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Summary

1 Seven tree species were investigated for possible Fe and Mn toxicity following
prolonged exposure to ennched groundwater in Rocky Mountain National Park,
Colorado, USA The groundwater contained abnormally high levels of Fe and Mn
following a catastrophic flood in July 1982 The tree species were Pinus ponderosa,
Pinus contorta, Pinus flexihs, Picea engelmannu, Abies lasiocarpa, Populus
tremuloides, and Populus angustifolia A shrub, Salix monticola, was also studied The
Fe-ennched conifers and Populus tremuloides died, while Populus angustifolia and
Salix monticola remained healthy

2 Fohar Fe and Mn concentrations were determmed for normal and flood-affected
trees All seven tree species accumulated abnormally large amounts of Fe, with mean
Fe concentration ratios (enriched normal plants) ranging from 20 to 7 7

3 A possible threshold of Fe toxicity was observed in Pinus ponderosa, Pinus
contorta, Picea engelmannu, Abies lasiocarpa, and Populus tremuloides In these
species, we found a small range of foliar Fe concentrations separating the highest Fe
concentration of normal, healthy trees and the lowest concentration in dead trees

4 The mean Fe Mn ratios 1n the adversely affected species exmibited large changes
from normal values The ratios increased between 14 and 3 9 times, indicating that
these trees experienced a shift towards proportionately higher fohiar Fe before death
5 In the case of Pinus contorta, we compared the dead flood-affected trees with the
results of a dose-response experiment and found that both groups died after about a
doubling of the mean Fe Mn ratio Also, an increase i the Fe Mn ratio above about
1 0 might represent a threshold of Fe toxicity

6 The healthy, flood-affected Populus angustifolia accumulated large amounts of Fe
and Mn, but the Fe Mn ratio exhibited relatively little variation over a S-year period
of observation The ability to maintain a stable Fe Mn ratio might be an important
mechanism that permuts the success of the species 1n riparian habitats
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Introduction

Tolerance or sensitivity to excess Fe and Mn accu-
mulation 1s an important ecological constraint on the
distmbution of wetland species and 1s possibly re-
sponsible for excluding some mesophytic species
from waterlogged soils (Armstrong 1982, Hendry &
Brocklebank 1985) Plants growing on wet soils
must have mechanisms to exclude large doses of Fe
and Mn from the rhizosphere, immobilize and store
1t 1n nonsensitive organs, or face adverse chemical
reactions 1n the cells The ecological role of Fe and

Mn accumulation in waterlogged plants has been
investigated for a wide variety of taxa, including,
herbs (Jones 1972, Hendry & Brocklebank 1985,
Etherington & Thomas 1986), shrubs (Jones &
Etherington 1970, Jones 1971, Talbot et al 1987),
and trees (Lafond & Laflamme 1970, Sanderson &
Armstrong 1978, McKevlin e al 1987) Fe and Mn
toxicity 1s also recognized as a limiting factor for
some agricultural plants (Ponnamperuma 1965,
Benckiser er al 1984)

Most studies of Fe and Mn toxicity in tree species
are based on cultured seedlings and cuttings, so lhittle
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1s known about toxicity relationships in mature trees
growing under natural conditions The aftermath of
the Lawn Lake Flood (LLF) in Rocky Mountain
National Park, USA, provided a rare opportunity to
observe mature trees after prolonged exposure to Fe-
and Mn-enriched groundwater Highly wvisible Fe
deposits were common across the LLF-affected area,
which led to the hypothesis that the death of exposed
trees mught be caused by Fe toxicity (or related
stresses) In addition, we suspected that the LLF-
affected groundwater contained high Mn concentra-
tions, because Mn compounds are usually reduced
before Fe (Armstrong 1982) The purpose of this
research was to determine 1f the exposed tree species
were capable of excluding Fe and Mn, or if high,

~ possibly toxic, concentrations were accumulated 1n

the foliage

We 1nvestigated seven tree species repre-
senting the upper montane and subalpine forests
of the Colorado Front Range, including Pinus
ponderosa Laws, Pinus contorta Dougl var
latifolha  Engelm , Pinus flexilis James, Picea
engelmannu (Parry) Engelm, Abies lasiocarpa
(Hook ) Nutt, Populus tremuloides Michx , and
Populus angustifolia James We also studied a com-
mon nparian shrub Salix monticola Bebb (Al
names follow Weber (1976) ) To aid interpretation,
we extended our investigation to include a dose—
response experiment on Pinus contorta seedlings,
chosen because the species 1s well represented 1n the
LLF-affected area and because of its importance n
ecology and forestry

