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1.0. INTRODUCTION

During the course of research on the general ecoloay of the herpetofauna
of {he boreal peatlands (Karns, 1979) it became apparent that bog water
deleteriously affected the reproductive success of amphibians breedina at
bog water sites. The toxicity of bog or blackwater habitats to a variety of
organisms had been noted previously. Janzen (1974) reviews a variety of
reports from both tropical and temperate areas which strongly suggest that
blackwater habitats are deleterious relative to whitewater areas for a wide .
range of taxa including fish, mollusks, various microoraanisms, plants,
amphibians, and {nsects. These studies are largely descriptive and show a
reduction in species richness, abundance, and general productivity in the
blackwater areas. Relatively 1ittle experimental work has béen done on bog
water toxicity; experimental studies‘are reviewed in Janzen {1974),
~ Crawford (1978) and Karns (1979).

During the spring of 1978, 1979, and 1980 the toxicity of bog water
as relates to-amphibian reproduction was investigated in a series of
laboratory and field experiments and observations. The goals of the research
were as follows: _ .
1)  To establish the relative tolerances of the residentiamphibian species

to bog water as a breeding medium. |
2) To determine the phase of the 1ife cycle at which the toxicity manifests

itself. Amphibians have a complex 1ife cycle. Bog water mfght affect ; :

fertilization, egg development, eqg hatchina, larvae, metamorohois or aéﬁlts.

The stage at which the organism is affected is of obvious ecological

significance.

3) Elucidation of factors important in the toxicity of bog water (e.q.
temperature, acidity). The chemistry of bog water is exceedingly

complex (references in Swain, 1978). It was beyond the scope of this




study to probe in detail the actual mechanism of the toxicity. However,

several experiments performed suggest the importance of certain factors

in the toxicity.

A11 work done on bog water toxicity during-the‘coursé of the amphibians
and reptiles peatland research program is summarized here; some of this work

has appeared in previous progress reports.

2.0. PEATLAND WATER CHEMISTRY

Discussions of the general ecology of the boreal peatlands of northern
Minnesota can be found in Heinselman (1970, 1963) and Hofstetter (1969). It
is important to note that the bog habitats in this study are not of the
famiiiar lake basin, floating Sphagnum mat type. The peatlands of northern
Minnesota are extensive landscape features coverina thousands of hectares.
These environments began to form relatively recently (approximately 3000
- years ago) and are the resu]f of a complex interaction of hydro]ogy,
topography, climate and vegefation. | h

The watef'chemiery of a given peatland area strongly influences the
vegetation and vice versa (Heinselman, ]é63). Peatlaﬁd water»chemfstry
depends on the nature of the Tlocal watér source, the amount of water received
from that source and the distance the water has traveled through the peatland.
It is generally agreed that thére are two major categories of peatland based
on water source: minerotrophic and ombrotrophic. Fen and bog ake the terms
used to describe the vegetation associated with‘minerotrophic‘and ombrotrophié‘
. peatlands respectively. These terms will be used in thebremainder of the‘ o
paper. The following descriptions are from Boelter and'Verry (1977).and

Heinselman (1963).

Fen (minerotrophic peatland). The water in fens is derived from mineral

ion rich groundwater. The water is characterizéd by relatively high pH (> 5.8);




high calcium content (> 10 ppm); and high specific conductivity (corrected
for hydrogen ions, > 75 uMhos). The predominant anion is bicarbonate and
the predominant cation is ca]cfum. The water may or may not be dark]y
colored (due to humic substances). The vegetation is dominated by sedges,
grasses or reeds; Sphagnum moss is not a dominant component of the substrate.
Fens may be open or forested. Compared to bogs,fens are nutrienf rich with
greater productivity and floristic diversity. The peat in fens is more ‘
decomposed than in bogs. |
Bogs (ombrotrophic‘peatIand). The water in bogs is derived from

precipitation and hence is ion-poor. The water is characterized by Tow pH
(< 4.3); low calcium content (< 2.8 ppm); and Tow specific conductivity
"{corrected for hydrogen ions, < 10 uMhos). The predominate anion is sulfate
and the predominate cation is hydrogen. The water is darkly colored due to
_high concentrétions of humic substances. The substrate is dominated by
- Sphagnum moss. Bogs may be open or forestéd. The vegetation is dominated :

by leatherleaf (Chamaedaphne calyculata), cottongrass (Eriophorum spp.),

laurel (Kalmia polifolia), and cranberry (Vaccinium oxycoccos). Compared ‘

to fens, bogs are nutrient-poor and low in productivity and species diversity.
The peat in bogs is relatively undecomposed.

| The unusual water chemistry of bogs is due in‘large part to Sphagnum -
growth and accumulation which may eventually isolate the 1iving bog growth

from the local mineral ground water. This isolation results in the bog

vegetation substantially controlling the Tocal water chemistry and dependencef

on precipitation for nutrient input.

The Tow pH at bog water sites has important ecological consequences.
There are several important factors which interact to produce acid conditions

in bogs: 1) precipitation; 2) activity of sulfur metabolizing. bacteria;




3) secretion by 1ive Sphagnum plants of whole organic acid molecules; 4) cation
exchange in the walls of Sphagnum plants. These four factors interact t5
produce the conditions seen at any given site (Clymo, 1964).

Humic substances are another important bog water constituent; they are
polyphenolic organic compounds consisting of degraded tannin~protein-]ignin-‘
polysaccharide complexes of plant origin found in the peat'soi1 and leached
into the local water table. These substances are chemically very diverse and
éxceeding]y resistant to microbial decomposition (Swain, 1978). Humic substances
are by na means unique to bog habitats but are present in high concentrdtions
due to the abundance of secondary plant compounds found in bog vegetation
(Janzen, 1974).

The bog/fen descriptions presented above represent two ends of a spectrum;
there is, of course, gradation between these extremes.i Heinselman (1963) notes
~an intermediate category, weakly minerotrophic waters or poor fens. Table 1
.presents’measurements of several important water quality factors from bog and
fen sites. Calcium and pH are particularly good indicators; Heinselman (1970)
found calcium to be an especially valuable indicator of the trophic status of
a site.

It is important to note that in a given peatland area a mosaic of water
qua]ity js found. Over a distance of meters there are offeh dramatic chanaes
in water chemistry due to the cbmp]ex 1n£eraction of topography, hydroloagy,
and vegetation.

Figure 1 is a schematic map of my study area in northern Minnesota. Porter
Ridge is a former beach of glacial lake Agassiz, formed as the Take slowly . ;iﬁ4
retreated at the end of the last Ice Age. In the poorly drained regibns adjacent :
to the ridge typiéé]iﬁate% saturated peatland habitats have evolved over the
last 3000 years. Water flow is to the north and the ridae acts as a dam creating
particularly wet habitat to the south. Large bog forests have developed here

and control the local water chemistry. Water'percolating through the bog drains

[N
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| Conductivity Ca Mg Na C1 NV Color

Site type pH (200C," umhos) (ppm) (ppm) - (ppm) (ppm) (ppm) (ppm) (absorbance at
350nm)

Bog | 4.1 15.4 1.39 0.52 - 0.09 2.43° 1.13 2.7 0.394
Poor Fen® 5.5 27.0 2.72 0.9 0.13 6.56 0.8 1.8 0.245
Poor Fenb 6.7 52.2 ' 8.44 3.42 1.61 4.94 0.7 1.2 0.196
Fen 6.5 - 125.0 16.6 2.88 2.0 1.1 0.4 6.0 --
Table 1. Water quality parameters at peatland sites. See section 2.0. for discussion. Location of sites:

Bog-Porter Ridge bog drain; site 4 on Fig. 1.

This was the site of bog water used in all egg and

larval experiments. PoorfFena—Portér Ridge Fen; site 1 on Fig. 1.

fen, site of fen water used in egg experiments.

Poor Fen

b

This was a ridge associated -

-Porter Ridge Fen; site 5 on Fiq. 1.

Fen-fen watershed, Marcell Experimental Forest, Itasca County (Boelter and Verry, 1977).
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Fig.

The Porter Ridge Bog study area map. Outlined
areas delineate the upland sand soil Porter Rﬁdge;
other major landscape units_are set off with
dotted Tines and/or labeled. Circled numbers
identify Sites where water used in experiments

was obtained. The following Tist indicates the

general character of the sites.

