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ABSTRACT

Data  f rom 25  exper iments  on  seed l ings  o f  43  tree  s p e c i e s  a n d  h y b r i d s
show that ozone (0,)  can reduce growth and photosynthesis at con-
centrations common in many areas of the USA. Seedlings have been
primarily employed for such studies for logislic  reasons, and will like-
ly provide the greatest breadth of information for some time IO  come.
However, a number of impediments limit application of seedling

response  s tud ies  IO  a s s e s s m e n t  o f  i m p a c t s  o n  r e g i o n a l  t i m b e r  p r o d u c -
tion. Large trees differ from seedlings in a number of ways, including
C allocation and canopy structure, and methods must be developed IO

acrount  for these differences if information from seedling studies is
to prove useful IO  forest impact assessmenl.  Understanding how com-
p e t i t i o n  m e d i a t e s  i n d i v i d u a l  tree  r e s p o n s e s  w i l l  r e q u i r e  i n v e s t i g a t i o n  o f
whether systematic differences of microclimate leaf morphology that
exist across canopies affects foliage sensitivity IO  0,.  and whether the

maximum growth rates of genolypes  are correlated with susceptibility
IO  0,. Definitive information on these factors is necessary IO  assess im-
parts of 0, on stand development and diameter distributions in both

mulli- and single species stands. Of critical economic importance is
whether 0, preferentially damages taller, more valuable individuals
within stands and more valuable, faster growing stand types.

Of the several air pollutants common in various regions
of the USA, ozone (0,) is the only one likely to impact
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large areas for which sufficient response information is
available to assess exposure-response relationships. Con-
trolled exposures of trees to SO, or NO, have been limited
to concentrations of 0.05 pL/L and above, concentrations
that are rare in most forested areas of the country
(Altshuller,  1983; National Research Council, 1986). Ad-
ditionally NO, and SO, are subject to relatively large
spatial and temporal variability (Seinfeld, 1986; Roberts,
1984), complicating estimation of exposure for rural areas
with Little  monitoring. Assessment of acid deposition is
complicated by negative and positive impacts (Bell, 1986),
unresolved mechanisms of action (Society of American
Foresters, 1984), and the probable importance of indirect
effects (Ulrich,  1983).

Several excellent 0, reviews are available (Guderian,
1985; Heath, 1980; Heck et al., 1986; Mudd, 1984;
Runeckles, 1986), but they have not focused on responses
of tree species. Several have addressed impacts on trees
but they are either theoretical syntheses or qualitative
discussions of response (Winner and Atkinson, 1986;
Harkov and Brennan, 1979; Taylor and Norby,  1984;
Kozlowski and Constantinidou, 1986a, b). Here 1 review
data from controlled exposures and discuss how such data
might be incorporated in large-scale economic assess-
ments.

This review consists of three parts: (i) a critique of
available experimental approaches, (ii) a review of tree
response data from controlled fumigations, and (iii) a
discussion of difficulties extrapolating these results to
regional economic damage assessments. This analysis is
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restricted to estimation of timber market impact, ignor-
ing other benefits that forests provide.

EXPERIMENTAL APPROACHES

Fisher (1981) cites two methods for determining dam-
age functions for polluation impact assessment: statistical
field studies (e.g., Miller, 1983; Kercher  and Exelrod,
1981), and controlled exposure-response experiments (as
in Heck et al., 1986). Statistical field studies exploiting
spatial or tempera1 contrasts in 0, have been made dif-
ficult by low spatial resolution and few years of com-
parable O1 concentration data (Pinkerton and Lefohn,
1986; USEPA,  1986). A third approach providing the
most rapic  input to policy makers is expert opinion,
possibly structured around interdisciplinary workshops
(e.g., Helling  and Chambers, 1973; Bonnickson and
Becker, 1983).

The most prominent model of the experimental ap-
proach to regional air pollution impact assessment is The
National Crop Loss Assessment Network (NCLAN)
(Heck et al., 1986), in which yield reductions were
estimated from a series of exposure-response fumigation
studies. However, long rotations and the large sizes of
trees prevent rotation-long fumigation as employed by
NCLAN, complicating estimation of stand-level yield im-
pacts. Greater heterogeneity of soils, topography and
species, and poorly characterized intraspecific variabili-
ty each present additional problems for stand and regional
extrapolation.

Fumigation Chamber Designs

Indoor growth chambers, greenhouses, and con-
tinuously stirred tank reactors (CSTR’s)  are the most
common fumigation environments for tree studies. In
these indoor environments, plants differ morphological-
ly and physiologically from those grown outdoors, and
they react differently to 0, (Lewis and Brennan, 1977).

Outdoor exposures usually employ open-top chambers
(OTC) or, rarely, chamberless designs (Reich and
Amundson, 1984). Chamberless designs produce the
fewest microclimatic artifacts, particularly in winter
(Olszyk et al., 1986), but control of fumigation levels
under differing winds has proved difficult (Guderain et
al., 1985). Open-top chambers after temperature, humidi-
ty, and air flow, extending leaf retention and increasing
height growth over chamberless controls (Duchelle et al.,
1982; Wang et al., 1986). Chamberless designs may
benefit from improvements in airflow control, but OTC’s
currently provide the most realistic data on yield response.

Ideally, exposure-response studies should include
treatments representing four or more concentrations of
0, that span the range of control scenarios under policy
consideration, allowing nonlinear regression analysis of
impacts. While unusual in tree response studies published
thus far, use of this design is becoming more common.

Relevant Dosing Regimes

The relevance of experimental dosing regimes depends
on patterns of exposure common in forests. The most

commonly cited exposure statistic is the daily 7-hr mean,
averaged over the growing season. The regional patterns
of 0, characterized by this measure obscure smaller tem-
poral and spatial patterns. Daily 0, concentrations tend
to peak around 1400 h near urban areas, but diurnal
swings are dampened and often displaced later in the day
in more remote areas (Lefohn and Jones, 1986; USEPA,
1986; Miller et al., 1982; Berry, 1964). Mean 0, concen-
trations in urban and rural areas are often fairly similar,
about 0.040 to 0.055 pL/L in the southeast (Pinkerton
and Lefohn, 1986). However, peak events are more ex-
treme in cities (USEPA,  1986). In the southeast, hourly
means greater than 0.120 FL/L,  occurred at only 2 of 28
rural sites, but they occurred at least once in nearly every
city (Pinkerton and Lefohn, 1986).

While controlled exposure studies usually manipulate
exposure means, other exposure parameters are known
to affect plant response (Male; 1982). These include the
variance of 0, concentration‘and the timing of episodes
and respites (Jensen, 1979; Musselman et al., 1983;
Hogsett et al., 1985b). Indoor fumigations usually employ
square-wave dosing regimes, with constant daytime 0,
concentrations. Outdoor fumigations use treatments
based on fixed 0, additions or complete removals of 0,
from ambient air, resulting in realistic diurnal and
seasonal variations, but with constant variance across
treatments.

Most fumigations include exposure to ambient 0, at
night across ail treatments. The impact of this nighttime
exposure is unknown. Although stomates are typically
closed at night, Reich and Lassoie (1985) found that long-
term 0, fumigation alters normal diurnal patterns of
stomata1 conductance, raising the possibility of signifi-
cant nighttime uptake of 0,. Extending 0, fumigation
from 8 to 24 h did result in greater damage in one study
(Ashmore  et al., 1987, poster presented at the 19th An-
nual Air Pollution Workshop, Helena, MT). Note that
published multiyear fumigations have also not controlled
0, exposures during the winter months (Wang et al.,
1986; Duchelle et al., 1982; Chevone et al., 1983).