Study area and postflood tree mortality

The study area 1s located 1n Rocky Mountain Na-
tional Park, a 1067-km®> UNESCO MAB Interna-
tional Biosphere Reserve in the Front Range of
northern Colorado The Lawn Lake was a 0 22-km?
irngation reservorr located at an altitude of 3349 m
as!, which was contained by an 8-m-high earthfill
dam (Blair 1987) On 15 July 1982 the lake was
partially drained during a catastrophic dam failure,
which released about 830 000 m® of water at a peak
discharge rate of 340 m® s' (Jarrett & Costa 1985)
The flood scoured forest soils along the steep Roar-
g River valley and deposited a 0 25-km? alluvial
fan 1n Horseshoe Park at the confluence of the Roar-
ing and Fall Rivers (2597 m asl, 40°23°N,
105°38°W) Three phases of sedimentation resulted
in distinct alluvial fan lobes (Blair 1987), which
were eroded and reshaped after the lood by numer-
ous distributory channels These small streams re-
routed some of the Roaring River’s discharge and
continuously recharged the groundwater to within
about 10 cm of the surface across much of the allu-
vial fan and environs The high water table lasted for
about 4 years and during this time groundwater
seeps were common

The exposure of the LLF-affected trees to Fe and
Mn ennichment was due to the postflood groundwater
and not the flood itself The first evidence of Fe-
enriched groundwater was highly visible Yellow-
orange ferric hydroxide precipitates stained the sur-
face drainage channels and seepage pomnts Although
Fe** complexes predominated across the surface, the
root zone below the shallow aerated layer was water-
logged The reducing conditions associated with the
water saturated sotl (Armstrong 1982) ensured that
large amounts of plant available Fe** was being
flushed through the root zone The actual Fe sources
were not 1dentified, but may have included (1) weath-
ening of primary minerals from the exposed silicate
rocks, (11) removal from the eroded Roaring River
soils, and (11) release from buried soils or vegetation
A detailed analysis of the LLF Fe geochemistry 1s
provided by Litaor & Keigley (in press)

Many of the LLF-affected trees began to show
signs of stress late 1n the 1982 growing season, while
others survived for a year or two before dying Most
of the conifers became chlorotic and died by the
summer of 1983 Conifers located along the shore of
Flood Lake, a small lake dammed by the LLF depos-
its, began to die i 1983, with the trend continuing
into the summer of 1984 Individuals of Pinus pon-
derosa, Pinus contorta, and Abtes lasiocarpa died
quickly, with most succumbing within a year The
deciduous trees appeared to be healthy until a large
Populus tremuloides clone began to die shortly after
producing leaves 1n the spring of 1984 The immature
leaves became chlorotic and then turned black and
curled By the summer of 1985, Populus angustifolia
and Salix monticola were the only healthy woody
plants 1n the LLF-affected area Both of these species
rematned healthy through 1990

Methods
FIELD SAMPLING

We collected foliage samples during the summer of
1984 from all the tree species, and from Populus
angustifolia again 1 1986 and 1987, and Salix
monticola shrubs 1n 1986 All foliage samples were
composite samples taken from the circumference of
the plant We avoided mechanically damaged, dis-
eased or insect damaged plants We selected dead
LLF-affected trees from the perimeter of the alluvial
fan where little or no sediment had accumulated, or
in nearby backwater areas where the hydrology was
altered We sampled a few chlorotic, dying trees The
sample size of dead and dying trees was constrained
by the limited size of the LLF-affected area and our
avoidance of damaged plants Healthy, normal trees
were selected within 1 km of the alluvial fan at sites
that best represented the preflood habitat conditions
of slope, aspect, soill moisture and elevation The
sampled trees ranged in age as follows (means in
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parentheses) Pinus ponderosa 64-179 (117) years,
Pinus contorta 2369 (46), Pinus flexihs 17-71 (47),
Picea engelmannu 27-80 (50), Abies lasiocarpa 29—
49 (36), Populus tremuloides (75), and Populus
angustifolia (73)

A few of the LLF-affected conifers died early
the growing season before the new needles matured
The Fe concentration 1n young leaves 1s known to be
much lower than m older leaves (Brown 1956)
Therefore, 1n cases where death occurred before
needle maturation, we sampled the needle set from
the previous growth year In preliminary testing of
LLF-affected trees, we confirmed that immature nee-
dles had consistently lower Fe concentrations than
mature needles Because foliar Fe 1s not readily
retranslocated between leaves (Brown 1956), our
selection of mature needles provided a reasonably
stable and representative estimate of foliar Fe accu-
mulation

We collected LLF-affected groundwater sam-
ples on 18 August 1984 The groundwater samples
were taken near dead or dying trees, and were drawn
from soil pits excavated to a depth below the water
table

Pinus contorta DOSE—RESPONSE EXPERIMENT

The trees used 1n the dose-response experiment were
2-year-old seedlings, grown 1n a nursery from Colo-
rado montane seedstock In order to expose the seed-
lings to a chemical and physical environment as
close to natural conditions as possible, we grew the
seedlings 1n a native Pinus contorta forest soil rather
than a nutrient solution (see Stone 1968) Bareroot
seedlings having similar colour, height, circumfer-
ence and needle length were individually trans-
planted into plastic pots contaiming a sandy loam
growing medium taken from the A honizon (pH
5 6) The potting medium was prepared by removing
coarse fragments (6 35-mm sieve) and was thor-
oughly mixed After transplanting, the seedlings
were placed 1n a Biotronette Mark III environmental
chamber for the duration of the experiment, with
temperature, humidity, and photoperiod maintained
as close to natural conditions as possible The con-
trol trees remained healthy under the experimental
conditions

