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Research Trends of Forest Liming and the Effects of Liming
on Forest Ecosystems
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Abstract - The current study aimed to review the research trends on forest liming by age, country,
and research topics, and seeks to summarize the effects of forest liming on soil, vegetation and
water system in forest ecosystems. The recent goals of forest liming have been changed in response
to changes in the acid deposition, and related studies have been mainly carried out in Europe and
North America, where there is noted a massive forest decline, which was subsequently caused
by acid rain. Most forest liming studies are noted to have focused on soil responses, however, the
number of studies on the responses of vegetation and water system according to a literature review
on the subject were relatively small. Meanwhile, forest liming influenced whole forest ecosystems
through interaction between the soil, vegetation and water system as associated with the relevant
regions. The changes in soil pH, base saturation, and cation exchange capacity by forest liming
were noted as different depending on the soil layer and elapsed time after liming. The responses
of vegetation to forest liming were shown in above- and below-ground plant growth and plant
nutrient concentration, and also were noted to have varied depending on the available regional
plant species and noted specific soil conditions. The chemical properties of the water system were
changed similarly to those in the soil, leading to notable changes as seen in the planktons and
available fish species in the region. Finally, these results could be used to plan further studies on
forest liming, which would significantly benefit regional studies to promote the preservation of the
species noted for protection in the region.
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19709 59 AE 53 9 u]=2 Hubbard Brook
Experimental Forest (HBEF)|A] AtA7}3HER 213t 9%
AE A = Arg "l§)|7F B3 s HA] (Huettl 1989; Driscoll
et al. 2001), o1& s 2st7] 3 ¥ F stz 4b A
23] Ago] AAEATH 19709 o] Aol A thAF A
3] Al A7 FPEROY 19809 o]F {5
o A9E FHeE By A7 SdstA AP ok
(Huettl and Zoettl 1993; Derome et al. 2000; Moore et al.
2014). FYAHE A47etEo] g LA A o w4
7 R EH A (Kim 2005), 413] Al§ & EFAHA3o] 2435}
oF AE A Wheol Bt A7 23 E Atk (Jung and Lee
1998; Yoo et al. 1998; Hwang and Son 2006).
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Yol AL =ste

Hdts BEY 1H *@E"“’ﬂ FFe L, HAEF 2L ARS
£ 53l A A9 ek dd 9@ AEAS MY
(Driscoll et al. 1996). 0|9} Zro] A Ak A3] A]&9 &
e B, A, 5 5 WS WslolA UehtE oo
UL I B0 Qasich Tt G dyes

FHUIT M3 g AT 4 L o) Aol 3

@ 7}A] AHH (Kreutzer 1995; Driscoll et al. 1996; Fuss et
al. 2015)5 AQstae v F53 o, SHollA &
B v} gl

ol & AFtold= A A A3 AlE A w™
w8E A5 ddid, =7Hd, a3 FAE A5 A
= vpefsiar, 43 *l%ol AR A 9 ZF a4 (B, A,
FA el vA e F9FE THHLRE GotH 1R} 5k
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At 43 Alg T ARE E4317] 5+ Else-
vier7} A&t ShE=E dlolE o] A Scopusol A
“Liming”T} “Forest’& 7| Y EZ 3}o] 72979 =& %
SFAAL, o] FollA AR &gkt Aol gle 3357
9] =& FETt EAsT B3 A9E A SE &
Aol I A3 A& A7 FFS Fot7] 8 Centre
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Fig. 1. Number of published articles on forest liming and the
amount of acid deposition in Central Europe (CE), North
Europe (NE) and North America (NA) during 1980-2015.
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A2 AMdAsHE AT Wste] et A i A
3] Alg A9 o HHo] iR ALg Yeylth(Fig.
D). AAET o|F ¥ 9 Jo] A9 75 4
Fo] &A=z Frbste] 19809 7MY w2 AE
BFiglch 22y o]z A%t 4k "= ofm] 1970
Bl A4 H7] AFSRIL, o] F Haf AEE tdeE 3 4
3] Alg A7 L A o] AAE ST} (Hultberg and Gernnfelt
1986; Andersson and Persson 1988; Huettl 1989; Huettl and
Zoettl 1993). 1970t o]A Q] AHH tiAF A3l AlE A+ =
Z2 A EoF A 2 9B PR =712 B o Ftgo
U (Huettl and Zoettl 1993; Derome et al. 2000; Saarsalmi et
al. 2011; Reid and Watmough 2014), A& 1] 3}|7} 214 ¥ o]
o= A EHES FFdS 3tste] A HE £0)7)
A 5oz AF7F AYEHUT. 19809 o] Fofl= df
T2 g37h AT 294, 5L % v=s FHLE A
I FAE ZE A3 AJG A7 FFAHLE FPHGL
™ (Andersson and Persson 1988; Bukaveckas 1988; Huettl
1989; Huettl and Zoettl 1993), 5U 3} v]Fo A= =4
A1 = £ T (Brocksen et al. 1988).