There are two schools of thought on appropriate con-
trol 0, concentrations: zero and natural. Most researchers
use charcoal-filtered air for their no-O>  treatment, which
brings 0, concentrations to an unspecified level near zero.
This practice clarifies the mechanisms of 0, impact and
highlights impacts at low 0, concentrations. Other re-
searchers (e.g., Reich and Lassoie, 1985) contend that
such low concentrations of 0, do not constitute realistic
controls because pristine levels of 0, are closer to 0.025
pL/L  (USEAP, 1986). These researchers use control con-
centrations of 0.025 to 0.030 pL/L.

Types of Response Measures

Experiments have identified biochemical and physio-
logical effects of 0,. At the biochemical level, 0, oxidizes
sulfhydryl and fatty acid double bonds, increases mem-
brane permeability, and disrupts membrane-bound
photosynthetic systems (Guderian et al., 1985; Mudd,
1984). Foliar sugar and polysaccharide levels are lowered
as well (Miller et al., 1969). At the physiological level,
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net photosynthesis is reduced, dark respiration is increas-
ed (Barnes, 1972), and C transport to roots is lowered
(McLaughlin and McConathy,  1983). Other physiological
impacts include coincident and long-term reductions in
stomata1 conductance (Hill and Littlefield, 1969; Reich
and Amundson, 1985; Coyne and Bingham, 1982), ac-
celerated leaf senescence (Reich, 1983; Jensen, 1982;
Noble and Jensen, 1980; Reich and Lassoie, 1985), re-
duced root/shoot ratio (Hogsett et al., 1985a; Chappelka
and Chevone,  1986), and increased foliar leaching
(Rehfuess et al., 1982).

Extrapolation to regional economic impacts requires
a different set of response measures. Stand wood volume
and species are important determinants of timber value.
Ozone impacts on yield would occur through changes in
tree regeneration, mortality, and growth rates. More will
be said on stand factors in the discussion.

Wood quality is another factor affecting value.
Although 0, is not thought to directly affect cambium
of mature stems, it can alter wood morphology indirect-
ly. Ozone has reduced wood density (Patton, 1981) and
tracheid length (Wachsmuth et al., 1974) in controlled
exposures. These changes are indicative of reductions in
wood strength, pulp yield, and quality (Panshin  et al.,
1964).

Insect and pest interactions with 0, are poorly under-
stood: both increased and reduced susceptibility have
been reported (Stark et al., 1968; Jeffords and Endress,
1984; Heagle, 1984). Fire damage may also be indirectly
affected by 0, through increased litterfall (Miller et al.,
1982).

This review reports the three response measures most
closely related to yield: dry mass increase, height growth,
and net photosynthesis. A fourth measure, growth
analysis, has been used by a few researchers for O3 assess-
ment of tree species (Jensen 1981a; Jensen 1982; Jensen
1983; Chappelka and Chevone 1986; Chappelka et al.,
1985; Hogsett et al., 1985a).  However, growth analysis
is not included in this review.

These response measures are examples of “hidden in-
jury” (Heath, 1980), as distinct from visible foliar injury.
Foliar injury has been frequently used as an indicator of
the relative sensitivity of trees to growth impacts
(USEPA,  1986; Davis and Wilhour, 1976), but this prac-
tice is suspect. In studies that measured both growth and
foliar injury, the two measures have rarely been related.
Specifically, growth reduction occurs without visible
foliar damage (Reich and Amundson, 1984, 1985; Reich
et al., 1986), foliar damage occurs without growth im-
pacts (Jensen and Dochinger, 1974; McClenahan, 1979;
Patton, 1981),  and rankings of species susceptibility based
on growth measures do not correlate with those based
on foliar damage (Jensen, 1973; Jensen and Masters,
1975; Wilhour and Neely, 1977; Kress and Skelly, 1982).

Visible foliar damage indicates lost photosynthetic area
following a failure of cellular homeostasis. This type of
damage occurs most commonly during acute exposure.
Lower concentrations of 0, reduce photosynthetic effi-
ciency and increase respiration without this loss of
homeostasis. Because short, low concentration exposures
cause minimal lasting damage to photosynthesis, hidden

injuries are observed as a cumulative result of longer term
exposure. While both visible and hidden injuries increase
monotonically with 0, levels (McClenahan,  1979; Hogsett
et al., 1985b; Chappelka and Chevone, 1986), foliar
symptoms appear more sensitive to isolated peak events.
The lack of growth reductions despite reduced photo-
synthetic area suggests compensations in C allocation and
respiration. Differing species susceptibilities suggest that
some protection mechanisms are more important for
visible damage, while others are more important for hid-
den injury processes. However, until the mschanistic  dif-
ferences between visible and hidden responses are more
clearly understood, foliar injury should not be used as
a proxy for more subtle growth effects.

RESULTS OF CONTROLLED FljMlCATlONS

General Information

Exposure-response data are summarized in Tables 1 to
3, which cover dry mass (biomass) growth, height growth,
and photosynthesis, respectively. As many studies as
possible were included, spanning a range of experimen-
tal design, methodological rigor, and statistical power.
In many cases, response measures were calculated or
estimated from graphs. Fumigations employing levels of
0, greater than 0.40 pL/L were excluded as unrealistic.
For those studies that reported repeated measures of
response, only those data from the longest fumigation
were presented.

The use of different exposure systems and regimes com-
plicates comparison of study results. While most indoor
studies used moderate humidities (50-70%)  and temp-
eratures (20-5O”C),  other environments (OTC, green-
house, chamberless) cannot be so readily characterized.
Although the tables note some important variables, they
are not substitutes for the original references. Variables
of importance that must be gleaned from the references
themselves include details of exposure regime (variance,
sequence of exposures), tissue measured (whole tree, first-
year needle, etc.), season (spring, summer, winter), and
genotype selected (sensitive to foliar damage, clones). Un-
fortunately, no controlled studies are available on seed-
lings more than 4 yr old.

Data are organized by taxonomic group, noted on the
left. Three measures of exposure regime are shown: days
actually exposed, average 0, concentration, and dose
(pL/L-hours).  Dose is the product of average concentra-
tion, days of exposure, and hours fumigated per day (not
shown). Dose as used here does not indicate 0, actually
taken up by the plants. Response is shown as percent
change from control. Thus, negative numbers indicate
growth (photosynthesis) reduction.