Following a 4-week establishment period, 56
seedlings were assigned by random selection to
four treatment groups contamng 14 trees each
Treatments began in August 1986 One group served
as a control, the other three received Fe, Mn, and
Fe + Mn treatments, respectively The Fe treatment
consisted of an 1ron chelate solution, Fe-EDTA, and
the Mn treatment consisted of Mn-EDTA The
Fe + Mn group received equal amounts of Fe and
Mn Because the lethal soil solution concentrations
were unknown, the lethal doses were achieved
stepwise 1n dose increments starting at 05gl™,

which was doubled to 1 gl1' after S weeks and dou-
bled again to 2 g 1! after another 5 weeks The treat-
ments consisted of 50 ml of solution applied every
3—4 days when the so1l surface dried The treatments
permeated the root zone, but care was taken to allow
aerated soil conditions between applications Tree
death n the treatment groups took 10-35 weeks
Foliage samples were collected following the death
of each tree A soil sample was taken from one pot
selected randomly from each treatment group

LABORATORY PROCEDURE
Fohage

Within 8 h of collection the foliage samples were
washed three times in deionized water to remove
surface contamination, and then were dnied in a
forced-air oven at 40°C until friable (Allen er al
1967) The samples were ground and dry-ashed n a
muffle furnace at 485°C The ash was dissolved 1n
warm HCI, with HNO, added, then evaporated to
dryness 1n a water bath and brought up to standard
volume (Allen et al 1967) Foliar Fe and Mn con-
centrations were determined by flame atomic absorp-
tion spectrophotometry All concentrations are re-
ported 1n ng g! dry weight

Based on US National Bureau of Standards pine
needle reference material (NBS 1573), the recovery
achieved during our 1984 foliar analysis was 58%
for Fe and 98% Mn Fe recovery increased to 90%
(based on NBS 1575) during the subsequent analyses
of Populus angustifolia and Salix monticola To ad
in making comparisons between years, we adjusted
the 1984 Fe concentrations shown 1n Fig 2 to be
consistent with the 90% recovery achieved 1n 1986
and 1987

Groundwater and soils

The total concentration of Fe and Mn 1in the
groundwater was analysed by flame atomic absorp-
tion spectrophotometry The Fe and Mn concentra-
tion of the dose-response experiment soil was deter-
mimed by spectrographic analysis on an
NH,HCO,-DTPA extract (Workman et al 1988)

Results
LLF-AFFECTED GROUNDWATER

The Fe concentrations in the LLF-affected ground-
water ranged from 32 to 26 6 mg |I-' 1n 1984, and
Mn ranged from 0 08 to 571 mg I"' In 1985, Litaor
& Keigley (in press) reported 47 2 mg Fe 1!

LLF-AFFECTED CONIFERS

All of the LLF-affected comfers accumulated Fe in
the foliage (Fig 1) Expressed as a concentration
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Fig 1 The mean (column) and range (bar) of foliar concentrations in LLF-affected plants ((J) dying plants (2), and
heaithy, normal plants (l)

Tablel Mean foliar Fe Mn ratios and mean ratio (enriched fohage normal foliage), the mean Fe
enriched normal concentration ratios (E N) in LLF-affected concentrations in the dead trees represented an in-
and normal fohage crease of 56 times the normal level n Pinus
ponderosa, 4 6 1n Pinus contorta, and at least 2 0 1n

EN the other species (Table 1) Based on the Student’s
n  FeMn Fe Mn t-test (one-tailed P), the Fe increase was significant
in Pinus contorta and Abies lasiocarpa (P < 0 006)
Pinus ponderosa The Mn concentration ratio for Pinus ponderosa,
LLF-affected dead 312356 23 Pinus contorta, and Picea engelmannu was about
LLF-affected dying 1 140
Normal 3 064 2 0, which represented about half the increase of the
Pinus contorta respective Fe values (Table 1) The Mn increase was
LLF-affected dead 5 103 46 27 not significant among the conifers (0076 < P
LLF-affected dying 3 079 < 0403)
Normal 5 041
Pinus flexihis
LLF-affected dead 1123 21 06 LLF-AFFECTED Populus SPECIES
LLF-affected dying 1 229
Normal 3 033 The dead Populus tremuloides clone had a significant
Picea engelmanu increase 1n foliar Fe (P =0 016), which was three
LLF-affected dead 2 082 28 19 times higher than the normal concentration The
LLF-affected dying 1 142
Normal 3 057 change in Mn was not significant (P=0198) As a
Abies lasiocarpa result, the clone experienced the largest change 1n the
LLF-affected dead 6 026 20 11! mean Fe Mn ratio, which increased from 1 39 to 5 42
Normal 301 before death (Table 1)
Populus tremulowdes In 1984, after 2 years of exposure, Populus
LLF-affected dead 4 542 32 08
Normal 3 139 angustifolia accumulated large amounts of foliar Fe
Populus angusnfolia (P=0003) and Mn (P=0053), but remamned
1984 LLF-affected healthy 3 243 47 45 healthy The Fe and Mn concentration ratios were 4 7
1986 LLF-affected healthy 3 136 63 89 and 45, respectively (Table 1) The mean Fe Mn
:ggz ;t;‘:fmed healthy ; ; g: 7778 ratio mncreased from 1 95 (normal) to 2 43 Foliar Fe
Salix monticola continued to increase in 1986 and 1987 (Fig 2), and
LLF-affected healthy 5 161 13 16 by 1987 the Fe concentration ratio was 7 7 Fohar

