂ ai': each of five gtations in the windblow study gaps and
along the control transect, The known rooting zone of seedlings
was sampled. This core was trimmed to fit and pléced ina
3«inch deep porous porcelain battery cup, with a minimum
disturbance to the horizons within the core. A wire gauge cap
was fitted to the cup to prevent rain gplash. The cups werzie then
placed back in the sample holes flush with the surface and left
for 2 week to reach equilibrium withlthe moisture of the

surrounding sofl, At weekly intervals throughout the summer
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these containers were lifted, weighed and replaced, At the
conclusion of the study they were removed and weighed ovenedry

at _!050(:.. From this value the full summer .xénge of soil-moisture
was calculated. The method assumes that there is good contact
between'cup and gurrounding soil and that the porcelain allows
free transfer of moisture, Sampling in the usual way beside the
cup containers confirmed that these values were in cloge agree-
ment. By the end of July some of the samples felt loose in thé _
containers and they were replaced to maiatain good con_t‘;xct.

_ TABLE 2
SEASONAL MARCH OF SOIL MOISTURE CONTENT

(based on % wet bulk volume) ‘
(5 stations per transect) . 7,

Date Peaty Podgol Peaty Gley Peat Gontrol
April 11 55.33 60.77 64,10 -

April 18 68.89 . 61.05 69.33 72. 58
April 25 61.97 66,17 68, 50 73. 65
May 2 70. 22 66.03 72, 86 75, 36
May 9 64. 06 - 69,16 75.87 = 76.19
May 16 : 69,21 71.91 Ti.72 . 73.08
May 23 61, 59 ‘64, 41 68, 51 06, 83
May 30 60.89 63, 56 67,82 65, 50
June 6 59,27 - 61.11 65,91 64, 47
June 13 57. 46 56,58 - 58,57 59, 43
June 20 - 51.46 50. 41 - 55,28 54, 54
June 27 65.17 69.62 67.62 65,18
July 4 54, 22 61.30 65.69  70.48
July 11 . 70. 60 72,97 69. 81 75. 65
July 18 65,75 66.67 - 62,67 72,22
July 25 62. 09 61.87 60, 44 69.11
August 1 58.13 56. 38 52.16 62. 86
August 8 64. 87 41, 71 40, 51 52. 95
August 15 65, 62 63.87 56. 42 60. 76
August 22 72,06 71.81 67.11 66. 89
August 29 61,27 60.80 58,22 62, 76
September 5 66.22 65. 84 61,88 65, 57
15 Atmos. = 30.72 31.7 31,66 38,49

X 63.02 62.91 63.68 66.95

15 Atmospheres tension was applied in the laboratory pressure
membrane apparatus to fresh field samples.



Analyois of variance for moisture content. : : /
Source of Degrees of Sumof . Mean |/
variation . Freedom Squares Squares F

Dates (V) 21 (Vei)  15631.9027  744.3763  7.8490%%
Soils (B) . . 3(B-i). .. 873.3862. 291.1294  3.0698%¢
Interaction 63 (V<1){(B-1)  3960.8285  62.8703 0. 6629 NS
Residual 352 (BV(K~1)) ; 33382.5744. .94,8369 .

{ior K deters~ .

minations} . e . )

Total 439 {(BVK+1) 53848, 6938 L
Results | | “ | | '

Soil moilst:ure levels are presented in T;;blc 2 ,éhow,ing valt;::s.
based;on,'wei.t voltlu_ﬁ,e-- Values approgch.ing; 15 atmosphere tension
level are underlined,. !;n‘Figjurel 6 mea.n‘ montﬁly‘,levells for the:
three éoilé. are prg;s.e_;ltegi togelther wi;:h oti;er s::ii mojisture and .
aeration chalracteriafiés..’ Thrdu,ghdut the é@mer tixe descgnding
order of mc;iat;urf; e;ftaltuﬁ. ig: peaty podeol;.peaty gley, peat, control.
transect; e;:'.cept m thr mtidsummer months o% J’uué and Jjuly .
when thg highly humifaed peaté of lt_he top 3 i'n:;hes in peaty gley
soil a.ind fhel peaty 3;0&503, r-etai:‘:_ more ‘moistu_::e than the deep
peat, and on June ZL?;. movre than the cqﬁtr‘qi t;'anséct. |

The analysié shown in Table 2 confiims th.a.t moeisture content

varied sigrificantly between soils and date of measurement and pot be

tween sample stations with soils, The range of moisture content .

“ P <
we P

Ak o e—

] )
This and the following like analyses are used to illustrate the i
distribution of variation between sources but do not necessarily ‘
provide precise estimates of the variance, ' L
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. is important when water table fluctuation and subsequent aeration

aireconslidered.

The values for the summer months are ghown in
Table 3,
TABLE 3
MOISTURE CONTENT RANGE
(% wet volume)
. : Sept. /
- Soil types April May June July August Oct.
Peaty podsol’ Max  68.8970,22 65.17 70,60 72.06 70,41
| Min 55.3360.89 57.46 54.22 58,13  66.22
Range 13.56 9,33 '7."?1 16, 38 '15:93- 4.19
Peaty gley ' Max . 66.7 71,91 69.62 72.97 71.8] T1.08
| . Min 60,77 63,56 50.41 61.30 41.71  65.84
Range 5,40 2,35 19.21 11.67 30,10 5,24
Peat Max = 69.3372,86 67,62 69.81 67,11 69,65
'  Min  64,1067.82 '55.28 60,44 40,51 61,88
Range 5.2.-. 5.0 _12.34 9.37 26,60 7.77
Control Max = 73.65 7536 65.18 75.65 66.89 . 75.65
Min 72.58 6550 54,54 69.11 52,95 65.57
Range 1,07 9.86 10.64 6.54 13.94  10.08

The greatest fluctuation in moisture status occurred in

Angust and was most evident on the peaty gley..

remained consistently wet.

The control transect

The range of eoll maisture values for

the peaty gley soil du_rin_g a droughty‘ period at th‘e begiuﬁin‘g of August

is associated with the following weather records(table 4) fxom a

station in the centre’ of the gap on the peaty gley 8oil.

The Stevenadn
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screen containing a thermohygrograph aend the rain gauge were set '

at ground level

TABLE 4"
Date f&ain Temoéerature‘ E_‘telalt.ive . Mojsture * o
in. F - humidity = Content % (vol.) .
“ 14.00 hrs,  14.00 hre.
July 2529 Trace - - -
:Augustl . Trace o 63.5 - 52% 56,38
"Augustlt}- 0.0 L .67'.0. | ‘60%. |
'.Auggstg'; 0.0 67,0 65% : ‘4&1;?1j
CAugust 12 0.0 50 - 80%
August 15 0,55 57,0 '58% 63,87
'Auéust 19 1.1 N . | |
‘August 22 0.2 56,0  90% - L8l
August 26' . 0,05 : 56,0 ':_ '80% |
August 29 0,0 1 . ‘5':.-0 - '88% : 60, éo

| “This per'ioé rédﬁcedimoi@stul_re qoﬁte::it on aﬁ. spﬁa. | By |
the end of the growing season the _hi‘g'h_ mojsgture ievels,werg ree-
established.

As the g'_z-owing seagon progressed, 'éoil reducti;qnl
oxidation ?roducts were precipitéﬁéd:on the porous pot surfaces.
Thus orange red e;taﬁn‘s were to be fomld at better drained stations
and deep blue and bl.fe.ck stains on the controi tr—ai_xsect, At: the north
station on the deep peat sampie, a strong blj:.e/ ovange brown mottled

pattern developed iniresyan;se to & high, siig’jhﬂyﬁuctuai;ing water



table. The short time required for this gleying to develop ise

indicative of the intensity of such pedological processes.

W. ater Tab;e Level

Introduction

Water table levels and fluctuation are a ueeful gulde
to wet site moisgture regimes, In many wet site sltuati'ons on hill
peats this #«a_ter- table is a perph_ed system close to the su‘rfaee, '
Ina feﬁv instances and uau:a}.& oé basin ;paa.ta_, it is t_ru:e grbu_m.cll
watexr., However, it is this :Isuperﬂcial_ waierlpgged lﬁ,tye;r,
maintained by ﬁeavyt prec;pit;tiqna and _-Iateral u}ater movement,
thgt creates 1.,:he rooting ;;aiobiem. Bore holes allow e'asyl'
obsex-vatién éf'changee in water level. Rutter {(1955) used .
batteries of @es driven down -t,:o varim"m depth:s with a hésal
cavity punched é few inches furi;her down, a piezometer. l
He noted that. the degper t?ae :hol‘e, the higher the water rése.
becauaci f.he deep tubes tapped é: .higﬁer'potent,ial: and an aﬁgoéiated
lateral \.vater flow from ﬁp-slope._. Rutter recalls Child‘*s_‘t-(!,%ﬂ)
comment ""Witer in'a pit rises too high when rising and too low
when falling". Similar differential responses z;re recordéd by
Leibundgut and Dafis (1963), There is rapid résponse thh low
water tables but slow re.simnse where high levels are maintained

by lateral flow after rain stops. Bore hole observations form

 the basip of the studies by Huikari (1960) Heikuvainen {1964),

Holstener-Jorgensen (1967) and Frasef {1967), who have described .
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‘ water table responses to drainage intensity and forest cover type.

Fraser's results are represéntative of the experience of the
‘ . (p. 4—5&)

investigations and an extract is presented in Figure B/by courtesy
of the author. A fluctuating water table is ghown by Rutter (1955)
to play an important role in flushing away toxic quba.tances in the- :
rooting zéne. Hydrogen’ -sulphidé ig very water-soluble and would
bé readily removed from the "'r‘ooth’ng zone. - Webster (-1%2)
confirms that fluctuation of the water taﬁle would be ‘sgffici‘ent to

remove exceaess H_S and CO and thus i:hprove :r,aot reépirat'ionl

2 2

-status‘,.' Joint research by the f‘oz_‘estrg} Comnlﬂssion ﬁéséarcﬂ
Branch and the Macéulaﬁr :inatih;tg for Soil Research {i«"r&ser and
Tayllor 1§§7)-reports height g_:.'ov;t.;h‘ response and survivel rate
increase with depth to a.‘ﬁ__xed water -t;r—b_le.

‘ Heinaelmann'é studir (1961) of black aprucé growth
on a yaiged bog system m Minnesota showed that site .‘il.n;i'ex waé
sigﬁificantly correlated with wa;ex table fluctuation. His findings-
illustrated that levela of oxygen, assessed b{r water table - |
ﬂuctuat;oﬂ,_and latersl water movlément. have more inﬂuéﬁce on

tree growth than depth to water alone,

Methods

At each of 5 ai;a.tions on the three soils and at 10
stationg along the control transc}ct. 30 inch long, i} inch inside
diameter, plastic pipes were inserted in auger holes. The pipes

were perforated along their length with small 3/ 16 in. round holes



to allow them to tap water iro;'n all layers down the soil profile.
In some'cases and especially on the peaty podsol it was n_o_t
practical or possible to insert the pipes below th’é upper horizons
of the mineral goil and a ﬁuimum penetration of' onlSr 19 'i_'nch.es
was achieVed at one station. on the pe;aty gley. Ail p{pes
extended well below the robti-ng zone of Sifka spru.ce on these
soils. Using & metal tai;e, ,t_‘hé éistance‘ ig water level was
re'cordg;i at regular inte?—yals th?ough the season and n_ormally .

twice weekly.

Results.

Maximums, minimujms and ranges of watef table |
levels are shown for ecach month of measurement in Table 5.

The figures are fér the centre statior; in each gap.

Fluct.uat_ion of water table is least &I)n the deep peat .7
and control areas, greatest on the peatﬁr gley. . Water table 1e§e1
is lowest on the peaty podsol and alwayslmcre than 22 inches,
highest on the control area and never lower than 93 inches. Of
t,hé 10 control statio‘ns; 3 had surface water tables for at .ieast
some period during the ~summe¥; This did not foccur on any of
the drained plots. Despite the low water table level on the peaty
podsol, soil moisture coﬁter;ts in the surface rootetli organic
layers remained high beczuse of the highly humified amorphous

peat horizons and the pattern of precipitation.
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TABLE 5

DEPTH TO WATER APRIL « OCTOBER 1968

Date Aprii "May June July August September/October
Rainfall 2.17 3.85 1.19 2.68  1.85 3.64 3,15
Peaty Gley
Max. 7.0 7.0 8,0 8.0 18.0 9.0 6.5
Min. 6.5 4.0 6.0 4.0 3.0 2.5 5.0
Range 0.5 3.0 2.0 4.9 15.0 6.5 1.5

Peaty Podsol

The scuth stond station an the peaty gley in parucular was -locgt‘gdr

Max 22+ 22+ 22+ 224 22¢ 22+ 22+
Min. 22+ 22+ 22+ 22+ 22+ 22+ 22+
Range ’
Peat
Max. 13 14¢ 16 15 17 14 15
Min. 10 114 13 124 14 13 14
Range 3 3 3 2% 3 1 1
Control .
Max. 5 54 7 63 9} 54 6
Min. ¢ 13 53 2 34 2 4
Range 3¢ 4 13 33 6 33 2
- y H‘ “fr
i~ TS
variotion in depth to woter table and oo1l ngi.stu;_n\cmt R ‘** j
A
across the gaps is gpparent in Figure 16, On the pcaty pgdsol i / ‘7
Y LN
peaty gley sites conditions are generclly drier beneath the’ stand. p '4‘55\ .
"—"—"“#—.-"" - - W T 1“ I‘ f

within 18 inches of o drainside cnd this 18 reflected in lqwer}noiﬁt‘, e’
Lk

levols, The peat eite on the other hand 111ustmtes tm m;m ot ¢

£ ¢ A

topography si.nce the north ang south stand locntiona wem nolagm'é% ¢

receiving sitos with o consistently high water table, Thg <n0 y ;

somple at the stand mergin on deep peat wos g/lso beatde a dmi.n .8 ’5»./
k
indication of these physiographic effccts 16 given by the pmﬂlesﬂmﬂ
N
Figure 16. - L.
& . ‘.l\ " e s




Figure 16

PEATY GLEY
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301
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ft.
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I
.20
insg, }
4 |
! 1. 2 . chaips
April . Rain 2,17 ins,
pH
Water tb 18+ . 14,6 8.9 6.3 15.3  Mean ins.
MC. % §5.79 67.‘78 69.79 70,21 50.74
May 7 Rain 3. 85 ins..
: pH 3.3 3.8 8.6 3.6 3.4 -
mv 830 660 650 850 - 810
Wa‘.ter tb 16+ 11.2 6.3 7.0 . "14,6 - Mean ins. -
MC. % 68,-08 68,28 69.02 7670 67.89
June . A Rain 1.19 ins.
. my 560 590 580 570 800
. Water tb. 16+ 17.0 1.3 7.9 15+ Mean ‘ins.
"OMC. % 63. 87 59,84 53.18 68.97 51.60
July ‘ ~ Rain 2,68 ins,
pH 3.3 3.9 3.8 3.8 3.5 '
mv 570 670 835 600 410
Water th. 16+ 12.0 6.6 58 15+ Mean fins.
1 MC. _% 65.12 66.9856 71.19 75.0% - 51 18
August _Rain 1.85 ins
wWater © tb, 16+ 17+ 10.2 1.7 15+ Mean ins.
MC % 66.95 63.86 62.86° 67.71 43.21
" September Rain 3.64 ins.
water tb 16+ 11.1 8.3 5.0 15+ Mean {ins.
- MC. 87.14 85.56° 75.87
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57.13
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52.29
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58.57
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74. 03

585
28+
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380
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10.35
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13.65

18+
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. 20+
80, 44
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aTo0
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77.68

20+
67. 49

23+ ‘
50, 74

4.4
660
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62,22
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23+
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Seasonal mean, maximum, and minimum water table
levels are ‘incorporated in the gap pro{iles"pr.uaented in Figure 16
and the water table recorde for the summer are presented in
Figure 17 along with distribution of sulphides. |
| | The a_niount of .ﬂucméﬂon on the peaty éléy oite is 'I
indicative of a constantly changing moisture and aeration status.
The r:ain.falljpattern énaui.'eg;' t_:i‘xat:thé surface horizi:nié are almost

always wet,

Availg;gle Pgr_e Space

Introduction

Russel (1949) reports that the percéntage of air fillq;d
pores ig a more reliable criterion of goil aeration than bulk density.
It is t:l-sef_ul for predicting the rate of ges diffusion through the soil
and dan’\b@ used for moisture content determination if 2 density lof
2.60 gm, Jce is assu..m_ed‘ior mineral soil. Organic matter hael a
bulk density closer to 0,24 (Bay 1968). | The gas-filled pores in
peats are likely to have low oxygen concentrations. However it
is in thig portion of the soil that root reepiration takes place and an
estimation of free pore space in the rooting zone is & valuable
assessment of aeration,

Reynolds (1957) found that Scots pine root growth was
related fo the effective pore gpace in the top 10 ¢me. of mineral
soil with controlled mgh water table and a variefy of comﬁactim

treatments.
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Paavilainen (1966) relates root penetration of Scots
pine to _poré gpace in peat, FHe points out a very sharp drop in
freé pore space at about 10-15 cm. during the growing season
which thug forms a severe limit to the rooting zone. The very
high available, poré space means that ‘aurface drought may ale;o
be damaging. The maximum water table reaches above the level

of mean root penetration.

Methodsg

Cores were extracted close to the goil moigture and
water _t&ble level stations in each gap and along the coa'atrol |
transect using a cylindrical sampler and liners. The cores wére
cut into three 105 cc. portions and placed singly in their retaining
rings into an air pycnometer, Free pore gpace waa determined
uai#g the loss of pressure from a fixed head of merc_xzz;y. The.
¢orer allowed three samples down the ﬁroﬁle to 7 inchl@s to be |
extracted with one ingsertion, It is importa_nt that disturbance of
the ua:?;ple be minimised, Since the samples were transferred
direct from the corer to the air pycnometer nearby, this

requirement was satisfied.

Resgults
The available pore gpace down the rooting profile
is pregented for the three goils and for the control transect

in Table 6



TABLE 6
% AVAILABLE PORE SPACE IN ROOTING ZONE FOR

3 SOILS . (July 1968)

| | Depth 0.1.3 1.3 +2,6 2.6 = 3,9 inches
Peaty podsol " .

o Station
| 18,0 16,0 - 15,75
2 . 36,0 . 24.5 12,0
.3 34.0 . . . 28.% 11.0
4 29.5 .. 16.6 18.5
5 60,0 16.0 40.5
Peaty gley :
| o 32,0 T 23,5 18.0
.2 17.0 17.0 15.5
3 27.5 15.0 12.5
4 65.0 30.0 15.0
5 39.5 27.0 -~ 13,0
Peat ,
1 1.5 16.0 18.5
2 66.0 22.0 6.0
3 17.0 6.5 10,5
4 15,5 11.0 0.0
5 15.5 20.5 5,0
Control ‘
1 27.5 14.5 7.0
2 42.0 17.5 9.0
3 13.5 16.5 8.8
4 0.0 19.0 0.0
5

23,5 . 15.5 32.0
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Analysis of variance

Source of Degrees of - Sum of Mean Square - F
variation freedom sguares
Depthe 2 2523,4072 ©  1261.7036  8,0109 s
Soils 3 - 1198.6435  399,5478 '2.5368 *x
Iiiteractionz 6 279.1984 46, 5331 0.2955.
. - NS
Residual 48 -+ 7559.9400 - 157.4987 .
Tatal . . 59 . .11561.1891
) soils _
Treat. Means o L SRTE 2
: ‘*g_gaty podgol - .
. . o - ~sipeaty gley 25,14 - |
Depth 7 “peat ~ 15,43
., . < control 16,40 J
l ’ ' 29. 03 .' : —w-‘ Y Y .' * I
2 18.66 S.E.  2.8062

3 13. 42
Differences in pore space between depths and soils are high.ly
significant. The main difference between the three drained soils
and the control transect valuea occurs in the third level or 3.0 .
4.0 incheé down, In all cases the available pdze space at this |
third level is ext:emelj i:ow and .indic_a@ti:ée of a low gés“diﬁusion
rate. Pore space in le:véal 2 for the deep peat is léwa_a'-.nd station 1
reflects a permanently waterlogged situation which had a |
maxzimum water table depth of 6 inches and minimum of gero

during the season.

Distribution of Sulphides
Introduction |

Sulphates are reduced to sulphites and to sulphides
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by a large group of bacteria including the obligate ;an-a-g.rp_b_es_.
Thesge are operative at low oxygen cﬁncentrations. aﬁd can tolerate
low pH levels. The oxygen deficient medium is further reduced
by facultative anaerobes to give fermentation ¢hd¢prpduct§ such
as .n;iethaﬁe. The anaerobic peat root.ing medium of wetlajihds
reduces ;ng-owth‘ln a vaﬁéty of t'xl'ee cpecles (H\':ikari‘. 1955)
Some species perform adeguately only ‘b‘:eca.use_ root adaptations
avold the anaerobic layers {Kayll 1960). Toxic effects of
sﬂpﬁéea are discussed in rice culture by Pearsall (1950) and
Mitsui tl?SS). Pearém:exminés ;ilelfjé.lludown dislsiase of rice’
‘ . S to.xic-ity and :‘recordq’met‘h,lyl sulphide

2

ag a t};xic product: of anaerobic fermentation. = Webster (1962)

UAKI-OCHI" caused by H

illustrates the effect of H 5 and CO oﬁ fMollnla caerﬁlea, He

2 2

asseeéee H‘zs .concentraiion in peat wa.tér by mixing with an

iofiine solution and back-;tit:ating with _ﬁédium thiogulphate.
Px;esence or absénce- of st can ’pe demonstrated by shaking
bubbles of gas from Mp_l_.@;la_._ roots in 1e£_§d acetate sth__ztion which
t'\;rnd.dark in colour. W ebs_ter found t}:mt bog plantar,were
distributed in ;ccordance with the reduction atatu‘.a of the soil and

Molinia did not root where H, S was present. Armstrong (1967)

2
uaed a polarographic tech.n_iqise with a dropping tﬁercury electrode

to i‘ecord. in the field, concentratione of dissolved H2

in field studies of gulphide distribution in the upper layers of

SI, Also

basin peats, Urquhart (1966) used silver plated copper sheets



' inserted into the peat profile. Blacke-brown staining of silver
sulphide took place after several hours exposure and the pattern

was photocopled. The plates were then cleaned and re-used.

Urquhart showed that Molinia 'andlEriophon_tix_n_ ::rroo.t;s ';Sroi:elcted the
silvér' pla;te‘ from sﬁainlng' indicéting that o#ygén'waa activélgr
diffuging from the roots to the p;eat. Armatrong (l967) conﬁrms
this diﬁuﬁion with a platinum mmgo-electrode technique. While
Urquhatt did not quantify the staining, intense stains aiter gshort
exposure indicates high qulphida ponc@n;ration and popr aeration,
To compare sulphide disl}ﬁbution asa ajc;ration index i,n the
spruce rooting profile, and between loc’a'tions. ‘the méthod of

Urc{uhart was adopted.