Data are included from any study in which response
comparisons of at least two concentrations could be
made. Regression or confidence interval data would aid
interpretation, but these measures were seldom presented.
Therefore, asterisks in the tables only indicate whether
the response measure for that treatment level was found
significantly different from control measures at the 0.05
level. Reich and Lassoie (1985) did not test individual
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Table 1. Effects of controlled 0,  fumigation on weigbt growth in tree seedffng6.t

Chart symbol and taxon D u r a t i o n

EXpoSWe

Cont. Dose
B i o m a s s
c h a n g e R e f e r e n c e  a n d  n o t e s

A Acer  sacchan’num

d

6 0

B 28

C Acer  saccharum 5 0

D Fraxinus omericana 2 8

E 25

F Fraxinus americana 9

G Fraxinus pennsylvonica 2 8

H Liquidambor  styraciflua 2 8

1 Linodendron  lulipifwa 2 8

J

K

L

M

:

&

R

S
T
U
v
W
X

Lin’odendron tulipifera

Liriodendron rulipifero

Piceo sirchensrs

Pinus  conforfo var. confor1a
Pinus  ronlortn VW. murrayona
Pinus  echinoto
Pinus  echinota
Pinus  elliortii  var.  denso

Pin&  eliotrii  var elliorfii

Pin u s ieffreyi
Pinus  lnmberriana
Pinus  monriroln
Pinus  ponderosn
Pinus  radiala
Pinus  rigida

3 5

30

1 2 6

1 2 6

2 2

1 1 2

1 2 6

28

Y
z
a

Pinus  tneda
Pinus  roeda
Pinus  taeda lwild  type)

22

2 8

b Pinus  toeda 16  - 1 3  x 208) 28

c Pinus  virginrann 2 8

d Pinranus  occidentalis 28

P o p u l u s  delnxdes  x rnchorarpo 17

P o p u l u s  dekoides  x Irichocarpo 13

P o p u l u s  delrotdes  x trirhocarpa 6 2

SJJL &L-h %

0 . 0 5 3 6 8
0 . 1 0 7 2 0
0.20 144 - 6 4 ’
0 . 0 5 8 - 3
0.10 17 - 7
0 . 1 5 2 5 - 4 1 ’
0 . 0 6 21 - 2
0 . 0 9 3 2 - 2
0.12 4 2 - 8
0 . 0 5 8 2 2
0 . 1 0 17 - 9 ’
0 . 1 5 2 5 - 17’
0 . 0 5 5 3
0 . 1 0 1 0 - 7
0 . 1 5 15 -19’
0.10 4 1 4
0 . 2 0 7 9
0 . 3 0 1 1 - 17
0 . 4 0 14 - 6
0 . 0 5 8 - 1 4
0 . 1 0 17 - 2 8
0 . 1 5 25 - 3 3
0 . 0 5 8 -8
0 . 1 0 17 - 1 9
0 . 1 5 2 5 - 24,
0 . 0 5 8 41
0 . 1 0 17 5
0 . 1 5 2 5 18
0.07 15 14

0 . 1 0 1 2 - 9

0 . 1 0 7 6 -14

0 . 1 0 7 6
0 . 1 0 7 6
0 . 0 8 7
0 . 0 8 7
0 . 0 8 1 2 2
0 . 1 0 1 5 5
0 . 0 8 1 2 2
0 . 1 0 155
0 . 1 0 7 6
0 . 1 0 7 6
0 . 1 0 7 6
0.10 7 6
0 . 1 0 7 6
0 . 0 5 8
0 . 1 0 17
0 . 1 5 2 5
0 . 0 8 7
0 . 0 8 7
0 . 0 5 8
0.10 17
0 . 1 5 2 5
0 . 0 5 8
0 . 1 0 17
0 . 1 5 2 5
0 . 0 5 8
0 . 1 0 17
0 . 1 5 2 5
0 . 0 5 8
0 . 1 0 17
0 . 1 5 2 5
0 . 0 6 6
0 . 0 8 8

- 6
- 8

- 14
- 1 5 ’
- 1 9 ’
- 48’
- 2 1 ’
- 50’
- 2

0
- 98

- 2 1 ’

-::
- 1 9
- 24’
- 10
-219
-14
- 229
- 28’

7
- 6

- 14’
2

- 3
- 1 3
.-  23
- 6 1 ’
- 6 9 ’
- 10*
-10’

0 . 0 6
0.08

0 . 0 5
009
0 13

5
6

9
2 0
34

-9.
- 1 4 ’

3 ’
- 10’
-138

J e n s e n .  1 9 8 3
CSTR light 15 h

Kress & Skelly. 1982
CSTR consecutive days
Light 16 h

R e i c h  e t  a l . ,  1 9 8 6
CHAM control 0.03 rLIL
5 d/week; light 16 hid

Kress & Sk&y.  1982
CSTR consecutive days
Light 16 h/d

Chappefka  & Chevone. 1986
CSTR 5 d/week
Exposed 4 h/d

McClenahen.  1979
C H A M  1  d / w e e k

Kress & Skelly. 1982
CSTR consecutive days
Light 16 h/d

Kress & Skelly. 1982
CSTR consecutive days
Light 16 h/d

Kress &  Skelly. 1982
CSTR consecutive days
Light 16 h/d

M a h o n e y  e t  a l . .  1 9 8 4
CSTR consecutive days

Chappelka et al.. 1985
CSTR 5 d/week

Wilhour & N&y.  1977
OTC stem weight only

Wilhour &  Neely.  1977
OTC stem weight only

Chevone et al..  1984
CSTR 2 d/week; two soils

Hogs&t  et al.. 1985a
CHAM 0, varied diurnally

Wilhour &  Neely. 1977
OTC stem weight only

Kress & Sk&y.  1982
CSTR consecutive days
Light 16 h/d

Chevone et al..  1984
CSTR 2 d/week;  two soils

Kress & SkeUy.  1982
CSTR consecutive days
Light 16 h/d

Kress & Skelly. 1982
CSTR consecutive days
Light 16 h/d

Kress & Sk&y,  1982
CSTR consecutive days
Light 16 h/d

Kress & Skelly. 1982
CSTR consecutive days
Light 16 h/d

R e i c h  e t  a l . .  1 9 8 4
CHAM control 0.048 pL/L
Exposed 17 of 27 d

R e i c h  e t  a l . .  1 9 8 4
CHAM control 0 044 rL/L
Exposed 13 of 20 d

Reich (L  Lassoie.  1985
CHAM control 0.025 pLiL

Icontinued  on next page)
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Table 1. Continued.

Chart symbol and taxon D u r a t i o n

Exposure

CO”C. D o s e
B i o m a s s
change Re f e r ence  and  no t es

d

3 0
3 0

4 9 4

dJL

0 . 1 5
0 . 1 5
0.04
0.04

0.04
0.04

0 . 1 0
0 . 2 0
0 . 3 0
0 . 4 0
0 . 1 0

0 . 0 5
0 . 1 0
0 . 1 5
0 . 0 4
0 . 0 8
0 . 0 7
0 . 1 2

rL/L-h %

3 6 -60.
3 6 -549

291 -179
2 9 7 -149

7 9 - 6
7 9 0

4 1 1
7 1

11 6
1 4 - 2
7 6 -15

8 - 2
1 7 -11
2 5 -13
1 9 3
3 5 1
2 5 5
4 2 1

J ensen  &  D o c h i n g e r .  1 9 7 4
CHAM exposed 5 d per week

W a n g  e t  a l . .  1 9 8 6
O T C  c o n t r o l  0 . 0 2 5  &L
Tops harvested annually

Mooi. 1 9 8 0
CHAM stem wt. reduced 12
a n d  4 %

McClenahen,  1 9 7 9
CHAM exposed 1 d/week

Pop&s  deltoides  x trichocarpa

Populus  tremuloides  clone 1
Populus  tremuloides  clone 2

P o p .  x eumomer.  var. Dorskamp 161
Pop .  x euroamer. v a r .  Z&and 1 6 1

Prunus  serotina 9

Wilhour &  N&y.  1977
OTC stem weight only

Kress  &  SkeUy.  1982
CSTR consecutive days
Light 16 h/d

Re ich  e t  al..  1 9 8 6 a
O T C  c o n t r o l  0 . 0 2 4  pL/L

Re ich  e t  al..  1 9 8 6 a
CHAM control 0.025 ,IL/L:
5  d / w e e k

Pseudo,suga  menziesii 1 2 6

Quercus  phellos 2 8

Quercus rubm 6 3

5 0

* Significant difference from the control at the 0.05 level.
t Dose is the product of average  concentration x days of fumigation x hours fumigated per day. Duration refers to actual fumigation days. Response

is expressed as percentage change over control. CHAM. CSTR. and OTC refer to chamber, continuously stirred tank reacter.  and  open-top chamber,
respec t i v e l y .