1 - fen

2 - bog drain
3 - bog drain
4 - bog drain

5 - fen
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~into a moat-Tike channel (bog drain) which separates the bog forest from the
-upland forest of the sandy ridge. The particular water chemistry at a given _
site along the ridge depends on the degree to which the bog vegetation dominates
the site. In the bog drain proper the pH is around 4.2 with typical bog water
characteristics. At other sites the ridge chemistry dominates the near ridge
environment, which results in poor fen to fen water conditions that abruptly
give way to bog water conditions over distances of less than 100 meters. For
example, pH dropped ~ 3 units (7.0 to 4.2), calcium contént dropped 20-fold
(23.4 to 1.1 ppm) and conductivity 100-fold (105.1 to 10.3 pMhos) from a near
ridge fen to the adjacent bog drain over a distance of ~ 30 meters. Considerina
the toxic properties 6f bog water such changes are of great ecological

- significance for all organisms that interact with the aquatic environmeht

along the ridge.

How constant are these water quality parameters? As Heinselman (1970)
 points out, there will be diurnal, seasonal and weather—iﬁduced changes in
water quality. Using pH as an indicator of water quality, measurements taken
in 1978, 1979 and 1980 indicate very stable water quality conditions once the
spring thaw hés_o:curred. |

| 3.0. MATERIALS AND METHODS
3.1. Study Area

Porter Ridge bog described above is located in central Koochiching County,
Minnesota, approximately seven miles south of the town of Big Falls (see Karns,
1979, for further description). This area was the site for all field work
desbribed in this study. Laboratory work was performed at the Bia Falls
Forestry Station. The majority of laboratory and field work was perfbrmed
during the spring bfééding seaségg of 1978% 1979, and 1980. Soﬁe additional

laboratory. work was done at the University.of Minnesota.




3.2. Water'Chemistry

Water samples were collected in 2-ounce or 16-ounce po1yethy1ené bottles.
All bott1e§ were rinsed with dilute nitric acid and then distilled water.
Bottles .were rinsed in the field three times with water from the site to be
sampled. Samples were taken from standing water.

pH (index of hydrogen ions, measure of acidity) was measured in the
laboratory from bottled samples. Measurement was usually made within several
hours of collection. Laboratory measurement allowed all samples to be measured
at the same temperature. A radiometer PHM29 portable pH meter with combined
glass-calomel electrode was used.

For the following measurements water samples were stored at 3.59C and
processed at the University of Minnesota at the earliest possible date after
collection: |

Specific conductiyity data (index of total ionic concentration) Were
standard%zed to ZGOC; a Corréction factor was applied to eﬁiminate the effect
of increased hydrogen ions at low pH (Sjors, 1950). Measurements were made
with a Radiometer CDM2D conductivity meter with platinum electrode.

" Water color (index of stagnation and total orcanic carbon) measured as
1ight extinction at 350 nonometers in a 1-cm cell with corex filter using
a Beckman Model 24 Spectrophotometer. |

Ca, Mg, Na, K, C1 and SO4 ion concentrations were measured by ICP emission
spectroscopy. Analysis was performed by the Research Analytical Laboratory,
Soil Science Department, University’of Minnesota.

3.3. Bog water toxicity experiments: Eqggs

3.3.1. Egg procurement. The majority of eggs utilized in experiments

were obtained from freshly laid eggs found in the field. Eaggs showing

development beyond stage 8, mid-cleavage, (Gosner, 1960) at the time of



experiment initiation were not used. Eggs were also obtained from pairs mated

in the laboratory. Rana pipiens eggs for one fertilization experiment were

obtained by artificial induction of ovulation and subsequent artificial

insemination using standard procedures (Nace et al., 1974).

3.3.2. Fertilization. Data from three spécies were obtained using

slightly different techniques: 1) Freshly laid Rana sylvatica eggs from a

‘number of different matings were obtained from bog and fen sites. These
eggs were examined in the lab; fertilization was determined by the presence

of egg cleavage. 2) One experiment was done with Bufo americanus eggs; a

mated pair was placed in five gallons of control (non-bog) water. After a
quantity of eggs had been laid the egg string was cut and the still amplected
pair was removed, rinsed in distilled water, and placed in a container with

five gallons of bog water and allowed to complete egg deposition. A subsample

of eggs from the two treatments was examined for fertilization. 3) Rana pipiens
eggs from four different mat%ngs were obtained by standard']aboratory induction
techniques. The unfertilized eggs obtained from each cross were subdivided

. and placed in bog and control water treatments. These eggs were then artificiatly
inseminated and exemined for fertilization. Alsn, sperm from macerated R. pipiens
testes was placed in bog and control water'and qualitatively observed usina a

- phase-contrast microscope.

3.3.3. General procedure. Each toxicity experiment consisted of a series

of treatments of different water quality. Amphibian eggs were placed in these

treatments and hatching success monitored. For each treatment series a freshiy
laid egg mass was carefully téased apart and small batches of‘eggs 0f approxiﬁétely;&j
equal number were placed in the desired treatments. Each eog mass was the pf@duct:i;f
of a different mating énd theréfofe relatively genetically homogeneous. As hény i

egg masses were tested in a given treatment series as logistical feasibility




and availability of eggs allowed. A1l egg batches were scanned underla
binocular'microscope prior to initiation of treatment and obviously defective
eggs removed; eggs that died during the course of the treatment were not
removed. |

The number of eggs and the volume of treatment water in a test chamber
were important variables. 16 ounce glass jars filled with 300 ml of test
solution were used. Preliminary experiments indicated the number of eaqas.
that did not appreciably affect this volume of water as measured by pH over
a 24 hour period; the number varied with the species. Water was changed in
the test chambers every day to insure maintenance of the desired tréatment
effect and pH was monitored throughbut the test'period. Unless otherwise
stated the temperature at which the tests were run was 15.59C. Test chambers
were kept under conditions of semi-darkness during the test period.

A test was continued until it was apparent that no further hatching
‘would occur (usually 5-6 days). Tests were scored by counting the nymbef
of hatched 1afvae and unhatched egas in a test chamber. The larvae were
further scored as normal (qualitatively nqrma] morphology and swimming response
to stimulus) or abnor§al (qua]itatiye]y»ébnorma] morphology, e.q. arched baék
or swollen abdomen, and consequent abnormality or lack of swimming response).
Unhatched eggs were further scored as truncated (early termination of develop-
ment, prior to stage 17) or coiled (relatively late termination of development,
after stage 17). Embryos in the coil condition were usually past the stage
(around stage 20 depending on the species) at which normal hatchina occurs
and were in an abnormal arched position often with head and tail touching
(i.e. coiled). | E

The quality of the water used in the experiments was standardized és mucﬁﬁ
as possible. Bbg and fen water were collected in 20 liter nalaene containers;

this water was filtered through fine mesh prior to use to remove macro-debris.




Water was always collected from the same site; boq water from site 2 on Fig. 1
and fen water from site 1. A standard control water was prepared from distilled

water and reagent-grade chemicals (NaHCO,, CaSO ZHZO, MgS0, and KC1) foT]owihq

3’ 4- 4

U.S. government guidelines for preparation of reconstituted soft freshwater for
use in toxicity testing (Stephan, 1975). This solution had a pH of around 7.5.
Preliminary tests indicated it was an excellent medium for deve]opment»and
“hatching of amphibian egas.

Brief descriptions of the various laboratory experiments performed are
included in the Results section.

3.4. Egg field experiments and observations

Eggs of several amphibian species (especially R. sylvatica) were periodically |
collected from bog and fen sites and examined in the lab providing information on
fertilization and development under field conditions. Hatching success of field
eggs was quantified by carefully cutting off sections of egg masses which were
‘near hatching. These samples were brought to the lab and maintained in water
from the site of origin; they were allowed to hatch and the sample scored in
_ the manner described above. |
3.5. Bog water foxicity éxperiments: Larvae and youna of the year

3.5.1. Source of larvae. All larvae used in the experiments were obtained

from eggs hatched in the laboratory in either control or bog water. A1l larvae
used were newly hatched (Stage 24-26). Prior to expérimenta]luse all larvae of
a given species were mixed and subsamples chosen randomly for the various

experimental treatments. . D

3.5{2. 96-hour survivorship test. Larvae of six species (Rana sy]vaticé;

Bufo americanus, Hyla crucifer, Rana pipiens, Ambystoma laterale, and‘Pseudacfis
triseriata) were subjected to a series of treatments of bog water diluted with

control water. This dilution altered both the pH and concentration of bog water.
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One gallon glass jars filled with approximateiy three Titers of test solution
were used as test chambers; this volume of water maintained original pH Tevels
for the entire test period and was not changed; pH was monitored throuqhout.
the test perjod. No more than 20 larvae (usually 15) were used per test
chamber. Two replicates were run for each treatment. A standard 96-hour
acute toxicity test format was followed (Stephan, 1975). Test chambers were
checked for dead larvae at 12, 24, 36, 48, 72 and 96 hours, and dead larvae
were removed.