Normal 4 181 Mn continued to increase through 1986, but then
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Fig 2 Mean (column) and range (bar) of foliar concentra-
tions in LLF-affected Populus angustifolia 1n 1984 1986
and 1987 and normal trees (N) 1n 1984

decreased 1n 1987 (Fig 2) to a concentration ratio of
78 In 1987, after S years of exposure, the mean
Fe Mn ratio was 1 85, which was near the normal
value of 195

LLF-AFFECTED Salix monticola

The shrub Salix monticola remained healthy and nu-
merous seedlings colonmized the LLF deposits The
species did not have a significant increase n foliar
Fe (P =0 147) or Mn (P =0 073) It had the smallest
Fe concentration ratio (1 3) among the species we
investigated (Table 1)

Pinus contorta DOSE—RESPONSE EXPERIMENT

The Fe-treated trees had a sigmificant increase in
foliar Fe (P =0 040), resulting 1n the highest mean
foliar Fe concentration ratio (2 5) observed in the

experiment (Fig 3) There was a significant increase
m foliar Mn (P =0 033), but the Mn concentration
rato (1 2) was the smallest of the experiment The
large increase 1n foliar Fe relative to Mn resulted in
the highest mean Fe Mn ratio (1 45) Both the Fe
and Mn fohage soil concentration ratios were the
highest obtained (Table 2)

In the Mn-treated group, there was a significant
increase 1n foliar Mn (P <0 001) (Fig 3), resulting
in the largest mean Mn concentration ratio (6 9)
(Table 2) The change in foliar Fe was not significant
(P =0 345) The mean Fe Mn ratio decreased to the
lowest value of the experiment (0 15)

In the Fe + Mn treatment group, the change in
foliar Fe was not significant (P = 0 080), but a sig-
nificant increase in Mn (P =0002) resulted in a
reduction of the Fe Mn rauo from 0 71 (control) to
029 (Table 2, Fig 3)

'2 '['
8] T

Concentration (ng g™ ")

I—J.
MN
Treatment

FE FE+MN
Treatment Treatment

Fig 3 Mean (column) and range (bar) of foliar concentra-
tions in Pinus contorta seedlings after the dose-response
experiment Fe () and Mn ((4)

Control

Table 2 Pinus contorta dose-response experiment Mean Fe and Mn concentrations 1n the foliage
and soil foliar Fe Mn ratios enriched normal folhiar concentration ratios (E N) and fohage so1l

concentration ratios (F S)

Concentration (g g') EN FS
n Fe Mn Fe Mn Fe Mn Fe Mn
Fe group
Foliage 14 1176 5 7970 145 25 12 18 406
Soil 1 6350 196
Mn group
Foliage 14 5180 4418 6 015 11 69 14 60
Soil 1 3580 7300
Fe + Mn group
Foliage 14 7737 33303 029 17 52 15 36
Soil 1 5210 9200
Control group
Fohage 14 4620 6418 071 - - 10 208

Soil 1 4480 309
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Discussion
Fe AND Mn IN LLF GROUNDWATER

The Fe and Mn concentrations found in the LLF-
affected groundwater exhibited considerable spatio-
temporal variation However, some of the Fe con-
centrations approached the maximum 50-100 mg 1~
that can exist in oxygen deficient waters (Hem
1970) The highest Fe concentrations m LLF-
affected groundwater were about five times the nor-
mal concentration in culture nutrient solutions
(Hewatt 1966), and twice the published toxicity
thresholds (Fe, 120 pg g™, and Mn, 25 pg g) for
seedlings of Agathis australis Salisb (Peterson
1962)

Fe AND Mn ACCUMULATION
IN LLF-AFFECTED TREES

All of the LLF-affected tree species accumulated
abnormally high levels of Fe in the fohage, which
suggests that they were unable to exclude Fe or ac-
cumulation was advantageous We cannot com-
pletely separate the potential for mineral toxicity
from the host of other physiological and environ-
mental 1mpacts of prolonged waterlogging (dis-
cussed later), or the possibility that root damage al-
lowed the Fe accumulation Although we are unable
to prove the case for Fe toxicity, three observations
support the hypothesis that nutrient imbalance(s)
associated with Fe toxicity played a role in the death
of the adversely affected tree species

