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diel containing 0.3% toric acid stopped laviny
eggs; however, the haiching success o1 ihe eggs pro-
Juced whil2 on the boron-treuled diet was not de-
termined [14],

The high concentrations of boren in acuatic
plants at Kesterson Reservoir, and possibly in other
wetlands receiving agriculiural drainage waler, sug-
gested the need for studies 0 assess the potential el
fects of dietary boron on avian reproduction This
article reports the results of a study designed o de-
termine the effects of boror on maiiard reprodie-
tion and to identify & distary concentraticr: that
will produce an adverse 2ffect ir the! species,

METHODS

Mallards obrained from & commercial game
farm were randomly assigned 10 groups to receive
one of four different dicts, Each group was initially
housed, separateiy by sex, in 3.5 x 4.5 m buildings.
Females were kept on an 8-h light:)6-h dark pho-
toperiad to prevent egg laving. After a 2-week ac-
climation period, both sexes were switched from
unircated diets to experimental diess. These diets
were prepared with duck developer mash supple-
menred with powdered boric acid (o achieve added
boron concentrations of 0 {controls), 30, 300 and
1,000 ppm. Fifteen birds of each sex received ¢ither
the 30, 300 or 1,000 ppm boror, diet, and 25 pairs
reccived an unsupplementicd conirol diet. Mote
pairs were allocated to the ¢ontrol group to opti-
mize comparisens between controls and each treat-
ment group using Dunnett’s procedure [15].

After receiving the experimental diets for three
weeks, males and fermnales were paired, by treat-
ment group, and each pair was randomly assighed
to 2 4.6 x 4.6 m outdoor breeding pen. Each pen
had a continuous water supply, natural cover and
a nest box, Afier birds were paired and moved to
the breeding pens, the diets were mixed using duck
breeder mash.

Mallard diets were mixed at approximately two-
week intervals in 20-kg batches. The moisture con-
tent of the duck mash ranged from 9.7 1o 11.8%.
Therefore, fresh-weight concentrations of boron in
the diet were nearly equal to the dry-weight ¢oncen-
trations. Samples of the dicts were taken from each
baich of feed mived, and 24 of these samples were
tandomly selected for boron residue analysis. The
geom¢tric mean boron concenirations determined
for the conurol (uasupplemented), 39, 300 and
1,000 ppm diets were &, 35, 288 and 1,000 ppm on
a dryv-weight basis, respectively.

Female mallards incubated their eges and =ach
clutch contained 20 epgs or fewer. Each egg was
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numbered sequentially 1n the nest urai! incubaar
began, and in nests where the clutch size exceeded
20 cgys, the lowest aumbered vggs wers remaner)
By regulating the cluich size using his mstheg
hens did not incubate the atypically farge cuiches
that are sometimes laid by comme;rcial-siock mal.
lards. The eighth cgg laid by each 1emaic was col
lected for boron analysis. Body weights ot mallards
were measured whern treatment began, when males
and females were rared and when they were killed,

Egpgs were candled at 14.d o7 incebation 1o de.
termine fertlity and embrvo viapilicy. Mates were
removed from the pers a the ume of candiing Ja-
jess the imitial clutch of eggs way infer
case, the male remained with the hen and a second
nesting attempt was pe-rmited afier the removal of
the infertile eggs. Ducklings were weighed ar hatch,
7. 14 and 21 d and received the
chet as the aduits from that pen, Adults and young
from the same pen v 2re killea using carbon dioy-
‘de when the voung reached 21 4 of age

All'adulis and one randomly selected duckling
from each brood were necropsied and examined for
mavroscopic pathological changes inorzons Sam-
ples of brain, liver, kidaey and heart werce pra-
served in nevtraiized buffered formalin and later
examined for histopathological lexicrns. Egp mea-
surernents were made prior 10 opéning. egeshel|
thicknesses were measured with 1 micrometer aad
eggshell weights were taken after drying the shells
for at least one month, The index of eggshell qual-
ity was determined according to the methods of
Ratcliffe [16).