Methods

| Strips of silver, 12 inches 1ong, 0.5 i.nch wide and.
0 04 inch thick were used. They could be repeatedly cleaned
without log_s.of silver sv._ar:face area. To detérmine a guitable
expogsure time the plateg 'évei'e firet inaé::'ted along a peat/podsol
integrade investigated by Franklin (1962) at Boghall Glen near
Edinburgh. At this site on a north slope, physiography.: goll and
lateral water movement re.sul_t in @ change from & podsgol to a
peat through iron humus poﬁaol. gley and peaty gley; within a
distance of 1 chain. ‘An exposure time of ét least 4 dayé was
required in November to establish a pattern of—H,zS staining for

the iron humus podsol and 2 days for the peaty gley. This
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experience was confirmed on other hill peat sitéa before sampling
began at Ae, Exposure for short intervals of only 3 hours waz |
required at Flanders Mosgs In July 1968 on basin peat. .No change
in response with season wag dbsﬁwed at Ae i:i 1968.. ’I"his aspect
of the méthod must be more cafﬁully :inv’est‘lg:at'ed i::efore::any |
quantities can ;ae asaigneﬁ,.: | ‘

Three days* eéposnré at Ae was found to be most
suita§le. At weekly intérvals- a gﬂver ’gtrip was insérted to 10
inches depth st each soil moisture station. On removal, the
plates vlwere gentl;lr rineet_i tw;ith wéter and photocopiedito obtain a’
permanent record of the ;atéining'patteﬁl:-'. The "plateiﬂ were then
ci,eanéd with a "Scotéhbrite"' mild abrasive scouring pad before
re-inse:ﬁ:}g. Since the:s,taina were diétribdted dmgwln'a 10 inch
strip, it was possible to lget 8 -comparlsion bgtween laSrers down the
;:lc;goting profile. ‘Thtlaae‘ %ecords were clqntinued fron'; April to

Qctobaer.

- Resuits

The seagonal march of ataining distribution s
presented in Figure 17 with water table fluctuation for the
co:reapoz.zdthg statioﬁe. Control samples are included for each
soil tyée. The photocopy for each station each week has been
piaced in éhronological order to illustrate the changing conditions
from April to October. The photocopies were all contact prints,

12 inches long. -
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The scale refers to depth to water only, A marked
variation in 'thé levels at which gulphides occur is evident on goil
type.s and between dates of assegoment. Stations on the deep peat
and contrel samplea consiatently ghow intenaive staining, The
stations on the peaty podsol show no staining other tha.n 2 few
intense spots. Generauy. seedling roots did not extend inta the
layer of staining. If a rooting gone of 3 inches maximum depth
is aseumed however, the‘re are 1ogation‘s, on the peaty gley and
peat gite where extremely énaerobic conditions pertain for short
pariodé during the growing season. "I‘t;ese may be éufiicient tol
affect root extension. The reep«;anse 't§ rainfall is immediate and
a few-daya with a consiétgntly high vﬁate,r table is gufficient to
produce heavy staining., A fall in ‘wate;' level quickly reduced
gtain inteagity, Double layers of stainr‘ed bands occur on several
occasiong. It is difficult to account fje.r such separate gones of |
bacterial activity which gre so discrete-in their efiect. However
the small spots appearing on the peaty gley and peaty podgol plates
also indicate locallsed activity, |

: Lnténsity of staining was recorded in ¢ach stalned area
or band uging a transparent dot grid. From first appeé:ance of
gtaining after a rise in the-wéte: table there is a gradual
- intensification of stain throughout the sulphide-rich layer.

The pregence of sulphide staining i only generally

aseociated with a drop in aeration levele as indicated by the



%

Figure 17. Silver sulphide staining/depth to water table for the
peaty podsol sample and a comparable ¢ontrol station.



Figure 18, Silver sulphide staining and depth to water table for
the peaty gley sample and & comparable control station,
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Figure 19.

Silver sulphide staining and depth to water table for
the peat sample and a comparable control station.
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REDOX and ODR aeration profiles. At the stations with a
consistently high water table and high level of staining, aeration
levels fall. Thus the peaty gley aoil produce‘d congistent gtaining
at only one stationf The deep_peat ai:owed rggulat staining
throughout the growing season on thrée out of five stations, A
similar pattern occurred on the control transect between .aoil |
types and at an inc;zeésed intensity.

TABLE 7 "

SULPHIDE STAINING * INTENSITY IN PEAT SOILS
(Peat Station 5) .

DATE RAINFALL  DEPTH TOWATER  LEVELOFSTAIN ' INTENSITY

Inches - . TABLE Inches " inches
: 0,06 . -
May 23 o 0,0 , 5% Diffuse stains 10%
: . 2-10 .
0.35 . N L 3
May 30 0.0 S .6 0-4 4e10 . 15% 6%
0,2 ‘ , . o
June 6 0,0 Dry T ' 4-10 0%
. 0 1 . 4
june 13 . 0.0 Dry 94 | 8=10 80k
. 0,0 o o
June 20 0. 02 Dry 14} No stafns -
: 0.32 - , .
June 27 0.61 Raining ~ Lt Light stains : 17%
34 =10 :
0.18 S . Spotty stains
July 4 0. 07 3 ' 14 - 10 30%
: ' 0 o7 . Dense stains
July 11 0. 52 Rafning 24 4-10 82%
0.48 ' . © Dense stains
July 18 ‘ 0.2 6 2 - 10 80%
0,05 . , . Patchy stains .
July 25 : - Dy 8 2 -10 - 80%
: - Dense stains
August 1 . ~ Trace | 10 2~ 10 0%
. - . ’ Dense stains
August 8 - Dry 114 3 =10 . 84%
. - Dense stains
August 15 0, 55 Rain 11 2} ~ 10 86%
. 1.1 ’ Dense stalns
August 22 0.2 Rain - i3 3¢ = 10 %%
0.05 Dense stains '
August 23 0.0 Dry 8} 28 + 7=10 80% + 50%
_ 0.51 Dense stains
September 5 0 085 6 2 « 10 98%

*  Presence of Sulphide stains was: confirmed using an X~ray spectrometer which {ilustrated
the sulphur and silver frequency peaks.



Fluctuation of the water l:;able as illustreted in Table 7
hag an influence on the distribution of sulphide in the profile. After
a dry period from May 30 to June 24 the water table is raised, by
more than an inch of »ain, to 1 inch from the éurface; staining

re-appears and steadily intensiﬁés.

Aergtién

Introduetion

_ The earliest workers in forest wet site improvement
were influenced by @ realigation that “osgygemuon" must be
increased if tree roots are to grow in peat (Zehetmayr 1954).
Diffefences'begwean growth of plants notched into undis.turbed
peat and thoea' on top of turfs were notegi. The initial growth ‘
rateg, however, were not maintained on all but the most fertile
fen peats and flughes, Fertiligers, lime at first, and then .
phosphatic compounds ﬁere soon tried. Through their uge
satisfactory growth rates were résumec; and it became difficult
to aspess the relative ;::nponance of nutlrition and aeration. A
more careful examination of the turfa by Binns (1962) revealed
that larger, or higher turfs, with preaumably_bétter aera;ion.
gave a higher mineralisation rate for nitrogen, and increased
transplant height growth,

The activity of the hydrogen iong in reduction; ‘and of
oxygen ions in oxidation, measgured as a electrical potential between

a noble metal cathode and a calomel anode wae used by Brown (1934)
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to characterige the aeration status of soils. Thé_ amount of theage
reducing and oxidising agents detei-mines the direction in which a
number of goil reactions will develop and affects microbiological
activity. A high potenti.al coryegponds to high aeration, a low
pot ential to poor aeration, The state of oxidationl reduction
equilibrium in goil can be metered by the activity of the electrona - "
at the cathode (reduction) and at the anode (oxidation) causing a

small current to flow wﬁen the electro&ea are joineé by a wire
{Cottrell l.963). Thie reduction - oxidation potential or REDOX
hag been used to gsseas aeration a{tatus.in soil and to estirpa;e " \
whether the soil :eaétiona will tend t-owé.rda red-uctio;a ('wlate:r- ’
logged state) or oxidation (well aerated state).  REDOX values

are adjusted according»tc; temperature and pH. |

When appliled to the rooting zénes of crop plantg it

becaxﬁe apparent thaf zeration levels meagured by REDOX

explain growth variation of several species. Reynolds (1957)

reviews gome of the aeration studies and notep that aeration is
controlled by goil factors such as structure,’ pore space,
moisture ngontent and dgpth to water table. He confirms tha!:

aeration levels at waterlogging lead to CO,, toxicity and lower

2
nutrient uptake at low oxygen concentrations. Pearsall (1950)
agsoclated high REDOX levels with healthy growth of rice.
Above 350 millivolts conditions were aerobic and below this

value, anaerobic.



Products on either slde of thege levels were

350+ 350«
Carbon dioxide Methane
Nitrate | Ammonia
Sul'phaw o Sulphide
Phosphate ; " Phosgphine

Van Raalte (1944) d,i-acu@ﬁés the ability of rice to improve ita
rhizosphere with oxygen"ﬁranapemeﬂ to the roots wﬁe_r:e & higher
REDOX was recorded than that in the surrounding soil, Huikari
{1955) algo measured higher REDbX near roots of birch, Scote
pine and spruce seedl_lng-é in peat.l

Response of plaxits to soil aer#tion levele ig demon-
strated by a number of workefs; Leyton andIRbuaaeau {1958)
recorded growth differences for Norway .sprucle.‘ Sitka spruce,
black spruce, Scota.pinq and Jack pine under & variety o:f OZ '
-con;:entratinna in solution, with a iimit_:'ing lovel of 10%. Ozxygen
wage bubbled down -gla.ss.ttizb'es to the waterl&gged roots, Inite
absence roots died within 2 days. McKea;gue (I%S) compared
aeration ievela._ {REDOX), with water table levels in 3 dry soils.
He concluded that levels belew 200 mV m&icateci .reduced goil, a
somewhat lower level than Pearsall's, Brown, Carlisle and
White (1966) used 350 mV at pH 5 as the boundary between

oxidising and reducing conditions in a study of Scots pine on peat.

Reducing conditions on a C allunaagphagnum-EriOphofum site began

enly 7 cms. down the profile. Poor aeration they concluded limits
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nitrogen availability.

Pierce (1953) followed REDOX levels across a transect
with naturgl forest cover in Ontario and rélated aerauoﬁ status to
cover type e.g. a.qpen.‘ alder, black spruce,open swamp, alder and
aspén.’ ;'_I‘he aeration levels algo correspond to dlt_imlv_ed oxygen
in ground \yater samples, gpec'if_i‘c conductance, hardnesa,- and pH.
De_ficienéjr of digsolved Qxygen.'a:id low REDOX were aspociated
with a glow tree growth rate. . |

Quispel (1947), Pearsall & Mortimer -(_1939i, Pearsall
(1950) lamd Mitsui (1955) found low REDOX as sociated with r?duc'tlon
pro&ucta; Reducing' co#d._ition_ﬂ iowere& yield and root penetration.
Gore and iJrquha_rt {1966) relate REDOX velues to aeration in the

root zone of Molinia caerules and Eriophorum vaginatum. They

note that REDOX in peat is low, Root ‘penetrat'ton wag Inhlbited
when added sulphate wa-s':agidly reduced to sulphide. Reducing
conditiong were tolerated better by Eriophorum than by Molinia,
Studies by Bonner and Rz;.lgton {1968) make use of Rzﬁbox ..valnes_
under hlgh! water table cbﬁditionts,..‘ By incubating forest goils the
role of anaerobic micro-organiems in the activation of REDOX |
systems is demonstrated, .They conclude that REDOX changes are
not the resaponse to oxygen sﬁpplv aléne. Gore and Urquhart (1966)
further point out the particular usefulness of this aeration index in
organic soils.

The sensitivity of bog species and especially Molinie



caerules, to aeration is indicated. This agrees with the
obgervations of several foresters, (Fraser 1933) Andersén {1961),
and it may be .coueldered :an indication of aerationl fertility status.
The importance of the agsessment of aeration in coneiderations oi
oxygen supply and COZ removal i6 streased by several wo:kera.
Rutter {1955) explains that gz:owth of Molinia with a ﬂuctuatlpg :

water table is improve&. 'I‘he special cha.ractenstics of. flugh

type vegetation were aa.mpled by Poel (1960) using a polarogmphic

technique which employt_:d a platinum cathode and a Celomel anode

3 ¥ +

across which é ssr;a.u potential vé'ra's applied. sze resilting current
is proportional to the ra_'t_;_,e_iof oxfge:n supply to the‘eleétr ade surface.
Thils estimate of oxygen delivery was co;'rc':katéd with Moliniae»
Nardus vegeation cover cm a hilltop. Calluna moor, ﬂushed hill

areas, and low lying swa.mps. ' Letey et al (1964) explain the

.+

theory simply:

“When a certam electrical potential is applied
between a platinum electrode inserted in the
soil, and a referencg electrode, oxygen is res
duced at the platinum surface. The electric
. current ﬂ.owing between the two electrodes is
proportional to the rate of oxygen reduction.
This, in turn, is related to rate of oxygen dif« |
fusion to the electrode. The oxygen diffusion
‘rate (O.D.R.} can therefore be calculated from
‘the meagured electric current. .. Although the
result of the meagurement i an electric current,
results are customarily expressed in terms of
g0il ODR in units of grams per square centi~
meter per minute'’.

b

A platinum wire qlectrcde is chogen to represent a root

and the O, Di R, is bagsed on the exposed surface arsa of platinum,
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Thus:

¢ 1210 x60x32x10°
4 % 96, 500 x A

calculated by dividing the current {i) by the electrode area in

QO.D.R. and it is

' 8q.cms, (A) and multxply!ng by a constant. .Le.tey et al (1964)
alao pravide full detaile of techniques and illustrate growth
responee of plant roots and ghootg to aexation levelas,

The technique wasg also employed in thq aeration gtudies
of Packham, Willig and Poel (1966), Williamason {1964) and |
Armstrong (1965), |

Armstrong favours O,D;.R; based on t;.he eléctrolytic |
reduction of diseolve& oxygen at-tiie .surface of the platinum micro- -
electrode, and streseecs that the meésured current is prOportionél
to O.D,R, only in the plateau region of the current/voltage relation-
ship. In acid peats he found this voltaée to be lower (.0, 48V) than
that used by Poel (0.8V) and points out that beyond this potential,

i. e. the plateau level, ri'se in current corresponds not to oxygen
but to .redu,;:ti‘on of lonic hydrogen to hydrogen gas. Examples are
shown in tize accompanying diagrem (?iédre Z). Armstrong
points out that rate of oxygen supply may be more important to
plant growth than oxygen conce;atxi'ation_.

Examining the telétionship between REDOX and O,D.R,

Armstrong (1966) showed that a very emall diffusion rate, with

8
The facteors 60 and 32 x 10 coivert the results to minutes and mic.rograms 96,500
Is the Faraday constant
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oxygeh just present, wag associated with e correspondingly larger
REDOX value. Armstrong and Boatman (1967) were succeasful
in relating O.D.R. levels to growth of bog plants and the distribution
of vegata.tion types on peat. '

Several limitations or constraints to thie technique are
mentioned by these workers. However performance is reliable '
in wet goils tending to acidity, 'wha_re good eiectrode wetting and
contact ie maintained, and conductivity ig high, Inserting the
electrode into the: soil cleans the platinum surface and prepares
it for meagurement. Use of a si}verl silver chloride reference
electrodée prevents n%ercurial ‘poisoning of the platinum surface and-
this electrode is more temperature iata.bie. The diffusion current .
is.pot affected by distance betwéen electrodes and one referencé | -
etation can be used for & series of insertions up to 2. 5m. distant,
{Letey et al 1964). The use of a wire electrode minimises
goil disturbance at insertion and prevents local seration.
Temperature affects the diffusion current and Létey and Stolgsy
recommend a 1. 8% change for 1°c increase in temperature..

On the baeisg of these canslderatiox;s a method was
developed and equipment asgembled, to aseess aeration levels in
the rooting zone of Sitka spruce gseedlings in situ., Where possible,

both REDOX and O.D.R. were measured.

Methods

The apparatus assembled to measure aeration status



consisted of the following components.
(a) Oxidation - reduction potential. An E.I L. 30C
translstoriBe_d di:éct- reading pH/millivoltmeter was used with a
lahoratory tfpe-piatinum spa.de electrode and a sllver/silver
chloride reference whosge ‘potentlal is 222 mV which is added
algebraically to observed meter potentials, (Hill 1956)
(b} Oxygen diffusion. Apparatus wae assembled similar
to that described by Poel (1960) end uaing the circuit layout shown
in figure 20. The complete assembl} is _show;vn in ﬁgﬁre 21, The
platinum electrode probe consisted of a 30 inch ateel.rod. L inch
in diameter with 0, 35 inches (lZ:.jnm.) 18 8. W.G. thermo pure
platinum wire set in to the pointed tip. The rod was marked off
in £ inch divisions and gealed ix; "Araldite;'. Exposed gurface area
of platinum, eallowing for the tapered point left by wire cutters, was
40 sq. mm, |

The prr.;cedurea adopted v;ver'e:
REDOX

At each sample atatio;z at Ae l;he soil moiatﬁre saniple
pot was remweﬁ and the spade electrode pushed into tlhe bottom of
the hole, i.e. 3 in. down., The ‘referenc_:ﬁe electrode was fmsbed
into & small depression at the surface and irrigated with diatll,led
water. The potential was read after two minute;. pH was then
meagured in the sample pot hole puddled with digtilled water. A

laboratory-type glass electrode and a Calomel reference were
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FIGURE20, CIRCUIT DIAGRAM - POLAROGRAPH

12kn

= battery switch

51

82 = voltmeter range switch .

TB = electrode and ammeter range cglibration switch

Sh = nmnicro-anmeter range switch

Rl = 200 ohm wire-wound potentiometer

R2 = 20 ohm wire-wound potentiometer

R3 = 2000 ohm wire-wound resistor

Rh+ R5 = 2000 ohm wire wound potentiometers - ,

M1= Weston voltmeter model S.61. 0-1.0 and 0-2.5 volt ranges
selected by 52

]\J

2 = nicro-ammeter, 0-25pA, 2% in. scele; 0-25 , 0-50, and 0100
pA ranges selected by switeh 5, with SHORY vosition to
protect instrument during transit

1.5V dry cell batfery



Figure 21. Polarograph agsembly showing platinum micro«
electrode and silver/silver chloride reference.
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used with a temperature compensgator.

Oxygen diffusion

At each sample station the probe was inserted to the
- desired depth, (0-6 inches, in inch stages), with reference at the
gurface pixshed into a depression and irrigated with distilled water.

Between stations t.i':ﬂe’ Qlatinum electro_d;e wag i’i_nned with
distilled water, cleaned with a 'Scotchbrite’ mil& sbrasive pad and
ringed agein with distilled water. After a few hours® use, the
electrode was rinped with Teepol non-ionising detergent, distilled
water, flemed in alcohel, and agein rinsed in distilled water,

At each Qtudy area the current/ voltagé' relationship was '-
developed to determine 'p!.ateauwaltagé settings. The polarograms’
are iia&iuéed in the results, however it was soon noted that plateaus
voltage settings closely égreed with the findings of Armstrong (14967)
and a :eetﬁng of 0.5 volte was aelécted for all comparigons, This
wag adequate for the better acrated drained peaty podsold as well
as for drained peat and the undrained control. Current was read

after 2 minutes elapsed time,

Resgults o 7 A

Teble 8 gphows pH and REDOX values at 3 in, depth for
the 5 stations for each soil type and control. Se:wral assessments
were carrvied out tliroﬁg;lzout the season.

REDOX values :_'ate the aeration statug of the saméleu

in the following order.

ek .



Peaty
podgol

H{I'

Peaty
gley

]

Deep
Peat

Contraol
transect

K7

Wb 0N

1 (high)

4 (low)

May 14

940
660
650
650

810

3,7
3.7
4.1
3.9

4,0

Peaty podsol)

Peaty gley
Deep peat

Control (Undrained)

TABLE 8

May 23

mV

830
760
695
75¢

735

30
mV

730
700

685

700
125

May June

6
mV

560
590
580
570
600

13
mvV

640
635
710
680
700

June June

20
mVY

560
575
630
570
605

REDOX VALUES AT 3 in._ depth FOR 3 SOILS AT AE FOREST

July 9

pH

3.3
3.9
3.8
3.8
3.5

mV

570
670
535
600
410

‘742

3.9

754

708

580

673

588

3.7

557

- - [ )

720

690

760
610

4.7
4,2
5.0

685
670
650

790

675

715
770
750
780
715

590
650
640
660
640

680
700
690
730

630

610
585

640

595

370

420
380
570
580

T W N e
B i W W W
oo

660

694

636

770
7i4

612

464

1 s 2 N e

688

340

640
650
620
500

485

725
725
680

' 525

746

610
760
765
730
680

530

685

665

690
675

570
730
750
720
720

440
660
690
650
630

590
550
540
580
350

N OO0

709

522

e jwwwwn

. . [

m‘hmﬁm
oo W on

550

460

610
545 .
480
508

628.

460

760
580
530

700

570
675
575
600

610

653

615
660
515
550
570

698

400
635
630

660

650

614

500
560
590
600

590

4.7
4.3
4.0

570
330
515
510
440

W Q = N ] e

[ -9

520

606

606

527

639

568

4.4

473




86

Analyeis of variance REDOX

Source of Degree of Sum of Mean P
variation Freedom Squares Square
Date of : _
measurement 6 - 509117.5000 84852.9167 15.8619%+
Soils 3 . 168859,2858 56286, 4286 5, 0557+
Interaction 18 200398.2142 11133.2341  2,0812%
Residual 112 599140, 0000 5349, 4643
' 3 . . _
Total 139 1477515 0000 e _ .
Treatment Mean *f\ 30115 S ™ Nean 0y
1 625, 00 = ‘e &A :
2 670, 50 peaty podsol 857,43 ="
: ] o peaty gley . 6.30.57 .
” slo.00 . weat - el 7
5 681. 00 ' 4~ _control 569; 14 éﬁ
6 §95, 50 bt - ri e g
T 504.00 T o

S5.E, of treatm.ent meansg | 16.3546

A juat elgniﬂcant ‘dates and goile’ interaction indicates
an geration diﬂerential durlng the growing season.

Ch_anga in REDOX during the measurement perio;i e
significant and is most noticeable on the peaty podn_ol.i Highest
and lowest aeration levels occured on all soils at the same date
of meaeureme:.nt. - Hydrogen jon concentration did not vary-
slgnificantly b;twcen dates or sites. ‘

Oxygen diffugion rates were assessed for each 86il
and down the first 6 inches of the rooting gone. Values are
presented as diifus!on cn:::rents in Table 9. Sample polaro‘grams

appear in Figure 22.
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FIGUR_E 22° CURRENT/VOLTAGE RELATIONSHIPS FOR PEAT DRAINAGE TRIALS
40 4
Indicated potentials

T - Drained Prained

30 Basin Peat Blanket Peat
Undrained
ag 4 Blanket Peat
. MA
i0 1
| ]

° 1.1

Volts



TABLE 9

DIFF USION CURRENT PROF[&ES FOR 3 SOILS AT AE FOREST

(0. 5V applied: nA after 2 mins. ¥)

Soil Station .

: lin.” 2in. 3in. 4in.  5ia, 6in
Peaty 1 24.0 19.5 17.5 17.0 16,0 16,0
podsol 2 19.5 19.0 22.0 17.5 21.0 14.5

3 18.5 23,0 215 21,25 . 16,0 17.0
4 20.25 28.5 27.0 20.0 16,75 19.5
5 19.0 _ 19.0 21.0 19.0 17.5 18.8

X zo.ze 21.80 21,80 zo.m 17.46 17.10
Peaty 1 16. ?5 20,25 22.5 30,0 14.5 18.0
3 19.0°° 16.5 19.5 16.5 145 13,0
s 14.5°° 13,5 150 12.5 11.0 10.0
5 140 150 150 9.0 9.0 2.5

"X . 16.86  17.16 18.40 18.30  13.10 13.50

Deep 1 15.0  11.25 5.5 9.5 525 6.25
peat 2 20,0  31.0 26,5 22,25 26.0 26,0
3 18.0  20.5 19.5 21.0 19,25 20.5

4 20.5 21,0 150 12,75 11.0 10.75

5 12.0 10.75 10.0 9.5 " 9.5 9.25

X 1710 18,96 15.70 15.02 14,20 14.58
Control 1 12,0 9.75 9.25 8.5 8.5 IL5
transect 2 7.5 12.25 10,75 10,0 10,25 10,0
3° 16,0 6.5 50 4.0 6.5 5.0
4 7.5 7.5 85 9.0 9.5 '9.0
5 18.75 16,25 27.0 23.0 16,25 18.5

X 1l.16 10,48 12.12 10.22 10.80

% To convert to“/'].gm Dzlcm! zIm_in., multiply by 1.244

- BT
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Analysig of variance ODR

Source of Degrees of : Sum of Mean F
variation . Freedom Squares Square
Depth of 5 210, 4297 42.0859 1.4683 NS
Measurement L ' _ S -
Soils 3 © ' 1138.4952 379,4984 13,2397%+
Interaction s 126, 0714 8,4048 * 0,2932 NS
Residual 96 2751,7120 28,6637
Total 119 '4226.7083 -
Treatment inches =~ Mean’ [ Soils . Mean'” }

1 .+ 16,3400 : o o AV

2 17,0775 peaty podgol,” = 19,57 ..