1 There was a large increase in fohar Fe among the
adversely affected species, with mean Fe concentra-
tion ratios ranging from 2 0 to 5 6 (Table 1) More-
over, the abnormally large uptake occurred rapidly
Large and rapid increases in fohar Fe no doubt n-
duce chemucal stresses that require physiological
mediation for survival—a response that might not be
available in species normally relying on Fe exclu-
sion mechanisms related to aerated soils

2 Possible toxicity thresholds are suggested by the
small range separating the foliar Fe concenirations
1n healthy and dead trees In five of the LLF-affected
species (Pinus ponderosa, Pinus contorta, Picea
engelmannnu, Abies lasiocarpa, and Populus trem-
uloides), the highest Fe concentration observed in
healthy trees 1s close to, but does not overlap, the
lowest concentration found among the dead trees
(Fig 1) This zone mught mark the approximate
boundary separating luxury consumption and Fe tox-
icity The Fe levels in dying trees were consistent
with these approximate thresholds Dying trees of
Pinus ponderosa, Pinus contorta and Picea engel-
mannu all had foliar Fe concentrations above their
suggested toxicity thresholds

3 The adversely affected species had abnormally
high mean Fe Mn ratios, indicating proportionately
more Fe m the foliage before death In the dead

trees, the mean Fe Mn ratio was 14 to 39 times
higher than the normal level In contrast, the healthy
LLF-affected Populus angustifolhha had a small
change 1n the Fe Mn ratio despite accumulating large
amounts of Fe and Mn

The ability of tree species to maintain a balanced
Fe Mn ratio might be among the adaptations needed
for success in waterlogged environments Somers &
Shrive (1942) demonstrated the interactive effects of
these metals 1n plants by observing that excess Mn
oxidizes ferrous 10ns 1n cells, resulting in the precip:-
tation of Fe 1n the form of organic complexes With
some cellular Fe nactivated, Fe deficiency can result
despite a high total Fe concentration Robb &
Pierpomnt (1983) suggested that free Fe molecules
mught turn mnto a kind of ‘redox mull’ 1n the cell, with
oxidation and production of organic and oxygen radi-
cals leading to the death of the cell if superoxide
dismutase 1s msufficient to keep the oxygen level
low This process might be the mamn cause of death
in plants growing on waterlogged soils where the
entrance of Fe?* into the roots cannot be restricted
(Robb & Pierpoint 1983)

Hendry & Brocklebank (1985) proposed a bio-
chemical classification based on plant response to
soils containing high concentrations of ferrous ton
Our results show that foliar Fe concentrations in-
creased 1n the LLF-affected trees To the extent that
Fe toxicity caused the death of the comfers and
Populus tremuloides, these species would appear to
be type 2 (death response) accumulators The Fe-
enriched, but healthy Populus angustifolia appears to
be a Type 3 (healthy response) accumulator Salix
monticola responded by hmiting the amount of Fe
reaching the foliage and appears to be a Type 1 (Fe
uptake suppressed) excluder

LLF-AFrecTED Populus angustifolia

After 5 years of exposure, the LLF-affected Populus
angustifolia had foliar Fe and Mn concentrations that
were more than seven times higher than the normal
level However, the mean Fe Mn ratio varied rela-
tively little during the 5-year period, suggesting a
plant regulated relationship The minor variations in
follar Fe Mn concentrations were consistent with a
system secking a steady-state equilibrium after large
mputs of Fe and Mn Because fohar Fe increased
throughout the observation period, the Mn decrease
in 1987 appears to be the change that brought the
ratio to a near normal level Thus, it 1s tempting to
suggest that Mn regulation was involved in mediating
the Fe Mn relationship Jones (1971) suggested that
waterlogging might increase mobility of plant Mn
resulting 1n translocation from roots to leaves If so,
the increase in follar Mn observed in the LLF-
affected ramets might relate in part to Mn relocation
from plant storage to balance increased Fe uptake
from the soil
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Examination of annual wood increments indi-
cated that the growth of Populus angustifolia n-
creased substantially after the flood Thus, the spe-
cies appears to have been fertiized by the increased
uptake of these micronutnents Populus species are
known to be successful in floodplain environments
because the roots resist undermining (Gill 1970)
However, the ability of Populus angustifolia to
maintain a near normal Fe Mn ratio while taking up
massive doses of both Fe and Mn mught also play a
role 1n the success of the species in riparian habitats