3.5.3. Llarval growth. A comparison of short-term growth of R. sylvatica

larvae maintained in bog water-bog vegetation diet treatments versus fen
water-fen vegetation diet treatments was made. Four replicates, each with 10
larvae were used for both treatments. A1l larvae were initially at the same
stage of development. One gallon jars with approximate]yAthree liters of bog
or fen water were used as test chambers. Water and vegetation was changed
reguXarly and any dead larvae removed. An attempt was made to keep the number
of larvae per test chamber equal since the number of larvae per volume of
water is known to affect growth rate. The experiment was run for one month

and. terminated. Larvae were preserved and later measured.

3.5.4. Metamorphosis. Sixty R. sylvatica larvae hatched in bog water
were maintained in bog water on a bog vegetation diet to détermine if successful
development and growth through metamorphosis was‘possib1e. A smaller number (20)
of larvae were reared in control water an fen vegetation diets. Water and
Qegetation‘were changed regularly. Aerated 2-1/2 gallon fish bowls were usedii

as test chambers.

3.5.5. Larval field census. Bog and fen sites were sampled in 1979 and'j980
to determine if 1a;95é were SurV%Q}ng under field conditions. A 23 x 23 x 6 cm
plastic tray was used to sample sites where breeding activity was known to have

occurred. The tray was plunged into the water and the amphibian TarVae cauaht




“were retained and preserved. Each fen site was sampled thfrty times; each bog
site 100 times. Sampling was done on Juné 9-12 and July 7-9 in 1979 and on

 May 20-22 in 1980. Nets were not an effective sampling technique in dense

aquatic vegetation; the tray technique provéd to be an effective samplina method.

3.5.6. Young of the year census. The number of metamorphosed larvae

(young of the year) leaving natal bog and fen breeding sites wéré also sampled.
Trapping fences (15 m x 50 cm strips of aluminum flashing buried 10 -cm deep, -
- with five 35 cm deep pitfall traps located on each side)‘were placed immediately
adjacent and parallel to bog and fen breedfng areas in 1979 and 1980. Emerging
young of the year were caught in these traps.
4.0. RESULTS
4.1. Fertilization

The ability of anuran eggs to be fertilized in bbg water was investiaated
- experimentally utilizing the eggs from three species. Table 2 shows the -
- percentage of eggs successfully ferti]ized‘in bog water treatmentsvcomparedf
to fen (control) water treatments. There were no significant differences
betweén the two treatments for any of the species tested (G-Test). In

additicn qualitative observations . made at boq water breeding sites with

R. sylvatica, B. americanus, and H. crucifer eggs showed a high percentage
of fertilization at these sites as indicated by eag cleavage.

Sperm from the macerated testes of R. pipiens were placed in bog water
and examined microscopically. Qualitatively these sperm showed no i11 effects-
due to bog water immersion. They were mobile and appeared identical to Sperﬁ :
examined in control water. | A N

These experiments and observations indicate that bog water is arperfectiy

viable medium for the fertilization of amphibian eggs.




% Fertilization

Species Tested BOG COMTROL -
Rana sylvatica 96.5 1 96.4 |
(Wood Frog) 677(13) 659(11)
Bufo americanus 99.0 9.0
(American Toad) 100(1) 100(1)
Rana pipiens 97.9 98.9
(N. Leopard Frog) 578(4) 466(4)

Table 2. Fertilization of amphibian eggs in
bog water compared to control (fen)

water. See section 4.1. for discussion.

]The number beneath percentage fertilization

equals the total number of eggs sampled;
number in parentheses equals the total number
of different egg masses (matings) sampled.




4.2. Egg Development and Hatching

The experiments and observations dealing with the development and hatching
of amphibian eggs in bog water fall into two main categories: 1) Descriptive-
1aboratory and field experiments and observations utilizing chemically unaltered
bog water; 2) Mechanistic-laboratory experiments utilizing chemically altered
bog water concerned primarily with the role of acidity in bog water toxicity.
The first group is intended to describe the phenomenon of boa water toxicity
and elucidate environmental factors important in its manifestation. The second

- group deals more with the mechanism of the toxicity.
4.3. Descriptive experiments

4.3.1. Bog water tolerance. The suitability of bog water as a medium for

the deve]obment and hatching of amphibian eggs was investigated under laboratory
conditions; eggs of six of the seven amphibian species common in the study area .
were tested (H. vergico]or wés not tested). Eggs from each eag mass sampled
were placed in bog and control water treatments. Table 3 presents the results
~and cleaf]y shbws that bog water is an extremely deleterious medium for
amphibian egg development and hatching. Egg mortality (i.e. no hatching) is
éxtremely high in the bog watertreatments. The difference in mortality between
bog and:controT treatments is highly signiffcant]y different for all species
tested (G-Test, p<0.005). Only R. sylvatica exhibits any ability to hatch in
bog water (12.7% hatching success).

Another aspect of bog water toxicity is indicated by the percentage coil
column. The coil condition indicates that eggs achieved an advanced state of -
déve]opment (> stage 18) but did not hatch. Two of the six species tested
(B: sylvatica and A. laterale) show a significant deoree of the coil condition
(75.2 and 58.5% respectively). The coil condition is virtually nonexistent »

" in the control treatments for all other species. The coiT'conditfon is another
5ndicator of the physiological tolerance of eggs to bog water as a developmentatl

medium. The only amphibian which shows an ability to hatch in bog water,
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Treatment

BOG (pH 4.1-4.3) | CONTROL (pH 7.1-7.6)

Species Tested % Mortality % Coil n] % Mortality % Coil n?
‘Rana sylvatica

(Wood Frog) 87.3 v 75.2 ‘ 1396(42) : 3.1 0.1 1013(27)
Ambystoma laterale _ .
(BTue-spotted Salamander) 100.0 "~ 58.5 164(4) 2.6 0.0 142(4)

- Bufoamericanus

"~ (American Toad) 100.0 14.6 2575(49) 9.0 0.01 1373(24)
Rana pipiens ‘ o . :
(N.vLeopard Frog) 100.0 B 0.7 435(12) . 1.5 0.0 987(8)
Pseudacris triseriata

(Chorus Frog) 100.0 0.0 285(8) 44 .4 0.0 232(7)
Hyla cruci fer v : °. .
(N. Spring Peeper) 100.0 0.0 325(7) - 32.0 0.2 419(8)

Table 3. Mortality of amphibian eggs reared in bog water compared to control water. See section 4.3.1. for
discussion, ‘

]F1rst number equals the total number of eqgs sampTed number in parentheses equals.the total number of egg
masses (matings) sampled.



R. sylvatica, also shows the highest deqree of the coil condition. Based on
these results, R. sylvatica and A. 1atéra1e would have the areatest potential
for successfully breeding in bog water areas since they are capable of advanced
development in the medium. In the four other species development ié truncated
at an early stage of develoﬁment.

4.3.2. Geographic variation in toxicity. As noted in the section on

peatland water chemistry, the study area was a mosaic of patches of varying
size of differing water quality. It was of interest to test water from several
sites to determine the variabi1ity of its toxic properties. The primary area
of interest was the Targe bog drain (Fig; 1) where amphibian breeding was known
to occur. Water was taken from three sites in the bog drain and one fen site.
(See caption Table 4 for location of sites). Eggs of the most tolerant species,
‘R..sylvatica, were used for this test. Table 4 indicates that water from all
three bog drain sites was extremely toxic relative to fen and control sites
(G-Test, <0;005). The coil condition was associated only with the bog sites.
There was significant variation in toxicity among bog draih sites. Of special
interest are bog sites I and II; these sites are only 100 meters apart.” Boa I
iS'loEated on'the bTack spruce bog.forest side of tpe drain and bog II on fhe
ridge side of the drain. Mortality drops by 44% between the two sides of the
drain. Théré is a slight rise in pH between the two sides presumably due to
the minerotrophic influence of the ridge.

4.3.3. Temperature. The re]atioﬁship between bog water toxicity and
.temperature was investigated using eggs of R. sylvatica and B. americanus.

Eggs from each of four different egg masses were placed in two bog and two

control water treatments. One bog and one control were kept at 3.5°C‘(co]d
treatment) and one bog and one control were kept at 15.5°C (warm treatment).