1990 diofl= =A4AQ d7ledE=d W& A =8
2 AMAsEY fdFel A AARez Fasty] Az
stglon, 7|&o] ¢35 A3 Alg A9 Az g @
2 49 =Fo] HREQIth(Fig. 1, Kreutzer 1995; Meiwes
1995; Blette and Newton 1996).
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A3 (Lawrence et al. 2016). 18]31 AHE diAF 43 A]
ol e 48 Ll = 1090W5fel HJ3) Gasiste
o el A B =REol 47
© 2 WFE QT (Derome et al. 2000; Ingerslev et al. 2001;
Nohrstedt 2001; Saarsalmi and Mélkonen 2001; Donnelly
et al. 2003; Formanek and Vranova 2003; Lundstrom et al.
2003; Schaaf and Hiittl 2006; Moore et al. 2014; Reid and
Watmough 2014; Lawrence et al. 2016).

Iy A7HA] B2 AMYSHE A Ee] o ds] B
HA o AR gotglen, oo wE Ay = A&
T2 9tk (Akselsson et al. 2013). ©o]& 3§t At o] X9 A 1}
ol oste] o]H e HHE IEHe AL AY wet &
7FestAY vl 2% AlZte] 2aE Aoz FAEY] i
o, At 2He A=A A Y] BHS 357 A3 529 4
3] A& s 2adt Ae= &HA Atk (Westling and
Zetterberg 2007; Lawrence et al. 2016).
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A o] vlste] Ao FH7F AL I Sk A
AR B AMStE dAshe Tl tigk ql4lo]
2 22397 gjEoz Helth a7y 20509
= 9 FobAol A G 9] AT eHE el dAR
gk Ao FHE, 2L AFofA AHI7sE
gk AH Tzt HAE o] A yehdtar ik
(Kuylenstierna et al. 2001). T3+ A 3] A|&of tjst AL AYE]
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Fig. 2. Number of published articles on forest liming by research
topics.

et al. 2009). °l= 5/ F719 Atgo] Hutytat 37
Gg FeR sjol AR o

(Lundstrém et al. 2003), B3} 7} 8

Ao A7} B0l 9k AL B 4 vk
U] AF A7 2 RuEgih 53] 1980 ©]
U FR W EAR AN FFH A
A17F A=Y (Kreutzer 1995), TJHE Fo A=
A7 BEF M3 Ago] olFolAT ek (Reif ef al.
2014). v A= F&F Adirondack AH] 5 SEX 2o
9] ZgoflA AHEtE QI3 ofF a9 W&t 2A e
wo, olo dj-gst7] Al A A & HFes
S 48] A8 AP 977 T 2 =91t (Brocksen and
Emler 1988; Driscoll et al. 1996).
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S5t A WBE 402 A7Eou (Matzner ef al.
1985; Kreutzer 1995; Schaaf and Hiittl 2006), ] &Jo= E
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and Persson 1990; Potthoff et al. 2008; Reid and Watmough
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2014).