Pinus contorta — LLF-AFFECTED AND
EXPERIMENTAL TREES

The Fe concentrations of the dose-response and
LLF-affected trees were so different that there would
appear to be little hope of finding a common toxicity
threshold The mean foliar Fe concentration in the
experimental control group was more than eight
times higher than in the normal, healthy trees from
the LLF-affected area Following Fe-enrichment, the
mean Fe concentration ratio of the dead LLF-
affected trees (4 6) was nearly twice that of the Fe-
treated seedlings (2 5) Despite these differences, the
Fe Mn ratio mght reveal a common relationship
Both groups had abnormally high postenrichment
Fe Mn ratios, representing about a doubling of Fe
with respect to Mn In the Fe-treated group, the
mean Fe Mn ratio doubled from 071 (control) to
1 45 (treated) In the LLF-affected trees, the Fe Mn
ratio increased from 041 (normal) to 103 (en-
riched) Although more data are needed, these re-
sults suggest that 1t might be possible to express the
Fe toxicity threshold as the magnitude of change
from the normal Fe Mn ratio This 1s important be-
cause nutritional ecotypes differ in normal foliar
concentrations and tolerances, so toxicity thresholds
will be more generalizable if they can be expressed
as proportions in multielement ratios mstead of ab-
solute concentrations

It 1s also interesting to note that both groups had
postenrichment Fe Mn ratios that were greater than
1 0 Published Fe Mn ratios for the species (1includ-
ing all 4 subspecies) range between O 14 and 0 86,
with no natural populations having more Fe than Mn
in the follage However, mean Fe Mn ratios must be
interpreted as approximate thresholds because some
individual trees might have died with a ratio lower
than 10 It 1s also possible that an increase in the
Fe Mn ratio might be a symptom of the loss of
ferrous 1on excluston control 1n the roots, caused by
toxicaty or other stresses, with Fe being more easily
absorbed than Mn

The Mn treatment required higher dose concen-
trations and took longer to kill the trees, suggesting
that at least some populations are rather Mn tolerant
The lethal dose of Mn was quite high, resulting 1n a
Mn concentration ratio of 6 9 The massive increase

mm Mn without a concomitant increase in Fe pro-
duced the lowest Fe Mn ratio (0 15) The resulting
stress might include Fe deficiency induced by the
‘redox mill’ suggested by Robb & Pierpoint (1983)
Because the lowest mean Fe Mn ratio we know of 1n
a natural population 1s about 015 (Stark 1983),
perhaps there 1s a mimmmum Fe Mn ratio threshold
However, the mechanism for a minimum ratio of
about 015 1s less clear, unless 1t 1s induced Fe
deficiency

In the case of the Fe+Mn treatment group, the
decrease in the mean foliar Fe Mn ratio from 0 71
(control) to 0 29 was due to large increases in Mn
The lack of a significant increase 1n fohiar Fe despite
the Fe-enrichment of the soil might be explained by
Fe storage in the roots under conditions of excess
Mn accumulation or Mn nterference 1n the transport
of Fe from the roots (Epstein & Stout 1951) It 1s
mteresting that the presence of excess amounts Fe
and Mn 1n the soil resulted 1n a mean foliar Fe Mn
ratio within the normal range for the species

The large range of fohar Fe and Mn concentra-
tions resulting from the dose-response experiment
were not unexpected (Fig 3) Similar experiments
reported high Fe vanability (Jones & Etherington
1970), and normal Mn concentrations are known to
exhibit large vanations (Stone 1968)

NUTRITIONAL ECOTYPES

The potential toxicity thresholds suggested for the
LLF-affected trees must be interpreted with care
when applied to other populations The nutrient sta-
tus of populations might be under genetic control
and ecotypic separation can occur (Clark 1983) The
healthy trees 1n the LLF-affected area fall within the
normal range of fohar Fe and Mn concentrations
(see Beaton et al 1965, Verry & Timmons 1976,
Stark 1983), but some of these trees do occupy the
low end of the Fe and Mn continuum The healthy
Pinus ponderosa and Pinus contorta from the LLF-
affected area have relatively low Fe levels Pinus
ponderosa, Pinus contorta, Picea engelmannn, and
Abtes lasiocarpa have relatively low Mn concentra-
nons Thus, other populations might have normal Fe
or Mn concentrations greater than the potentially
toxic levels 1n the dead LLF-affected trees For ex-
ample, Pinus contorta ssp contorta 1s adapted to the
perenmally wet Alaskan muskegs, and normally has
high concentrations of Fe and Mn 1n the foliage
However, the subspecies maintains a relatively low
mean Fe Mn ratio of about 030 (Barrnick and
Schoettie, unpublished data)

OTHER IMPACTS OF WATERLOGGED SOILS

We concentrated on the role of Fe and Mn toxicity
in the death of the LLF-affected trees, but other
impacts might be mnvolved The negative effects
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known to accompany waterlogged root systems in-
clude respiration failure, carbon-dioxide accumula-
tion, changes 1n energy metabolism or storage and
membrane biosynthesis, accumulation of toxic com-
pounds like ethanol, acetaldehyde, or ethylene,
postanoxic peroxide damage, and infections of
pathogenic microorganisms or fungus (see Gill
1970, Kozlowski 1984, Crawford 1989) These ef-
fects cannot be ruled out n the case of the mature
LLF-affected trees, but they are not likely to have
been factors during the dose-response experiment