Results are shown in Table 5. Temperature does_not affect mortality or




Site % Morta]ity % Coil n
Bog Drain I 90.8 55.3 76(3)
(pH 4.1) ,
Bog Drain II 46.8 37.8 111(3)
(pH 4.5-4.6)
Bog Drain III 90.3 75.3 93(3)
(pH 4.1-4.2) ,
Fen 3.8 0.6 110(3)
(pH 5.5) ’
Control -4 0.0 98(3)
(pH 7.5) i
Table 4. Geographic variation in bog water toxicity. Eggs

of R. sylvatica were tested. Water for these
experiments was taken from sites along Porter Ridge
stiown on Fig. 1: Bog Drain I = site 3; Bog Drain II =
site .2; Bog Drain III = site 4; Fen = site 1. See
section 4.3.2. for discussion

]First number equals the total number of eggs sampled; number
in parentheses equals the total number of egg masses (matings) .

sampled.




Species tested | coLD (3.5°C) WARM (15.5°¢) o
and water - R ' 1
treatment % Mortality % Coil n % Mortality . % Coil n
Rana sylvatica B0 100.0 0.0 140(4) | 946 85.9 185(4)
(Hood Frog) CONTROL 1.4 0.0 146(4) 2.1 0.0 143(4)
ufo americanus B8 100.0 0.0 219(4) 100.0 12.0 191(4)
\American Toad) — contpgy | T 5.5 0.0 237(4) 4.0 0.0 199(4)

Table 5. Effect of temperature on the toxiéity of bog water as measured by the egg hatching success of
R. sylvaticaand B. americanus. See section 4.3.3. for discussion.

1First number equé]s the total number of-eggs sampled; ‘number in‘paréntheses equals the total number of eag.

masses (matings) sampled.




occurrence of the coil condition in the control water treatments for either
species (G-Test, p<0.05). Low temperature alone did not increase mortality.
Temperature is an important factor in the bog water treatments. B. americanus

is the less bog water tolerant of the two spécies tested; cold or wérm boqg

water treatment resulted in 100% mortality. There is a relatively small but
significant increase (G-Test, p<0.05) in the occurrence of the coﬁi condition
between the cold (0.0%) and warm (12%) treatmenfs. With R. sylvatica there

was a low but significant Tevel of hafching (5.4%) in the warm bog treatment
compared to 0.0% in the cold bog (G-Test p<0.05). There is a dramatic difference 4
in the occurrence of the coil condition between the two treatments for B,'syivatica;
In the cold bog all eggs truncated at an early stage of development,while in

the warm bog treatment 91.3% of the eggs reached an advanced stage (5.4% hatch,
85.9% coil).' These differences are highly significantly different (G-test,
p<0.005). These results indicate that the temperature ‘'of the bog water is an
“impertant factor in the manifestation of the toxicity of the water. The co]d
treatment eliminates the possibility of achieving advanced‘deve1opmeht and
-potential hatching. At higher temperatures the bog water is relatively more
benign; eggs reach an advanced stage of development and some méy}hatch, vAs

might be expected, the temperature effect is more pronbunced with R. sylvatica,
the more bog water tolerant species!

4.3.4. Field observations and experiments. It was important to determine

how eggs responded to bog and fen water when exposed to the complexity of .
natural conditions. Eggs of the easily obtainable R. sylvatica were the main;
source of information. R. sylvatica was also of great interest eco]ogica]]y'iw
since the laboratory experiments indicated it was the most bog water to]erant%
species. As described above, experiments indicated that water temperature |
‘was an important variable in the toxicity. A natural temperature experiment
was performed during the two breeding seasons in which egg survivorship was

sampled. The 1979 breeding season was extremely wet and cold with many over-




- cast days compared to the dry, hot sunny 1980 season. Table 6 shows the water
temperature as recorded in the bog drain during the R. sy]?atica breedihg,period
of each year. These temperatures shown are typical of non-shaded breedina
sites, bog and fen, in the study area both years. There is no indication that
water quality varied in an important manner between the two years. pH is a
good general indicator of bog water quality; the ranae of pH values taken at
sites of egg mass deposition were the same both years. The R. sylvatica

~ laboratory temperature experiments predict that egg mortality in 1980, the
warm year, should decrease. The R. sylvatica laboratory experiments also
indicate variation in toxicity among sites within theAgeneraT]y toxic bod

drain apparently due to varietion in water quality. Field observations

did show variation amohg bog sites in toxicity but this was confounded by
another factor not studied in Taboratory experiments, the:number of egg masses
~present at an egg mass deposition site. R. sylvatica is an explosive breeder; |
large numbers of frogs breed at a particular site over a period»of a few days.
The result of this breeding is ueually the formation of a "communal" site of
egg mass deposition with Targe numbers of egg masses (up to 1,000) in close
contact. Table 7 shows the results gf a census of R. sylvatica eggs samp]éd
from the bog and fen sites. The percentage of egas reaching an advanced

stage of development (> stage 18, coil plus hatch) is given and arouped by
year (large temperature‘differences), water quality (bog versus fen), and

size of egg mass cluster. In the bog drain there is a significant difference
fin developmental success between large and small egg mass clusters (G-Test,
p<0.005) in both years. Eggs do better when associated with 1arge>egg mass
clusters. There is a significant difference between bog and fen egg -
development for bofh’the small and large bog egg mass clusters in 1979 (G—Teef,

p<0.005). In 1980 the difference is significant between the fen and small boag




1979 (21 April-15 May) 1980 (18 April-19 May)

X Max 14.0 26.6

Tem@gggme X Min 3.0 | 46
~ Range (0.0-18.9) (0.0-32.2)
pH Range 4.1-4.3 | 4.1-4.3

Table 6. Water temperature and pH values recorded in Porter Ridge bog drain
in spring 1979 and 1980. Location of temperature measurement station
was between sites 2 and 3 on Fig. 1. See section 4.3.4. for discussion.




Source of eggs

% Eggs in advanced development (coil and hatch, > stage.18)

BOG 1979 (cold year) 1980 (warm year)
Lérge cluster 1 ‘ |
of egg masses 47.3 n' = 2575(56) 95.4 n=461(11)
(65-110 masses)
Small cluster of
egg masses 9.9 n = 1257(27) 72.4 n = 370(10)
(1-10 masses)

FEN
Large ciuster ' N
of egg masses 93.5 n = 1396(40) 97.3 n = 778(12)

(> 250 masses)

Table 7. Developmental success of R. sy1vética eqgs sampled from bog and fen
- sites along Porter Ridae in 1979 and 1980. See section 4.3.4. for

discussion.

1

First number equals the total number of eggs sampted; number in parentheses equals

the total number of egg masses (matings) sampled.




egg mass cluster only (G-Test, p<0.05). As predicted, many more bbg eqas

reach an advanced developmental stage in 1980, the warm year, as opposed to
1979. The difference is highly significant for both large and small egg

mass clusters (G-Test, p<0.005). Note the vefy dramatic seven—fo]d»inCreése
with small egg mass clusters. Advanced development is high at fen sites in
both years; there is a 3.8% increase in 1980 but this difference'is not
significant (G-Test). In 1980 the level of developmental success is equivalent
between the fen and large egg mass cluster bog sites. -

These results indicate that for R. sylvatica large egg mass cluster gize
and/or warm water temperatures can act as a "buffer" against the toxic effect
of bog water, at least in terms of development.

The data presented above support the contention that bog water is a toxic
medium for the development and hatching of amphibian eags and that the exact
site of egg deposition, size of egg mass cluster and temperature are important
variables in the manifestation of the toxicity. However mogt'of this data 1is
for R. sylvatica, the most bog water tolerant species. The laboratory tolerance
tests (Table 3) suggest that bog water is lethal (in terms of hatching success)
to the othar local species; the available field data support this. The best
information is available for B. americanus. Eggs sampled from bog drain sites
showed 0.0% hateh and 0.0% advanced development (n = 1388 eggs from six
different egg masses). A1l eggs examined had truncated development early and

many showed gross abnormalities. Hyla crucifer eaggs (n = 500) found in the

- bog drain showed 0.0% hatch and 0.0% advanced development. Unfortunately
no bog drain eggs of A. laterale, the only species besides R. sylvatica to :
show significant ability for advanced development in bog water were found.
4.5. Mechanistic Experiments
Role of acidity'in bog wéter toxicity |

The toxicity of acid media to the eggs, juveniles and adults of a variety

of aquatic organisms is well known (references in EPA, 1980). The acid nature




of bog water is one of its most conspicuous characteristics and acidity is
immediately suspect as a primary agent in the observed toxicity of bog water.
The role of acidity, as measured by pH, in the manifestation of bog water
toxicity was investigated in a series of laboratory experiments. | |