3 . 16; 9000 t p:::y gley . _yAé'_‘IQ.TS"*;' X

4 15,8050 {0 o

6 ' 13,9875 S

3 ) ey,

5. E, of treatment means  1.1972 -

Order of zeration status is

1 (nigh) peaty podsol .

2 - peaty gley ) .

3 - deep peat )

4 (low) control transect -

| Becauge of the time _i‘nvolved i.n comp}eung these méé.puxcmegte

and the use of the eq\:dpment i%: other :parta of the :s&d{y.. only one

assegssment u-iqg this tec_:_fmi_qx}e was poisiblq. Analysis of

variance .aho'wed that REDOX values were algnifica;ztly different

- between dotes of meagurcement ard between soils. Oxygen

diffusion r:.tel d_iif.ered- gignificanily between soilg at all depths.

- Differences between deptly.s were ;xot significant. Mean differences
- between the 2 and 5 inch deptlie on the peaty pod;oi and between

2, and 5 and 6 inches for all soilg were significant (P < 0, 05).



Discugsion and Summaxry

There hag been an improvement because of draining and
tree céver during the first r:otation.-‘ There is aiguiiicam: variation
in goil moisture and aeration status between the control aample and
the drained forested sites and .al,ao amon_g the draiggd __-59113. "

Soil moisture statue, :-avai_la.ibl._e p.o:fe‘spacie.j}d.:;epth t‘.o_r water,
and aeration of the surtace roeted soil horizone are greater on the
peaty podsol.k During the ahort dry spell in Auguat this goil retained
enough moi.at'}zre to oﬁ&g;,drought stress which may have operated in
the rooting gone of the §€her :gam_ples; Barley and Greacen (1967)
and Gardner and Danielson (1 96_4). - show that unless th,éjr are well

erated. root tips are unable to penetrate aoil layers of only moder-
ate dengity. The soil parameters meaaured at Ae are all indices
of penetrability although physical resistance to root penetration

wasg not gpecificelly measured. Records for the whole growing

season have shown the significent amount of change which took place

and suggest that on -th:e dra.i,ned goils tree rootE ma.y-be'exP‘?s'gd to
limiting growth conditions for several periodii of .shori: duration.
Monthly gamples on the peaty gley during the winter of‘ 19671968
recorded water table levels as low as summer minirﬁums.

In 1968 soil moistire approacheﬁ the 15 a_tmaapherea'
tengion level early in Aughét. This dry period Iwaa reflected in
weter table levels and the associcted staining patterns on the-sih'rer

plates. Water table fluctuation was greater on the drained sites
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and controlled the intensity and. level of sulphide gtaining, The
water level was consistently below 22 inches on the peaty podsol
y;at the gurface horizons ave often saturated by the frequent rain-
storms each zﬁonth, . Vertical gi_zrainageiia obvigualfbgtter or:; thie
soil type than on the peaty gley and péa't_j goils. On all goils é:hé
available pore space decreages in t,hé‘ﬁ'ml: four inches and varles
significantly between sample depths and between soil t'irp'ea. 'There
is highest poropity m; the;: peat.y podsoi. | |
Su,lpl::lida distéii:uﬁona follow the goil moisture and
aeration patterixa for 'th'eéga ;vet soile.. The staining pzs"l:tam
suggests that spruce :roeﬁs may be subjected to anaerobic and
perhaps toxic conditions for short periods ;el;eaeedly throughout
the growing season. | ;&.era,tion ‘lcvels confirz;n the obsérv‘ed.nlmisture
status of the four aitéa. ‘Theie isa éignifica'mt -di‘fier;nca i‘n-jREDOK
and ODR me;aurementa between sites and between dates of meagure-
ment. ODR £olr the firgt Jéix ifnch increments down the rooting zone
did not.vary aignif_lca@tly, but ft_he records illustrate sjoine Ver::'j
;Soorl_y aerslzfjgd ,hbrizdr_is at certain stations. 'There is an important
differential between the 3-inch and 6«inch levels which' suggest that
ODR may be limiting for spruce rooting, These‘ soil characteristics
will be considered in the lighl-: of the seedling g'rawtﬁ study whici:

- follows,

Fu;'ther §tndy

Further study is suggested in several distinct problem
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areas: The tolerance of spruce seedlings to sulphide concentrations.
Physical goil factors preventing root penetration in peats.. Permes
ability ratinge for peats to integrate vertical and lateral water flow

and to anticipate dx}aina_gé reéppnses,
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NATURAL REGENERATION OF SITKA SPRUCE ON THREE SOILS

Seedling Survey
Introduction

Al good seed yéar in 1963 in the Forest of Ae provided
abundant seedfall and there was a high survival rate of the 1964
seedlingﬁ,l | Successful growth and good vigour“of the scedlings
was most ‘ap.p'arent in the clear-cut gaps of the windblow study begun
in 1961.1962, When the windblow study areas were first visited
in 1966 it was decided that the distributibn pattern and growth of
the eurviving seedlings would provide 2 useful guide to 'preferred’
sites.. A survey of iege‘nerafioil status with monitoring of sub-
sequent survival rates, ueing'permanenﬂy marked lseedlings. was
planned with the Forestry Commission Research Branch dfficer
concerned, Mr. S,A. Neustein, (Silviculturist North), The study
of the soil chhracte'ristics previously reported were to support
this seedling assesement and to explain some of the variation in
tixe population growth.

Site conditions on which Sit‘ka. -spfuc;e seedlinkgs dre success«
ful have been examined by Day 3:51957). Howeﬁs (1966)}, and
Fairbairn (1967). Conditions limiting fhe esta.blishxn-ent of
regeneration of associated spruces is reported by Day (1963) -
Engelmann spruce), Jarvie et al (1966 - white spruce) and Sutton

(1968 - whkite spruce). The factors summarised by Sutton are:
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climate, especially drought
litter, (depth)

crown cover, (density)
site, (especially soil)
lesser vegetation

animals

seedbed

seed supply

These may combine unfavourably to prevent the successful est-
ablishment of thé regeneration. Day's (1957) study shows how
Sitka s‘pruce'éeedlings in the natural forest are to be found on
disturbed micro=-sites raised 'aﬁwe the general ground Ié'vlsrel; or
on upturned mineral soil and on seedbeds cleared of veget,a;;ion
competiﬁon by recent-natural, firesj; On wet sites he found Sitka
spruce. on soils flushed by lateral water movement or a fluctuating
water table. He c_oncluded that this is a response to the available
rooting space. Day (‘1964) and St;tton (1968). point out the adverse
effect of 2 short dry\aéell on seedling survival, Day.{1963) and
Gregory (1‘956) discuss temperature build-up on organic matter
seedbeds which leads to heat lesions on seedling stems. Peak

surface temperature values reported by Day (1964) are:

humus 43°¢
organic matter .38:0
decayed wood 3800
sandy lpam 40°C

while Gregory -(i956) reports 45-47°C on humus seedbeds in Alaska.
On moisture receiving‘ sites in Alberta; Lees {1964) showed that
local aﬁd short-term flooding contributed to seedling mortality.
‘Short periods of imm-ersion were tolgrated by white gpruce seéd-

lings, but 14 day immersions were lethal,
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Secedbed studieé with shading and watering regimes were
éarried out by Fourt (1968) and showed that shaded seedlings of
Sxtka spruce grow faster, but that reduction in height growth, a.
response to drought, is less in the open. Drought stress was

asgociated with aphid attack and potted stock in the open and under -

94

partial shade was affected. The association of drought and attack

by Elatobium abietina, reported by MacDonald (1967), further

supports thie indication. The deleterious effects of lack of water,
shading, or fe'rtilig;er. were offset in Sutton'l's‘(1968) white spruce
studies, by deep culti;ration. Seedlings on cultivated seedbeds wérxe
better abie towithstand lim-i.ting conditions of moisture and light.
Howells {1966) records that Sitka spruce produces geed | year in
four with no serious seed— losses in the cones under stand conditions
in Great‘Britain. Seedfall continues throughout the winter months
with appreciable -as:eedf-all in March, Seed losses on the forest floor,
he records, are gerious. Best germination occurred on prepared
seédbe;.is of mineral soil, while the germination rates on littgr were
low. Light affected growth with an increase from 0-70% of fulll
light, and decrease from 70%-100%. Feirbairn (1967) shows
increased growth of Sitka spruce seedlings from 6.25-100% full
light. Germination rate, Howells found, was dependent on the

. moisture content of the substrate, Little short of a 'wet blotting-
paper' co_nd.itir.:-m wae adequate for satisfa ctory germinati.on; Under

conditions of reduced relative humidity mineral soil was preferable
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to organic matter seedbeds. IHowells records seedlings losses
. because of washing-out, lack of light, and drought on litter seedbeds.
The 0.1 acre gaps at the Forest of Ae provided the oppor-

tﬁnity to assess a range of such conditions in the field, The
Forestry Commission samples T»;Jrv.'a::-e established to monitor regen-
eration in four 0.1 acre gaps of which two fell within the cdurrent-
study area; on the deep peat and oﬁ the peaty podsol. | The t;i;;iect

of the investigation was; "To make & preliminary assessrpent_oi
seedling survi;val on a range of :r'xiéro-sites‘within small clearings
in a Sitka spruce plantation'. The results of this survey to date
are included in the current work through the courtesy of the Forestry
Commission Rese&rch Branch,

Rooting Depth

Methods
In December 1966 seedlings were sampled from randomly

selected % milliacre quadrats in the following strata on a peaty gley

site at Ae:
South stand 50 seedlings
-‘South gap margin 40 seedlings
Gap centre . . 50 seedlings
Drain spoil 10 seedlings

.The seedlings were lifted from the soil, bagged and taken to the
laboratory. Total height, root collar stem diameter, maximum
- rooting depth and maximum root extension were measured for each

seedling, Regressions were developed for height growth, i e.
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TABLE 10

SEEDLING HEIGHT, DIAMETER AND ROOT GROWTH
Seedling helght = sten dl,ﬂgetel + mot"2 length + mtss depth

Sta

aggepepts

1. All varisbler
' | Height(F) = -0.:85 + 59.4X  + 0.017% + o.,“s»axg

2

$.D. | “g* (46 df)
b . 8.0 : 7. 38 ' o :
b2 5.350 . 0.82 M5 4 9.77
by 1368 S g g

2. Ht/Stem diam. | .
' Helght(Y) = -0.51 + 76:1X,
5.D. . ¢

b 7.5 -~ . 10.804" SN X
Margly ’
3. Allvariobles

Helght(Y) = 0.9¢ + 43.3X, < 0.15%, « 0 18X

s.D. i i
b, 7,264 8. 927% o
b, 0 088 1.7 NS ¥ 0.68
b, 0.905 : - 072 NS
4 Ht/Stem diam.
7 Helght (Y) = 0.957 4 42.89K
s-b- ‘ ugﬁ
b 9 015 4,76 xa 6. 56

Cemtre
B. All variebles -
| Helght(¥) = 0 87 + 45.076X, ~ 0, 101X, + 0. 268X

2 3

S. D. . wgm . .
b .03 4. 99 o
b2 8. 031 1.852 NS r  0.41
b3 2.118 1,380 NS

6. Ht/Stem diem.
Helgha (¥) = 1. 2067 + 41.¢'_?8X1
5.0, Tt
2

b 1, 466 2.830" r 0.31



Figure 23

Ht, -

‘1n5.

8eedling Height and Stem diameter, Forest of Ae

Stand

Margin
Centre

{every 5th seedling plotted)

oy ' ) 1. \ [ : I

.01 .02 .03 .04 ) . -05 c%
Stem diameter, inches
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seedling total heightin inches, and stem diameter, rooting depth
and root extension. Height and stern diameter relafionships were.
.“La;lao examined.
Results

These regressions accounted for & highly significant
(P %£0.01) amount of height growth variation {(Table 10). | The“
‘regression of height growth a,r;,d étem diameter also accour.\,:i';;djffo.r
‘2 highly significant amount of height variation. The variance raﬁ§

was highest under the stand and lowest on the south stand margin.
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Reg;éssion )
.When the variance ratios of the residual mean squares is
estimated (Snedecor énd Cochran; 10.21, 1967) it is apparent that
there arc; e.ig'niﬁcant differences in this 'F' ratio for f,egre_esions.
The st.and 'ma_x;gin' and gap 'centre! ¥eéressions are significantly

different from the ‘stand' regression for seedlings sampled beneath

the overwood. (Figure 23).

Residual M, 8. ‘Variance ratio 'F' . 2-tailed test
Stand - - 0.081 s, 50% 4, 34%
Margin- - 0..2872‘ .. . t

Gap centre | Q._w352 _ . 0,80 N, S,

Théxé is an i;'xcrea selin_ height growth and extent of rooting
from un_ﬁer thle ‘stand to the gap centre. This maj be a response to
increas,in-g light. Because of. the we;l: sﬁbstraté and poor aeration of
the rooting zone, root 'growth iﬁcféases laterallglr, rather than
vertically to give increased s;:_em-diaméter‘ and height. On drain
spoil wi.th ;:ni;ce;i organic matter:and mineral soil, a substrate placed

above the peat surface, vertical root penetration increases. On all

sites there is 2 response to root extension., (- = = . 3!

* Lt T —

3 The roots, which cannot penetrate vertically must ramify

laterally.
Discussion
Because of the number of damaged leaders which may be

encountered during such a survey, the use of root collar diameter
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is a useful index of growth and vigour, particularly where discarding
of leader~damaged seedlings would seriously reduce sample numbers,
This initial study showed a severe liﬁitation to seedling
rooting dei:th; The roots were restricted mainly to thé litter and
decompésing litter layers, horizons L and F c_»f these peaﬁy aoiis. |
and did naf: penctrate to the gid Molinia peat underneath. M@%imum
rooting depth was 2.5 inchea.- Planted stock in the gaps showed a
aimilar-résponselgf_ter 4 grdw,ing seas.ons.. . Advance growth and
regeneration from 1962 and 1963 ipteriei'éd with the routine re-
mea-aurement of Forestry Cqmﬁisﬂior;,transplanted stock, so that
when so,m=e were _vﬁeeded out and examined they showed a rooting
dgpth qf nolt more than 4 inches .and- a lafe;al root extension of up to
24 inche.‘. Natural seedlings are supplied with adequate moisture,
aeratién and nutrients in the apﬁer,orgﬁnic horizons of the sites
sampleci. The modification of rdoting pattern of planted stock from
vertical to horizontal orientation indicates that conditions further
down ti:e organic profile.are ﬂnt_suitable for efficient root growth.
Lateral root .egtension of the ‘_nfztural seedlings supports "thiﬁ _
observation. Of the see&iinge'examined for the regeneration ass-

essment discussed below, maximum rooting depth was 4, 0 inches.

Stocked Quadrats

Introduction

Stocked quadrat surveys are widely used in ecological
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(Kershaw 1966) and forestry (Candy 1951, Grant 1951, and Ker 1953)
:;'egeneration assessments. Presence or absencerf specimens
within the quadrat boﬁndary is expressed as a percentage for the
total number éxamined. Area computation is possible, though
subject to ;,:erta.in limitations because ' of the small area of samples
involved (Ker 1953), Grant ‘(I1951) stresses the need for selection.
of a suitable-quadra-t size and the desirability of recording stocking
levels based on 2 standard quadrat size, "l'I‘hus a‘-i- milliacre orx
l,(«-3;000 acre qﬁadnat-.was selected because of seedling numbers and
size, and resulting stocking is converted to 1 milliacre (111000 acre)
size.

Methods

Cn a 2 chain N-§S transect through the 1/10 acre gap centres,
re‘generatic;n was sampled for‘the three soil types. There were
therefore 40 contiguous -};— milliacre quadrats and these are sorted
in 4 groups of 10 quadrats, 3 cham sections.

- . N Stand
N Gap
S Gap .
S Stand .

A stockiﬁg tally was made in April 1‘9.6_8 and t.he tallest
seedling in each quadrat ‘perma'nentle marked with colou;ed plastic.:
ribbon, | Séédlihgs germinating only since the opening of the study
gaps in 1962 were counted,

Results

Stocking to Sitka spruce seedlings is presented in Table 11



for 4 strata across the transect and three soils.

TABLE 11

REGENERATION STOCKING ON THREE SOILS 1968

Soil type

Position " Peaty Podsol Peaty Gley Peat

- L 1 Y 1 _ ;’:- i
N Stand’ 70 99 100 100 100 100
N Gap 80 99. 5 90 99.75 100 100
S Gap 70 99 : 80 99,5 60 96.75
S Stand - 20 58 70 99 90 99,75
Overall 80 99. 5 85  99.7 83 99.6
$ = 1/40(50_&(::3:' e

= lﬁooq.acrg (Conversions after Grant 1951)

1

Overall regeneration stocking levels are very high, and represent

a high seedling density per acre. There is an increase in stocking

from South to North across.the transect.
[

- The distribution of age classes recorded for the tallest

seedlings on each quadrat is tabulated below.

TABLE 12
Age Class

1-2 2«3 3.4 4+ Sum
numbers of seedlings

Peaty Podsol é 16 5 - 27
Peaty Gley 4 13 15 5 37

Peat s C - 7 ' 5 il 11 34

102
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The presence of larger numbers of older seedlings on the
wetter s0ile may be an indication of a better germination rate and
higher survival on these sites,

Discussion

These regeneration stocking levels represent a substantial
seedlir;g population as a result of the creation of the small gaps in
the canopy. In the first few growing seasons following cutting a
suitable seedbed has existed but "vegetatioh encroachment is rapid
and within 4 g;*owing seagons (1966) there are very few areas free
from severe vegetation competition, A visual estimate of the

percentage vegetation cover was:~

Peaty podsol - 95%
Peaty gley . 100%
Peat 90%

When this competition is sorted into three classes,

rating
Light - side competition only 1
Moderate -~ side competition and
some overtop 2
Heavy - mostly overtop 3

the three soil types show the following degrees of vegetation competition

Table 13

VEGETATION COMPETITION

Light Moderate Heavy
: 1 ‘ 2 3
Peaty Podsol 72.5% - 20. 0% " T7.5%
Peaty gley 62.5% : 35, 0% 2. 5%
Peat 57. 5% 42. 5% 0

As the establishment period for regeneration progresses, vegetation
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competition becomes more severe on the drier sites. The peat
gite is less favourable for vegetation colonisation and seedlings
there will have less competition for light and nutrients., When
these competition ratings (i. e. l, 2 or 3) are summed for positions

across the gaps the following pattern emerges,

Table 14

COMPETITION RATINGS

Peaty Podsol Pecaty gley Peat Total

N Stand 10 12 12 34

N Gap 20 14 14 48

S Gap B 14 .18 19 61

S Stand 10 12 12 34
Total 54 56 57

Seedliﬁgs in the gap centres have strong competition from vegetation
which must influence the distribution of the seedling population,

Seedling numbers and survival

Methods
Seedling numbers were recorded during the stocked quadrat
survey and the diatributi_onacrdss the transect is shown in the
accompanying figures. Four .l/l‘O acre gaps were sampled and two
of these coincide with the deep peat and peaty podsol sites of the
current study. Every third quadrat along the N-8 transects was -
tallied and all regeneration niafked with a pin and coloured plastic
flag., The seedlings were divided into three‘ populations, before 1963,
1963 to 1967, and 19‘68 germinants. 'Thle quadrats were inspegted

‘ monthly or following major climatic events.
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' The study of seedling survival is being continued by the
Forestry Commission Research Branch. -
Results
The distribution of geedlings across the sample transects

is shown in Table 15, and Figure 24.

Table 15
Distribution of Regeneration 1968 (1962-1967 Seedlings)
PeatyPodssl 1 2 3 4 5 6 7 '8 9 10 Total

N Stand 4

3 2 2 3 2 3 2 27
N Gap - 1 - < 11 311 9 1 . 36
S Gap 13 4 9 -« - 7 2 3 3 . 41
S Stand - ® « = + 1 - 4 6 14 25
129

Peaty gley o
N Stand 2 6 10 8 18 10 6 6 2 3 71
N Gap 2 4 6 2 2 H 1 3 4 8 33
S Gap 1 4 2.5 5 3 1 « - 1 23
S Stand 3 2 6 7 6 2 - 15 7 3 51
’ 178

Peat

N Stand 11 9 16 9 30 15 27 6 - » 123
N Gap 7 11 7 5 3 8 9 6 & 6 68
S Gap . - - 3 4 1 11 - 2 5 5 3]
S Stand 4 1 6 3 12 . 8 1 2 2 39
’ : - 261

Seedling numﬁera decreage from stand to gap centre on all.
sites, A direct influence of competing vegetation is now apparent,.
Large secdling numbers at the north stand position for the peat site
may be the result of increased insolation following windblow which
encroached on the gap boundary from an adjacent severely blown
area,

Mortality rates recorded by the Forestry Commission
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over ';he period October 1966 to October 1968 have been highest in
the younger seedlings germinating after 1964. This younger
populetion has --éuffered the full ef,fects; of the encroaching ground
vegetation Iepéciany of the grasses. In the winter monﬁhs the

dead grass shoots form a mat over the smaller seedlings and fungal
activity was commlo,nly observed among heavy vegetation competition.

The field research foresters record drought and apl;id attack
as the probable main causes of mortality with only a few d_leatha
accorded to bi'rda end mammals,

Both physical a:nd biochémical facets of vegetation ;competi'tion
were observed especially where the ‘vegetap;ién was matted on top of
smaller seedlings. There was loss of rigidity, yellow discolonr-
ation and 2 mat of fungal hyphae. The loss of seedlings because of

drought and aphid attack in June 1967 was particuiarly interesting

on thesge three wet gites.
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‘ _Heig_ht_,Growth_

Int_rc_xd uction

A clixmped distribution is common to most tree species
regenerating from natural seedfall (Ker; 1953). - This was obsewéd
by Day (1957) among Sitka spruce seedlings in British Columbia.
Since stocking levels are based on presence or absence of seedi ﬁgs
in the survey quadrats and seedling numbers are not necéssa.rily
recorded, something less than full stocking would provide 4000
seedlings per acre in the current # milliacre quadrat assesement.
Ker's (1953} figures show that the level would be closer to 50%.
Since the survey at Ae was carried out when seedling numbers are
high with high mortality rates during this period of seedling
establishment, the tallest most successful seedling in each stocked
quadrat is of particular interest. It ig the seedling most likely- |
to achieve final establishmert. While a study c;f less successful
seedlings would also provide valuable _iﬁfomaﬁon, it was decided

to carry out more detailed measurements on the tallest seedling on
each quadrat to assess gfowth responses to site conditions.
Methods

In April 1968 the téllest seedlings on each stocked quadrat
was marked with coloured plastic ribbon. At the end of the growing
season the follc_:wihg height measurements were recorded:

Total height in inches

Leader length 1968
Leader length 1967



Results o

The distribution of height growth for the 1964 seedling
populaei—on acroes th‘e‘ gaps is shown in Figure 24, Maximum
height dg.vielopme nt for tﬁ;ase ségdlingq occurs in the gap centres
. aﬁd towards the north edgelof the gaps.a. | ‘I‘hé most even distri-
bution of this p0pulation occurs on the peaty gley soil. A height
groﬁth pattern converse to that for seedling numbers is illustrated
in Figure .24. The surviving seedlings while if'ewer in number are
tél..ler in tfne gap centres and are the more likely to bécome well ‘

established. Leader lengths; are shown in Table 16.