Several relationships deserve further considera-
tion when separating the role of toxicity from other
stresses Some populations of Pinus contorta are
flood tolerant (Cnitchfield 1957, Boggie 1972,
Taylor 1990) and respond with root adaptations to
escape the worst vagaries of anaerobiosis These
adaptations nclude upwardly growing primary
roots, root regrowth 1n the form of shavers, lenticels
on roots above the water table, and the ability to
convey oxygen from shoot to root by gaseous diffu-
ston n ntercellular spaces (Armstrong & Read
1972, Coutts & Armstrong 1976, Coutts & Philipson
1978a,b, Coutts 1982) Root growth 1s most success-
ful 1f there 1s an aerated zone at the soil surface
(Boggie 1972) A shallow aerated layer existed over
much of the LLF-affected area, but we found no
evidence of root adaptation among the dead trees It
appears that the roots of the LLF-affected trees did
not have the ability to respond or stress rendered
new growth impossible

Acknowledgements

Funding was provided by Rocky Mountatn National
Park Laboratory support was provided by the
Mountain Research Station, Umiversity of Colorado,
and the Institute of Marine Science, Umiversity of
Alaska Farrbanks We appreciate the valuable sug-
gestions provided by anonymous reviewers and the
editor

References

Allen, S E, Gnmshaw, H M, Parkinson, J A , Quarmby, C
& Roberts, ] D (1967) Chemical Analysis Methods in
Plant Ecology (ed SB Chapman), pp 411-465
Blackwell Scientific Publications Oxford

Armstrong, W (1982) Waterlogged Sotls Emvironment and
Plant Ecologv (ed J Ethenngton) pp 290-330 John
Wiley & Sons, New York

Armstrong, W & Read, DJ (1972) Some observations on
oxygen transport i conifer seedlings New Phytologia,
71, 55-62

Beaton J D, Brown, G Speer, RC MacRae I, McGhee,
WPT, Moss, A & Kosick, R (1965) Concentration of
micronutrients 1n fohiage of three coniferous tree species
tn Brinish Columbia Soil Science Society of America
Proceedings, 29, 299-302

Benckiser, G, Santiago S Neue, HU, Watanabe, 1 &
Ottow JCG (1984) Effect of fernhization on exuda-
ton, dehydrogenase activity, 1ron-reducing populations
and Fe** formation in the rhizosphere of rice (Oryza

sativa L ) 1n relation to iron toxicity Plant and Soil, 79,
305-316

Blair, T C (1987) Sedimentary processes, vertical stratifica-
tion sequences, and geomorphology of the Roaring River
alluvial fan, Rocky Mountain National Park, Colorado
Journal of Sedimentary Petrology 57, 1-18

Boggie, R (1972) Effect of water-table height on root devel-
opment of Pinus contorta on deep peat in Scotland
Otkos, 23, 304-312

Brown, J C (1956) Iron chlorosis Annual Review of Plant
Physiologv, 7, 171190

Clark, R B (1983) Plant genotype differences in the uptake,
translocation, accumulation, and use of mineral elements
required for plant growth Generic Aspects of Plant Nutri-
tion (eds M R Sanc & B C Loughman) pp 49-70
Martinus Nijhoff Publishers, Boston

Coutts M P (1982) Tolerance of tree roots to waterlogging
V' Growth of woody roots of Sitka spruce and lodgepole
pine in waterlogged soil New Phvtologia, 90, 467476

Coutts, MP & Philipson, J J (1978a) Tolerance of tree roots
to waterlogging 1 Survival of Sitka spruce and lodgepole
pine New Phytologia 80 63-69

Coutts M P & Philipson JJ (1978b) Tolerance of tree roots
to waterlogging II Adaptation of Sitka spruce and
lodgepole pine to waterlogged so1l New Phvtologia 80
71-77

Coutts, MP & Armstrong, W (1976) Role of oxygen trans-
port 1 the tolerance of trees to waterlogging Tree Physi
ology and Yield Improvement (eds M G R Cannell & F
T Last), pp 361401 Academic Press New York

Crawford, R MM (1989) Studies in Plant Survival Ecologi
cal Case Hisiories of Plant Adaptation to Adversiny
Studies 1n Ecology Vol 11 Blackwell Scientific Pubhi-
cations Oxford

Cnitchfield, W B (1957) Geographic Variation in Pinus
contorta Mana Moors Cabot Foundation Publication No
3 Harvard University, Cambridge MA

Epstein, E & Stout, PR (1951) The micronutrient cations
iron, manganese, zinc, and copper Their uptake by plants
from the adsorbed state Soil Science 72, 47-65

Etherington JR & Thomas OM (1986) Response to
waterlogging and differing sensitivity to divalent 1ron and
manganese 1n clones of Dactylis glomerata L derived
from well-drained and poorly-drained soils Annals of
Botanv 58, 109-119

Gill, CJ (1970) The flooding tolerance of woody species —
a review Forestry Abstracts 31, 671-688

Hem, J D (1970) Studv and Interpretation of the Chemical
Characteristics of Natural Water US Geological Survey
Water Supply Paper No 1473 Washington, DC

Hendry, G A & Brocklebank, K J (1985) Iron-induced oxy-
gen radical metabolism 1n waterlogged plants New
Phvtologia, 101, 199-206