4.5.1. Neutralized bog water. Preliminary experiments with B. americanus

and H. crucifer indicated that toxic bog water (pH 4.2) could be transformed
into a non-toxic developmental and hatchingmedfun1when neutralized to a pH of
approximately seven with sodium hydroxide (NaOH). (B americanus: Hatch success
at pH 4.2 = 0.0% (n = 185 eggs); at pH 7.0 = 97.2% (n = 178 eggs)§ tests are
significantly different (G-Test, p<0.005). -H. crucifer: Hatch success at
pH 4.2 = 0.0% (n = 77 eggsj; at pH 7.0 = 84.6% (n = 52 eqgs); tests are
significantly different (G-Test, p<0.005)). Gosner and B]éck (1957) and
Saber and Dunson (1978) obtained similar results using egas from a number of
anuran species. and NaOH as the neutra1izihq‘agent.k Further experiments on the
neutralization of bog water were done using calcium carbonate (CaC03) as the
heutra?izing égent; CaCO3 is a very weak base and mimics the natural neutral-
ization of bog water {which occurs when bog watervéomes into contact with
minerotrophic chemical influences) to a greater degree than the very strong
base, NaOH (Gorham, personal communication). Experimentstwere done with the
bog water tolerant R. sylvatica and into1erant»§, americanus. Test batches
of eggs from each of four egg masses sampled were placed in five treatments
for each species. The treatment series raised the pH in ~0.5 pH unit increments
from normal bog water (pH 4.1) to bog water of pH 5.5. Results are shown in
Table 8.

Elevation of pH has a dramatic effect on hatching success; for both specfes
the small 0.3-0.4 rise in pH from normal bog to bH 4.5 boa water results in a

~ highly significant increase in hatching success  (G-Test, p<0.005). R.




R. sylvatica B. americanus

(Wood Frog) (American Toad)
Treatment % Hatch % Coil n! % Hatch % Coil nt
Normal Bog
pH 4.1-4.2 1.5 96.2 130(4) 0.0 2.5 201(4)
Treated Bog ' : A
oH 4.5 63.6 31.8 132(4) | 21.0 72.7 205(4)
Treated Bog
pH 5.0 90.0 4.6 130(4) 97.5 - 1.0 198(4)
Treated Boa : L
pH 5.5 94.5 0.7 136(4) 96.8 1.6 189(4)
Control ' A |
ph 7.5 89.1 0.0 138(4) 97.3 1.4 219(4)

Table 8. Effect of elevation of pH on the toxicity of bog water as measured by
the egg hatching success of R. sylvatica and B. americanus. See section
4.5.1. for discussion. i -

]First number equals the total number of eggs sampled; number in parentheses equals

the total number of egg masses (matings) sampled.




sylvatica hatches significantﬁy mdre at pH 4.5 than B. americanus (G-Test,
p<0.05) as might be expected from the tolerance tests. At pH 5.0 and 5.5
hatching is not significantly different from the control for both species
(G-Test).

The differential bog water tolerance of the two species is C]early
demonstrated by the coil condition. In normal bog water, 97.7% of'the
R. sylvatica reach an advanced deve1opmeﬁta1 stége of which 1.5% hatch; with
B. americanus only 2.5% of the eggs reach an advanced stage and 0.0% hatch.
In pH 4.5 bog water 95.4% of the R. sylvatica eggs are advanced and 63.6%
hatch; a comparable proportion (93.5%) of B. americanus reach an advanced
stage but only 21.0% hatch. At pH 5.0 and above the coil condition virtually
disappears and hatching is high in both species.

In both species the pH 6f the bog water "contfoTs" the toxicity; at pH

values > 5.0 the toxicity essentially disappears for both species.

4.5.2. Acidified fen water. The water source of the non-toxic. fen sftés
along the ridge is the bog to the south; the minerotrophic chemistry of the
ridge has in some manner interacted with the bog water to.é]iminate its toxic
properties.v If pH i5 a controlling factor in the - toxicity, lowering the bH
of the fen water}might "restore" its toxic properties.

This experiment was done using R. sylvatica egas. Eggs from each of four
‘different egg masses were placed in four treatments: normal fen water (pH 5.5),
acidified fen (pH 4.5 and 4.0) and control. The fen water was acidified by
titration with H2504. Results are shown in Table 9 and‘agree closely with thé
bog neutralization experiments. ‘

Hatching success declines with decreasing pH and occurrence of the coil
-~ condition increases; pH 4.5-5.5 is a "threghold" Tevel above which normal

~hatching is restored. Normal fen and control are siqnificéntly different from

pH 4.5 and 4.0 for both hatchino success and coil (G-Test, p<0.005). The




Treatment % Hatch % Coil n

Acid Fen

pH 4.0 2.3 97.7 133(4)

“Acid Fen

pH 4.5 73.8 11.9 126(4) k
Normal Fen |

pH 5.5 96.2 0.6 158(4)

Control

pH 7.5 96.6 0.7 148(4)

Table 8. Effect of acidification of fen water on
hatching success of R. sylvatica eggs.
See section 4.5.2. for discussion.

]First number equals the total number of eggs
sampied; number in parentheses equals the total
number of egg masses (matings) sampled.

ey




difference between pH 4.0 and 4.5 treatments is significantly different for
both hatching success and coil (G-Test, p<0.005).

4.5.3. Acidified control water. The neutralized bog and acidified fen

water experiments show a strong correlation between acidity and toxicitynand
sﬁggest that acidity may be a primary cause of the toxicity. If-acidity per se
is a main causal factor then acidified control water (non-bog, nén—fen water)
should produce a comparable degree of toxicity Both~quantitative1y and qualita-
tively. Different acids are known to produce different toxic effects in aquatic
organisms (e.g. Ellis, 1937). Sulfuric acid (H2504) waé used.as an acidifying
agent because it is the dominant free acid found in northern Minnesatan peatland
waters (Gorham, personal communication).

The experiment consisted of a series of acidified control water treatments
ranging from pH 3.0 to 5.0 1ﬁ 0.5 pH unit increments plus a pH 6.0 and control
treatment. R..sylvatica and B. amerfcanus were the test §pecies; eggs from
each of four égg masses sampled were placed in the seven treatments for both
species. Results are presented in Table 10.

The acid series shows important differences between the bog and fen water
experiments already presented in terms of b&th deve1opmenfa1 and hatchihg '
success for both species.

For R. sylvatica there is a dramatic threého]d of acid tolerance between
pH 3.5 and 4.0. At pH values > 4.0 hatching success is high; the diffefences
are significant (G-Test, p<0.005). The pH 3.0 and 3.5 treatments were Tefha];
véggs showed no development past the stage they were in at the time of immersion.
At the pH levels tested the coil condition is uncommon; it is most prominent at
pH 4.0 (3.5%) but this is not significant1y different from higher pH values
" (G-Test). Of special importance is the pH 4.0 treatment, whichris close to the

" pH of the bog water tested. Experiments with unaltered boq water (pH 4.1-4.2)




- B. americanus eggs. See section 4.5.3. for discussion.

R. sylvatica (Wood Frog) B. americanus (American Toad)
 DH % Hatch % Coil 0 - pH % Hatch % Coil n
(range) : (range)
3.0 0.0 0.0 128(4) 3.0 0.0 0.0 209(4)
(3.0) (3.0)

3.5 0.0 0.0 154(4) 3.5 0.0 0.0 208(4)
(3.5-3.6) . (3.4-3.6)

4.0 93.8 3.5 142(4) 4.0 2.3 40.5 262(4)
(3.9-4.0) (4.0-4.1)

4.5 96.8 1.6 126(4) 4.5 97.8 0.0 276(4)
(4.5-4.7) S (4.5-4.6)

5.0 99.2 0.0 129(4) 5.0 83.6 0.0 220(4)
(5.0-5.2) (5.0-5.2)

6.0 ~96.9 0.0 129(4) 6.0 98.1 1.9 215(4)
(6.0-6.5) ' (6.0-6.4) -
Control 96.8 0.5 189(4) Contro]l 94.8 0.0 251(4)
(7.4-7.6) : (7.3-7.6)

‘Table 10. Effect of acidification of control water on hatching success of R.

sylvatica and

]First number equals the total number of egas sampled; number in paréntheses equals the total
number of egg masses (matings) sampled.

-



and acidified fen water (pH 4.0) (Tables 3,4,5,8, and 9) produced very low
overall hatching success (<13.0%) and a very hich occurrence of the coil
condition (>75%). The pH 4.0 acid water experiments (Table 10) produced hiqh
‘hatching success (>93.0%) and Tow occurrences of the coil condition (<4%).
These differences are highly significant (G-Test, p<0.005). Thefe are also
significant differences at pH 4.5 among thé neutralized bog, acidified fen and
acid treatments. In the first two treatments ﬁatching success is lower and
the coil condition is more prominent than in the acid treatment. At pH

values of 5.0 or greater results are simi]arb(high hatch, 1ittle or no coil
condition seen).