Table 2. Effects of controlled O3 fumigation on height growth in tree seed1ings.t

Exposure
Height

Chart symbol and taxon D u r a t i o n Cont. D o s e change Re f e r ence  and  no t es

d jlL/L rL/L-h

1 0 9 0 . 3 0 2 6 1

4 2 0 . 2 5 8 4

%

-25

-17,
-32*
-36*
-73’

-64*

1 7

-8

A Acer  ru  brum

B Acer  rubrum Maine
C Acre  rubrum New Brunswich
D  Acor rubrum Ohio
E Acer  saccharinurn

F Acer  sacchnrum

G Alnus  glutinosa

H Bet&  nlleghuniensis

J e n s e n ,  1 9 7 3
CHAM exposed 5 d/week

Dochinger  &  T o w n s e n d ,  1 9 7 9
CHAM 3 seed sources

J e n s e n .  1 9 7 3
C H A M  e x p o s e d  5  d / w e e k

J e n s e n .  1 9 7 3
C H A M  e x p o s e d  5  d / w e e k

J e n s e n .  1 9 7 3
CHAM exposed 5 &week

Jensen  &  M a s t e r s .  1 9 7 5
C H A M  e x p o s e d  5  d / w e e k
C o n t r o l  0 . 0 2 - 0 . 0 3  &/L

Jensen  &  M a s t e r s .  1 9 7 5
C H A M  e x p o s e d  5  d / w e e k
C o n t r o l  0 . 0 2 - 0 . 0 3  &/L

McClenahen.  1 9 7 9
C H A M  e x p o s e d  1  d / w e e k

J e n s e n ,  1 9 7 3
C H A M  e x p o s e d  5  d / w e e k

Duchelle  et al..  1982
O T C  e x p o s e d  2 4  b/d
Ambient 0, in winter

J e n s e n ,  1 9 7 3
CHAM  exposed 5 d/week

J e n s e n .  1 9 7 3
CHAM exposed 5 &week

Jensen  &  M a s t e r s .  1 9 7 5
C H A M  e x p o s e d  5  d / w e e k
C o n t r o l  0 . 0 2 - 0 . 0 3  rL/L

J e n s e n .  1 9 7 3
C H A M  e x p o s e d  5  d / w e e k

1 0 9 0 . 3 0 2 6 1

1 0 9 0 . 3 0 2 6 1

1 0 9 0 . 3 0 2 6 1

7 4 0 . 2 5 1 4 9

1  Beada  papyri/em 7 4 0 . 2 5 1 4 9 -34

J Fmxinus  americana 9 0 . 1 0 4
0 . 2 0 I
0 . 3 0 1 1
0 . 4 0 1 4
0 . 3 0 2 6 1

1 3
1
0
1

- 8

0 . 0 5 1 5 3 - 67 ’

K Frcrrinus americano

L Fmxinus  pennsylvanicn

1 0 9

2 9 7

M Fmxinus pennsylvanica 1 0 9 0 . 3 0 2 6 1 -35

N  Juglans  n i g m 1 0 9 0 . 3 0 2 6 1 -22

0 Lark  leprolepis 7 4 0 . 2 5 1 4 9 4

P Liriodendmn  tilipifera 1 0 9 0 . 3 0 2 6 1 0

I c on t inued  on  nex t  page )
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Table 2. Coutiaued.

Chart symbol  and taxon D u r a t i o n

Exposure

cont.
Height

Dose change R e f e r e n c e  a n d  n o t e s

Q Liriodendmn tulipifem

R

S

Liriodendmn  tulipifem

Picea glauca

T

U

V

Pinus  elliottii var. denso

Pinus  elliottii var. elliottii

Pinus  pungens

W Pinus  pungens

X Pinus  stmbus

Y Pinus  strobus

z
a

b

Pinus  toe&
Pinus  taeda

Pinus  virginiana

c Pinus  virginiana

Plotonus  occident&s

Populus deltoides
Populus deltoidos
Populus deltoids-s

h Populus grandidentat

Populus delr.  x r&h.
Populus d&t. x trich.

Populus delt. x t&h.
Populus delt. x tn’ch.

m
n
0
P
9
*
s
t

”

”

w

Populus delt. x tiich.
Populus delt. x trich.
Populus delc.  x tn-ch.
Populus delt  x trich.
P o p .  mar. x beroL
Pop. mox  x tn’ch.
P o p .  nigm  x lawi.
Prunus  semtina

Robinio  pseudoacacia

Tsugo canodensis

Tsuga conadensis

d

2 9 7

3 5

7 4

1 1 2

2 9 7

500

2 9 7

500

2 8

2 9 7

5 0 0

1 0 9

1 0 2

7 4

74

30

3 0

1 0 2

1 0 2

9

2 9 7

2 9 7

5 0 0

0 . 0 5

0 . 0 7

0 . 2 5

0.08
0 . 1 0
0 . 0 8
0 . 1 0
0 . 0 5

0 . 0 7

0 . 0 5

0 . 0 7

0 . 0 5

0.05

0 . 0 7

0.30

0 . 1 5

0 . 2 5

0 . 2 5

0 . 2 0

0 . 1 5

0 . 1 5

0 . 1 5

0 . 1 0
0 . 2 0
0.30
0.40
0 . 0 5

0 . 0 5

0 . 0 7

rLn-h

1 5 3

15

1 4 9

1 2 2
1 5 5
1 2 2
1 5 5
1 5 3

2 6 4

1 5 3

2 6 4

8

1 5 3

2 6 4

261

184

1 4 9

1 4 9

9 6

3 6

184

184

4
7

1 1
14

153

153

2 6 4

96

-44

- 2

- 7

- 30’
-41.
- 22’
- 33.
- 1 2

- 3 5

- 2 0

- 4 0

- 6
- 3

- 22’

-41

- 23*

- 5 8
- 2 6
- 1 3

6

- 8
- 14

-359
- 3 7 ’