N3] Ago] e A4 B SAY WL Eope 5aHA
47 Ws1E AAA oA Hor Yehtmre Bk ulsie] ¥
W A 7 Ak (Fig. 2). 43] Al§ Ats F2 4
ol BS A& A, =AY A olF <8 2 2o dist
of AFEHA=T, ol A7 B E= AAGF AHA
o2 JFE FE 27| Yl Aoz AEHTh(Balcar
et al. 2011; Long et al. 2011; Pabian et al. 2012a, b; Moore
et al. 2014). A1 9] 3¢ A3 A& FHS Eol1 o
A7 A&AQ EIE Bl 8] AE e fare
2 H35 A&3 A7t 2 P ok (Warfvinge and
Sverdrup 1988; Jenkins et al. 1991; Brahmer 1994; Driscoll
et al. 1996).

T 71 o4 ATFAE BE LR £t EF D 4
B S8, E% W A 11, A 2 A 24, B, A
% 54 470 Sol9ich (Fig. 2). B ket 44| whg-e
AyHoz AdEy] fio| olg BAo| BN AT =
£ =7} v 3 gkt (Ingerslev 1997; Long et al. 1997,
Prietzel et al. 2008). T3t A3] Al &of & EoF oFHE U =
% Tk M= &5 9 ARSE Fotol fAl 9%
< AER BT 2AE A A1 2ot Ao a8
U AR SAE FAl A A = wle AU
a3 B AR, A AAE ez FEAA 9%
245 glH =822 9l v (Driscoll ef al. 1996; Moore et
al. 2014; Lawrence et al. 2016), Ag 3 =F& B ¢

ATt
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a1l

| AlZo| AEME Ao DIXl= St
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Table 1°] 43] A-g-0] AFHeA o A= Zopd FTF
< X2 AAEHAH.

1.E%¥

A i A3 AlEE YRt o® E¢F pH, |7]=3t
= (Base saturation; BS), %Fo]-2 ] 2+-8-3F (Cation exchange
capacity; CEC) @ Ca™" &5 27719, AT 334
FTEE AN 2 o3t At R ES EY F
o @ A F AT A7ve] ket kA vebit.

43 A§ F 27] EY pH H3te §71EF =3tE
A (Andersson and Persson 1988), #7133 F7|%&
Eokz0] A2H (<10 cm)o|A YERTH (Matzner et al.
1985). 10 cm¥t} Z1-& EFo|A pH ¥3t= UehbR] %k
t}(Schaaf and Hiittl 2006). 18]y A& ¥ 53¢ E£= 104

ol A3t Afol= 10cm Zo oo RIRE EGS
NA= pH7} F7keHe ARFE EAT 4 AU Moore er
al. 2012). ol= A3 A&9 @7|¥% a7t REFO| =
gtEl= AL 9ugitt. o]ggt Zolo wat Ut A3
A& &1t AZkake F A9 /f71E30] FAETSE
AR, A3 A&§Fo] BS4F Fodte ALE YEY
t}(Andersson and Persson 1988). o]&= 7] &%0] 43 A
£ anE A%3ly] yglEo 2 BhEth(Andersson and
Persson 1988).

A3 Algo] mE BS Y CECY W¥3l:= dytygoe=z &
< pH W3k} -3 #H o] ot (Kreutzer 1995; Reid and
Watmough 2014). & E9F pHE} tpR7IR2 A3 A& &
#7185 = BS ¥ CECY W3y} Fstgoy, #
%E ERANE oIt YoiW+S 1 Bk 7
3] ZFA3F T (Huber et al. 2006; Moore et al. 2008). =Y
Hoglwald 4H 9] 7] A 3] Al-& dAtolA f71E39 BS
€ 40~80%2 F71FE BT (10% vehol vl &2 =+
Z]& Bt} (Huber et al. 2006). Guckland et al. (2012)= 4
3] AlE & R E ESTOIA CECY W3t flglou,
£F Zol7} 2ol W4E CEC/L otttk B usoc

Qioz 43 A8 # EF U ABY AP FEE 7T
A5H= Ao Z Bt (Derome et al. 2000; Schaaf and
Hiitt] 2006). 13] Al g0 EoF galo] A Ca’*o} Mg® o]
29| =7t F7SHH B UAY] Fol 2 F oA
H'oF AP" o] 20] AotEln], Xge Al 0|22 3719 &
& &9 pHol 23 Al(OH); 59 FElZ Y=o A&
A AT 2o Zag o]o] R th(Kreutzer 1995).