With B. americanus the pattern is similar to R. sylvatica, however, the
tolerance threshold is about 0.5 pH units higher; a dramatic increase in .
hatching success occurs betwéen pH 4.0 and 4.5 compared to 3.5 and 4.0 for
R. sylvatica. -As with R. sylvatica the pH 3.0 and 3.5 treatments were Tlethal.
The on 4.0 treétment shows very low hatching while treatments >pH 4.5 produce
high hatching. The differences are significant (G-Test, p<0.005). Only the
pH 4.0 treatment produces a high number of coil eggs. Again pH 4.0 and 4.5
treatnents, close to the pH of bog water, are of particular interest. In
unaltered bog water (pH 4.1-4.2) B. americahus never .hatched and few egas
‘reached an advanced developmental stage (<15.0%); many of the truncated eggs
exhibited gross developmental abnormalities (Table 3,5, and 8). In acid
water at pH 4.0 there was some hatching, many eggs reached an advanced develop-
mental stage and few gross abnormalities were seen. The differences are
significant (G-Test, bH<0.005). In neutralized boa water at pH 4.5 (Table 8)
there was a moderafe hatch (21.0%) and high occurrence of the coil condition
(72.7%) hence a large proportién (93.7%) of eags reached an advanced developmental

stage but relatively few hatched. 1In pH 4.5 acid water the hatch is very high




and no coil condition was seen. The differences are significant (G-Test,
p<0.005). At pH values > 5.0 similar résu]ts are seen in both neutra]izéd_
bog and acid water treatments.

~The results of the acid water experiment indicate that 1) the two species
tested differ in their acid tolerance; R. sylvatica being the more tolerant.
2) Acid water treatments were Tlethal but only at pH values (3.6, 3.5) below
those found in the bog water sites studied. 3) The acid treatments are less
toxic (in terms of developmental and hatching success) than bog water treatments
of equivalent pH. This strongly suggests that acidity, although an important
‘“factor, is not sufficient to explain the observed toxicity of bog water; these
‘observations suggest the presence of another toxic factor(s) in the bog water
“interacting with low pH to produce the observed results. If acidity alone were
the primary cause of toxicity, bog water and acid treatments of equivalent pH

should produce similar resu]fs; they do not.

4.5.4. Dilution experiments. The relationship between acidity and other
~toxic factors in bog water wasAfufther investigated in a series of dilution
experiments with eggs of R. sylvatica and B. americanus. Two types of dilution
series were employed; normal and acid. In the normal,séries boa water was
diluted with pH 7.5 coﬁtro1 in a series of steps; this resulted in 1) é lowering
of the concentration of bog water and any toxiC factors in the bog water

2) a gradual increase in pH due to the neutralizing influence of the control
water. In the acid dilution treatment series bog water is again diluted with
control water but the elevated pH of the mixture is then Towered with H,S0, td-
a'pH Tevel in which high hatching success would occur if the solution were 100%
control water (as determined by the acid water experiment), pH 4.0 for R. sy]&atfca
and pH 4.5 for B. americanus. Note that undiluted bog water at these pH values

would be toxic for the two species. Eggs from each of the four or five eqg




| NORMAL DILUTION | | ACID DILUTION
% Bog Water % Hatch % Coil nl % Boq Water % Hatch % Coil nl
100.0 12.1 72.6 - 124(4) | - 100.0 1.3 . 87.5 160(5)
(pH 4.2) | (pH 4.7-4.2) ~ »
90.0 92.5 3.4 134(4) 90.0 0.0 95.8 167(5)
(pH 4.4-4.7) | (pH 4.0-4.1)
80.0 95.5 0.0 132(4) 80.0 0.6 9.1  171(5)
(pH 5.3-5.5) | | (pH 4.0-4.1) , | o
70.0 - 98.4 0.0 128(4) 70.0 1.1 93.3 179(5)
(pH 6.2) (pH 4.0-4.1)
60.0 ~100.0 0.0  117(4) 60.0 1.7 95.9 172(5)
(pH 6.6) | (pH 4.0-4.1) -
40.0 99.3 0.0 139(4) 40.0 2.9 91.8 170(5)
(PH 6.8-7.0) (pH 4.0-4.7)
120.0 98.0 0.0 150(4) 20.0 33.7 65.1 166(5)
(pH 7.1-7.2) | (pH 4.0-4.1)
Control 97.7 0.0 171(4) |  Control 98.7 0.0 157(5)
(pH 7.4-7.6) © (pH7.5)
Contro] 94.4 1.3 160(5)
(pH 4.0)° B
Table 11. R. sylvatica bog water df]ution experiment. See section 4.5.4. for discussion.

VA¢;~,]F1rst number equals the total number of eggs samp]ed, number 1in parentheses equals the total number
o= - of egg masses ?matlngs) sampled.




maSses4samp]ed were placed in the seven treatments for each experiment for
both species. | |

The R. sylvatica normal dilution experiment (Table 11) shows that slight
dilution of bog water (10%) with the concomitant pH elevation virtually
eliminates the toxic properties of the bog water. The differences between
100% and 90% bog water are significant (G-Test p<0.005). This amelioration
of the toxicity is expected, based on previous experiments (Table 8), due to
the elevation of the pH alone. The very high hatching success in the 90% and
above dilutions may have been aided by dilution and consequent reduction ﬁn
the concentration of possibls additional toxic factors in bog water but the
pH elevation precludes any assessment of the effect. |

The R. sylvatica acid dilution experiment {Table 11) reveals dramatic
~differences. A1l dilution treatménts are siénificant]y different than
equivaient dilutions in the normal series (G-Test, p<0.005). The acidified
diluted b&g'water is highly toxic in terms of both developmental and hatching
success; a significant amelioration of toxicity is not seen until the bog water
is diluted by 80%. The embryos observed in the 90-40% treatments were very
tightly coiled, more sothan 1007 boqg embryos. It was not uﬁti] the 20% tfeatmenﬁ
that less tightly coiled embryos were seen."It is important to stress that
100%  control water at pH 4.0 exhibits normal devé1opment aﬁd»hatching while the
bog/control water dilutions of similar pH do nof.

The B. americanus experiments show the same general pattern (Table 12).
In the normal di1ution‘series relatively slight dilution eliminates the toxicity.
B. americanus is less acid/bog water tolerant than R. sylvatica; there is no :
hatching and Tow percentage coil in 100% bog water. 1In 90% bog water (pH 4.5)
‘there is significanfiyimore hatchfgg than 100% but significantly 1es§ than in
greater dilutions with higher pH values (G-Test, p<0.05). These results agree

well with previous experiments (Tables 3 and 8).

£ T e v




NORMAL DILUTION ‘ ' ACID DILUTION
% Bog Water % Hatch % Coil o' % Bog Water % Hatch % Coil ]
100.0 0.0 10.9 192(4) 100.0 0.0 24.8 262(5)
(pH 4.2). : (pH 4.7)
90.0 14.8 54.5 189(4) 0 90.0 15.8 76.8 259(5)
(pH 4.5) o o (PH 4.5-4.6)
80.0 . 98.2 1.4 217(4) 80.0 10.8 86.5 251(5)
(pH 5.1-5.4) , (pH 4.5-4.6)
70.0 98.3 0.4 229(4) - - 70.0 27.6 170.4 250(5)
(pH 5.9-6.5) | (pH 4.5-4.6)
60.0 97.3 0.0 218(4) 60.0 18.6 79.4 247(5)
(pH 6.5-7.0) | (pH 4.5-4.6)
40.0 95.1 0.0 224(4) 40,0 23.0 70.9 244(5)
(pH 6.9-7.0) : (pH 4.5-4.6) |
20.0 95.5 0.0 201(4) 20.0 82.9 15.9 251(5)
(pH 7.1) R (pH 4.5-4.6) |
Control 96.0 0.0 S 199(4) Contro]l 98.8 0.0 329(5)
(pH 7.5) . (pH 7.5) :
Contro] ©98.9 0.0 ~ 269(5)
(pH 4.5) ,

Table 12. B. americanus bog water dilution experiment. See section 4.5.4, for discussion.