TABLE 16
LEADER LENGTHS ALL SEEDLINGS .
(inches})
'Peaty Podsol Peaty gley : Peat
| 1968 1967 1968 1967 1968 1967
N. Stand 1.43 1,45 . 2.63 2.60 . 2.47  2.47
N. gap 2.54 2.00 - 5.43 4.79 7. 00 5,88
S. gap 2.32 1.96 4.39 4.25 4.14 4. 36
S.. Stand 1.75 1,25 - 1.23 0.93 1.17 0.89
2,01 1.67 .  3.42 3.14 - - ~3.69 - 3.40

The pattern of growth across the gaps is maintained by

the leader growth of .th'evlaf.t two seasons. In September, the

tallest seedling on each quadrat was lifted. The roots were washed

of soil and allowed to assume their original distribution as they
dried. Rooting depth measurement was then made.
The calculated regression of leader length on rooting

depth supported the relationships established during the first

108
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rooting depth study in 1967.- Leader length was ciirecﬂy .correlated
with_ciépth of rooting and the resulting relationship is shown in Table
17 and in Figure 25. Mean values for stand pbsit;ons within goils
are sbown. - The regression is based on all meagurements in - -
each transect.

-, TABLE 17

LEADER LENGTH AND ROOTING DEPTH.
ALL SITES

Leader length (Y) = -0.454 + 2.19 _Xl (rooting depth)

Analysis of variance

Source of Degrees of Sum of Mean F ‘!
variation Freedom Squares Squares X
. - ke
Regression | 120. 44 120,44 61.237
Residual 48 94.03 1.9667 ‘
Total 49 214.47% .
. S. D. l"t" rz ) N

06.2798 7.8254 0,56

The regression of leader length on rooting del;th accou_ixta for

a highly significant proportion of the variation.

E_ght Ases ssment
Light mea;s urement was made in ‘Sep.tember to examine
the role of insolaﬁon across each gap tran;ect. At each soil
moisture sample station, a photometer réa;iing of illumination in
lumens was fna.de at each cofner of the quadré.t' frame gsgd in the
seedling surveys. Since it took some mingtes to set up at éach
station, the full light comparison is only a general one with which

to compare the station means.. Results appear in Table 18.
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Figure 25

1968
Leader
1ehgth

inches

Leader length and Rooting depth
1968 seedling survey.

(
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O peaty podsol
X peaty gley
® peat '
mean values for gap
positions are plotted)

Rooting Depth,

inches



A high level of illumination is recorded io‘g- the north gap station for
all sites. The north gap ataﬁon' on the peat soil i influenced by
the adjacent windblow previously mentiqned. Lowest ingolation is
recorded on the peaty podgol site where the marginal stands are
denser and there are 4 .resiﬂual tiees within the -gép. '

W

. TABLE 18 .

LIGHT VALUES FOR THREE CLEAR CUT
GAPS AE. SEPTEMBER 1968

September 13 Light Values. Ae.

Stations round 1 metre , lumens
X
" Peaty 1, North stand 2231 2522 3395 2522 2667.5
Gley 2. North gap 1330 2470 1995 1710  1876.3
3. Centre - 140 110 140 140 132.5
4, Southgap = 1000 780 740 750 817.5

5. South gtand - 320 320 460 490  397.6
3. ‘North stand j10 80 130 130  112.5

Peaty 2, North gap 210 180 170 280  210.0
Podgol 3. Centre 940 590 780 880 797.5
4. South gap. 110 96 110 160 117.5

5, South stand . 140 130 150 130 1350
1. North stand 855 665 2885 380  546.3

Peat . 2. North gap 1850 6350 210 320 507. 5
3. Centre - 360 560 510 540 492.5
4. South gap 736 552 184 18¢  414.0

5. South gtand 420 380 250 120  292.5

110



-

‘Full light »zszz

September 18  Light Values. Ae
Statiorsyound 1 metreﬂg.’f.;- v lumens
: 1 2 3 4 X
1. North stand 910 780 780 500 | 742.5
Peaty 2. North gap 2697 2958 261 © 870 1696.5
Gley = 3. Centre 485 873 . 873 679 71215
4. South gap 485 1649 485 970  897.3
5. South stand 2565 2090 1520 855 1757.5
1. North stand 87.3 97 87.3 77.6 87.3
Peaty 2. North gap 164:9 135.8 174.6 106.7 145.5
Podsol 3. Centre - 417.1 213,4 349.2 378.3 339.5
4. South gap 77.6 17.6 67.9 56,2 69.8
5. South stand ' 591.7 106,7 291  106.7 140.9
1. North stand 1455 1843 679 582 1140.0
2. North gap 582 1358 970 970  970.0
Peat 3. Centre 582 582 679 679  630.5
4. South gap 485 194 388 291  339.5
5, South stand 97 126.1 174.6 135.8 133.4

3 p.m.,
Discussmn

He1ght growth mcreases in response to light so that the .

Rt e
WO e o

tallest aeedhnga are found in the clearcut gaps. The north section

of the gaps with hxghest msolanon has rnaximurn height growth.

-Height growth is correlated with root penetration, and to a lesser

extent to root extension, If rooting can be encouraged in to. deeper

soil h'qrizons increased height growth can be expected. Further
examination of height growth patterns across thé gaps would be
worthwhile: however such a stratification of the current sample
would not provide an adequate -populaﬁon of seedlings ir.;a elach group
There are real

and a more detailed analysis is not valid.

differences in height growth between soil types and between



locations within soil types. Rasponses to light conditions and the

associated- vegetation competition are clearly illustrated:

P refe rredr 'See;dbeds

Introduction

The seedbeds supporting the greatest number of success ful -

seedlings and the tallest seedlings, if they can be classified and‘ -
describe§ are a most valuable guide to suitable site preparation.

This had led to 2 numbeér of direct sowing trials to establish per-

i .

formance rates on a variety of peaty sites. Edwards, Zehetmayr -

‘and Jeffrey (1959) report trials of spot seeding on the variety of |
’ seedbeds pr‘gduced by thé ploughing patterns then current.
Promising resuits were obtained on mounds in the bottom of
furrows, and'the sheltered step portion on ploughed ridges wés;
better than the ridge top. Zehetmayr (1954) reports broadcast
seeding over the _turf profile in 1928 but the majbr rea;or;se was to
added fé-rtiliser'not microsite variation. Vegetation competition
was the most important consideration after thé first growing |
season, ‘I‘hé pot experiments of Harper, Williams and Sagar
(1965) with annual gr;dsées_ illustrate the utility of a 'safe site’.
for germination and growth. Sites in the crevices between rough
surface structured soil units were prefefred by the grasses. .

Day (1964) discusses preferred sites for hybrid Engelman spruce

"and white spruce in Alberta (Picea engelmani.j, Parry x P. _glauca
Moench} Veoss).

In' 2 moisture deficient growing season Day reports that deep
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organic soil seedbeds are preferable to shallow organic.soila-br .
mineral-. soils; :v}hile rotten wood seedbeds supported the ;higheét )
promrﬁ(m. of :seedlings overall. . Height growth and root extension
folloxyed a §imila,r pattern. Shade plgyed an,im‘_pq:t_ant part in |
preferred site selection and greatest heiéhtgr6Mh and root. |
extensio-n occurred'uﬁder light shade in Albertan conditions.
Spruce occupied 96.‘: 4% shaded locations and only 3. 6% open sites. -
Shelter was in the form of mounds, stumps, branches, shrubs, ‘
herbs and trees. | | o
Methods

During the regeneration sur;r-ey at Ae the seedbed in which
the tallest aeedﬁng was rooted was recorded. This -as-seﬂsr:ziéxit
- was checked at the end of the growing season when the seedlings
were removed for mecasurement. Micro-relief was assessed
using a topog:rag.ah. a series of pins pushed through a horizoﬁtally
mounted bar to the ground surface. The bar and stand fitted .
_ over the qua.'drat frame and were levelled at eéch quadrat. A 'profiie
of the wpogr:a.phy along the N-S line through the axis of -f;he tallest
ceedling was therefore created and the small variations in topo-

graphy meagured. ¥our seedbed types were recognised:

Spruce litter _ « the L and F horizons
peat (some mosses) - mainly ¥ and H iayer
Mineral soil - usually on top of peat because

of root pumping action or on
windblow sites ‘

Mixed . - . drain spoil



Micro-relief included;

Depressions
' Stump bases

Le vel
" Mound
‘Drainside

Other

Resulte
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= usually up to 4 inches deep ~
deeper had standing water

= seedling position relative to the
' stump

- undisturbed mounds

- beside drains but not on 5poil.

- No other preferred seedbeds
were encountered

1

.4

The d.isti'ibution of the tallest seedlings and their leader

length by seedbed types and micro-relief strata are presented in

Tables 19. 20, 21 and 22.

in the Appendix,

' TABLE 19

. The quadrat survey ;nfoaamatipn_appeara

DISTRIBUTION OF TALLEST SEEDLINGS BY

SEEDBED TYPES

S. 8. Litter

Peaty Podsol . 32
Peaty Gley . 14
Peat 100

Total 56

% 51,4

Peat

!
19
20
40

36. 7

M. Soil

5,5

Mixed  Other

7 1109

'6. %



| - . TABLE 20

. DISTRIBUTION OF TALLEST SEEDLINGS BY

MICRO-RELIEF .
Depression Stump ~ Sheltered Level Mound
Side
| £X. N. 5. E. W.
Peaty Podsol 9 9 3 2 2 2 13 3
Peaty Gley - 12 10 41 3 2 8 2
Peat 6 11 3 6 - 2 3 7
Total ; 27 30 - . 24 12
Yo 24.8 27.5 22.0 11.0
TABLE 21

LEADER LENGTHS OF TALLEST SEEDLINGS-
BY SEEDBED TYPES
(mean, inches)i-

S.S. Litter Bare Peat M. Soil  Mixed (Spoil)

. . with mo¢s P
Peaty Podsol 1. 62 2.00 - ©L.3L
TABLE 22

LEADER LENGTHS OF TALLEST SEEDLINGS BY
_ TOPOGRAPHY
- : . .. (mean, inches)

Depreszion Stump bases -Level ‘Mound Drainside

Peaty Podsol 1. 60 1.89 ©1.25 1,92 1.33
Peaty Gley 2.00, 4. 44 3.36 3.59 5.31

Peat 5. ::4 4, 54 5,33 1.063. 1.91

(F;gures zinderhned in Table 17 indi cate low sa.mple nu.mberl)
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3
5
8
16

14,7



Most seedlinés occur on‘ bare Sitka spruce litter or peat with
only a moss covering. This corresponds to the distribution with
stand position and vegetation competition since these seedbeds now
occur mainly on the stand margins. The some\_mh_at sheltered site
is favoured and a high proportion of seedlings occur in depressions
or at the base of stﬁmps. Mean leader g?owth is greatest on mineral
s0il but this seedbed is not well distributed and the sample numbers
are small. Bare peat with a moss cover which probably developed
after cutﬁng. gives a high growth rate while the spruce litter is not

capable of sustaining vigérous growth. The gheltered seedbeds give

a considerably highéz-, growth rate on all soils.

Discussion
Most seedlings grow in the shelter of stumi:s résulting from
‘the 1962 cutting. They were general}y rooted in the remnant of
the old peat turf which formed a slope around the butt swell and this
contributes to the high occurrence on the ‘peat’ seedbed type ‘and the
relatively high growth rate on this seedbed.
This infomaﬁoﬁ and that presented in the rooting depth study
points to a preference for a well aerated seedbed which may be p#o-
tected against the effects of drought. The stump site provides a
moisture conserving microrelief between the old tree roots and
shade from insolation during dry spells. The depressional micro-

sites were associated with successful growth on spruce litter. The

116



dépresaions had ';B_imply filled ﬁth .ghiq material and.the ;nicrorelief
was 'no-t revealed untjl the pins crpf‘t'h_e topograph were pushed through
to a resistant datum, . This aléo points to'a well aerated layar. of
partially decoﬁpoaed mat;arial on’ toﬁ of the -61& Mqlinia peat. ,;The
depression ié an indication of thé need forunraoi.sture conservation
during short stress periods. The mineral .soil and mixed spoil
seedbeds though available in only widely slcaétered locations or along
drain sides in the gap areas are néyerthelesé well stocked with
vigorous seedlings. ’

The tallest séedlings .per quadrat first identified in April
1968 were uot necessarilir the tallest at the final .assessrr;ent in
September 1968. In a small number of quadrats, ab§ut 10%. the
current year"é growth of tallest seedlings wae less than anofher.
. The years of regenération estabiishment seem.. to be a period’ of
grbwth res'pon‘séﬁ to a wide range of microsite factors on these

small areas.

117
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Germinant Survival 1 968 )

.i_r;trodu ct1 on

‘F_ror‘n‘ 6ctc.:ber 196? to March 1968‘: the ‘ett'idy area was
visited sevén tifnés‘ andon -eacﬁ occasion "Seedi'a‘li"vsias iobsarvled.: 7
Seedfall was‘ pérficulaﬁrh;'m.aticeable in =rl\defsim:h f_fon;u ‘wi;'zdblowx; trees,
and the cone bea;‘ing brél_lches lclése to th;ez gro.u-n_c! were seea to
sgattex" séec’i. - Good ééedling germimtiog w:r'..-.ls aﬁticipated;‘ ‘Howells"
(1966) study. of ge_rminat;on on a variety of seedbeds showed faster’

| .germinaﬁon rates :orn fzﬁileral E§11 than tl)n' spru_ce!litte:-r. with mm;s
scedbcladsl interme&iate; ' Final g-ezmination values, Howells.reﬁorts,

were not significantly d_if_f_‘ér-ent.u Germination was affected by con-

trolled conditions of relative humidity and moisture supply. Studies

of germinati&n of-Canadian _&sprucés on a.varjety of seed§eds undere-
line the ‘prefe,r‘ehce icx: minéral soil and n;x:i#t;d‘.ae.edbeds. (.}érvis ;'
et al 1966, Sutton 1968).

'_I'-hé‘seedli-n_gs“ge;rminating in sprii}g 1968 at Ae Prdvidea

t

an oppormﬁity to examine preferred seedbeds further and to assess -
first growing .seas@i mortality. ” |
Methods |

In June 1968, and after most germination was. complete,
the new seediings o-z.: each regene:ratiém quadrat were marked with a
wooden tootﬁpiék. - A retaily was .c;mpleted in September. Many of

the seedlings had diséppea,red from the germination site.. A few

were found standing dead and others fallen down and still present.
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Re_s_ult__s_
The m_itga_l_ and final tallies are summarised in Table 23,
and shown in Figure 26,

‘%\
. " TABLE 23

SURVIVAL OF 1968 GERMINANTS
Percent
Soil mean North stand North gap South gap South stand
g

Peaty podeol  86.6 83.5 80,0 93.7 81.7

Peaty gley 76,4  91.5 34,0 50.0 53,5
Peat Loss2 924 2.4 100 94,1
Position mean  87.4 73.7 92.9 - 79.2

~Since ﬁts is the sixth growing ﬁeaaon since the gaps were
felled, the pattern of seedling distribution is an index of vegetation
encroachment and the availability oi the 'wet blotting paper' type of
scedbed. Pegcent loeses are higher for the exposed sites towards
the north gap. | Survival is best on the wettest peat site and under~
lines the potamial; dryness of the super‘ii;cial rooting zone.

To this information is added the summary of mortality
from the Forestry Commission tally of 1968 germinants. Losses
bgtween June and November amounted to 21%% Death was attributed
to & heat/drought combination, carly in the development of the
seedlinge, because of superficial rooting. Greatest mort.allfy

occurred 'among geedlings beneath the stands,
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C9 Peat site 4% mortality
C3 Peaty podsol 20% mortality

The Forestry C:om,misaion r_egorda confirm higher mox;tality
on the peaty podsol.
Discussion

Mortality among the ﬂew germinants wag low considering
the paucity of available preferred sites as described previously.
The type of damage was s brown coloured constriction at the root
collar at which the ;eedling breaks off Iand of.ten blows avéray This
is comparable to damage by damping«~oif fungi but the cause of death
is most likely to be a drought/heat stress. Day (1963) describes
such damage among spruce seedlings on droughty sites. Day (1963)
and Gregory {1956) also refer_ to high surfage'temperamre on
litter seedbeds and Day (1964) describes heat lesions and bark
necrosis duelto_this cause. The standing dead seedlings collected
from this study showed no such obvious signs under the binocular
microqcope. The meaterial wee too badly ‘degraded for further
micros;opic examination. Smothering by vegetation accounted for
mortality among those seedlings not rooted on bare seedbe:is. The
pattern_of eeedling mortality will be observe;d by the Forestry
Commission Research Branch using the ‘pe.rmanently marked

seedlings on 4 sites. _Sbme consideration should be given to assessing

scedbed surface temperature build-up,



Further Study

The further examination of the range of seedbeds sampled
in the above study should be pursued Cempetttion with ground
vegetation and between spruce seedl_inga in clumps will lead to the
establishment of dozﬁinance by barticular individuals. The aseess~
ment of growth of the tallest seedlings will be followed by the
Forestry Commission Research Branch progralmﬁ;é until establish-
ment is ﬁsstu:ed_. The role of natural regeneratioh in restockin{ |
these forests may then be assessed., A desirable or préierréﬂ
seedbed may rth,en be adequately'deac;-ibed and an improved assege- .
ment made of posspible site preparation fo;- regenéraﬂon for second
rotation spruce stands . | |

- Summe_trx

Stocking of thriving epruce seedlings in simulated wind-
blow gaps at Ae Forest was more than adequate. The small samples
taken represent a considerabie population of seedlings thrqaghout
the forest. ‘Forty years of tree cover and site improvement by
draining have created a r;:nge_ of seedbed conditions which is

Feceptive to spruce germination and seedling survuval.
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The scedlings are rooted in the well-aerated surface organic

soil horizons and are mainly restricted to the spruce litter layers
Rootes do not penetrate the well decomposed old Moiinia peat.
A pattern of seedling distribution and growth acrass the

gape has emerged. Numbers are highest on the stand margin and
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just a short distance back (4 chain) into the stand. Numbers are
lowest but growth rates are best in the gap centres where light
increases growth bu.t vegetation compeﬁﬁon is most severe,
Seedling survival studies carried ;mt the the Forestry
Commission Research Branch show that a drought/heat combination

accounts for most losses (16%), and attack by Elatobjum abietina

follows drought stress,

Numbers of 1968 seedlings were highest on the pesaty
podsol but survivél was better on the moister sites, Seedlings were
generally able to survive on miclx"osit-és which were moisture con~ :
serving, such as in tree stump shelter aﬁd in small litter filled -
dep;:essions. Survival rate was 79%.

DROUGHT STRESS

INTRODUCTION -

Relétive turgidity of plant tiésua is a measure of the cell
water content. It is determined by welghing fresh material which is
then allowed to reach full turgidity in an enclosed saturation vessel
and reweighed. After ovén drying to constant weight, the relasive
turgidity is calculated from the formula,

RT = Eresh weight « oven dry weight x 100
Saturated weight - oven dry weight

(Clausen and Koslowski 1965)
It thue measures how water aeficient the tissue was in

comparison to the fully saturated etate. Kramer (1955) points cut
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that this assumes that the fully turgid state is optimum and desirable.
It provides a oi_mplc msasure of lack of cell moisture for any given
set of conditions. Low levels of relative turgidity are rccon_icd at
both ends of the soil moisture scale and Bannister (1964) shows a
relative turgidity response in heath Plants to waterlogging as well as
to drying out.  Weatherly (1950) and Barrs and Weatherly (1962)
pPresent the technique in perepective using cotton leaf discs floated
in water in the saturation chambar. They stress the effects of
experimental technique on the resuilts achieved and enumersate certain
potential errors. The material when first weighed should be fresh,
the saturation period should be ag short as possible to prevent cell
injection with moisture, and a constant temperature, about 209C.
should be maintsined.  However the technique, if carefully used, is
simple and repeatable, giving consistent results. The relation of
this measure of moisture stress to sofl moisture tension has been
the subject of several studies. Rutter and Sands {1958) used tension-
metors and gravimetric samples to relate soil moisture tension to
needle turgidity in Scots pine. They ocutline an important diurnal
variation with 2 minimum around 11.00 and 15 00 hours. Highest
point they report was sunrise when the leaf turgor was in cquilibrium'
with the #0il moieture content. Slatyer and Barrs (1965) report that
despite the variations in results bccaufo of technique:

It (R.T.) has proved to be a quantitative and

valuable index of internal plant water deficits,

¢xcept under conditions of only slight deficit
where it has been found relatively insensitive’



Pharis (1967) uses relative cell water content as an index of mois-
ture relations of trse seedlings over a 2 yoar period and recorded
highest levals in early morning samples, lowest in the mid- '
afterncon. He also established lethal levels for 4 conifers in a 1966
study.  Kramer (1959) says

'The effect of a given relative turgidity is not the

same in all species; hence the critical level pro-

bably must be determined for each species and

perhaps even for each variety’
Because of drought mortality recorded in the 1967 regeneration
tally by the Forestry dommiuion Research Branch and the obvious
aphid infestation following & June droughty period, it was worth-
while to adopt some measure of drought stress for the Sitka spruce
soedlings in the current study. Since it has equal application to

waterlogged as to droughty conditions, relative turgidity (R.T.) or

cell water content, was selected.

METHODS AND RESULTS

Three ltﬁdiu were conducted to examine drought stress
in spruce seedlings. The first, in the field, croated drought con-
ditions around patches of natural seedlings ueing polythene tents.
The second in the laboratory determined R.T. levels for potted
seedlings drisd-down to permanent wilting, and the third sampled
the natural seedling population throughout the 1968 growing season
to determine whether lethal levels were approached at any time r.;n

wet sites. A standard technique was developed for all atudies :-
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Between 11.00 hours and noon, aémple ecedlinge were |
.clipped at the root collar and weighed as soon as possible. in the
field ueing bégged seediiﬁga this was completed within 6 hours, in
the laboratory Within 1 hour. The seedlings were then aawa_t_es?
in a plastic loaf pan with a close-fitting clear plastic lid. The cut
stem ends were pushed into 2 % inch bed of clean coarse sand and
the seedlings remained upright as shown 4n Figure 28.

These were placed in an incubator at 219G for 30 hours.
A pilot study of water uptake showed that there was little weight
gained after this period. The saturéted seedlings were then
blotted surface dry with tissue paper, reweighed. and oven-dried

to constant weight at 1109C. Needles of two age clasaes ag well

as whole seedlings were sampled and resulting R.T. levels appear

in Table 24.
TABLE 24

R T. TEST LEVELS FOR NEEDLES AND
) WHOLE SEEDLINGS

Sample Current needles Last year's needles Whole seedlings

1 92.2 98.2  96.4
2 . 92.6 91.4 92.3 |
3 86.1 91.2 97.5
4 90.5 89:7 . . 92.6
5 80.3 , 84.8 9.0
8 84.6 91.3 94.2
X 87.7 9.1 - 94.0

The whole seedling values are not eignificantly higher then needles

{p £ 0.05).
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Figure 27. Polythene tents to induce drought stress.

Figure 28.  Saturation chamber for R.T. determination.
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Since the tree seedlings are made up of tissue of different ages it
was felt that this was a more reliable estimate of drought strees
than levels in ncedles alone. In the saturation chambers the seed-
ling clso had to make use of 4 more natural water transport system
than a cut needle ér leaf disc. Another interesting whole aee&ling
technique is used By Pierpoint (1967) who places the clipped seed-
ling in a pressure vessel -éné records pressure at which céu sap
just cozes out of the cut end, held in & soft rubber collar and eﬁ-

poeed to the atmosphere.