A3 AG2 A EYY F55 542 ARAE = 9
= Ao R 4 A itk (Lautenbach et al. 1995; Derome and
Saarsalmi 1999). 3] A|go| W& ESF pH 7= 32
% oleg AANA EF AN F34 BEE F2AT)
o} (Kreutzer 1995). 181} A3 2R L350 U& ca’’
2 Mg™" ol 2 5ol ofs) o] ol AT Aelo] T
FaE0] EE A& 279 AHLeR 545 F=7
Z71e 4= Stk (Derome and Saarsalmi 1999). 3+ 43 &
H=stA A&g FE f71EFlA 171 ZEHA| (Organic
complexing agents)®] W& £Xsto] FF&9 =7 F
7k 919 = Qlth(Kreutzer 1995).

A A A3 A8 AMEHE B pHE S3HAIA T
AE slolonl 2ot A4S SN, £ 2 5 F
Zo} Baxo F3 HIE doxirt. A3 A& % ulA
T A9 Wil EYY 334 A wstel Y5
22 47183004 eita B8 EGRoAL ent
A QFT) (Zelles et al. 1987; Kreutzer 1995). YHEA 02 ]
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Table 1. Summary of effects of liming on soil, vegetation and water system in forest ecosystems

Effect
Factor
Positive Negative None or mixed
(A) Soil
pH, BS, CEC (20,33,36,39,42) Al(39,42)
<10 years Ca, Mg (20,33,36,39.42) Mn (39)
Top soil (< 10 cm)
> 10 vears pH, BS, CEC (38,39,44) Al(36,38,39)
y Ca, Mg (38,39.44) Mn (39)
pH, BS, CEC (36,39) Al(36) pH (3342)
<10 years Ca, Mg (36,39) Mn (39) Al(39)
Subsoil (=10 em) H, BS, CEC (39,44) Al(39)
p 2 b 9
> 10 years Ca, Mg (39.44) Mn (39)
Picea abies (33.41,62)
. Lolium perenne (60)
. ‘ Biomass Abies alba (46)
Micro-organism Acer saccharum (10)
.. Pinus sylvestris (2) Pinus sylvestris (54) Picea abies (67)
Activity Abies alba (47)
Enchytraeus buchholzi (56) Acidophilic Enchytraeidae (56)
Enchytrona parva (56) Epigeic Collembolan (10)
Soil fauna Fridericia paroniana (56)
Mesenchytraeus cambrensis (56)
Endogeic Collembolan (10)
(B) Vegetation
Acer saccharum (40 44 ,66) Picea abies (17) Acer pseudoplatanus (4)
Alnus incana (29) Prunus serotina (40) Fagus grandifolia (40)
Above-ground  Fagus sylvatica (4) Picea abies (1,53,61)
Picea abies (1) Pinus bariksiana (19)
Tree Pinus sylvestris (17,61)
Fagus silvatica (45) Picea abies (26,51,52) Fagus grandifolia (57)
Below-eround Picea abies (23,45,58) Larix leptolepis (30)
& Pinus sylvestris (25) Picea abies (14,52)
Quercus petraea (3) Pinus sylvestris (14)
. Biomass (49) Lycopodium lucidulum (5) Diversity (15)
Understory vegetation Oxalis acetosella (5)
. . Ca(40,43,61) K (8,43.,59) AlL(8)
Nutrient concentration Mg (16.32,40.43) A1(16,28 40), N (4.61)
(C) Water system
pH, Ca, ANC (18,37,21,11,24 ,48) Al(12,48,65,35) NO;™ (21), NH4H (21)
Water chemistry NO; (11,12,65), S04 (11) Hg (34), Total P(27)
DOC (12,6,18)
Fish Salvelinus fontinalis, Perca flavescens (22,50)
Salvelinus namaycush (9,13,22)
Biomass (7,55,63) Biomass (31,50)
Phytoplankton Species richness (50)
Biomass (64) Biomass (31)
Zooplankton Species richness (63)