8
- 3
1 6

- 2 3
178
19

- 5
16

5
3

- 28’
- 1 8

- 2 3

- 40

DuchelIe  et al..  1982
OTC exposed 24 h/d
Ambient 0.  in winter

Mahoney et al.,  1984
CSTR  consecutive days

Jensen & Masters, 1975
CHAM exposed 5 d/week
Control 0.02-0.03 /IL/L

Hogsett et al.. 1985a
CHAM 0, varied diurnally

DocheUe  et al.,  1982
OTC exposed 24 h/d
Ambient 0, in winter

Chevone et al..  1983
OTC exposed 24 h/d
Ambient 0, in winter

Duchelle  et al., 1982
OTC exposed 24 h/d
Ambient 0, in winter

C h e v o n e  e t  a l . ,  1 9 8 3
OTC exposed 24 h/d
Ambient 0, in winter

Kress et al.. 1982
CSTR consecutive days
Two genotypes

Duchelie  et al., 1982
OTC exposed 24 h/d
Ambient 0, in winter

C h e v o n e  e t  a l . ,  1 9 8 3
OTC exposed 24 h/d
Ambient 0, in winter

J e n s e n .  1 9 7 3
CHAM exposed 5 d/week

P a t t o n .  1 9 8 1
CSTR cuttings from two clones

Jensen & Masters. 1975
CHAM exposed 5 d/week
control 0.02-0.03 pL/L

Jensen & Masters. 1975
CHAM exposed 5 d/week
control 0.02-0.03 ,,L/L

J e n s e n ,  1 9 7 9
CHAM constant vs. varying
c o n c e n t r a t i o n

Jensen & Dochinger.  1974
CHAM exposed 5 d/week
Terminal vs. basal cuttings

P a t t o n ,  1 9 8 1
CSTR cuttings of
different hybrids

P a t t o n ,  1 9 8 1
CSTR cuttings of
different hybrids

McClenahen.  1979
CHAM exposed 1 d/week

Duchelle  et al., 1982
OTC exposed 24 h/d
Ambient 0, in winter

Duchelle  et al., 1982
OTC exposed 24 h/d

C h e v o n e  e t  a l . ,  1 9 8 3
OTC exposed 24 h/d
Ambient 0, in winter

l Significant difference from the control at the 0.05 level.
t Dose is the product of average concentration x days of fumigation x hours fumigated per day. Duration refers to actual fumigation days. Response

expressed as percentage change over  control. CHAM. CSTR. and OTC refer to chamber. continuously stirred tank reacter.  and open-top chamber.
respec t i ve ly .
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Table  3 .  Ef fects  of  control led  0, fumigat ion on photosynthesis  (Ps)  in tree seedlings.t

Chart symbol and  taxon Duration Dose
PS

change Reference and notes

A Acer  saccharum

I3 Pinus  e l l i o t t i i

C Pinus  elliottii

D Pinus  elliottii
E Pinus  semt ina

F Pinus  semtina

G Pinus  s t r o b u s

H Pinus  strobus

1  Pinus  s t r o b u s

J Finus  toeda

K Pinus  taeda

L Pinus  toedn

M Populus  deit. x trich. 58

d

50

36
77
84
36
71
a 4

1 2 6
36
71
a 4
36
77
a 4
35

19
36
77
19
36
71
36
17
a 4
36
77
a4

1 2 6

50

dJL
0.06
0.09
0.12
0.05

0.15

0 . 0 5
0.05

0.15

0.05

,,L/L-h

21
32
42
29
62
67
86

1 8 5
202
101
29
62
67
86

la5
202

2 8

0.05

0.15

0.05

0.15

0.05

15
29
62
46
8 6

la5
29
62
67
86

la5
202
101

0.09 21
0.13 40

0.07 25
0.12 42

%
-139 Reich et al.. 1986s
-19* CHAM control 0.03 rL/L
- 28’ Exposed 5 d/week

19 Barnes. 1972
78 CHAM exposed 24 h/d

-11 Light for 16 h
-23 8-month-old seedlings

-26
-9,
20

loo
12
- 6
18
-3

9

Barnes, 1972
Barnes, 1972

CHAM exposer.24 h/d
8-month-old seedlings

Barnes. 1972
CHAM whole p&t  I4  months old)

Barnes, 1972
CHAM secondary needles
a-year-old seedlings

- 2
- 6

- 1 0
-10’
-22'
- 5

8

-7
-14
- 6
- 5

-15,

-61.
-87,

- 10.
-11*

Barnes. 1972
CHAM exposed 24 h/d
8-month-old seedlings

Barnes. 1972
CHAM exposed 24 h/d
I-week-old seedlings

Reich, 1983
CHAM control 0.025 ,,L/L
Oldest leaves

Reich et al..  19a6a
CHAM control 0.02 IL/L
Exposed 6 d/week

* Significant difference from the control at the 0.05 level.
t Dose is the product of average concentration x days of fumigation x hours fumigated per day. Duration refers to actual fumigation days. Response

expressed as percentage change over control. CHAM. CSTR. and OTC refer to chamber. continuously stirred tank reacter.  and open-top chamber.
r&ectively.

treatment differences, although a linear relation between
0, concentration and biomass of Popu~us  deltoides  x
trichocarpa was statistically significant.

Different control 0, levels pose another comparability
problem. Controls known to differ substantially from
zero are reported in the notes. Unadjusted treatment 0,
levels are reported in the tables, but dose calculations are
based on treatment concentration less control. For 24-h
fumigations, it is assumed that 0, concentrations (and
stomata1 conductance) are negligible at night, and there-
fore nighttime hours are not included in dose calculations.

Effects on Biomass Growth

Table 1 reports results of 15 studies on 26 species or
hybrids. Exposures employed reflect a trade-off between
0, concentration and duration, ranging from 0.40 /IL/L
for 4 h on each of 9 d (McClenahen,  1979) to one study
spanning three growing seasons that employed 0, con-
centrations only 0.018 pL/L over the 0.025 FL/L con-
trols (Wang et al., 1986). This review highlights relative-

ly low concentrations, but the treatment durations shown
in Table 1 reflect limitations of funding and logistics; only
the Wang et al. (1986) study went beyond one growing
season. This 3-yr study of fast growing poplar in open-
top chambers was made feasible by harvesting
aboveground portions of the plants at the end of each
of the last two growing seasons. Unfortunately, this
removal altered C allocation and made growth results dif-
ficult to interpret.

Studies have measured growth responses in different
portions of the plant, including stems (Wilhour and
Neely, 1977), all aboveground parts (Jensen 1983; Reich
et al., 1984; Wang et al., 1986), and both above- and
belowground portions (McClenahan,  1979; Kress and
Skelly, 1982; Mahoney et al., 1984; Hogsett et al., 1984a;
Reich and Lassoie, 1985; Chappelka and Chevone, 1986).
Because aboveground growth is usually less impacted
than growth below ground (Hogsett et al., 198Sa;  Chap-
pelka and Chevone, 1986), s tudies report ing only
aboveground effects probably understate total plant ef-
fects. Final weights are reported as growth where growth
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data are unavailable and initial biomass is deemed trivial
(Wilhour and Neely, 1977; Chevone et al., 1984).

Responses to 0, range from a growth reduction of 69%
in sycamore (f’!utanu.s  occidentalis L.) to a growth
stimulation of 41% in yellow poplar (Liriodendron
fulipifera  L.). However, 28 reductions and no stimula-
tions were found statistically significant. The high-
concentration McClenahan  study (1979) did not produce
significant growth changes, perhaps because fumigation
consisted of only nine 4-h fumigations administered over
a 9-week period.

The range 0.04 to 0.06 FL/L can be taken as represen-
tative of seasonal means prevalent in many forested areas
of the USA. Within this range, 13 of 22 studies reported
at least nominal growth reductions. However, only five
proved statistically.different  from controls, all of them
on species of poplar (Populus)  or pine (Pinus).  This
species bias may be an artifact of better experimental
designs or an indication of greater sensitivity in these
species. At least in the case of poplar, greater sensitivity
seems indicated (Reich, 1987).

The statistical power of study designs is particularly
important near ambient concentrations where policy in-
terests are highest. The relatively small growth impacts
likely to occur in this range have been difficult to detect
with precision. Thus far, problems with statistical design,
genetic and environmental variability, and exposure dura-
tion have precluded detection of significant growth reduc-
tions smaller than 9%.