1967 Field study |
In August 1967 following the ob;qrvation of drought stress
in naturel seediings, 2 small polythene tents op wooden frames
were placed over patcheé of natural seedlings in the gap centre and
north stand locations at the peaty gley sites as shown in Figure 27,
Casella z‘hqumthgrographs recorded conditions in one of the tents
and in a Stevenson gcreen at ground level in the open.. A com-~

parison of conditions is presented in Table 25.
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TABLE 25
RELATIVE HUMIDITY AND TEMPERATURE
- IN THE TENT AND IN THE OPEN
Date ‘ TEMP. °F | RH. %
Tent Open Tent Open
‘ Max. min. Max. min, Max. min. Max. min.
July 7 . 81.5 46.4 72 43 100 52 100 76
July 14 - 90.5 46.4 82 48 100 33 100. 68
July 23 82.4 41.9 T4 43 100 ° 5¢ 100 : 100
July 28 90.6 44.2- 15 - 4} 100 5¢ 100 88
August 4 : 78.8 44.2 12 43 100 54 100 74
August 10 - 75,2 42.8 12 43 100 51 100 - 72
August 17 69.8 45,5 .70 43 100 64 100 T2
August 24 L7340 a2 72 0 45 100 60 . 100 - 78
-September } 5.2 43.7 60 41 100 56 100 80
September 15 66.2 42.8 58 38 - 100 78 . 100 90
September 22 55.4 37.6 58 38 - 100 84 100 92

A small degr-ge of drought was achieved bt_i_t iéomparativé relative
turgidity levels dxd not vary by more than 8~16%. 'Seedlings in the
gap centre were as able to avoid drying ae those under the stand,
(Taﬁle 26). At this period in the 1967 growing season, no visual
symptoms of drought stress were noted.

TABLE ‘276

R.T. LEVELS IN POLYTHENE TENTS AND IN THE OPEN

Date Gap Centre . Nereth Stand = .
) R.T.% (basis 2 seedlings per stratum)
_ Tent Open Tent QOpen
August 12 93.99 . 96,53 95.40  94.5}
August 24 54,90 76. 30 70.50 68.20
September 22 90.20 88.84 85.43% 89.22

X . ' 86.45 . 86.85

*



The R.T. levels from the tents and open locations do not
vary other than for a short period {n the week of August 21. The
temperature and relative humidity differential was sufficient to reduce
tent values in the gap centre to 16% bélow those in the open. Under
the canopy in the north stand however no such differences were
recorded.

l.aboratory Study

"Five h!j.ndrad 2 year old Sitka spruce st:aedlings were
supplied from spaced seedbeds at Bush nursery by the Forestry
Commission :Research Branch. They were tfanspinuted in Novembez
to plastic trays filled with John Innes number 2 compost and stored
in & cold frame greenhouse till required on January 23r¢i whén -i:hey
were placed in a light cabinet in the laboratory (Figure 29). The
light échedule for the cabinet was 1000 ft. cand,leg at the tray_ surfaces
and an 18 hour light, 6 hours dark cycle. Water was added every -
second day to a photographic developing tray containing eight trays
of ten seedlings. The rate was 450 ml. water to each tray after
starting at field capacity. Seedlings flushed on January 29. A
preliminary trial in November and December had indicated that a 14
' day dry-down periqd wm_;ld be 'aufficientltfo reach the moisture content
retained at 15 atmosphere by the John Innes compound (12.1%). The
moisture content had been reduced to 11. 6% by fifteen days and to
8.3% by the twentieth day. Porous porcelain sample cups of soil were

used to follow dry-down of the rooting compound in the seedling trays.
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On each day during drying, a tray of ten control sesdlings
and ten treated seedlings was selacted at random and the seedlings
were clipped for determination of R.T. A second tray of 10 treated
secodlings was selected and put on a re-watering cycle tc assess
recovery rates.

On the fifth day of the drydown pericd the newly flushed
leading shoots wilted (R.T. 73.4%) but recovered on re-watering
and in the saturation chambers. On the seventh day (R.T. 65.7%)
the needles became brittle and lost some green colour. They soon
yelowed but rocovery on re-watering was satisfactory until day 10
(R.T. 40%). Needle £all began on the twelith day (R.T. 36.3%) by
which time the seodlings did not respond to re-watering. Seedling
mortality assonsed by recovery on re-watering is shown in Table 27
together with R.T. levels. Re-watered seedlings appear in Figure 30.

TABLE 27 |

SEEDLING DRYDOWN AND SURVIVAIL

Day Soil M.C. % R.T.% Survival %
Treated Control Treated Control Treated

{re-watered)
0 47.6 47.6 79.6 79.6 100
1 44.0 46.5 81.7 80.1 100
¥4 45.0 48.6 86.5 89.0 100
3 42 .9 5}.5 83.1 90.4 1060
4 42.9 82.1 80.5 85.8 90
5 40.5 50.5% 73.4 84.2 100,
6 38.1 51.6 73.6 79.9 90
7 23.8 50.8 65.7 85.2 .60
8 17.9 48.6 40.0 86.0 80
9 17.9 51.8 52.6 86.8 90
i0 11.9 40.2 39.8 88.¢ 80

ii__““_ _8.6_ 40.§ 49.2 £9.7 “_ﬂi““_
12 6.9 41.7 3.3 87.0 0
13 4.0 47.1 26.1 88.0 0
14 4.0 45.2 48.2 90.1 0
15 4.0 43.8 15.0 90.4 0




k32

Figure 29. Laboratory study, light cabinet.

Figure 30. Re-watered samples from the drydown period, day 1
to day 16 are repreaented by the 16 traye.
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The ability of the seedlings to avoid dtﬁng_ out in the face of very.
low soil moisture contents and low relative humidity (32% day - -
45% night) and high air temperatures (12°F day - 56°F night) is
demonstrated by these R.T.. values. The limiting level rea.ched on
the twelfth day is well defined.

Tﬁesg levels provided a"datum for field as séssment in the
1968 growing season.

1968 Field Study

Each week during the field study & sample of 10 natural seed-
lings was taken {rom a peaty gley site using systematic sampung'
with random starts zlong the stand édge. Quring particularly dry
periods additional samples were made at the north end of the transects
‘across the other gaps and in some cases among the new germinants.
The standard technique waﬁ used for R.T. determinations. Results
are presented in Table 28, |

IABLE 28

SEEDLING R.T. RESPONSE DURING THE GROWING
SEASCN, ?EATY GLEY )

Location - ° R.T. (X mean of 10 seedlings)
Open stand X
April © 8 98.3 100.0 99.65
15 5.9 92.8 84.35
25 73.9 82.7  78.30
29 - 75.5 $6.2  79.15°
May 6 86.9 76.9 81.91
14 8.9 76.0 77.48
20 79.6 5.1 77.34

27 .. 7.5 67.8 .73.15.. ..
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Table 28 (Contd.)

SEEDLING R.T, RESPONSE DURING THE GROWING
' SEASON PEATY GLEY

Location R.T. ('i mean of 10 seedlings)
Open -~ Stand X o ‘

June 3 - 76.8 - 82.8 79.82
10 - 82.9 86.0 84.47 , '
13 84.3 « 10 peedlings from gap centre
. : 82 .4 (Péaty podabl)' it " " L
i ' 32“? (peat) L " " o
7 - 75.8 82.7 79.27
. : 85.7 6 seedlings from gap centre
. 24 85.3 85,7 85.48
July 1 84.4 . 94.3 -89.36
8 86.3 96.2 91.i8
1§ 95, 44 100.0 97.72
22 80.49 87.41 85.7)
29 91.16 81.22 87.43 : :
29 min = 48.14 max73.91 63.53 10 germinants from N stand
Aug. 5 - 89.77 84.22 87.06 .
‘ min  56.25maxi00.0 83.k5 30 germinants from N stand
. Aug, 12 - 84.16 75.95% 80.05 :
min  45.45max97.43 58.12 10 germinants from N stand
Aug. eo 98.18 95.87 97.02
- min  76.4max100.0 93,26 10 germinants from N stands
Sept. 2 98.27 100.0 99.14

IHR.T. levele approaching 40% are considared to be in the. lethal
range and 50% indicative of severe moisture stress, theae were
approached by 1968 germinants on two occa.ioxas- during the growing
eeason, These-aré:‘ | July 29 m,i:i 48.114%
: max- 73.914
mean 63.53%
Aug. 12 min 45.45%

‘mean 58.12%
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Excerpts from weather records indicated a relatively short durat,iqp :
of dry periods leading to drought stress in the au_p_érﬁc;iauy rooted
seedlings. No aym;ptoms' of waterlogging were recorded in the field.
DISCUSSION AND SUMMARY o

It is di_fﬂ.c_qlt to determine the relative degree of drought avoidance
and droug!l;itolarénce_in plants (Levit‘t‘ ! 963'). The ability of the

plant to take advaptage‘of relative alﬁ,mnsplferic humidity.- dew, and

to change the leaf q#ﬁ;gde, are examples :1’ avpida#xce. - Beyond that
level the stress bgtwglen root and top becomes greater and approaches
the limit of tolerance. |

| Because of the very low mois;‘\);rje contents likely to occuy in
the surface rooting zone of the Si,-tka spri;v;:e seedlings ,sa;mpled and
their ability to thrive, it is apparent that avoidance mechanism are
at work. Hoﬁever the a,ttributio_ﬁ ,of mé;-t;a‘nty to a drought/heat
complex by the Forestry Commiséion Reéearch Branch surveyors
seems to be supported by this study in 1 968 and by the onset of

apbid attack in 1967. The lethal level of 12 days drought with R. T
of 36% accérding to the laboratory determinations ie merely an | .
indication of tl;e 8cale of these eifecté . The conditions in the light
cabinet are qtﬁtg remote from field conditions. The potting com=~
post does not ixave the water retenﬁon caﬁaciﬁr of peat and has quite
different temﬁera,tu;e‘ characteristics. ﬁowever. until further

field sampling can bla carried out under drought conditions, either

in the open or under 2 tent, the 40.50% R., T. level is an interim
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guideline for moisture otress levels in young seedlingo. It is in the
same range as that reported by Pharis (1966) for Douglas fir, . |
Pondercosa pine and sugar pine ‘(4_:.3%) and by Jarvie (1968 pers. ‘comrg,)
for Norway spruce (40%), Scots pine (.3‘8%_) birch (40%), and asﬁeﬁ-(ﬁ‘l%) e
Kramer (1959) aptly sums up the need ﬁw §uch an in&ex of ino.isture
streas |

"Most of the controversy on this subject (transpiration/

soil molsture stress) could have been avoided had it been
realised more clearly that plant processes are.wcontrolled -
directly by the water content of the plant and only inherently
by the water content of the soil. If the diffusion pressure
deficit or the relative turgidity of the leaves had been
measured, it would have been poesible to correlate physio-
logicel processes with the water conditions inside the plant.
If, in addition, the moisture tension of the soil at various
stages of drying had been known it would have been possible
to correlate soil and plant water conditions with the course .
of transpiration and other processes. It seems that in

all studies of the effecte of water on plant growth, we need
an accurate characterisation of plant water conditions
(R.T.) as well as of poil water conditions: This is
essentizl to indicate when water becomes a lmiting

factor within the plant”,

SEEDIJNG RESPONSES TO AER.ATION LEVELS AND DEPTH
- TO WATER TABLE . :

INTB.ODUCT!O.P&

'I‘h;e response of tree seedlings to a variety of controlled
water regime,;s has been studied by Richard (1959), Marshall (1931),
Hunt (1951), ﬁuttér,_and Sands (1958), Ja'rvif; and Jarvie ('196.3),
Mueller-l)orﬁboia {1 964). Pharis (1966); and Sims and Mueller-
Dombois (} 968)_. Some of the measured responses to water table
depth have already been discussed when field meagsurements of water

table were presented. Generally, controlled environment studies
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have been conducted at the dry end of the moisture scale, (Jarvis .
and Jarvie 1963, Pheris 1966), but a bibMography on waterlogging
of trée species (Stransky and Dahigls 1964) lists 48 refefencea.-

The writer conducted an ~exper1manf in tolerance of tree seedlings
to flooding in 1963 (Lees l§64) in which white gpruce seedlings in
ttays were immersed in water and survival rates determined.foz: a8
variety of treatment periods, Mueuer-.-l)omboié (1964) however .
adopted a technique previouél_y used £oI;; studying Agrau species
behaviour to enable him to test é full :;a.nge of moisture regimes for_
tree epecies under controlled conditions. He compareci growth

responses of jack pine (Pinus banksiana, Lamb) red pine (Pinus resinosa

Ait) black spruce and white spruce. A wedge of uniformly, mixed
soil in watertight containers providgd a gradient from approﬂmal;ely
seven ixich.es above the water table to almost five feet above water.
iS;«:u;‘.cha were sown on the slope and ‘seediin.gﬁ iater thinned to even
numbers for each experimental treatmenf level. Once the seed-

lings were established, routine watering stopped and responses to. 7
water table depth were assessed after 11 months. There were fully
-water.ed contiols. Mueller-nomboisl was able to sixow responsels
to excess moisture and also to drought. The wet site species,

black spruce ﬁas ,nqi,i,c eably intolerant of drought.

Sims and Mueller-Dombois (1968) report the third in a series

of trialsusing the soil gradient in which the conifers were compared

in competition with common grasses. Grass corhpetitio_n reduced

the previous best growth levels on the slope.
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To examine responses of Sitka spruce seedlings to a soil
moisture and aeration gradient in peat, a controlled experiment was
‘proposed based on the technique described above. A peat wedge
would be prepared to give a smooth gradient from water table to a.
height al;ove water which might represent overdrained conditions in
a high ploughed peat turf. Because disturbance of the peat would |
upset agration conditioas and because of the difficulty of relating
the results to fie,lcl conditions, it was decided to use peat in Bitu.
A poorly aeratedpgai site Qas ‘chosen‘_ t;a ensure that umiting'conq
ditions were aampled. The following expéﬁment was designed.
METHODS o | |

On a moisture receiving site with deep peét in the Forest
of Ae a hole was dug to mineral soil aﬁ 36 inches depth. One eﬁd
was sloped at 30° from the water tabie level to ihe peat surfsce,
The peat spoil was used to extend the alope to 18 inches above the
peat surface and thus represent a plant.mg turf. A ditch dug out
to the nearest cross drain provided a spillway which kept the water
level just ahové the mineral soil. The slope, orientated North-
South was 10 feet long, 30 inckes wide to the ground surface and
48 inches wide above ground to prevent excessive drying of the
turf sides. The alqpe, is illustrated in Figures 31, 32 and 33. It
was complet;ed on ééril 29. Becaune' of a noticeable variation in light
conditions aiong the siope. thé hole was opened out at‘ the south or
bottom egd_, .i‘-.n a fan shape to increase iﬁsolat_ion. Since the site_

was under the spruce canopy., mainly diffuge light reached the
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slope surface.

Soi] thermometers sampled peat tcmperaturés at 1", 29,
4", and 8" depths at two stations on the slépe while 1" thermometers
were placed at the bottom and top levels. “Lateral water seepage
and rainfall maintained a constant water levsl at the foot of the slope.
Aeration status along the slope was as ses'a.ed usix}g the platinum
micro-~electrode. It confirmed that with the exception of the well~
aerated layer between superimposed peat and the ground auﬂace.

a smooth aeration giadient had been «;:reated.. Silver strips exposed
at 4 levels indicated that sulphides were present from water level
to within three inches of the surface, (Figure. 34.) .

On June 12, 19 rows of ten 8~week«old container Sitka
spruce seedlings were dibbled into the slope at intervale of 6 inches,
or 3 inches above the water, from water level to 54 inches above.
The teedﬁnga hagd been raised in the greenhouse at Tulliallan
Forestry Cornmission Forest Research Branch Nursery. The 3 -
inch plagtic tube containers were packed with a sand/peeat horti«
cultural mixture,

Al horticultural pot of John Innes No. 2 Compost waa
planted with 12 container seedlings and sunk into the peat at the |
lower end of the alopé 9 inches above the water. This was to gauge
the temperature and light conditions and prov;ide a control. At the
end of Septe;auber after the growing season the seedlings were lifted.
On several occasions during the'-ummef, aeration levele were

. measured, sulphide distributioo assessed and temperature along the

slope cheched.
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Figure 3l. View down the peat slope to water level.

| Figure 32. View up the peat slope.






Figure 33.

The ditch which controlled {:vater level at the foot
of the slope.
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Figure 34. Sulphide staining for four stations on the slope.
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RESULTS

Growth of the seedlings appeared to follow the moisture
' and aeration levels quite faithfully, (Table 28).,

There is an increase in aeration at the sandwich betwean
turf and peat snéface. otherwise there is a smooih aeration gradient..
Analysis of total seedling dry weights and root/shoot ratios revealed
that the levels were significantly different -whil;a "tH tests between -
individual levels 's‘i:_iowed that at the lower ;evels the seedlings did
not develop beyond their greenhouse growth, . Most of the bottom
three levels' stock was dead. Further up the slope from level 8 and

assumed : .
2.0-24 inches above[the water table, the seedlings put on top growth
and roots emerged from the containers .ﬁnto the pe_:ét (O.D.R. 6.22
Agm 0,/ emZ/min. Differences between adjacént levels then became
significant. Seedlings representing éach treatment level are shown
in Figure 35. Growth improves markediy above the peat surface

(.D.RA2Z). - . .

Ai the top of the slope the growth continued to improve, f.e.
54 inches to wa'ter OC.D.R, 17 ngm Ozlcm.?‘fmin. The last row
of data in Table 29 are values for the control horticultural pot which
show that growth qt‘ the bottom of the slope was limited by soil
moisture and aeration and not heat and light. Control temperature
obeervations. are summarised in the Apf:éndix with the "'tV teéta

between individual levels.
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GROWT._I-_IGF SITKA SPRUCE SEEDLINGS ON A PEAT SLOPE

(basis 10 seedlings per treatment level)

Level Depth o water Total seedling Wt.

inches Ovendry grms.

1 .0 0.013

2 3 0.018 -

3 6 0.017

4 9 0.027

5 12 - . 0.026
6 15 . 0.039-

7 18- 0.025

8 . 21 0.048

9 24 0.032 .
10 27 0.044
11 30 6.037
Peat surface

12 33 0.050

13 36 0.076
14 39 0.061
15 42 0.053

i6 .45 ¢.110

17 48 0.107

18 . 81 . 0.098

19 54 0,149
Control
20 10 0.596
Analysis of Variance
Ovandry Seedling weiglai ‘
Source of degrees of - Sum of
variation Freedom Squares
Treatment 19 0.2368
Error ~180 0,1641
Total

199 0.4008

Root/shoot ratio {level ! omitted)

Source of
variation

Treatment
Error
Total

. Degrees of Sum of
Freedom Squares
18 3.9582
171 20,9881
189 24.9463 |

Ehaotlshoot
ratio.

0.479
0.254
0.250
0.180
0.181
0.313
0.147
0,154
0.374
0.360.
0.249

0.360

0.554 .
0.358.. . .

- 0.521
0.544
0.623
0.449
0.453

0.491

.. Mean
~ Square

0.0125
0.0009

Mean
Square

0.2199
- 0.1227

Oz Diffusion
Cuz-rent

- = w A .

-

OO R I WA Y e
- .« L] - -
= O Db DD OO e

.

P N N X

. - E

i i g g -
W OO e

W
-

13.673%w

1.792%

Variation in aeration status was very small during the sampling
period (‘I‘able 2%). - -
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TABLE. 29,

SOIL ASRATION ALONG THE SLOFE

Diffutton curreat = 0.6V applied &t 3 in. depth for 2 mins.
’ {Basis 2 stations between each level)
.Date , Treatment Level
i 2 3 & 5 "6 1 s & w0 u 13 1B 14 15 .16 19

jme 19 118 2075 3.88 575 2.75 526 485 495 500 680 .05 138 085 1295 12,35 1318 12.25
My 2 20 20 .22 82 20 26 35 8.2 44 50 107 116 1.6 120 .35 1625 IT.O
Augmt28 2,85 225 215 495 4.25. 5.6 492 52 575 505 8.0 1076 100 7.05 185 10.05 1.75

October1?7 3.66 30 3.5 5.3 505 535 525 65 66 1.9 100 975  10851L18 - 9.7 1.5 1255

ST
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Figure 35, Seedling development along the peat slope,



L gdr
B 2
)
N\ AN
SEEDLING DEVELOPMENT ANMD DEPTH T0 WATER TABLE g f ;
N
g - (/
7 )
£ 1 ;
= ol R §
. A% ' .
3 - J c e
- HE 3 -
2 E i ! h
: ’ : 3 :
, pig ] g
nches. . i ;
1 S = &8 i
E. N N [
. s
s B
o y a
L
’// '~ fj N 2
” .
N wnches
2 X
b
: i .
TN
It
A : . . R . . . s . . . R .
-_/0 “;3 [} a 12 15 18 A W% 27 30 33 36 3% 42 45 48 51 54
i - ‘ |
depth inches-

o

PR RUUPRR = N L VL A L R




DISCUSSION

The growth responses of these small seedlings indicate a
sensitivity to moisture and soil aeration. The lower slope levele
with sulphide concentrations did not provide- a suitable grov}th
mediurr_:.. At a level of 20-24 inches above water and 6-10 t}xg:m |
Ozlcmzlmin roots just began to emerge from the tubes. Furtheri
up the elope the roots gr‘ew out into the surrounding peat. Height
gro;vth increases to a satisfactory level on the slope yet the maxi-
mum rate méy not hgve been reached at the top. The long term
effecte of these conditions are not known and further testing of
seedlings of varying age over several growing seasons would be
worthwhile,

While the growth responses in this teat appear related to

agsumed level,
geration status and depth to[water/ a number of other factors must
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' comtribute to differences in treatment level. These include climatic

conditions along the slope. For ecxample light was controlled by
the North-South orientation and southerly aspect of the slope in
diffuse light beneath the overwood but variation in temperature and

relative humidity would be operational to a small degree,
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AERATION STATUS IN THE ROOTING ZONE AFTER DRAINING

]

INTRODUCTION

Recent afforestation of wetlands in Scotland bae included
lerge areas of basin peat vgh;;e the water table is close to the
surface all the year round. The cost of the intensive treatment
reqhired to improve the conditions for ~‘t:re:e growth on these. sites is
par'tialiy offset by the large x:niform areas of peat and the easc of
machine appiicat'ion_. To investigate this extreme of the wet site
problem, sampling of aeration status was extended to a; basin peat
area, Flanders Mossisa raised. bog on which a study of drain
inteﬁsity and tree growth response is being carried out by the
Forﬁést_r‘y Commission Research Branch. An examination of aera-
tion status wa.r:: planned to determine whether conditions were being
improved to the lévels associated \'i;ith successful seedl'ing estabe
lishment at Ae. ;Experimental treatments in;rolved a combination of
turf pattem‘.m and croaa-df&in intensgity. Turf patterns were further

examined at Eddleston Moor Peat Demonstration Area near Edinburgh

where recent technological methods are being tested.