]F1rst number equa]s the total number c¢f eggs ‘sampled;: number in parentheses equals the tota1 number
of egg masses (matings) sampled.

|




In'the‘@x americanus acid dilution experiment (Tab1e 12) there were
’signfficant differeﬁces between all equivalent dilutions of the acid and.normal
series except the 90% bog treatment (G=Test, p<0.005). There is a relatively

Tow level of Hatching success and high level of the coil condition observed
until the major increase in hatching success of the 20% boo treatment. The
hatching success in the 90-40% treatments are rather variable. In the 90-70%
“treatments the embryos observed were tightly coiled; the tiaght coiling became
less prominent in the higher dilutions and the embryos were more typically
elongate in the later stages of development. In the diluted treatments the
gross abnormalities of early stage embryos associated with 100% bog wafer~were
rarely seen.

It is important to note that the pH level used in the B. americ;nUS‘acid
dilution series was 0.5 pH units higherthah the R. sylvatica series to take
into account the differences.in bog/acid tolerance between the two species;
this is fhe reason a moderate amount of hatching is seen in the less tolerant
B. americanus acid dilution series compared to the more tolerant R.sylvatica.

The normal dilution series supports evidence from other experiments tﬁat
pH «is a dominant factor, in bog water toxicity; elevated pH ﬁmasks? the éffects
of the bog water dilutions but provides a comparison with the acid dilution
series. Acidification of dilutions "restores" the toxic pfoperties of the
bog water, however the pH 1eve1s'used (pH 4.0 for R. sylvatica and pH 4.5 for
B. americanus) are not toxic in contro]_so1ution§. This strongly suggests that

- there are other toxic factors in bog water which pH interacts with in some
manner; these other factors are apparently benign unless the pH of the so]uti;n
is sufficiently low. If the pH environment is conducive, bog water ié a potéht

toxin at low concentrations. In both species there is low hatching success at

bog water concentrations > 40% bog water. This indicates that 40% bog water is

TR LY T e
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an effective dosage of bog water "toxin(s)" at the respective pH values of the
test series. The Tow level of hatching success at higher bog water conﬁentrations
(40-90%) seen -in the B. americanus series.could presumab]y'be eradicated by a
slight lowering of pH.

4.5.5. Other toxic factors. The humic substances found in bog water are

suspected toxic agents (Janzen 1974; Karns 1979), however, due to the biochemical
complexity of bog water they are difficult to deal with experimentally. I had
originally planned to investigaté the role of humic substances as an important
bog water toxin using commercially produced tannic acid (tannins are an'importantA
. class of humic substances found in bog water). These experiments were terminated;
it became apparent that it would be misleading to extrapolate from laboratory
produced tannic acid to the role of naturally occurring humic substénces; there
were too many technical problems to make the experiménts feasible.

Another possible class bf potential toxins in bog water are heavy metals.
At low pH values heévy metals in solution will precipitaté out becoming available
~to biological systems. The toxicity of heavy meta1§ to amphibian eggs is well
documented (Porter and Hakansan, 1976). However, in spite of the low pH the
avai1ability of heayy metals ih bog water systems is open to question due to
the well established ability of peat to adsorb metals and metal jons (Crawford,
1978). This question deserves further‘investigation. |

| 4.6. Larvae and young of the year

The experimenits and observations described above have shown that bog water
is a deleterious medium for the deve1opment and hatching of amphibian eggs; only
R. sylvatica exhibitedAany significant tolerance to bog water. The experiments
also indicated the complexity of the phenomenon; temperature, exact site of eég
deposition, sTightrpHAchanQES,/éfg. are all important.' R. sylvatica egas can
hatch in large numbers at bog sites and giQen the complexity of the toxicity

other less tolerant species, under various conditions, may also hatch at bog
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sites. laboratory experiments and field observations investigated the ability
‘of larvae to tolerate bog water.

4.6.1. 96-hour survivorship test. ‘A standard 96-hour tolerance test

(Stephan, 1976) utilizing a séries of bog water dilutions was run with newly
hatched larvae of six amphibian species (Table 13). Note that the dilutions
elevate pH levels. With the exception of R. sylvatica these were all direct
transfer tests; larvae were taken from fen water (pH 5.5), rinsed in distilled
water, and placed directly into the bog water test chamber. For R. sylvatica
fen and bog water hatched Tarvae were available and were tested separately.
For all species tested, except R. sylvatica, 100% bog water was virtually
lethal (two H. crucifer larvae did survive). As observed in the egg experiments
mild dilution (10%), and the accompanying slight rise in pH eliminated the toxic
effect. For all species 100% bog water‘was'significant1y different than 90%
“or higher diiutiOn bog water (G-Test, p<0.005). Only P. triseriata shows a
significént differenée in mofta]ity between the 90% bog water treatment and
the remainder of the series (G-Test, p<0.005). R. sylvatica is the only species
_‘fo tolerate 100% bog water; bog hatched larval survivorship is significahfiy
greater‘than fen  hatched (G-Test, p<0.05) and also dif?erent‘than the
»remainder of the treatment series (G-Test, p<0.05). In none of the 100% bog
water tests did larvae ethbit any obVious béhavior&] reacfion to the mediqm.
These experiments indicate that bog‘water is not a benign medium for young
» amphibiah larvae and provides further evidence for the ability of R. sylvatica
fo tolerate bog water sites. Direct transfer tests between different media may
be traumatic to the organism as suggested by the difference in éurvivorship |
between the bog and fen Hatched‘g. sylvatica larvae. The high survivérship iﬁ
- the 90% bog dilution with its slight pH increase argues againstia prominent

traumatic tfansfer effect.



Species

Tested:
% Survivorship ‘ ,
- after 96 hours _ % Bog Water
100.0 90.0 80.0  60.0  40.0 20.0  Control
(pH 4.2-4.3)  (pH 4.4-4.5)  (pH 5.1-5.2)  (pH 6.5) (pH 7.0) (pH 7.2) (pH 7.5)
Rana sylvatica 31.7! 100.0 100.0 96.7 100.0 96.7 96,7
(Wood Frog) 83.32 (30) (30) (30) (30) - (30) ~ (60)
(60) ’ :
Bufo americanus ' 0.0 90.0 100.0 96.7 93.3 100.0 100.0
(American Toad) _ (60) . (60) (30) (30) (30) (30) (40)
Pseuadcris triseriata 0.0 15.0 100.0 100.0 95.0 100.0 100.0
(Chorus Frog) (40) ' (40) (20) (20) (20) (20) (40)
e Hyla c. crucifer : 6.7 100.0 100.0 100.0 96.7 100.0 100.0
(N. Spring Peeper) (30) (30) (30) (30) (30) (30) - (30)
Rana pipiens 0.0 96.7 100.0 100.0 96.7 96.7 97.5
[N. Leopard Frog) (60) -(30) (30) (30) (30) (30) (40)
Ambystoma laterale ' 0.0 100.0 - 100.0 - - 100.0 100.0 100.0 160.0 .
(BTue-spotted SaTamander) (20) (20) ' (20) (20) (20) (20) (20)

Table 13. Survivorship of amphibian larvae after 96 hours of exposure to bog water treatmentsof varyina
concentrations. See sectinn 4.6.1. for discussion.

]For the Wood Frog alone larvae were available that had been hatched in control water and bog water. In‘the 100% bog

water test the upper number is survivorship of control hatched larvae and the lower number is survivorship of bog
'hatched larvae.

The number in parentheses below each survivorship figure is the total sample size (n) for each treatment,
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4.6.2. Larval growth. Even if an amphibian larva hatches and can tolerate
a bog water medium it must be able to feed and grow throuch hetamorphosis. The
environment of a bog water pdo] is extremely different from that of a fen
pool in terms of food resources. Bog plants, especially Sphaanum moss wﬁiﬁh
is a dominant component of bog pools, are low in nutrients and rfch in secondary
plant compounds (Janzen, 1974). Feeding experiments were run using bog tolerant
R. sylvatica larvae. Bog hatched larvae raisedsin bog water on bog veaetation
for a month exhibited a mean body length of 3.6 mm (standard deviation [SD] =
0.55, range = 2.5-4.3 mm, n = 20) and mean total length of 9.4 mm (SD = 1.26,
range = 7.0-11.2 mm, n = 20). Fen hatched larvae raised in fen wafer for a

month exhibited a mean body length of 5.6 mm (SD = 0.60, range = 4.5-7.2 mm,

i

n = 20) and mean total ]éngth‘of 14.4 mm (SD = 1.08, range = 13.0-16.3 mm,

n = 20). The differences are highly significant for both head and body length
(T-Test, p<0.001). The bog larvae because of the bog vegetation diet and/or
water grew more slowly than fen larvae; this suggests that the time required

for development through metamorphosis'Wou1dbe1onger in bog sites with subsequent

ecological conseguences.