Hewitt, EJ (1966) Sand and Water Culture Methods Used in
the Study of Plant Nutrinton Commonwealth Agricultural
Bureaux, Farnham Royal, England

Jarrett, RD & Costa, JE (1985) Hydrology geomorp-
hology and dam-break modeling of the July 15 1982
Lawn Lake Dam and Cascade Lake Dam failures
Larimer County Colorado US Geological Survey Open-
File Report 84-612

Jones, HE (1971) Comparative studies of plant growth and
distribution 1n relation to waterlogging III The response
of Erica anerea L to waterlogging in peat soils of
differing 1ron content Journal of Ecology, 59 583-591

Jones, HE & Ethenington, J R (1970) Comparative studies
of plant growth and distribution 1n relation to water-
logging 1 The survival of Erinca cinerea L. and E
tetrali L. and 1ts apparent relationship to iron and manga-
nese uptake 1n waterlogged soil Journal of Ecology, 58,
487496

Jones, R (1972) Comparative studies of plant growth and



531
K A Barrick &
M G Noble

distribution 1n relation to waterlogging V The uptake of
wron and manganese by dune and dune slack plants
Journal of Ecology 60, 131-139

Kozlowski, TT (1984) Response of woody plants to flood-
ing Flooding and Plant Growth (ed T T Kozlowski),
pp 129-164 Academic Press New York

Lafond A & Laflamme, Y (1970) Relative concentrations
of iwron and manganese a factor affecting jack pine
regeneration and jack pine-black spruce succession Tree
growth and forest soils (eds C T Youngberg & C B
Davey) pp 305-312 Oregon State University Press
Corvallis

Litaor, MT & Keigley, R (in press) Geochemustry of iron
oxides 1n the Roaring River alluvial fan, Rocky Moun-
tain National Park Colorado Ecological Effects of the
Lawn Lake Flood of 1982 Rockv Mountain National
Park (eds HE McCutchen, R Herrmann & DR
Stevens) USDI National Park Service Scientific Mono-
graph Series 93/21

McKeviin MR, Hook DD McKee WH Jr Wallace
S U & Woodruff, J R (1987) Phosphorus allocation 1n
flooded loblolly pine seedlings 1n relation to tron uptake
Canadian Journal of Forest Research 17 1572-1576

Peterson PJ (1962) Mineral nutrition of Agathis australis
Salisb the kaun Part I—Effects of deficiencies of
essential elements on the growth and foliar mineral
composition of seedlings New Zealand Journal of Sci-
ence 5 141-164

Ponnamperuma, FN (1965) Dynamic aspects of flooded
soils and the nutrition of the rice plant The Mineral
Nutriion of the Rice Plant (ed International Rice Re-
search Institute) pp 295-328 The Johns Hopkins Press
Baltimore Maryland

Robb DA & Perpoint, WS (1983) Metals and
Micronutrients Uptake and Utilization by Plants Aca-
demic Press New York

Sanderson PL & Armstrong W (1978) Soil waterlogging
root rot and contfer windthrow oxygen deficiency or

phytotoxicity Plant and Soil, 49, 185-190

Somers, 11 & Shrive, J W (1942) The rron-manganese
relation 1n plant metabolism Plant Physiology, 17 582-
602

Stark, N (1983) The Nutrient Content of Rockv Mountain
Conifers A Handbook for Estimating Nutrients Lost
Through Harvest and Burning Montana Forest Conser-
vation Experiment Station Miscellaneous Publication
No 14

Stone E L (1968) Microelement nutrition of forest trees a
review Forest Fertilization Theorv and Practice pp
132-175 Symposium on Forest Fertilization University
of Flonda, 1967 Tennessee Valley Authonty, National
Fertilizer Development Center Muscle Shoals Alabama

Talbot RJ Ethernington, JR & Bryant J A (1987) Com-
parative studies of plant growth and distribution 1n rela-
tion to waterlogging XII Growth, photosynthetic capac-
1ty and metal 10n uptake in Salix caprea and S cinerea
ssp oleifolia New Phytologia 105 563-574

Taylor AH (1990) Tree invasion in meadows of Lassen
Volcanic National Park Califorma Professional Geog-
rapher, 42 457-470

Verry ES & Timmons DR (1976) Elements in leaves of
a trembling aspen clone by crown position and season
Canadian Journal of Forest Research 6 436—440

Weber, W A (1976) Rocky Mountain Flora Colorado Asso-
ciated Umiversity Press Boulder, Colorado

Workman, SM Soltanpour PN & Follett RH (1988)
Soil Testing Methods Used at Colorado State Universin
for the Eraluation of Fertilitv Salinity and Trace Ele
ment Toxicity Technical Bulletin LTB88-2 Agricultural
Experiment Station Dept of Agronomy Soil Testing
Laboratory Colorado State Umversity Fort Collins,
Colorado

Recened 22 Mayv 1992
Revised version accepted 5 January 1993



Copyright © 2003 EBSCO Publishing