METHODS
The Flanders Moss drainage intensity trials were initiated
in 1964 and plots and their surmunds planted in 1965. The experiment

occupies about 160 acres on Sphagnum/Eriophorum peat up to 28 feet
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deep over lacustrine clay., The area is 50 fee,t.abo;re sea level,
fully exposed to east and west and the rainfall is 45-50" per annum,
Surrounding the moss is arable farmland partly reclaimed in the
19th century by “stripping peat from the mineral sofl (Weir 1969).
The central section of deep peat remains. The area wae hand+
drained in the 1920's to hnprove,érouae cover. In 1964 it wasg
draliaed to the following specifications,

Control

Ds/0 1 single mould board (SMB) (deep) furrow and
2 double mould board (DMB) (shallow) furrows:
no cross drains

D/O- SMB furrows: no cross drains

§/100/2 DMB furrows : cross draine at 100 feet. 2 feet deep

$/100/4  DMB furvows

-8

cross drajne at 100 feet. 4 feet deep

s/50/2 DMB furrows

-

crogs drains at 50 feet. 2 feet deep

cross drains at 50 feet. 4 feet deep

-

5/50/4 DMB furrows

8/2B/2 . DMB furrows : cross drains at 25 feet. 2 feet deep

S/25/4 DMB furrows : croes draing at 25 feet, 4 feet deep

Two treatments using an underground drainer were included but not
fully replicated. These were not sampled in the current assess
ment. Maximum cross-drain depth achieved in 1964 was 22".
Cross-drain deepening to experimental speqificaﬁons was not com-
pleted till November 1967. Treatment plots were approximately

1 acre square replicated in 4 blocke and planted with 1 + 1 Lodgepole
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pine 7( Pinug contorta Dougl. var. latifolia Engelm.) 'The high SMB
A..‘giu.a:'fsr_-: : were stepped. . Fertiliser was applied round each tree at a -
rate of 118 iba potassic super phosphate per acre. In each plot,
three randomly located bore holes with perforated plastic casing
have been established to metef wa.tex; table fluctuation. These
stations were used for soil aeration assessments; REDOX in 1967,
and O.D.R, in 1968, Conditions in the -unciismrbed peat between

the turfs. were sampled at the outset.

T

Redox (1967)

At gach water table bore hole a 3 inch core was extracted with
a soil auger, " The platiﬁum :sp;ade electrode was inserted into the
bottom of the 3' hole and a ailverl silver chloride ref_erence pushed
into the peat surface and irri.gated' with distilled water. REDOX
potential wae read after 2 minutes. Electrode clea:ning followed the
method previously outlined. ‘By changing over electrodes the same
meter was used to determine pH. In 2 blocks (1 and 2) it was
fosaiblfa to measure REDOX before and after croes-drains were
deepened to experimental gpecifications, There wéa no effect of
drainage intensi& on hydrogen ion concentrations and the millivolt

values were not adjusted for pH:

Results
REDOX values are presented in the Appendix together with
analyses of variance which were carried out by the Forestry Com-

mission Research Branch at Alice Holt,
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Drainage may have increased REDOX potentials compared with
the control treatment but there are no signiﬂcant aifects a,ttributable
to draimg -int,enity. Block qfiects are algniflcantiand 1ndiqate
that the layout of ._therfou_r blocks across the sampl_e.a.-rea ie efﬁcient,
Two bloclts lie to the south of the Blackrat Burn on-2 large fla.t and -
two lie to the north o£ the burn on glightly drier aloping terrain with

evidence of severe ‘he_.ather burniug. 'REDOX status ig improved

after drain deepening on Blocks [ and IL

o' D.R, 1968

In August 1968. the area was re-visited. .M the same
soil sample stations duplicate readings (i.e. six per plot) of diffu~ -
slon currents were recorded for three and six inch depths, ‘The
steel probe eiectrode'was used aa' at Ae. The current/voltage re-
lationship developed is shown in .Figure‘zz. Again0, 5V was selectéd
and the diffusion cuérént yead 2 minutes after the circuit was closed.

Water table levels were read at each station,

._...__._Rem'ﬂ,ts
.Analysis of -vax_riané:e wag carried out for a randomised
block experiment with lnteraction estimatéd. |
The regression of O.D,R. and depth to v;ater table wase
examined (Figure 36). | ﬁfhe equation Y (aeration) ='_‘5._ 64 + 0.476

(depth to water) accounts for & significant amount of variation in

O.D.R. as shown in Table 30,



Fwigure 36 Aeration and Depth to water, Flanders Moss:
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TABLE 30
Source of Degrees of Sum of Mean
variation Freedom Squares Square ¥
Regression o1 . 197,27 197,37 . 25.630%%
Regidual : 48 . 369.63 . 7.7007
Total | . 49 56‘7. 00

Standard deviation 0. 094 ng (d.f. 48) 5.06%% ;-z = 0.35

Aeration status varied significantly between the treatments an.d
A blocka. | The control levels were lower than any draining treatment,
‘Table 31 summarises the mean aeration levels for 3.and 6 inch

sampling depths and presents the= analyaea of va.riance.

: TABLE 31

DIFFUSION CURRENTS FOR 9 DRAIN
INTENSITIES AT FI.ANDER.S MOSS 3" down

Analysis of variance

Source of Degreesof = Sum of ©  Mean
Variation  Freedom ~ Squares Square F
Treatments ’ 8 865, 0178 107.0022 8, 4130%%
Blocks * 3 - 450,4476 ~ 150.1492 11, 8054%=
Interagction: 24 . 608, 8316 25,3679  1.9945%%
Residual 180 2289. 3688 12,7187
Total - 215 4204, 6658
Treatment Mean
1. Control = 13.12
2, DS/O 19. 30
3. bJO 16. 26 pA
4.-8/100/2 17.26
5. 5/100/4 18, 14
. 6. §/50/2 - 18.86
7. §/50/4 - 17,96
8. 8/25/2 19, 36
9. 5f25/4 20. 08

S.E. of treatment mean 0. 7280
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Table 31 (contd.)

Analysis of variance : 6" down

Source of Degrees of Sum of Mean

Variation Freedom Squares Square F
Treatments 8 711.2851 88.9106 15, 3395%%
Blocks 3 522.0855 174, 0855 30, 0344%*
Interaction 24 601, 4761 25,0615 - 4, 3238%%
Residual . 180 l043. 3167 5.7962

Total 215 2878, 3343 .

Treatment Mean

1. Control 11,02

2, DSfO 15,16

3. D/O - 13.83

4, S/100/2 13.03 :

5. S/100/4 14,34 pa

6. S/50/2 15,186 '

7. §/50/4 14,08

8, s8/2s8/2 - 15.90

9. §/25/4 17.94

8. E. of treatment mean 00,4914

Aeration levels fall between the 3 and 6 inch depths for all treatments.
The combined use of deep (SMB) and shallow (DMB) ploughing without
cross drains within the-ZO'O foot squar.e plots provides an aeﬁatif:n
status equivalent to shallow (DMB) pl,éughing with 2: iqot cross dreins
at 25 feet spacing but not as high ag shallow (DM B) lplonghing with 4
foot cross drains at 25 foot .spa'cings. This is a veéy important local
dr'ainage effect. lﬁ;ea.n height growth and total root weights for pine
transplante ere shown in Table 32. Water table levels and aeration
response at Flanders Moae to drai.ning may be a feature of the deep

uniform fibrous peat there. Other drainage trials on pseudo fibrous



peats or on amorphous peats such as those described by Zehetmayr
(1954) have shown little response to drain depth per se., The
Flanders Mogg experiment is a good demonstration of what can be

achieved with peai of a particulayr permeability.

TABLE 32

HEIGHT GROWTH AND ROOTING FOR 8 DRAIN INTENSI‘I’IES
AT FLANDERS MOSS %

| Tre'a.tm‘ent Transplant Leader Root collar Root Weight

Height (ft.) Length (ft.) diameter (¢m,) (grams)
'‘DSJO 2.3 - 1.0 1. 70 408
‘ploO 2.6 1.0 2,14 . 186
'S$/100/2 2.2 1.0 .73 135
‘8110874 2.3 - 0.9 1.72 142
875072 2.4 1.0 2,01 221
5/50/4 22 1.6 1.72 145
s/25/2 2.4 1,0 1.92 190
8/25/4 2.6 1.1 2.12 © 423

* Summary figures by courtesy of the Forestry Commission
Research Branch.

The importance of aeration status with respect to rooting extent ie
demonstrated by these values,  The D/O, SI:SOIZ and §/25/4 treat-
ments are outetanding in root collar éliametar thougﬁ heighﬁ growth
responee is not significantly aﬁécted but differencéé may be masgked

by a 1968 aerial fertiliser treatment.

DIFFUSION CURRENT PROFILES IN PLOUGHED TURES :
 Single mould board and double mould board turis % were

subjectively sampled at FlandersMoss using the probe electrode

154



inserted to 3" depth in 10 transects across each turf profile, The
results are shown in Figures 37 and 38,

Resﬁlta

The profiles show that the top of the shallow (DMB) furf and

the step:of the deep turf (SMB) at Flanders Moss are best aerated,

AERATIONISTATUSAT EDDLESTON MOOR

These aeration patterns were examined further at Eddleston

Moor Peat Demonstration Area near Edinburgh. The area includes

2 ralsed bog site which fills a bowl shaﬁed depression on ﬁap of a
rounded hill, 850 ft. a.s.l The peat type is fibrous with distinct
layering down the p_"x'-ofi‘lé”iii éal_gi;r and textﬁre.' Deep ploughing
has penetrated a pz;edonxinanﬂy fibrous red/ bréwn horizon below
which is 2 darker coloured aﬁaei’:obic layer., The planting turfs on
the area are in general well acrated. A trial of drain spacing with
.deep (SMB) ploughing was sampled. There are 3 blocks and 4
cross drain intensities. The most intensive, 15 foot cross drains,
and the least intensive._ 60 foot cross drains were sampled on éa-ch
block. The centre row of 8 planting furrows furthest from the
cross drains was asselased ina _prof_iie ‘similar to that used at
Flanglers Moss; i, e. (1) undisturbed peat, (2) step, (3) turf top,

(4) undisturbed peat. At 3 inches depth 0.5 V potential was applied

*

for 2 minutes,

155
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Figure 37
DIFFUSION CURRENT PROFILE
DOUBLE MOULDBOARD TURF
|
Y ‘ \_
| Y
NA 140 15 .1 19.0 13.8

Controi 12.0



Figure 38

155b

'DIFFUSION CURRENT PROF'LE

STEPPED TURF

IR

Fi

pA 223 301 224 25.3

Control 12.0



Results

Analysis of varience and treatment means are shown in

Table 33,

TABLE 33 .

Analyeis of variance

Source of @ Degrees of
variation Freedom
Treatments 3
.Blocks {plots}  ~ .2
Interaction R
‘Residual S84
Total 195
Treatment Mean
1 ‘ 17. 21
2 - 18,14
3 20.43
4 16.86

Control (not analysed)
S.E, of treatment mean 0.6212

Source

Treatments
Blocks(plots)
Interaction

Residual
Total

d. f.

O W

AERATION STATUS ON S. M. B. TURFS
o : EDBLESTON ~

60 foot cross draine

Sum of

Squares

185,797}
170, 3127
363.7523
777, 9775

1497, 8396 .

pA

9.5

Mean
Square

61.9324
85, 1564
60. 6254

9. 2616

15 foot crose drains

Treatment was N. 8.

5. 8,

58, 6671

9.5502

151, 4798
.769.4625

988. 9596

M' S' )

19,5557

25. 2467
9.1603

¥

6, 68707+
9, 1945%%
6. 5459%%

F

2.1348 N, S,
GQ_ 510&5Nu S.
-2, 7560

156



157

Treatment Mean
| S ' 17.77
2 - 19.52
3 19, 49 pA
4 18.67
Control | 9.0

S. E. of treatment means 0, 62

Diffusié;x current varied significantly on the least intensive trect~
ment between sample locations on the turfs and betwéen the three ’
‘i:ala'.vu:':ks:e " There is also significant interaction between plots and
treatments, that is, across the cight ploughed furrows. The turf
top and step were always better aerated than. the undigturbed peat.
Non signiﬂcant variation in aerataon levels between sta.tions on the
15 foot £¥058 drain spacing may: md.icate that this irt ensity of
draining has z.:;m.ske.d the micro-site diffe_rencea, mrther sampling

at intervals from t‘xeaﬁném' would be worthwhile here.

- DISCUSSION. AND SUMMRY

Aera.tian response _t;o modern drainage intengities on basin
peats is rapld. However thelfbest aeration levels reco“rded in the
controlied study at Ae are encowt ered only at the pla.nting site on
current ploughing patterns. A,-diifusion current .of 1704 or
21.15 ‘mgr,mozl mzlmm is sel_dbmiréached on the .undismrhed peat.
Only in the ploughed turf is this ?J.,evd. cgnsistenﬁy exeee&ed; F-br':
the first yeaxrs of scedling esfabl;ishment at Ieaét. itis clealr that
rooting will be restricted to the aerated turf. Unless drain main-

tenénce_is diligently pnrsuéd.. a high rate of silting will offset drain

e
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deepening and it is doubtful if rooting beyond the surface layers of
the original peat can be anticipated before canopy closes.
An outstanding £éa_ture of root distribution and aeration

status on this and the Ae studies is the stratification of well-aerated

t

la-.ye-rs over poorly aerated strata,
Now Barley Aar‘;::l G:.I;e'g_cen (1967) have vc'l‘exnlonst_xfated that
penetration powers of a root system depend not §n1y on aeration of
the root tip but the reiative pénetratability or coﬁnpa;tion of successive
soil ho_rizc_m;a. B :T_hus a well-acrated litter iayer over a decomposed
peat layer is not conducive to oot peneiratiq’n below the zerated
level. Similarly penét-,r&tion ‘below the aeratéd sa,miwicin between
turf and undisturbed peat is not encouraged by current ploughing practice:
A recent ploughing technique which provides a. less :'_st'ratified aeration
condition was also sampled At Eddleston,
RIGG AND FURR CULTIVATION
Rigg and furr cultivation is described by Booth (1967) in the
Vale lo_f York. Basically, the spoil from widely spaced (37 feect)
shallow (2 foot} drains is spread over the gpace bet;.veen dreins creat-
ing a low mound. Booth records improved tree growth on this type
of topography. The resul t‘ of the dﬁmping of drain spoil over the .-.-
undrained strip is a well aéra_-t.eti_ but heterogeneous layer olz;‘ super-
imposed peat. In this material, trial planting of spruce and pine has

been ca.r_r'-ied out.
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M'ethads and Results

On Rigg and Turr cultivation at Eddleston, profiles of soil
aeration (ODR) were established using the platinum microvelectrode,
Random pample transects were employed and a profile determined

for 4 ang 8 foot drain spacings, top a depth of 12 inches. Aeration

profiles are shown in Table 34 and Figure 39.-

TABLE 34

AERATION LEVELS ON RIGG AND FURR CULTIVATION

Depth Drains 8 Feet Apart ' 'Drains 4 Feet Apar{
inches ' pA . - A
1 : S ~ 16,0
ra 15. 3
3 13.0 15,3
4 5.5 o ' 7.5
5 12,5 4. 5.
8 10.0 '
9 ; 18.5
______Deat surface
16 10.5
12 7.5 . 16,0

The famijliar stratification of aeration status is lacking.i' This

degree of cultivation may remove the barrier to roloting px.-ev,i-ously
discussed if it can be continued down the peat profile. However

- thé current rigg and furr pro:iile does not provide the opportunity

for continued foot growth since the undisturbed peat is fez?,ch,edl

at 9 inches depth. | '
FURTHER STUDY |

Agration levels limitimg zooting of Sitka spruce arc fairly
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Figure 38 DIFFUSION GURRENT PROFILE

RiGG AND FURR

control 9.5 1
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-clearly defined in these small studies. The aeration relat;ionshiﬁ
with‘time«-:sinee—.treatmen_t anld'.seedli_.ug development stage is not
examined here, While seedling”-zféote at Ae and transplant yoots at Flan.
ders Moss and Eddleston may be restﬁgted fol the top 3 inches of undis-
turBed peat, the roots of ol;ier blown trees extend to at least 18-20
inches. Some progressive drying and aerating processes are |
obviously at work.

An aggessment of improvement with time since treatment
could he carned out if eufficient sample areas could be found which
have been treated with 2 single ploughing pattern. - It may be possible
to prescribe ~draiﬁage ,treétrnents to ac celerate the aeration proceaqé,a.
The -cha:."é_,cﬁet;'iéticé .c;f the aheltered Istep'pt;& turf are discus~ |
sed by Rennie {1961) £or coastal locations. Its a&v_antag.eg; in the
e;.ri.y years of Seedlil'_lg‘ est&ﬁlishmextt on peét are worthy of study

as are the particular characteristics of rigg and furr cultivation.

nnnnnn

Estiﬁation of oxygen diffusion rates ag an index of aeration
status showed a significant response to drain intensity and ploughed ’
turf patté‘m. .Diife_rent ploughs g:r,éated a variety of aeration 1&9319
which are worthy of further study. ‘

Piantihg' sites, the top bf the DMB tﬁrf and tﬁe step of the SMB
are BhO@ to be well aerated in comparison t:; the velues established

at Ae. The strict layering of acration zones is detrimental to root

penetration, Cultivation which produces a more heterogenous



acration matrix may encourage deeper rooting and greater wind
stability.

Depth to water table accounts for much of the variation in
aeration and the bore hplés with ?er—fﬂrated plastic casing provide
alm'bst_ nseful means of méasuring_ water level and an index of - |
drainage responses. Water table fluctuation is important a8

well as depth to water per se.

162
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CONCLUSION

The seedling responses to wet site impx;ovement examined
in this study afe‘aasocilated principally with soll factors and
while ssedling growth meay reflect many environmental factors,
soil conditions play the most importent part. The soil
characferistics_measui‘ed dnriﬁg'this study have varied to &

- considerable extent betwee:; soil types and b:etw_egn dates of
me_aauremé;;t throughout the growing -sea.so.;. Soil moisture,
aeration, ;.m‘i depth to watér table fluctuate widely on the three
hill soil typea.;pea.ty podsol, pea.ty gley, and peat, The
conditions on the basin peat gréas vwhich were san}p}ed were
much more stal—:le and ‘t}“:eir unifarmiw allows a very useful
comparison to be madeA of égpliad site ixnprdvement treatments.

The information on soil moisture co:’ntent at the Forest
of Ae reveals a significant fes_spdi’_;se to draining and tree cover,
The draining intensity éarried out when the fore Bt; was planted m
the 1920's and 30's is iighf in comparison with moc.lerx_:-treéts- '
ments but it has i:een effective in encoura_ghig tree rooting down
| through 18 inchea of well-'decompos'ed amorphous Molinia peat
to the underlying mineral soil -~ usually a heavy clay till., The
pl.at-e-uké ro_oti-i_zg form which develops as the roots spread
laterally leade fo instability in the wind 'and‘!':he Forest of Ae

has become the scene of a series of windblow studies. By pulling

over trcee on a variety of soil types it has been possible to classify
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reaistance to blow by soils and by tree developme nt stages, On
peats and peaty gleys the windblown stem peeled back the voot

plate along the junction of organic and ﬁiineral horizons to roveal

a platform of small root ends showing recurrent die-back., On
peaéy pgﬂéols and drier podsolic types, the roots held and the ;stemé
snapped, This information Qas lalsn studied in relation to watey
table depth,

On the three drained and forested soil types there is |
evidence not @nlér of an -_improvemem' in moi;ais:mm and aeraﬂon
status but of an increased fluctuation fn these conditions during
the growing season which was s?impled_; In anaerobic peaty
soils water table ﬂﬁctuétion wae seen to play an important role
in flughing away reduction products of soil metabolism.
Potentially toxic sulphides were detected at stations on the
control, peaty gley, and peat sites but the duration and it e_r_xsi.t}r'
of thelx distribution in ihe'r_eoting 'éone ef.spn'xce seedlings on '_
the forested samples was less than was anticipated. A risein
- the water table following rain guickly restored re&ﬁcing conditions
and a' fall in the water level appeared to flush the sulpﬁides dovm -
the profile. The iﬁﬁensity of this reduction-oxidation swinlg is
reflected in high Redt‘:‘x values in the sample gaps and by the
appearance within only six months of gleying on the soil
moiature.aarﬁg?e containérs,. | .

Despite the effect of dxai‘ning on the water tabl;e in the
study plots, & high rainfall and M@ incidence of rainy days

ensures that the surface peat layers are saturated for most of

PR
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the season. DBeneath the stands and in the north section of the
clearcut gaps, however, the surface litter layers of the érganic‘
hori_-z#n may heat up quickly and dry out during relatively short
warm spells. This was seen '-‘f:a“have a marked influence on
spruce seedling growth,

| Soil charactéristics aaseséed were!: Asoil moisture
content"in the top 3 incheé, depth to water table, presence of
sulphides, and aeration status. The peaty pods§1 and the peat
soils were driest and best aergted, and -wettést and most ponrly
aeratéd, respectively. The peaty glef s0il exhibited a marked
degree of ﬂuctuatibn of thesé va..:.lues in response t'é_ climatic
changes. ,‘Stations across the ggp&; also varied though not
apparently to ,pjresence or abgence of tree cover. Physiographic
features such as topogfaphjr'and peat depth were important |
especially where lateral water flow kept zﬁeiature levels high
after rainfall had stopped., Comparable statione selected along
the control transect confirmed the relationship between these
soil types,

Natural regeneration in the Forest of Af_: is most evident
beneath the stands where many groups of seedlings can be
observed, - While s;'nall seedlings abound, thereis a la;k of
older vigorous plants., These are to be found, though not in:. - - |
such numbers, ';Iong roadsides, logging racks, and in -winﬁhl@sm ,
gaps. Some explanation of this seedling iﬁs;ributio# is provided

by the sﬁxdv of growth and survival along théi;fs'ample transects .
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which run from beneath the stand across the gaps of the windblow
study and into the opposite stand margin, Seedling numbers drop
off‘f__rom st_ané to gap centre in response to a lack of suitable
gerzﬁination sites and to vegetation competition. Height gi-ov}th
and aee_cil._.ing vigour, ﬁowever. respond to increased light across
the gaps. The most successful seedlings were up to 30 iizghes
tall after 6 grﬁwing seasons and interfered with routine measure-
ments of ,s.eedlings planted when the natural seedlings were still
germinants, All the natural seedlings werle ﬂh&iloﬁ rooted and
seemed tc:; respond to the -aer;ition gradient set up between
succes'sive organic horizons. The root systems examined in
1967 and 1968 were all restricted © the litter and decomposed
material from the spruce stand and did not peuetrate the old
Molinia peat. This superficial and widely spréad root form
however, seems able to provide adequate nutrlienté for vigorous
growth, The planted stock suiﬁg:fed from the eroston of the
planting_turf, as 2 result of irreversible drylng. A new root
system had then to be developed which closely followed the

. pattern of the natural seedling roots. A maximum depth of only
4 incheg was recorded for 6 year old natural seedling roots,

The seedlings were found mainly in small depressions in the
peat surface an& #ea.r the base of cut stumps. The preference
for a moisture conserving -aeed.—bed. is supp-or‘ted by the conditions
required for germination of these small spruce seeds, a "'wet

blotting paper" type of seedbed with close seed/substrate contact;
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and also by evidence of drought stress during short dry spells in

the growing season. Field observational evidence of moisture
tension is in the Enature of .mortality among germinants, a narrow
brmin; colowr ed constriction on the stem .just above the root collar.
I..imniné relaf_:iir.e, ceu water con‘t;ents (R. ’I‘.‘).. determined in the:
laboratory lw_ere app;oacﬁed in thefield in 19 68 and in 1967 a long
dry spell in June was f;:liowed by aphid attack. ]:;rain spoil scedbeds,
and mineral oil from windhlown roots and from root purng»ing during
wind- éwa,y. aﬁwed deeper root:ijng than the drained peat. - Height
growth was good but the distribution of this seedbed type is poor.
Thel mPoﬁnce to height growth of rooting depth is chown in the
regressiops dev‘iels)péd for small seedling samples. When this is
considered i#‘the light of incieé.sing'vegetation competition in the
gaps it is _clé.ar that a fe“} growing season's lack of germination
following stand: .‘ppeni.ng allows a ‘%-_regetat_iqn colonisation to develop
with which the seedl_iéxée cannof cbmpete. Shailow rooted trang~
plants are also at a disadvantage. Because of this the seedlin‘g' |
growth measurements ware carried out on. the iargest specimens in
each gample qﬁadrat, the seedling most likely to become established.
Most of the stocked quadrats had more than one seedling. From
first marking them in April to fmal tally in September, about 10%
were ne lqngér tallest in th.e quadrat. This_e;ffect may be more
noticeable in 2 year following #phid attack but it pgi,nis to the
importance of growth and survival during the years of establishment

until canopy is closed and vegetation is suppressed. To bring



TABLE 36 (CONCLUSION)