#4.6,3. Metamornhnsis. The larval growth experiments were of relatively

short duration; a long term growth experiment was also initiated. A group of

sixty bog hatched R. sylvatica larvae were kept in bog water/bog vegetation

tanks in an attempt to raise them through metamorphosis. The larvae used

were hatched the first week of May, 1979; by 6 June only one remained. This .

one larva did survive and metamorphosed in late July. The bog froglet was of
normal appearance and size (13.5 mm, head-body length). Hence, under Taboratory
conditions it was possible for a R. sylvatica larva to survive through metamogphosis
in a simulated bog drain environment but the overall succéss rate was extremely 1ow;’:

4.6.4. Llarval field surveys. The egg and larvae experiments indicated

that R. sylvatica was capable of hatching and surviving through metamorphosis




in bog.water, although bog water is a deleterious medium. Field observations
indicate R. sylvatica does lay eggs at bog water.sites and hatching .in large
numberscan occur. Do these larvae survive in the field? Tﬁe results of larval
surveys taken in 1979 at bog and fen sites are shown in TabTe 14. There were

virtually no larvae found in the bog drain in either year. It should be

remembered that 1980 was a particularly warm year and a large hatch of R. sylvatica

eggs was noted. A1l larvae found in the bog drain were R. sylvatica. In addition
to the systematic sampling of sites bog sites were continually being checked on
a casual basis; nov1arvae were seen. No advanced (> stage 30) larvae were found
at bog sites.

Larvae were abundant at fen sites. Larvae of all species breeding in the
fens were found. The drop iﬁ larval abundance between June and July of 1979
is to be expected due to mortality and dispersal away from hatching sites.
- Larval abundance in early spring was much greater in 1980 and 1979. In part
this was probably due toAthe time of sampling; in 1980 sites were sampled
rather early in the spring compared to 1979. The result was that in 1980 large
numbers of R. sylvatica 1arvée were still in the immediate vicinity of the natal
egg masses and were éasily samp]éd:in Targe numbers while in 1979 more had
already dispersed. Also in 1980 many fen sites dried up early in the breedinag
season and those that remained shrunk in vdlume thus confining 1ar9ae to a |
smaller area. |

The evidence from the field survey indicatec that larvae do not survive.
fn the bog drain in any substantial numbers; if present they are rare and Wefe

not detected by the sampling methods employed.

4.6.5. Emerging young. Another check on Tarval survivorship is the
emergence of recently metamorphosed amphibians from breeding areas. Trapping
fences used to check movement and activity of amphibians and reptiles in the

study area provided a means-to census emerging young at bog and fen éites




FEN BOG
No. samples, No. Larvae/ No. samples, No. Larvae/
Nq. sites sample No. sites sample
1979 | '
dune 210, 7 8.2 ‘ 600, 6 .002(1/600)
July 210, 7 1.0 600, 6 _ 0.0
1980 »
" May 90, 3 58.0 600, 6 ».01(7/600)

Table 14. Census aof amphibian larvae from bog and fen sites along 7
Porter Ridge in 1979 and 1980. See section 4.6.5. for
discussion. '




Number of Young of the Year Captured

1979 (July-15 Sept.)

1980 (August)

BOG FEN BOG FEN

Species (3 Fences) (6 Fences) (3 Fences) (3 Fences)
R. sylvatica 0 o 115 0 0
(Wood Frog)
B. americanus 0 : 11 0 0
(American Toad)

. trasar1ata 0 34 0 0
TChorus Frog)
_H. crucifer 0 - 92 0 0
(N. Saring Peeper) .
A. laterale 0 58 0 0
(Blue-spotted Salamander)
Total Captured 0 o 310 0 0
X No./Fence 0.0 - 51.7 0.0 0.0
Table 15. Census of the emergence of recently metamorphosed (young of the year)

amphibians from bog and fen breeding areas in 1979 and 1980. See
section 4.6.5. for discussion. :




(Table 15). In 1979 no young of the year were caught at sites adjacent to bog
water compared to substantial numbers at fen sites. The difference is Siqnificant«‘
(G-Test, p<0.005). '

Unfortunately 1980, the warm year when R. s¥1vatica hatching was extremely
high, was also very dry and the breeding pools associated with both fen and boa
sites virtually disappeared apparently destroying most, if not all, larvae'at
all sites. The fences failed to detect any emerging young of the year at either
bog or fen sites that year. Note that trapping effort was less in 1980 than
in 1979, but it is doubtful that more trapping effort would have producéd different
results.

5.0. SUMMARY

The main conclusions of this study arevas follows:

1) Bog water (as defined in the peatland water chemistry section) does not
affect the fertilization of amphibian eggs in the three species tested.

2) Bog water does deleteriously affect egg development, hatching and larval
survivorship of ail amphibian species tested. Only R. sylvatica showed any
ability to tolerate bog water; it was the only species found capable of significant
hatzhing, prolonged sufvivorship, and hétamorphosis‘in the laboratory. ”

3) No evidence of advanced larval survivorshfp or metamorphosis was found
under natural conditions, even for the’bogrtdlerant B,vsylvatiéa.

4) The toxicity of bog water is a complex phenomenon; temperature, pH,
size of egg mass cluster (for R. sylvatica), and local variation in bog water
quality were all found to be important factors in the man%festation of the
toxicity. |

5) pH was found to be a particularly important factor in bog wéter tox{city.Al
Although pH is a necessary component of the toxicity it is not sufficient, by |
itself, to explain the observed toxic properties of bog water. pH seems to

interact in some manner with other toxic factor(s) in bog water to produce the



observed effects. Humic substances and/or heavy metals are possible susoects
“as other important toxic factors.

6) Whatever the'aétua1 1dentity of these other toxic factors, they can
be de1eterioﬁs at relatively low concentrations given tHe proper pH environment.

This workAis admittedly narrow in scope,‘involviﬁg only the effects of bdq
water on amphibian reproduction. However,sévera] important points emerge from
this work whfch have implications for other organisms concerning the potential
danger of bog water toxicity if peatland development proceeds.

Of particular importance are the dilution series expériments. This work
indicates that bog water can be toxic at low concentrations given the proper
pH environment. For amphibians this pH is relatively low (pH 4.0-5.0 for the
species tested). Such low pH va1ue§ are relatively rare in the natural
environment, hence even if 1érge quantities of bog water were added to a local
drainage system amphibians wquld probably not be directly affected as long as
the pH wés ar@und 5.0 or greater. For other organisms this might not be the
case; bog water might be toxic to many organisms at low concentrations in
éircumneutra1 environments more typical of the landscape. Janzen (1974) and
Saber and Dunson (1978) cite examples of the toxicity of bog or blackwaters
under circumneutral conditions. |

There is very 1ittle known about the response of aquafic oraanisms to bog
water under various conditions. The available information suggests there might
be adverse effects if large quantities of waste bog water are released into
ioca] drainages in the wake of peat development operations. The quantity and
quality of thé waste bog water and the nature of the receiving waters are of i
obvious importance in this regard. This study dealt with natural boglwater; ;
"~ its unusual characteristics were due to a complex interactionbof peatlaﬁd
~ hydrology, topography and vegetation. Thefe will probably be differences
between the bog water utilized in this study and the waste bog water resulting

from a peat mining operation. The results of this and other studies on
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“natural bog water toxicity strongly suggest that waste bog water should be

studied and a variety of orgénisms tested for toxic reactions when a pildt
peat operation is set up and waste bog water is avai1ab]e.

It is also recommended that further toXico]ogica] studies be undertaken
to pinpoint the mechanism of the toxicity. This study established the
importance of acidity in the observed toxicity of natural bog water to
amphibian embryos and larvae but did not isolate other factor(s) which low
pH apparently interacts with, although humic substances and/or heavy metals
are suspecf= Other combinations of factors might be .involved in the tokicity
of peat deve]opmént waste water to other organisms.

In conjunction with such studies, it would be advisable to monitor the

- impact of peat development waste water on local aquatic systems when a pilot

peat operation is actually initiated. Such a study would, of course, involve

~before and after monitoring of local drainage systems affected by the peat

operation. Changes in water quality and the abundance and diversity of aquatic
organisms would be of special interest.

A combination of laboratory studies and field monitoring of the effects
of kog water on aguatic organisms in essociatior with a pi]ot peat operaticn
should allow assessment of the risk of bog water toxicity before major peatland
development is initiated. This report p]us the reports of bog water toxicity
cited in the introduction cerfain1y indicate a thorough toxicological evaluation
of the problem is called for.
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