1) Aldinger and Kremer 1985; 2) Béith and Arnebrant 1994; 3) Bakker ef al. 2000; 4) Balcar et al. 2011; 5) Brach and Raynal 1992; 6) Bukaveckas 1988; 7) Bukaveckas 1989;
8) Burke and Raynal 1998; 9) Carbone et al. 1998; 10) Chagnon et al. 2001; 11) Cho et al. 2009; 12) Cirmo and Driscoll 1996; 13) Clayton et al. 1998; 14) Clemensson-Lindell
and Persson 1993; 15) Demchik and Sharpe 2001; 16) Derome and Saarsalmi 1999; 17) Derome 2000; 18) Driscoll et al. 1996; 19) Foster ez al. 1988; 20) Frank and Stuanes
2003; 21) Groffman et al. 2006; 22) Gunn et al. 1990; 23) Hahn and Marschner 1998; 24) Hall et al. 2001; 25) Helmisaari et al. 1999; 26) Helmisaari and Hallbicken 1999;
27) Hu and Huser 2014; 28) Huber et al. 2006; 29) Huss-Danell 1986; 30) Hwang et al. 2007; 31) Jarvinen et al. 1995; 32) Jonard et al. 2010; 33) Kreutzer 1995; 34) Lawrence
et al. 2016; 35) Lawrence et al. 2013; 36) Li et al. 2014; 37) Likens et al. 2004; 38) Lofgren et al. 2009; 39) Long et al. 2015; 40) Long et al. 2011; 41) Liitzow et al. 1992;
42) Matzner et al. 1985; 43) Misson et al. 2001; 44) Moore et al. 2012; 45) Murach 1988; 46) Neal et al. 1992; 47) Neale et al. 1997; 48) Newton et al. 1996; 49) Pabian et al.
2012a; 50) Persson and Appelberg 2001; 51) Persson and Ahlstrom 1990; 52) Persson et al. 1996; 53) Popovic 1992; 54) Priha and Smolander 1994; 55) Renberg and Hultberg
1992; 56) Rusek and Marshall 2000; 57) Safford 1974; 58) Schneider and Zech 1990; 59) Schonau and Herbert 1983; 60) Shah ez al. 1990; 61) Sikstrom 1997; 62) Smolander
and Milkonen 1994; 63) Stenson and Svensson 1995; 64) Svensson and Stenson 2002; 65) Westling and Zetterberg 2007; 66) Wilmot et al. 1996; 67) Zelles et al. 1990.
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Fole 4 EGS ATstr, A3 A 2doA AL

5 2 A Yepdth(Moore et al. 2014).
weha A3 AlG F EAMISTE estE| o] [P o] Hiol
emjA gl AAe7E F74E AT (Kreutzer 1995). 09 22
ndE 24 9 AFo] A S7h= A Algl ot o
AZ9] f71e2sRE S3= SVt (Kalbitz ef al. 2000)9}
tEo] B2 ZaE 24T (Forey et al. 2015). ¥
# Homan et al. 2016y Hu] Aol 43| A go] 9|
2 A o) (Lumbricus terrstris)?] A 7FsAS =9 4+ A
on, olnf Y &7t Hr=stA FHH HHS &40
TS Adde] gle Aoz Huskqtt o] Qo A3 A&
T EEV|HOU EG ASE T, 2H7IE,. 354 §
o] 44 wt 23 F2 % F3& Fo| th=2A YeHt
(Kreutzer 1995; Rusek and Marshall 2000).

2. 44

A3 Algol T At A w2 Al FHE 5t
o] 8olst 4= Qlt}. Picea abies®} Pinus sylvestris A+ 0|
A A3 AlE T AT dlo]ujAE F748FA U (Schneider
and Zech 1990; Helmisaari et al. 1999), H3l7} gt
(Clemensson-Lindell and Persson 1993). 43| A4 X9 2]
Fi Frard wet Al whgo] th2n, 53] A3 Al§ &
Ax $EE Wslo] we A SH7 BhEd) Ues A
S 72 &#HA Qlth(Persson and Ahlstrom 1990).