SEEDLING GROWTH AND SOIL DATA

Seedling

South Stand

1.7

62. 54

| ibf(a)

Aeration  Moisture -
Leader Rooting MYV ODR  Depth to M. C,
length  Depth . " Water | % -
inches  inches 3" 3 3
Peaty Podsol , . , : .
North Stand 1343 . 0.75 350 17,5, 22+ 65,4
North Gap 2.54 1.40 420 22,0 10+ 52, 54
-South Gap . = 2.32 1.00 570 27.0 17+ " 62.86
‘South Stand . 1.75 0.95 580  21.0 22+ -60. 79
‘Peaty Gley _ . . .
North Stand  2.63 . 1.55 . 570 22,5 15+ 57.94
 North Gap 5,43 | 2.15 670 20,0 . 17+ . 63,02 .
South Gap 4.39. 2.35 600 150 7 75. 24
‘South Stand  1.23 . 0.90 410. © 15,0 = 15% 44.13
Peat L R | .
North Stand 2.47 . - 2.15 . 590, 5.5 4 69, 53
North Gap 7.00 . 2,10 550  28.5 19 35,87
South Gap . 4, 14 1,65 580. . 15:0 10 5889
1.05 350 10.0 8.5
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TABLE 3b ,

CORRELATION MATRICES

1,

 PEATY PODSOL R
 VARIABLES | (ns4)
L.L. R.D. mV" 0, W.T. M.C.%
1. 2 3 4 5 6

1.000 0.888 ° 0.209 0.736 -0.837 -0.752
1.000 -0.023 0.370 -0.500 -0.970
1.000 0.679 -0.295 0.103
1.000 -0.902 -0.162
1.000 0.275 -

CORRELATION MATRIX PEATY GLEY

VARIABLES 1 2 3 4 5 6

1.000 -0.933 0.945 0.197 -0.158 0.796
1.000 0.898 0.089 -0.355 0.961

1.000 0.480 0.084 0.777

1.000 0.878 --0.010

1.000 -0.480

CORRELATION MATRIX PEAT
VARIABLES 1 3 4 5 6

2
1.060  0.620 0.550 0.909 0.840 -0.894
1.000 0.875 0.253 0.154 =0.290
1.000 0.168 0.012 -0.119
1.000 0.985 -0.984
1.000 -0.990
1.000

CORRELATION MATRIX ALL SITES
VARIABLES 1 2 3 4 5 6

1.000 0.788 0.612 0.352 -0.041 -0.268
1.000 0.676 -0.1805 -0.456 0.14l

: 1.000 0.201 -0.110 0.236

1.000 0.780 -0.459

- 1.000 -0.427

1.000

Underlined values represent important seedling/soil relationships-,

- —_——— e

Because of the small sample numbers, no particular statistical
significance is attached to these correlations,
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together thesel a_ssea-smeﬂ.;s; of soil characteristics and seed_ling
growth, 2 series of correlations were examined, Thesge will serve
to recapitulate on the more specific relationships presented earlier.
Seedlin._g grow@ data were stratified bf 10-quadrat units .aérgss_ the
transect:s, and four adl éample'stations. north stand, stand margin,
south stand margin and south stand were selected to x"'epreaent these
strata. Soilé data fo‘r the date of secedling measurement is presented
in Table 35, Corrglaﬁon matrices a;-e shown in Table 3k for the
‘ three soils and for 21l data coml:;inéd. Briefly the_se resﬁlt’a
illustrate the following impo:-ta_:nt relationships. . Rooting &epi;h is
" important t.o height growth in the 1968 growing season and is
correlated with aeration status on the three soils.” Oxygen diffusion
rate is related to depth to watei‘- table and variably with meisture
content, On the peaty podsol, foz; the date of meaaur.ement.‘ leader
length and rooti;ng depth are negatively correlated with mois_turé
content .@n all soils, Gap centre locations have greater height growth
and higher aeration status. Height groﬁh and. stem diémétex_' .
relationships varied from beneath. the Btaﬁd to the gap centre, The
greater slope of the regression for seedlings beneath the stand indicates
that height growth in the open ip greater at a given stem diarneter level
but that diameter increase bene,ath the stand will give a co‘rresponaihgly
greater height im:rea.se. Height growth under the stand is scen to be
sev_erely 1hﬁite¢ Stem diame;l:er is a useful index of vigour but under
the conditions of severe vegetation competition in the gaps at Ae,

height growth measurement is more important.
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Seedling responses to the artificial peat gradient of
aeration and depth to water table help to c_lgrify some of the
variatiﬁa encountered amoﬁg nat:u,ra.l ,seedl,inga, Certain import.a-nt .
effects are' é,emon-strated. Aeratmn controls a number of bio«- |
chemical sail procesges as indicated. for example. by the presénce
of sulphide staining on the slo,p_e. ‘The level at which seedling
roots qmerge_d‘ from the tubes ind_icate.s that for a given peaty 'tyée
there may be fairly well defined lunits of tolerance to aerauon
levels. Morta.hty at the bottom of the slope shows tha.t anzerobic
conditigns,, pregent for a period as long as this test, (9 weeks), may
be sufficient to kill new root tips. - On most sarhﬁe stations in the
geps, sulphxdes were present .for much shorter periods.

Sirmlar relationships bc.tween goil aeration and depth to
water were established for the hamn peat at Flandere Moss, Here
a more fibrous and permeable peat type showed clear aeration
responies to drain intensity, i e. spacing and depth of cross-drains.
Si.nce:.the trial involves more than one plough type, regults are rather
confounded by cross-drain intensity and ploughing pattern. I-,Iov?rever.
within the ahauéw ploughing tréatmems, deeper crosg-drains remove
more water and increase aeration, The combined deep and ghallow
ploughing seems to provide a superior local aeration effect which is
reflected in root: development, though not height grow‘th_.‘ of plantéd
stock, Reports _frﬁm the 1968 .rooting survey carried. out for planted
stoc-k at Flanders Moss show & maximum penetration of ¢ inc_:hers into |

the original peat surface while lateral spread along the turf ribbon
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often exceeds two feet. On the basin peats the roots will alwaye
be restricted to aerated or ganic horizons, and site treatments
must 2im to increase the effective rooting depth. The planting
sites presently in use, ie. the top of the double mouldboard turf
and the step of the single mouldboard turf are well-aerated micro=-
sites but acration soon decreages with depth in the undistirbed
peat.  This is illustrated by the values for 3 and 6 inch depths
sampled at Flanders Moss. Encouraging roots to spread down
into thig material may involve 2 greater degree of cuitivation than
is curvently practiced. Anderson (1967) says:

Ploﬁgh‘ing has proved of most value on the

shallow peats for turning over low ridges

of peat, into which the plants can be inserted.

Even then, when exposure is likely to prove

severe, there may be a serious wind-throw

problem in future as the stands rise. One

thing secems certain and that is that tree roots

camnot be compelled to descend into infertile,

poorly aerated layers no matter how logse they

may for a time be made, and that remainsg true

of the deeper infertile peats. One can only

marvel at the faith of those who think otherwise.

The results of this investigation suggest that we can do
better than Anderson predicts provided the effective aerated
rooting depi:h ig increased. On hill peats this may imply cul~
tivation down to the underlying mineral soil, On basin peat it
implies a treatment pattern other than an aerated turf placed on
top of poorly aerated peat. While nutrients required for the
increased tree growth rates now demanded by investors can be

added to the peat suriace, the anchorage function of rooting is

impaired by conditions created under the mature spruce stands
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sampled, and on the basin peat afforestation projects. The most
useful measurements for assessing the severity of the rooting

problem which are suggested by this study are; ..
Peat depth - i
: Water table level and ﬂuctuation
; Presence of sulphides ' :
' Rooting depth and wind smbﬂity of &der treee

This informahou is not difficult to collect but it should be made

: availa.ble before site amehoratmn treatments are begun Responses

followmg treatment should be assessed. Little is known of the
progressxon of improvement with time from treatment and sugh
in_format;_lon would be available. ’
FURTHER STUDY

Further study ie indicated by thi.s investi gation of a variety
of aeedlmg growth relationghips.
1. Phys:cal factors limit_:ng root penetration. Koot growth in

minera;l. soil types underlying shallow peats might be tested,

2, Tolerance of roots to sulphide distribution. A variety of

intensities and 1engihs of exposure period will be importént'
to the understanding of field condm,ons |
3. - Permeablhty rating for peats to help determine the re-
=t-£l quired drain intensity and to predi.ct. response to improve~

N

ment @reatxnents.

4. Survival rate of natural seedlings on a variety of seedbed
types.
5.. Aeration levels limiting spruce rooting
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6. Species comparisone over 2 range of controlled rooting
conditions such as an artificial peat gradient, or mineral
soil slope. '

7. Aeration status development with timeofrom‘;treatrﬁent '
for a range of turf patterns.

8. Investrigatic;n of complete seedbed cultivation for natural
regeneration and to increase effective rooting depth of
natural and planted seedlings. \

9. Trials of wet site improvement following complete
removal of shallow peats, A comparison of ;:nh}raicali
c:haﬁges in underlying soil types after peat removal and
further draining, is important.

SILVICULTURAL IMPLICATIONS
Results of ﬁese investigations have illustrated a variety

of conditions vh ich may effect silvicultural prescriptions for

gpruce regeneration on wet sites, Primary consideration is m

assessment of water table level and fluctuation a@d thus aer#tion

status. Potential response to drainage can be estimated from

this assessment and from an appraisal of peat texture.

First Rotation - afforestation
Therre is 2n indication from these sfudi'és that a minipnum
ldepth to water table of about two feet should be the ;im of wet site
impmvemmt. The information _provided by the peat slope and

study of recent afforestation on deep peats shows that greater
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depthe to water‘ may be desirable on fibrous peat. There is a real
danger of drought stress in transplants and morta;lity among.namral
seedlinge but rainfail amounts and di,étri.buiionon the samplé areas .
studied have offset these effects. Er‘osion of the pl:énting turf may
aggravate the drought érdblem if roots are exposed.

- Where peat depths exceed 36 inches, spruce rooting in the
first rotation is likely to be restricted to the drganlic horizons,
Shallower peats'if intensively &rgine& are likely to permit rooting
tﬁrO\;ghout the organic material .and it is the top horizons of the
mineral soil which are:likely to limit root peﬁetratitm. Pea’fl
shrinkage further reduces effective rooting depth. In the _seco‘x.ld
A rotation, wet site treatment will clearly involve the ﬁxiheral soil
underlying shallow peats. At the outset fher efore it is worthwhile
considering the total removal of the peat layer and improvement of
the underlying mineral soil. On plane or depressional topography
this might lead to a worse condition since a cavity is created wh‘icl;
will simply fill with water. On hill peats, however, the necessary
drainage efféct"would be achieved and physical changes in the soil
to improve rooting depth might take place more rapidly. in the under-~
. lying n&inerai 50il than in the moisture retaining peat., A pilot
scale trial of this site treatment would provide valuable information
for foresters now considering t;:_:e second rotation of spruce on
improved wetlands where only a shallow peat layer remains,

Since each site improv-gment treatment improves conditions N

!

for competing vegetation as well 2s spruce seedlings, vepgetation
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suppression becomes an inc-reasingly important function of wet

site cultivatio;x;  The trees mugt be given a fast start to growth

80 that the period to canopy closure is minimised. This may
involve a refurn to close planting spacing on wetlands and spot |
rather than broadcast fertiliser applications. Since the availability
of nutrients depends to a2 large extent on microb'iological activity
"this should be encouraged and congideration given to the inhibito?y
characteristics of any herbicide treatment. The role of ‘redu,‘ction
products, _suc‘h as sulphides, fiu-restricﬁng certain bacterial
activities should be more thoroughly examined.

Modern intensive cultivation of peatland continues to rely
on the aerated turf ribbon on top of relatively undisturbed poorly
aerated peat. Root penetratioﬁ studies show that on basin peats
there is inadequate exploitat_ioﬁ of the peat below the tu..'rf'.
Cultivation is indicated which wm.ll break the seal between turf and
peat. Rigg and f'urr cultivation is a promising advance but the
tree roots may exploit only the superimposed mixed seedbed.

A very hgzardou.s rooting situation may then develﬁp.  If the,
original p.eat surface could be broken up, disced or rotevated,
before placing the aerated layer of peat or the planting turf on
top, effective rooting éepth coulfi be increased. Machi_ne develop~
ment may allov; the cu_lt_:ivati‘oz.x and draining to be completed in 2
single machine pess provided the réqgire_d balance between .
equipment. ﬁotation and drawﬁar-pull‘ can be achieved, P;igg and

furr cultivation does not yet fulfil these aime. Rapid drying and
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shrinkage of individual small clods in the drain spoil may create
an extremely shallow rooting zone if roots remain above the peat
and peat turf erosion takes place at a'normal raté. In summary
the information provided by this investigation suggests that

affore Btéﬁon of wetlands should involve more complete cultivation
of the proposed rooti'ng- zone and might involve removing the

principal barrier to rooting and stability, the peat itself,

Sec_m__xd_ Rotation » regeneration

The behaviour of natural;‘ﬁeedliﬁg_s on hill peat'in gaps in
the spruce forest points to -cha.ﬁge_:-s in wet site: charaqteri*sti‘és
after 2 rotation under forest cc;ver.,. The primary requirement for
seedling establishment is a well ae’rated moisture conserving site,
preferably shéltered from drymg winds  Full light is desiraﬁle
after establishment and freedom from vegetation competition keeps
seedling ml_mbei;a high,

LK adva.xitage is to be taken of natuyral regezieratinn. smail
coupes Or narrow strip cutting is indicated to provide an adequate
seed supply and light comiitions favourable to seedling growth.

‘I‘hére iz a clear possibility of -rapid restocking using natural regen-
eration if the stand is opened up before final felling to induce f.-.'»eeding.
Seedlings once established should quickly be exposed to full light with
concurrent'acg:élerated nutrient re-cycling. Assessment of iegen-
eration stockin,é levels will indiéatel how much planting is required

te fill i_n' gaps in the natural seediing population and to bring plant

numbers to a satisfactory level,



176

Drains must be maintained throughout the rotation since it
is evident that the drying effect of forest cover is not sufficient
to maintain the water table at Iqw levels.

If naturai regeneration is to contribute to re- stockmg,the
aeration and rooting studies point to 2 promising site treatmert ,
That is harrowing or discing bencath the overwood, or in gaps and
strips, to break up the Iayered orientation of strata in the orgamc
matter horizona; i.e. spruce litter; over deco@posiné spruce humus;
over ol:d:decompased Molinia, or poorer grass peat; over unﬁecomposed
Ebrouss.i:ea;t_ - aciepth o; at least 18 inches. While these successive
layers may in themselves be sufficiently well aerated to permit root
grov}th the physical resistance to root penetration §estrict_a ropting
to the superficial layers of orgaﬁic mattef = mainly spruce forest
litter. Further, the variety of microsites created by the suggested
cultivation treatment should lead ‘to higher seedbed xeceptivits.r and a higherr i
rate of seedling survival during ti;e i_mportaxjxt.years of eatablisinneﬁg.
A greater proportion of preferred or sheltered seedbeds would thus
be created.. |

Where ré-planting is cairied out the evidence suggests the
need for' further site cultivation of a ploughed, disced, or rofig :s'ra.ted
type. Provision of planting turfs is not indicated since there is a re;al,
danger of dry:in,g'-out and ercosion in the turf e;gpeciany if placed ove1;
a diminishing layer of irrevera,iﬁy dried peat.

In rﬁanv ingtances the cultivation of hill wetlands for the
second rotation will involve the ;nineral 80il beneath tﬁe ;reduced
depth of peat, The choice is égain one of oomplete removal of the

shallow peat or a mixing operation which will inco rporate the peat
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‘with the upper mineral soil horizons. This does nat create a
problem on iron rpan soile or indurated iron rich layers which ayﬁ;i'eld
to cultivation with tines, but niassix.re.pop rly aerated claysina re-
duced state may be & poorer rooting medium than the ér;i_g_inal peat |
cover. - Some of the probleme of machine operationé under ‘ti;ese:
conditions are mentioned by Neustein (1962) who dé'scr:lbea the
result of ploughing and stump uprooting as a "battlefield". This
level of wet site disturbance may be no bad thmg provic-led-it is

accompanied by adequate removal of water.
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SUMMARY

An assessmert was made of natural Sitka s;:)_ruce, seedlings
at the Forest of Ae in the Scottish Border Uplands 26 an index of
wet sitc.improvement _fallow_iné dféa_ini:i_g, turf planting and 30 years
of tree cover on hill peat. |

Three soils were sampled: peaty podsol, éeéty gley, and
peat. lThere was an undrained, unforested "control" area.

Seedlings germinated satiéfac_térily on a cool moist sub~-
strate of sprﬁc:e litter beneath the overweod and to a lesser extent
further out from the stand margin. )

While seedling numbers were higher closer to the stand
ma rgin because of vegetation competition and avaﬂ;bi_lity of germin-
ation sites, g;'owth was best in full light in the centre of the wind-
blow gaps sa.mi)_led_.

Seedling roots were restricted to thé ‘well aerated organic .
horizons associated with spruce litter and did not penetrate the
original hill peat layers. Awvailable pore épace and aeration
values‘dc;.creased r;apidly with depth down the rooting zone.

Seédliﬁg growth was best on the moister sites, the peaty gley
and peé.t sample areas. |

fl’fxese i;ad a higher but‘noti-c-eably ﬂuctﬁating \;vater level,
The peaty podsol sample area had a deep water table but surface
moisture énd ae;-ation conditions were no be&er thalz.a.on the moist:

sites. Conditions for seedling rooting as indicated by pore space,
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6oil aeration, water table' and distribution of sulphides were more
favourable on the drained forested sites than on the undrained, une
forested control, Vegetation g:ompeﬂtion on the improved peatiand
was severe and its components reflected the aitgr improvement,
Response ofi seedlings to 2 gradient of soil moisture aeration and
depth to water table indicated a level of about 20+24 inches to water
and an ODR of 12.5 mgm O_2 Icm’z'/mj,n which iimited root emergence
from 'nu-r_sery containers into the surrounding peat. Maximum growth
rates and oven dry wéight of seedlings occurred at the top of the
gradient with 54 inches to water and an ODR of 21 mgm erlcfnZ/'min-

Drought stress combined with heat damage-see;néd to con-
tribute to mprta.lity among nahr.rgl seedlings. Levels limiting
survival were investigated in th.e laboratory and seedlings were dried
down to wilting point. The cell water contents thus determined were
approached on only tl\l.vo occasions during weekly éampling throughout
the growing season. The effect of moisture tension was most |
noticeable among recent germinants.

Distribution of sulphides, thought to be reduction products
toxic to roots, with investigated for the three soils thrqughout the
season. The depth to watér table and water table fluctuation con-
trolled the degree of staining on silver plates. "This situation was
far more changeable than anticipated, but sulphides were present in
the spruce rooting zone of the se-edlin,gs for some time during the

growing season on the peaty gley and peat sites, Assessment of
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gulphide distribution was carried out using staining on silver strips.
Staining pattern varied from week to week during the growing season
and reflected the wet site characteristics of the four samples: peaty
podsol (spot staining only), peaty gley (fluctuating, intense stains),
peat (co:;lsistent staining at some sample stations), control {lees
fluctuation and consistently intense stains).

Examiﬁaﬁon of recent drain inte,nsitj_.r trials shows an aera;ion
respﬁnse- to .drainage and a significant difference between drainage
intensity treatments on baein; peat

Aeration levels beneath the planting turf werve correlated
with depth to water tgble. Bore hole observations are a most useful
index of résponse to drainage,

The planting positions cﬁrrenﬂy used on ploughed taxf
patterns seem to bg those best aerated across the turf profile . _

Strict 1ayeriﬁg of aeration and textural levels inhibits
rooting of both natural seedlings and planted stock, |

Deeper rooting examined on windblow mature trees indicates
that there is a progressiw_;e drying and aerating process working to the
advantage of ;‘éot penetration.

; If natural r_egen'eratmn is to Abe successfully utiiised in res
stocking forest areas on. wetland% this layering within the rooting
zone must be b;-oken up by discing, hariowing or rotovation to
provide 2 variety of micro seeéﬁed types which have been shown to
be preferred. Afforestation programs could t,ake_ advantage of more

intensive site cultivation, Mixing of the upper peat layers may be
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beneficial in increasing pot_entiéi yeoting depth. |
On deep peats rooting depth in ithe second rotation will
depend on aeration levels within the peat. On elié\ll&w peata roots

may be expect:.éd to penetrate to the underlying mitig%-al goil,
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AMALYSIS OF vArjanCe - odR | dEPtv

PéatT . _
SOURCE - UeF e  Sa4S5. MaSe F
TREATMENTS 5 - 83243910 loab7452 0e311
ERRQR 24 1286424120 53445005

TOTAL 29 - 1369.8030

COMPARTSONS wbTnEEN TREATHENT %P An5g

TREATHMERTS ant MEANS o O STULEMTPS T DeFas
1 17100 2 ] 24920 T 0 e393 #
1 174100 3 15300 Gedary . a
1 174100 4 135020 . 0,447%2 8
} 174100 o] 14220 ) Neh22: P
1 17100 & 14420 ) ‘ NaSTHA g
2 184920 3 154300 Ne721A 8
2 18,920 & 15020 NaeFazy B
2 184920 5 144220 ‘ 140157 8
2 18,920 ¢ 144420 D97l B
3 15300 4 154020 D,,N0k(8 A
3 15,300 % 14,220 De2332° e
3 154300 & 144420 Delwuy "
4 15.020 > 144220 o Nel72n 6
4 15,020 & 144420 ' Nel2G6 &
5 14,220 6 144420 A Dela32 8

ANALYSIS UOF VAKIAACE od® | P
ConnTRe TRANSECT

VSOURCE af s 545, My S ©F
TREATMENTS 5 ‘10+968E7 21917 De0b6
ERRQR .- 24 | BD3e2780 J3.3448

TOTAL 29 81142347

COMPAR]ISONS RETWEEWN TREATMENT wmFANS

TREATMENTS Al MEANS . . STURENT?S T DaFe
! 1lel60 2 10a.480 - Oyl18c2 A
I 1lel60 3 124120 Ge2b29 8
I 11el60 4 1064900 . . Q,0712 2
! Ilelé0 5 106220 042574 &
H ilel60 & 104800 Nglghg 8
2 10,480 3 124320 Oed49] 8
2 10,4350 4 10,900 Cell50 B
2 104,480 5 104220 Ga0712 z
2 104480 6 10800 0.0874 8

3 12,120 4 10,4900 ° N 4334 )
3 12,120 5 104220 0,52C2 2
I 12,120 6 10,800 043614 8
4 104900 5 10,220 o Nei8s2 [}
4 10,900 o6& 10,800 040274 )
85 104220 & 10,800 O.1588 2

NS

NS



ANALYSIS OF vAL}ANCE  oDR [ dDEPTH
At TWREE . Sowld

SOURCE Def e S5.8%, ‘ Maly
-TREATHENTS 5  251.2707 SGe2b4al
ERRQR £ 4 2234411233 RhaT155

TOTAL «9 249543840

COMPAR]SUNS sETWEEN TREATHMENT wFALS

TREATHMENTS AND MEANS C STULENTIS T
1 18073 2 1%4293 ' Vebahd
1 1B4073 23 184500 NeR261
1 18,073 4 17e6:27 Ne2367
| 184073 5 144927 . lets572
| 18,073 & 1540460 14596m
2 194293 3 1B.500 Ned203
2 19293 4 1700627 Cetin3]

-2 19293 5 142527 : Red137
2 19293 b 154060 : 24,2434
3 184500 4 17627 Nedt2?
3 18,500 > 144927 148433
3 184500 - 6 154060 1,277
4 |T.0627 5 144927 14304
4. 17.627 é 15.0460. - 143899
5 14,927 €& 154060 CelTLG

[
1,881

AY

CaFe
2t
28
2%
28

28 -

28
28
W 28
Hps128
20
28

28

2h
28
28
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Regeneration survey quadrat data
for 3 soilg at the Forest of Ae.