One attraction of extended fumigations is that they per-
mit measurement of a greater variety of effects, such as
changes in bud development and root/shoot ratio. They
may also allow identification of small growth differences
not detectable in only 1 yr of growth. Longer exposures
appear better able to demonstrate growth reductions at
low concentrations. Wang et al. (1986) demonstrated a
significant reduction in growth under the lowest concen-
tration above the control, but the largest impacts ap-
peared to occur during the first full growing season of
the fumigation (second in study).

,“”  i---k.--.- 1 i

0 25 5c ‘ f , 100 125 I50 I75 300215
Ozone Erpoosure  (ul  IPhr)

Fig. 1. Effect of 0, fumigation on biomass (dry mass) growth, ex-
pressed as a percentage difference from growth of controls.
Abscissa is fumigation 0, dose less dose used for controls. Refer
to Table 1 for explanalion  of symbols.

Figure 1 plots biomass response in terms of dose. Doses
range from 4 to 297 FL/L-hours.  Increased dosages were
associated with reduced growth, but there was substan-
tial variation in response. Point symbols indicating in-
dividual taxa/study  combinations are referenced in the
first column of Table 1. Pines, poplars, sycamore
(P&onus  sp.), ash (Fruxinus  sp.) and maple (Acer  sp.)
are relatively sensitive. The few tests of shade-tolerant
species prevent conclusions regarding the importance of
this siivical characteristic to sensitivity.

Effects on Height Growth

The 12 studies reporting height growth impacts show
a similar trade-off between concentration and duration
as those reporting biomass effects (Table 2). Longer
studies are Chevone et al. (I 983) (three growing seasons)
and Duchelle et al. (1982) (two growing seasons).
However, low replication and variable soil and planting
stock limited their ability to discriminate growth
responses. Wang et al. (1986) reported shoot heights, but
their  results are omitted because of uncertain
comparability.

Height responses are somewhat smaller than those for
biomass, ranging from + 19% for the hybrid Populus
maximowiczii x P. trichocarpa to -67% for Fraxinus
pennsylvanica. However, responses at 0.05 /IL/L  are as
large as those at 0.30. The large responses at 0.05 pL/L
were from the two longest studies. When duration is taken
into account through dose (Fig. 2), a negative slope
becomes apparent. However, growth responses at high
doses are highly variable. Only one growth stimulation
was significantly different from control (Populus  muxi-
mow&ii  x  P .  berolinensis).

Sensitivity measured by height response was similar to
that based on biomass response. Maples, ash, and some
pines appear to be relatively sensitive. The response of
poplars, however, was extremely variable. Patton (1981)
found height responses of poplar varieties ranged from
+ 19 to - 58% on exposure to 0.15 pL/L.

Ozone may alter seedling height differently from other
dimensions, such as diameter. Alteration of form reflects
C.allocation  changes, and in large trees could indicate

.___

q G
..-....._......  b  . . .._____--._ ------p---  ___.

R’ g”m K
u %
T

IU

Q ;

e

L
FL--

1 0 0 1 5 0 20? 250 300-
Ozone txposure  (VI  I-’  hr)

Fig. 2. Effect of 0, fumigation on height growth. Abscissa is
fumigation 0, dose less dose used for conlrols.  Refer to Table
2 for explanation of symbols.
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altered stress tolerance and merchantability. One explicit
test of form change can be made with data from studies
that report both proportional height and weight responses
(McClenahen,  1979; Hogsett et al., 1985a; Jensen and
Dochinger, 1974; Kress and Skelly,  1982). Based on 47
species-concentration combinations, weight responses
were 0.88 times height responses, but not significantly dif-
ferent from 1 .OO.  Thus, while a form change in response
to 0, is not ruled out, more data, preferably from longer
fumigations, are needed to be conclusive.

Effects on Photosynthesis

Table 3 presents data from three studies measuring ef-
fects of moderate concentrations of 0, on photosynthesis
in tree species. Reported is maximum apparent, or net
photosynthesis, measured as net C assimilation at satura-
tion light intensity. Gross photosynthesis (excluding light
respiration) was not measured separately in any of these
studies, but because dark respiration is known to be af-
fected by O3 (Barnes, 1972), it is likely that the photosyn-
thetic responses reported here are a sum of reductions
in gross photosynthesis and increases in light respiration.

Photosynthetic responses to 0, can occur almost im-
mediately, or only after prolonged exposure. Under un-
commonly high concentrations, response can be detected
within less than 30 min (Hill and Littlefield, 1969).
However, at the more realistic concentrations used in the
studies in Table 3, responses only developed after a month
or more of exposure, apparently reflecting a cumulative
and lasting response. Unfortunately, explicit tests of the
reversibility of the changes have not been conducted.
However, many studies of photosynthesis effects under
chronic 0, exposure measure photosynthesis in the
absence of 0,. In these cases, leaves are permitted re-
coveries from 0, of 15 min or more before measurement.

Photosynthetic response studies were limited to a single
growing season. These fumigations produced apparent
responses ranging from + 100  to -87% (Fig. 3). Once
again, hybrid poplars show the largest reductions, up to
87% at 0.125 FL/L. Most other studies reported reduc-
tions of less than 25%. The Barnes (1972) study suffered
from extreme variability, with very few measures prov-

F

K  K--

--zo50 100 1 5 0 200
Ozone Exposure (vi I-’ hr)

Fig. 3. Effect of 0,  fumigation on photosynthesis. Abscissa is
fumigation 0, dose less dose used for rontrols.  Refer to Table
3 for explanation of symbols.

ing significant despite substantial differences among
means. None of the apparent stimulations of photosyn-
thesis were significantly different from controls.

A number of factors complicate simple extrapolation
from photosynthesis to whole plant growth. For example,
respiration, photosynthate allocation, and needle reten-
tion are all important factors in plant growth, and each
has been shown to be affected by 0,. Reich (1987) com-
pared the impacts of 0, on photosynthesis and growth
and found that relative effects on growth were only 25
to 50% as large as those on photosynthesis. It is impor-
tant to realize, however, that while growth is a measure
of total impacts throughout the exposure, photosynthesis
in these studies is measured only at the end of the ex-
posure. If 0, damage to photosynthesis is cumulative,
as it appears to be, one would expect growth measures
to understate effects on photosynthesis observed at ex-
posure end. Growth should be more reflective of the in-
tegral of photosynthesis over the course of the exposure,
rather than merely at its endpoint. Thus, because 0, ex-
posure progressively reduces photosynthesis, growth
measures must lag those of photosynthesis.

EXTRAPOLATION DIFFICULTIES

Prolonged exposure to common ambient 0, levels can
significantly reduce biomass growth, height growth, and
photosynthesis in seedlings of a wide range of taxa.
Reductions of 20% at concentrations below 0.10 pL/L
are common. Stimulation of growth at low concentra-
tions, as has been proposed for pollutants in general
(Smith, 1981), cannot be ruled out from these studies
because no treatments have been conducted at less than
0.04 pL/L, and because of limited ability to detect small
changes in growth. However, the nearly total absence of
significant stimulations at levels of 0, greater than 0.04
FL/L suggests that stimulation is minor or transitory.
This is in contrast to pollutants such as NO, and SO, that
are known to have nutritional benefits.