AAE A 880 749 Reid and Watmough (2014)2]
HELEA Ao W2 A3 AlE T d&E Ao Wit
= A7 6122 AufH ol e, F7tst= A97) 31%,
Aaste A7t 8%E UrHTh AGE AR w2 § &
o|Foln, 27] E¢ pH X ¥& FA% Tl gt t=24
UERSTH A 3] AJ§of mHE 37K 5 A71A AR WS
of thgt AFoA A3 A& F Acer saccharums 7o
Z7V3tH o, Fagus grandifolia= 37l Mgkt glolod,
Prunus serotina= YA Z 02 A o] 7}43 A 02 HIE]
At (Long et al. 2011). A. saccharum-= A3 EoFo| FoF3}
A A 8FET 2 $FOIER A3 AE 3 ARl F
713t Ao 2 BT (Moore et al. 2014). 0] Lo &2
G el Tt A3 Alg & JF Aol T8 = 5t
U, Larix leptolepis 98- 4 QW K/Ca ®]E&0] /HAHH 7
Folgt A& Aol Skt ALR2 UEE S (Van den
Burg 1991), P. abiest= A 3|9} PK H]|2E 37 A& A&
Fagrd A o] £3589tk (Jonard et al. 2010).

512 49 A3 M3 A% T BE WL A9 1
YA gem F2 2EFOIA vl ueidt 2

=
T

o] W3 Fof wet 229, dutd o A3 Alg & 5}
Z A9 F 98 E=7F F718H% L (Rodenkirchen
1992; Olsson and Kellner 2002), E%F 1] Ca’" & Mg2+ =
T 37tE oAl e AR S7HE YESTH(Rodenkirchen
1992). 3] P. abies YEoNA 43 A& 6@ 3 31544
Z BEAE £ 7} 50~75% F713 Ao 2 RAEHIT
(Rodenkirchen 1992).

A2A W P BE Wse A3 g T EF W
3l HH19} SASHA e T (Derome and Saarsalmi 1999;
Jonard et al. 2010). & A3 A& & B U Cca’'9} Mg2+
FE7F 5716, ol 99 Cadt Mg FE9 5712 o]o]
AT (Resberg er al. 2006). EF £ pH F7}o] mh2 Al
FE Al AR AT F4E AAA Ao AlBE 7

A2 Yelgth(Derome and Saarsalmi 1999).

3.4

A dd A3 A8 At e 2 ARTE
st BEofoA AR MEEHY. EY EH| =2 43
= AA3] &3E7] diel, Al&E 439 R ES EF
of 28 7|17 HEA =HW, 53] EY JE4E 53 43 A
£ a3 AGL uj A APt (Driscoll et al. 1996;
Oh and Raymond 2006). 3tH FFof A3E A|L3tH 4
Aol A A3 E Al&she Aol vls] F4% A9 3}t
A 47 wsb) ol gron B7Ig mast A&Ec
(Newton et al. 1996; Lawrence et al. 2016).

EgoA FAZ AgE A3 Alg adte A9 pH,
Ca’" %% @ A%E3}5 (Acid Neutralizing Capacity; ANC)&
Z7M713 AP &L 7HAA 71T (Driscoll et al. 1996).
ob&E sHHI TpofA ofF MAZY F ohdE T A
5 F7MXZ 4 Qlth(Clayton et al. 1998; Westling and
Zetterberg 2007). 92 AL Z 3t A3 A&
9] pHE F7H71L AAH HeS FAAA, Salvelinus
fontinails®] At AAXE A7 A4S Z7HA]7)
£ 22 YelT(Schofield and Keleher 1996; Hudy et
al. 2000). 3t A3 A& & Perca fluviatilis®; Esox lucius
o AY & =7t daste Aol HET AT (Rask et al.
2007).

oft

3hHl pHO} 7HEA Ca''e] F7He Qurdos S o
oJiEeld FAT 4TS e FEAY ZHAE 9 42
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A7t F78te & & A% ¥FE £t (Renberg and
Hultberg 1992; Jarvinen et al. 1995; Stenson and Svensson
1995). 13t Ao digh AF A E= =g A3 A
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Fig. 3. Impact of forest liming on forest ecosystem. A plus (+) notes an increased effect, and a minus (—) notes a decreased effect of forest

liming.
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