A ]

Twn oo
-

-
.

N R e e e R e le

— o 0N

*
PR

.
-

LR ' BT A I ¢ )
. .
[}

T U
. s
-
oz

«
Cc o

SOoUT

yjdag
dutio0y

vl

SSYOUL

349

128

-

[ I

~
(]

Lo B T e T e B S T B T I B I

Lduod

19A871
dunis N
cumls B
dunis x
Al
Taa0y
GUL] 6 A
ToAul
1243871
I8A3T
pLncu
apIsuTedp

18AST
SS3ICHD |

It

ssoddap n
TeAsT
1enal

. U Ip
TI8ADTY

L

toj3Biafas  Audeafodog

2933717

193371
1913711
131371
513 LT
1933711
Ju33TY
a831371

23371
jead
1tods

1

+H

A87311

ut
P00y

g2 G°1 L0O°0 0°s
0t ¢g'e 600 S
c'z c'o c0°0 o't
S*'Z 0°%¢ 90 "0 0'¢
1 - - 1
1 - - 1
E°T ©°g GO0 £°L
ST S €0°0 0°*¢c
€T C*1 800 (o ¢}
0'2 £°'1 010 Gc*'c
E'T D1 P t0 T Oy
0T o't SO0 g*'e
I - - 1
ot 0%t EQ*0 A
t - - T
1 - - 1
T - - 1
T - - i
4 - - T-
B0, 49, sayouty SayYduUT

oA A N AN M AN M M

COIOI OO NN O L
i = . .

Ja8 Ayuo
1

" "
" [0
n "

i L]

133 Atuo

dopeoT  Cumip wely 3JyStag a8y  Juiyooig

3uiipess 3SaiBl

‘e’

HANNTOHOD® 8
vt vl v vt gl = vl vl e

N OO0
fu—y

@ ung

*1ospod £3eed

Mm.“
3
£
"
E

s m



Peaty pedasl, . Tallest seedling

Quad. Stocking Age Height Stem diam., Leader Rooted in Tepography Vegetation Peat depth Reoting

inches inches .'67 '68 comp. . inches depth
' ’ inches
: 21 4 1 1 - - 1 litter level 3 10 1,2
B 22 1 3 4.0 0.05 1,8 0.6 spoil b stump 2 10 0.5
; 23 - - - - - - - - - ~ - -
. 24 - - - - - - - - - - -
3 25 11 3 9,5 0,11 3.0 3,3 1litter 2" depress 1 12 - -
i 26 3 4 9,3 0.13 1,5 4,0 litter N stump 2 6 1.8
4 27 11 3 8.5 O.11 2.3 3.0 lit:er 4" Jdepress 2 7 1.8
; ‘28 9 3 7.9 C,14 1.5 2.5 spoil mound 2 4 1.6
; 29 1 4 7.0 0,10 2.0 2,0 spoil siound 2 /S -
1. 30 i 1 1 - - 1 litter . level 3 M/S 0.5
% a1 10 4 7.5 C.10 2,5 1,3 litrer - 2" depress 1 7 -
I 32 1 3 4,0 . 0,05 1.3 1.0 1litter 2" depress 1 6 0.8
J 33 4 2 4,0 0,05 2,8 1,3 litter § stump 1 T 6 -
h T34 6 3 5.5 G.07 1.8 2,0 1litier 1 depress i 5 -
b 35 4 2 2.0 0.03 1.0 1,0 1litter ~ E stump 1. 5 0.9
; 38 4 3 3.5 0,05 . 1,0 -1,0 litter ulevel 1 5 -
| 37 4 2 2.5 0. 0¢ 1.3 1.3 1litrer 2 depress 1 5% 0,58
38 3 3 5,0 0,05 1.5 2.5 litter 3" depress 1 7 .85
3e 4 2 2.5 0,03 1.5 1.0 1litter 5" depress 1 S -
40 5 3 3,5 0,05 1.0 2.0 1 6 0,75

“litter drainside

i
*
P
£
4
4




Peaty gley. Tallest seedling

Quad, Stocking' Age Height Stem dilam, Leader Rooted Topography Vegetation Peat depth Rooting

inches inches '67 '68 in comp, inches  depth
- : ' inches
1 3 3 11,6 0,02 0.8 0.9 1litter level 1 13 1,15
2 2 3 1.8 0.03 0.0 0,9 1litter 1" depress 1 16 1.25
3 6 3 2,3 0,03 0,8 0.8 1litter 3% depress 1 19 0,77
4 7 3 1.5 0,04 0.8 0,8 1litter 2" depress 1 M/S 0.58
5 6 3 1.8 . 0,02 0.8 0,8 1litter 1" depress 1 M/S 0.99
L] 2 2 1.0 0,03 0.5 0.7 1litter 2" depress 1 M/S 0.60
7 . - - - . - - - -— - - -
8 15 4 2,5 0.05 0.6 0.9 1litter 1" depress 1 M/S 0,65
9 7 3 2,5 0.05 1.0 1.2 1litter 2" depress 1 11 0.5
10 3 4 7.5 0.10 2,2 4,1 peat - drainside 2 14 0.17°
11 1 4 8.5 0.15 3.7 2.2 moss 2" depress 2 14 1.65
12 4 5 12,0 0.18 5.5 2,5 moss 1" depress 2 14 1,55
13 2 4 10,0 0.11 4,0 3.5 moss 2 depress 3 14 1.75
14 6 5 15.0 0,30 2.8 6,0 moss 3" depress 2 14 2,85
15 5 6 15,5 0,21 3,8 5.5 moss level 1 18 2,85
18 3 5 15,5 0.40 5,0 4,0 moss level 2 16 2,30
17 1 4 15,0 0.18 4.9 6,5 moss level 1 10 2.95
18 - - - - - - - - - - -
19 - - - - - - - - - - -
20 10,5 0,25 4,5 5,0 moss drainside 1 11 2,75



Peaty gley. Tallest seedling

Quad, Stocking Age Helght Stem dlam, Leader Rooted Topography-‘Vegetatibn Peat depth Rooting

inches inches '67 '68 ‘in comp, inches  depth

’ inches
21 2 4 16.5 0,17 6,5 5,0 spoil drainside 2 11 1.75

22 4 4 13.0 0.18 5,0 5,0 pesat level 2 12 - 2,15
23 6 4 14,5 0,18 6.0 6.5 peat N stump 1 13 1,45
24 2 4 7.0 0.15 4,0 2,0 peat " level 1 12 2,15
25 2 4 8,3 0.12 4,0 2,8 peat W stump 1 12 2,26
26 1 4 16.5 0.18 5.0 9.5 spoil drainside 2 M/S 1.55
27 1 4 6.5 0.19 2,0 3,0 aspoil drainside 1. M/8 1.85"
. 28 3 3 13.5 0.16 3,8 7.0 M/S S stump 2 12 3,10
- 29 4 4 13,5 - 0,27 4,0 4,0 peat level 1 8 1.35
30 B 3 19,0 0.28 7.5 9.5 peat E stump 1 - 8 2,65
31 2 3 16,0 0.13 5.C 3.5 peat E stump 2 9. 1.25
32 6 3 9,5 0.20 4.0 4.0 peat W stump 2 14 1.85
33 10 4 7.0 0.16 4,0 2,0 peat N stump 1 g 1,45
34 8 3 5,0 0,10 1.5 2,5 1litter E stump 1 11 1,45
35 18 2 3.5 0,06 1.5 2,0 litter 1" depress 1 6 1.73
36 10 6 11,0 0,22 2,0 2,5 moss 1" depress 1 11 3,25
a7 6 3 4,5 0.05 2,0 2,0 1litter level 1 11 1.50
38 6 2 6.0 0.08 2.5 3.5 1litter level 1 g . 0.95
39 2 2 2.5 0,05 0.5 2,0 1litter N stump 1 9 0,85
40 3 3 6,0 0.15 3,0 2,3 litter N stump 1 6 0,90



Peat, Tallest seedling

Ouad, Stocking Age Height Stem dlam, Leader Rooted Topography Vepetation Peat depth Rooting

inches inches '67 '68 in - : comp. inches  depth
- inches
1 4 2 2,0 0,03 U.,8 1.3 litter drainside 1 30 -
2 1 2 2.0 0.03 0.8 1.3 1litter drainside 1 23 0.48
3 6 2 2.0 0,02 1.0 1,0 1litter S stump 1 22 0.75
4 3 3 2.3 0.03 0.5 1.0 1litter mound 1 24 -
5 12 2 2,0 0,03 1,0 1,0 1litter S stump’ 1 26 1,10
3] - - - - - - - - - - -
7 8 6 6.0 0,08 0,8 1,0 litter drainside 1 22 G,65
8 1 4 4,0 0.05 1.0 1.0 spoil level 1 24 1,55
g 2 4 5,0 0,08 0.5 1.3 peat drainside 1 _ 19 2.10
10 2. 3 4,8 0,08 1.8 1,8 peat drainside 2 .. 18 -
11 - - - - - - - - - - -
12 - - - - - - - - - - -
13 3 5 .28,0 0.51 8.0 5.5 M/S # stump 1 25 -
14 4 2 2.5 0.03 1.0 1.5 M/S mound 2 25 ‘1,15
.15 1 2 4,5 0,05 1.8 2,8 M/S drainside 2 26 -
16 11 4 14,0 0,20 4,5 6,0 M/S drainside 2 26 2.55
17 - - - - - - - - - - -
18 2 4 11,5 0.25 4,8 3.8 peat 3" depress 2 25 1,30
19 6 4 13,5 0.14 5.0 5.5 peat 1" depress 2 25 -
20 5 4 14,0 0.16 5.5 4.0 peat 7' depress 2 - 24 1,45




Peat, Tallest seedling

Quad, Stocking Age Helght Stem dliam, Leader Rooted Topography Vegetation Peat depth Rooting

inches inches 'g7 '6G8 in comp. inches depth
' inches
21 7 4 14,0 0.23 8.3 4.5 peat W stump 2 26 2,00
22 11 4  13.8 0.20 4.5 4,5 peat S stump 2 24 2,20
23 i 4 21,0 0.31 6.0 11,0 peat N stump 1 24 2.25
24 5 4 14,0 0,18 5.5 6,0 peat S stump 1 28 2.25
25 3 3 7.8 0.08 2,5 4,5 peat 2" depress .2 28 2.00
26 8 6 23.8 0.66 5.0 7.5 peat 1" depress 1 28 -
27 9 7 38.5 0,85 10,5 13,0 peat level 1 31 -
28 6 5 20,0 0,46 5,3 5.0 peat ~ S stump 1 30 , -
29 8 6 36,0 0,95 7.0 8,0 peat . 3" depress 2 18 - -
30 6 6 20,5 0,65 6,0 6,0 peat N stump 1 -28 -
31 - 11 6 28,5 0.56 6,0 4,8 peat drainside 1 25 -
32 9 3 8,0 0,20 2,0 3,0 peat blow stump 1 30 1,65
33 16 4 4.8 0,08 1,3 1,3 peat . " " 1 26 -
34 9 7 14,5 0.27 3.3 4,0 1litter N stump 1. 26 2,60
35 30 5 11,0 0.30 2.0 2,0 1litter level 1 33 2.55
36 15 5 10.3 0,23 2,0 1,5 1litter 8 stump 1 17 2,30
37 27 2 4,5 0.07 3.3 1,3 litter  mound 1 17 -
as 6 3 4,3 0,06 1,0 2.0 peat drainside 1 17 2,30
39 3 1 1 - - 1 1 17 1,25

peat drainside

—_— —

40



Seedling development on the
.peat slope.

-Analyses of variance, and "¢"

tests between levels
Cven dry seedling weight.

297



AMALYSIS OF VvAiRlA.CE ©.D. WT,

I PEAT  SwofPL

T SOURCE NeFa SeSe Y6, r
TREATMENTS 19 02388 00125 ‘13,573% %
ERROR 1R¢ Dal64t 00009
TOTAL - 199 044008

COMPARISONS RETHEEL TREATHMENT wmwmAuS

TREATMENTS AtD hEANS STUNDEMT*S T - DoF o

1 De013 2 CaD1H Ne34A] Ce - 1R

1 04013 3 De017 B Ne2747 . " 1A

1 0,013 4 0e027 tenz21l 18

H 0,013 5 Da0026 } NeQ7T7 ' 18

1 0,013 & Na139 10933] 18

1 0,013 7 0a025 Neol36 ‘ 18-

H 0,013 B Del48 2.%553 % 18

1 0013 ¢ 0032 - 163924 . 18

1 0,013 1N Ce044 . 2.3034 W | A

| 0,053 11 DeU3? - | ' te7850 1A

1 0,013 12 U050 " 247330 * 1 B

1 0,013 14 De0s1 34RT7T00 # X 18

1 0,013 15  0.087 A42585 ¥ F I8

1 0,013 16 0all0 - ‘ Te1992 W % 1€

E 1 0,013 17 © 0.107 - £e8TT0 ¥ X% P8
1 0,013 18 0068 he2BA2 ¥ K 18

1 0,013 19  D.)40 : 943693 ¥ A 18

1 0,013 20 GeO&D A,4515 K 1A

2 0,018 3  Ce017 Nafi741] 18

2 0,018 4 V4027 Neb740 Y

2 0,018 5  G.026 ' Beh296 18

2 0,018 6 0039 145850 18

T 2 0,018 7 Na025 (e BEESE 18
- 2 0,018 &  Gen4s 24,2072 % 18
T 2 D O(E 79T 04032 0 - 1,n443 18
2 0,018 10 Oe0D44 1495583 18

TIITT T2 04018 Y1 0,037 T T 1ea3k9 ie
2 0.018 2 0080 ' 23549 W 18

= 2 0,018 13 0076 T 4.29%8 ¥ ¥ 18
2 0.018 14 NelB] . . 3e2219 ¥ X 18

_ 2 0,018 15 0.0857 - 2,9108 & ¥ 12
2 0,018 16 Oa.11i0 heMS1] £ % 18

" 2 0.018 17 Qel0o? beb2B9 K & ie
) 2 0,018 18 Ne098 ] E.9040] W X 18

2 0,018 19 04140 940212 % ¥ 18

2 0,018 20 Oe060 - A:.1034 % X 18

- a 04017 4 Ce027  De748% g

3 0.017 & De026 = = N4703% e

3 0,017 ¢ 00039 1e6591 18

3 0,017 7 Ce025 Neb296 1t

. 3 0,017 .8 . Ds04B 2.2812 ¥ 12

3 0,017 9  0.032 1eil1B4 18

cezrms o2 - 09047 10 04044 . . 2.0294 18



s

]@“OIPOVO}PdfOI’O'D¢>O~W\IUIW\IUlulIUIW\BU|W\ﬂUI&ththL‘Ji&ILh4h&-&Jbl-&tﬂh)mtdﬁ)u(dhiw

0,017
04,017
0,017
Qa017
D,017
0,017
0017

- 0l017

04,017
0,017
0,027
04027
0,027
0a.027
0.027
0,027
0,027
0,027
G.027
Ge027
0e027
0027
D.027
0,027
D,027
0,027
0,026 -
0,028
0,026
0e.D2¢
Cr024
G,0246
0.026
0,026
0,026
0,026
0,026
0,028
0,026
0,026
0e026
0,039
04039
0,039
0,039
0,039
Ce0a9
0,039
0,039

. Oy039.

0039
04039
0,039
0,039

04039

11 .37
12 QeSO
13 CeldTH
14 CelCbhl
15 De(57
16 Na110
17 Cal07
1& Cel0%8
19 Nel140
20 De0680
& Cal26
& Cal39
7 UeN25
B Ue048
9 Ce032
1 De44
11 G037
i2 Ga080
13 CaiTH
14 Ca0&1
15 Ca087
16 0«10 -
17 9.107
182 Ne098
19 CeldD
20 Calls0
b Ge(:39
7 Celi25
” Ce4B
¢ Uel32
16 Oeli4 4
1l G037
12 NeN50
i3 Oel78
14 GeC61.
15 0057
14 Nal110
17 O.107
18 OeD9E
19 De140 .
20 O0s060
7 0025 ]
8 06048 -
$ 0032 -
10 GaQ44 .
11 0.037
12 04050
137 D078
14 Oe061
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146 Oeil0
17 0sl107
‘18 04098
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D TPy LTI L U4 AR TS
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. Temperatures and soil moisture
content along the peat slope.



Fapl £

SOIL TEMPERATURES ALONG THE SLOPE

Top bottom
Date Station 1 Station 2 Station 3 Station 4
level 18 . . L lewlls L level 5 , level 1
1" O A LI A R 1° )

s Temperatire C
Juee 3 14,5 185 110 12.5 1.6 9,5

4 150 125 . 11.0 13.0 110 9.5

6 . 9.5 95 100 8.0 9.0 9.0

10 . 1475 12.0 10.5 12,5 100 9.0

13 13.75 12,25 11.15 12.0 1.0 10,0

7 . 155 14.0 12,75 13,75 12.0 11.0

8 16,0 '17.¢ 16.5 15.0 13,0 15,0 14.5 12,5 110 13.0

20 13.0 12.0 12,4 12.4  12.5 11,5 11.25 11.0 10.6 10,5

24 11.5 1.5 105 10.0  10.7% 11.0 9.5 8.0 9.5 9.0

27 13.5 1.0 115 110 110 12.0 110 100 2.5 11.0

X 13.5 13,4 13,4 12.2  11.4 2.1 11,9 107 9.9 10.9
July 1 16.0 15.5 .14.25 13.25 11,75 1405 12,26 1175 10.25 13.0

4 - 11.75 12.0 1.0 10.75 11,0 11,0 10.5  10.0. 10.0 10,0

8 11.0 11.5 11,75 11,5 110 1.0 10,75 10.25 9.75 11.0°

2 1.0 10,25 © 10.25 10.50 11,0 10,0 10.0 10,0 9.75 9.5

35 12.0 1.0 105 10.5  10.75 10.¢  10.0 9.75 9.5 10.0

i8 13,0 12,5 11.5 11,25 11.25 1.0 10.5 10.25 10,0 10.0

02 15,0 15.0 140 13.25. 12.8 13,5 13,0 12,0 11,0 15,0

25 17.0 18,0 145 13,8 12.5 15.0 12.25 12.0 1.0 13.5

29 15,0 ‘14.5 13,25 12.5 12,25 12,5 12,0 1125 11.0 12.0

X 18.6- 13.4 12,4 13,4  11.8 12.0 1.5 10.8 10.3 11.3

b 174



+

Top bottom
Date Station i Station 2 Stadon 3 Station 4
1" 1" g~ 4" 8" 1° 2" 4" 8" 1°
Temperaxmﬂc ‘

August 1 ' 14,5 180 130 12.5 12,5 12,0 1.5 1L25 11.0 11.0
5 17,0 1.0 155 140 12.8 . 15,0 140 12,50 11.5 14.0

-8 12.5 12,0 - 13,0 125 12,0 12,0 12,0 12,0 110 1.5
12 15.5 15.5 , 14,25 13.25 12.25 14,0 13,0 11,95 1.5 13,0
15 12.5 12.25 1.0 1.5 - 10,95 1.0 105 10,25 10.0 10.0
19 16,5 6.0 14.0 12,5  11.%% 15,0 13,0 11,5 10.0 14,0

22 15.0 15.0 14,0 13.5 12,0 14,0 13.5 12.5 11,0 13.5
26 14.5 14,0 12,5 1L,75 11.5 12,5 115 1.0 10,75 12.0
29 12. 9 11,5 11,5 11.5 12,0 11,0 11.¢ 11,0 11.0 11.0
X 14.4 14.3 132 12.6  11.9 12.9 12,2 1L§ 10.9° 12,2
September 2 14,5 S 140 13,5 1.5 11,0 12.5 1.5 10.5 10.25 12,25
5 13,0 12,5 11,5 1.0  11.25 ° 13.25 105 10.5 10.5 11,0

13 13.0 12.0 13,25 12,5 1.5 12.5 12.25 1.5 11.0 12,0

16 12.0 12,6 1L0 185 10.5 10.5 10.5 10.0 9,5 10,0
19 9,0 8.5 8.5 9.0 10,0 8.5 .75  90.25 9,75 | 8:5 ;

. 24 12.5 12,0 10,5 1000 10,25 11.0 9.5 9.5 10,0 9551 .
26 13,0 13.0° 12,5 iL5 1000 11.5 105 10.0 9.0 11,0
X 12.4 114 M1 10,5 10,2 10.0 10.6

12,1

10.9

10.7

137 4



270

TALL. 25
FIELD SOIL MOISTURE CONTENT AND 15 ATMOSPHERE

MOISTURE CONTENT ALONG THE PEAT SLOPE
- { 2 sampleg per level 3" cores)

Level & Field M.C. o 15 Atmosa, M.C.

OO b W N

% wet % O. D. % wet % Q. D.
vol. weight vol. weight
68. 87 633, 3 45, 40 411.8 '
65, 00 720. 7 36. 04 397.0
68.97 - 689.7 - 44,14 1 430.2
. 67.40 - 456.3 ¢ 46,54 343. 1
71,83 754. 6 18. 50 317.2
60,14 . 426. 6 © 34,55 -
62, 07 652.9 - 23.15 412.1
65. 63 717.1 38,47 423, 3
62,7 573.2 : 43,04 415,9
10 63.87 516. 6 . 44,10 © 368.6
S 11 63, 24 493. 9 48,73 377.9.
12 64,03 491.1 . - 46, 30 351, 4
13 65. 80 616.2 .- 25,50 .
14 68. 97 841.1 35. 90 438.6 .
15 64, 30 702.5 - 40.86 . 460. 2
16 70,40 534.9 56,46 - 428.8
17 61.57 = 449.1 34,80 272.4

18 58,87 524. 3 36, 36 315, 2
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Redox values at Flanders Moss 1967

Forestry Commission Reaearch Branch
Analysis,



Appendix £

REDOX Potential 3" depth,

Means -

O{control) 243,75
D8/0 330.00
D/0 277.25
$/100/2 265,00
5/100/4 312,00
8/50/2 277.50
5/50/4 267,00
85/25/2 297.50

247.00

'$/25/4

Analysls of Variance

of

‘Source of Degrees
Variation freedom
Blocks 3
Treatments 8
Error 24
Experiment mean 273,667
Standard ddviation 67,033

Coeff. variation 23.97

Flanders Moss 1967

Redox Potential, after drain deepening.

Means

O(control) 210,00
ps/0 342,00
D/O 374,00
5/100/2 337.50
5/100/4 316,00
5/50/2 332,00
5/50/4 360,00
5/25/2 328,00
8/25/4 ' 343.50

Analysis of Varliance

Source of Degrees
variation freedom
Blocks 1
Treatments _ B
Error 8
Experiment mean 338.111

Standard deviatien 51,569
Coeft, Variation

of

Standard error 33,52
Mean squere F ratios
' ) ohserved 0,056
65414, 73000 14,56 3,01
3320.07500
4493,46670
Standard error 36,46
Mean square F ratios
observed 0,05
2990, 20 i.12 5,32
807,60 . -
2659,.395 o

0,01

4,72

0.01

11,26