Reich (1987) concluded from his review of tree response
data that conifers are at least initially less sensitive to 0,
than hardwoods. These data do not show such a pattern.
His conclusion may result from the large number of ob-
servations employing poplar. Because poplar is unusually
sensitive, its extreme response may have overstated the
general sensitivity of hardwoods.

Seedling Level Issues

Both concentration and duration are important factors
governing impact on growth and photosynthesis, but they
probably are not equally important. In his broader review
of 0, impacts on photosynthesis, Reich (1987) showed
nonlinear response in pine and crop species, with higher
concentrations having a disproportionately large impact
on growth. However, he was able to use a linear approx-
imation of response when restricting concentrations to
more realistic levels. None of the seedling fumigation
studies thus far have been able to demonstrate a higher
order response than linear. However, the biomass data
here do suggest such a nonlinear response, with nominally
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convex exposure series outnumbering concave series three
to one.

The presence of convexity implies that for similar mean
0, exposures, damage will be greater when 0, concen-
trations are more variable. This appears the case for crops
(Hogsett et al., 1985b) and data suggests it may also be
true for trees (Jensen, 1979). However, very little tree
research has been done on this question, and even less
on the related issue of respite.

Duration of exposure poses a number of problems not
evident from the data shown thus far. Jensen (1973) mea-
sured height growth of nine hardwood species throughout
a 5-month  fumigation. He found a bewildering array of
patterns of response over time-, including initial stimula-
tion followed by reduction (red maple), initial reduction
followed by later recovery to normal height (yellow
poplar), immediate and continuing reductions (green ash,
silver maple), and delayed reduction (sycamore). These
differences were not related to differences in growth
habit. In this study, cessation of the experiment after 1
or 2 months would have produced quite different con-
clusions than after the full 5 months. Only longer fumiga-
tions can determine whether similar changes in response
occur over longer periods.

Another complication in extrapolating from short to
long fumigations involves leaf phenology. In the absence
of 0,, leaf photosynthetic capacity reaches an early peak
and then declines gradually until senescence. Reich (1983)
found that exposure accelerates this change. The result
is an increasing divergence from photosynthesis in con-
trol leaves of the same age, ending in early senescence.
If this pattern holds for other species, fixed-growth
species, which produce all of their leaves early in the
season (Kramer and Kozlowski, 1979), will suffer increas-
ing reductions in photosynthesis as leaves age in syn-
chrony. Free growth species produce new and therefore
undamaged leaves repeatedly through the season. Because
growth of later leaves depends on C gained from early
leaves, however, late-season effects of 0, may include
iower leaf areas or increased leaf turnover through early
senescence (Jensen, 1982). Mooi (1980) found that in in-
determinate poplar, late-season leaf area was reduced
nearly two-thirds by 0,, but total leaf production in that
growing season was virtually unchanged.

Conifers that retain needles more than 1 yr further
complicate extrapolation to long-term effects. The pro-
gressive damage found in shorter-lived poplar leaves has
not been assessed in conifers for even several months of
fumigation, much less for the normal life of a needle.
In polluted areas, longer lived foliage would be subjected
to more opportunities for exposure. However, retention
of foliage in winter may permit some recovery in conifer
foliage in the lower 0, concentrations of winter. Only
long-term fumigations with repeated measures of
photosynthesis on the same cohort of needles for I yr or
more can resolve these issues.

Early leaf senescence and increased turnover represent
C drains on the plant that may reduce or delay leaf
deployment and alter root/shoot allocation in succeeding
years. Reduced leaf area, photosynthetic efficiency,

root /shoot  rat io ,  and stemwood  production are all
manifestations of altered C allocation patterns. Such C
allocation differences have been directly measured in trees
of differing susceptibilities to 0,. McLaughlin et al.
(1982) used ‘“C  labeling to demonstrate that branches
from symptomatic trees exported less C to stem and roots
than branches from asymptomatic trees, and attributed
this to higher dark respiration rates and lowered needle
length and retention in symptomatic trees. However, it
is unclear how comparisons between different individuals
under the same 0, exposure relates to differences that
would occur to the same trees under different exposures
to 0,.

Identification of these long-term impacts of 0, on  C
allocation will require realistic exposure conditions, in-
cluding those belowground. Peat-vermiculite “soils,” fer-
tilization, and irrigation minimize controls on top growth
common under forest conditions. Thus, unrealistically
favorable soil regimes probably understate reductions in
top growth that would occur under less favorable field
conditions. Adequate assessment of C allocation impacts
will await fumigations of several years under realistic
above- and belowground conditions.

Alteration of root/shoot ratio is one way that 0, can
impact drought susceptibility. A second mechanism is
stomata1 control. Reich and Lassoie (1984) found that
0, lowered water use efficiency of poplar leaves by im-
pairing stomata1 control. Stomata1 conductance of ex-
posed leaves was less responsive, with higher conductance
in the dark, and exposed leaves were less able to resist
wilting by closing stomates. These experimental results
agree with uncontrolled observations on symptomatic
ponderosa pine in the high-O, San Bernardino region
(Coyne and Bingham, 1982). Understanding drought
interactions will require assessment of the importance of
both these mechanisms.

Extrapolat ion to Mature Trees

Several factors complicate extrapolation of seedling
data to larger trees, including the ratio of metabolic to
catabolic tissue, the existence of microclimatic and
morphologic gradients across a canopy, and altered water
and nutrient regimes.

As a tree ages, the fraction of tissue that is photosyn-
thetically inactive grows (Kramer and Kozlowski, 1979).
Cambial tissues associated with stem, branch, and coarse
roots also increase. Extrapolations from seedlings to large
trees must account for the differing balance between
photosynthesis and respiration that these changes entail.

While the basic metabolic processes of foliage are
similar in young and old trees, the environment in which
the leaf develops affects its morphology. The micro-
climatic gradient generated by deep forest canopies is
paralleled by a morphologic gradient from sun leaves to
shade leaves. The most obvious environmental factor in
this gradient is net radiation, which can vary by an order
of magnitude within the canopy (Lee, 1978). From above
to below crown, wind speed decreases, air temperature
decreases and becomes less variable, and humidity and
CO, increase (Lee, 1978). Ozone concentration could also
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vary with forest crown depth, but tests of this have not
yet been reported.

These microclimatic factors have short- and long-term
impacts. Immediate effects are exerted through stomata1
control and metabolic processes. All of the gradient
variables cited above affect stomata1 opening (Salisbury
and Ross, 1978) and thus potentially 0, uptake. Hill and
Littlefield (1969) found that reductions of photosynthesis
from 0, were larger at high than at low intensities of
artificial light, when reduction was expressed as a frac-
tion of respective control levels. High humidity also
increases susceptibility to O,,  acting through both stoma-
tal and nonstomatal factors (McLaughlin and Taylor,
1981). Temperature alters susceptibility to acute 0,

‘damage (Davis and Wood, 1973), but in a complex man-
ner. While high temperatures during exposure protected
plants from foliar damage, plants preconditioned or
postconditioned to higher temperatures were more sen-
sitive. The role of stomates was not investigated, but was
probably important.

Leaf morphology represents a longer-term response of
leaves to microclimatic canopy gradients. In their com-
parison of the effects of indoor vs. outdoor environments
on acute 0, susceptibility, Lewis and Brennan (1977)
noted that leaves from outdoor-grown plants were
morphologically more similar IO sun leaves, with thicker
leaves and higher stomata1 frequency than those grown
indoors. Lewis and Brennan (1977) found that leaves
from open-top chambers were less sensitive to foliar in-
jury than those from indoor environments, but it is
unclear how foliar sensitivity relates to growth or
photosynthetic responses.

Water transport differs between young and old trees,
and the difference may alter susceptibility to 0,. Uptake
of 0,, and presumably impact on photosynthesis, de-
pends on how daily and seasonal patterns of stomata1
conductance correspond to patterns of 0, exposure.
Because large trees store water in their stems, permitting
a greater lag between leaf transpiration and root absorp-
tion (Kramer and Kozlowski, 1979), tree stem size can
influence temporal patterns of stomata1  conductance, and
hence uptake and impact of 0,.

Availability of different nutrients can change during
stand development in response to uptake and storage in
vegetation and soil (Bormann and Likens, 1979). How-
ever, the interactions of 0, and nutrition are complex and
poorly understood (Cowling and Koziol, 1984; Skeff-
ington and Roberts, 1985).

Methods for extrapolating impacts to full-sized trees
include fumigation of mature trees (Reich, 1987) and
modeling of growth processes. Although fumigation pro-
mises realism, high cost will limit replication. The slower
relative growth rates of larger trees will make detection
of certain responses, such as branch retention and crown
shape, difficult to detect.

Modeling provides a method for extrapolation of single
tree impacts to a wider range of conditions and time
periods. Modeling tree and stand responses to stress is
a demanding task that will have to build on research yet
to be conducted, including mature tree fumigations, but

early efforts based on current information can provide
better direction to future research. One strategy would
be to focus initial modeling efforts on 0, effects on leaf
processes of photosynthesis, respiration, and senescence.
Incorporation of C allocation changes will require im-
proved mechanistic understanding, as well as data from
multiyear fumigations employing realistic belowground
conditions. incorporation of nutritional, disease, and fire
interactions will likely prove even more difficult.

Photosynthesis and respiration are highly mechanistic
response measures, and thus are attractive as model in-
puts. However, their sensitivity to environmental vari-
ables such as light and humidity will require considerable
data and complex modeling. Growth analysis integrates
these shorter-term responses, but these measures may not
be as readily extrapolated to other conditions and are less
commonly measured. Stomata1 conductance helped ex-
plain differences in response between different species and
fumigations (Reich, 1987). and it may be helpful in ex-
trapolation from small scale measures to larger scale pat-
terns (Jarvis and McNaughton,  1986). The models that
are developed, however, must be able to account for the
morphologic changes that occur during stand develop-
ment, and feedbacks between those changes and the driv-
ing physiologic processes.

Extrapolation to Stand Level Yield

Estimates of effects on stands will rely in part on tree-
level effects, but must also account for competitive rela-
tions in a stand, and the possible impact of 0, on those
processes. Competition affects species distribution in
multispecies stands as well as tree-size distribution in
single and multispecies stands. This distribution of sizes
is important in the determination of timber value, because
larger stems are worth disproportionately more than small
stems. Preferential reduction of growth of dominant trees
generates a larger economic impact than reductions in
growth of suppressed individuals, many of which would
die through natural thinning processes.

Simple reduction of the growth rates of all individuals
in a stand reduces the overall yield of the stand, and could
be modeled as slower stand development or lower site
quality. If impacts are not uniform across different sizes
of individuals in a stand, however, stand volume and
diameter distribution could be altered disproportionate-
ly. Simulations by Webb and Burkhart (1987) found that
assigning damage to the taller individuals in a stand
resulted in much larger reductions to total stand volume
than when impacts were randomly assigned.

Differential susceptibility of dominant vs.  suppressed
individuals can arise from phenotypic or genotypic
causes. Phenotypic causes include differential susceptibili-
ty of shade vs. sun leaves and 0, gradients within the
canopy. Genotypic causes occur if growth potential is
related 10’0,  susceptibility. Genotypes differ in their
susceptibility to 0,, and data from Patton (1981) showed
that clones that grew the fastest at low levels of 0, ex-
hibited the greatest reductions in growth under elevated
levels (Fig. 4). Whether such differences are related to
genetic differences in stomata1 conductance as Reich
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Fig. 4. Effects of 0, fumigation on hpighi  growth of nine poplar
clones compared with the height growth of its control. Effects
expressed as percentage difference from control growth. Data
from Patton. 1981.

(1987) has suggested, or to other genetic differences, such
correlations imply that 0, may impact not only total
stand volume, but also the distribution of stem sizes in
the stand.

Different model features are required to account for
phenotypic and genotypic differences. Phenotypic dif-
ferences require tracking vertical distributions of leaf area
and microclimate. Genetic differences require informa-
tion on the variability of susceptibility between and within
different genotypes, as well as the genetic relatedness of
individuals in different types of stands. The spatial
distribution of different genotypes horizontally must be
considered because this influences the ability of the stand
to compensate for growth reductions in individual
genotypes. Well-mixed stands would be better able to
compensate than stands where genotypes are clumped.

Correlations between potential growth rate at low 0,
concentrations and 0, susceptibility may also exist be-
tween sites. If conditions that foster fast growth also af-
fect 0, susceptibility, 0, might have a differential im-
pact on sites of differing site quality. Such differences
would be particularly important for economic damage
assessment because of the importance of site quality in
determining wood production, forest management, and
economic return.

Harkov and Brennan (1979) hypothesized that slower
growing species, typical in late-successional communities,
are less susceptible to oxidant damage than the rapidly
growing species typical of early successional stands. Their
analysis of this hypothesis used sensitivity rankings based
on foliar injury, and results were equivocal. Should their
hypothesis apply for growth, however, fast growing
species that are most valuable to timber production may
be the most susceptible to damage. The data in this review
do not permit a definitive conclusion on this issue, but
do provide grounds for concern.

Ozone is the most tractable regional pollutant for im-
pact assessment. Substantial research has been conducted
to date, immediate mechanisms of effect are reasonably

well characterized and directly related to growth pro-
cesses, and system response to pollutant regulation should
be rapid. Even so, research in several critical areas will
be necessary before credible extrapolation from con-
trolled experiments can be made. Of critical importance
at this time is choice of proper response measurements
needed for such extrapolations. While weight and height
gain are easily measured impacts, extrapolation to mature
trees may necessitate more mechanistic measures, such
as photosynthesis and respiration. Models incorporating
stomata1 conductance provide one possible means of ex-
trapolating limited photosynthesis measurements to a
wider range of climatological and perhaps even genetic
conditions. Another approach is growth analysis, which
requires periodic harvesting of seedlings, but allows iden-
tification of types of impact through easily made morph-
ological measures, and provides a more integrated
measure of impact than direct leaf measures of C fiiation.

While total volume loss estimations will likely form the
backbone of a regional timber market impact assessment,
differential sensitivity within a canopy may alter processes
of stand development, either accelerating or interfering
with stand thinning processes. These changes are likely
to alter product mix and hence value per unit volume.
Such changes are not predictable solely from estimates
of volume loss.

Seedling experiments have provided convincing
evidence of short-term effects of 0, on growth. Efforts
to estimate impacts on larger scales face a new set of
problems requiring close cooperation between
physiologists, ecologists, and modelers. This article has
suggested several mechanisms by which 0, might modify
competitive interactions between individual trees in a
forest. Of critical concern is whether stand processes will
compensate for or amplify impacts on individual trees.
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