{n each experimental group, 10 adult pairs and
onz of each pair's ducklings ware randomly selesed
for boron analysis of 7issues. Five randemiy sg-
jected adult pairs and one of each pair’s ducklings
were chosen from the contral group for ver and
brain boron residue anaivsis

Samples of feed, Liver tissue and eggs were stored
frozen until the end of the siudy and then sent to
the Environmeniai Trace Substances Research Cen-
ter in Columbia, Missour!, for bororn analysis.
Samples were homogenized, lyophilized and per-
cent moistures determined. Moisture was deter-
mined by placing a weighed ahguot of the sample
in a Fisher lsotemp oven and drving at 103 10
105°C. Approximately 0.3 g of sample was welgzed
into a freshiy cleared 100-m] quartz Kieidakl fast.
Slowly, 15 m!l of concentrated sub-boiled njrric acid
and 2.5 ml of concentrated sub-beiled perchloric
acid were added. After the initial reaction had sub-
sided, the sample was placed on low heat until the
evolution of dark red fumes had crased. Gradually,
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the heat was increased until the nitric acid began re-
fluxing, and the samples were allowed to reflux
overnight. After the refluxing, the heat was gradu-
ally increased untii the nitric acid was driven off,
and the rzaction with perchloric acid had occurred,
Two milliliters of concentrated sub-boiled hydro-
chloric acid were added, heated 1o boil, removed
{rom tiie heat and 5 to 10 ml of dejonized water
added, Samples were allowed to cool, diluted using
o emisod water in a 50-mi volumetric flask and
transferred to a clean polyethylene bottle.

Boron concentrations were determined by in-
ductively coupled plasima ernissioti Spectroscopy us-
ing a Jarrell-Ash Model 1100 Mark III with 40
analytical channels, controlled by a Digital 11/23+
computer. The instrument was standardized with a
series of seven standards containing 36 elements.
After the standardization, the detection limit was
determined by taking 10 integrations of the zero
standard; three times the standard deviation of the
mean was then uscd as the detection limit. lnstru-
mental quality control samples were then analyzed
to check the operation. Standards were run every
10 to 15 samples to check for drift. If the dnift was
more than 5%, the instrument was restandardized.
After the analysis was completed, the data were
transferred to the Perkin-Elmer LIMS 2000 com-
puter for calculatiorn, Boron tissue concentrations
are expressed as micrograms boron pet gram of
sample on a dry-weight basis.

Boron concentrations reported by the analviical
laboratory as below the limit of quantification were
assigned the value of one-haif of the lower lirut of
detection for the particular matrix analyzed. All
amoe vaidyes were subjected to a Jog transforma-
tion prior 1o analiysis of variance and Tukey’s mul-
tinte comparison procedure, if the Fvalue was
significant ar p < 0.05 [17]. Percentage data wert
subjected 10 an angular transformation prior to sta-
tistical anatvses {17}

RESULTS

The hatching success of fertile cges laid by mal-
latds fed 1,000 ppra boron was reduced to about
52% of the control value (Table 1). The hatching
sutceess of fertile eggs for mallards fed diets supple-
mented with 3¢ or 300 ppm boron did not differ
fr_om that of the control group (Table D). Feyility
of eggs, egeshell thicknesses and the Ratcliffe index
of eggshell qualiry were not affected by any of the
dietary boron treatments. Boron supplementation
did pot delay the time when hens began laying af-
1e1 receiving treated diets, nor did 1t affect the
lenul: of the incubation period. Embryo mortality

during the Ffirst 14 d of incubation, approximately
the first half of the incubation period, did not dif-
fer between conirols and any of the boron treat-
ment groups; however, embryo mortality in the
1,000 ppm treatment group during the entire incu-
bation period was significantly higher than in the
other groups (Table ) Mortality of embryos pro-
duced by mallards fed the 1,000 ppm boron diet
was higher during the second half of incubation,
compared with controls (Table 1). Of the embrvos
that failed to hatch and of those that did hatch,
only two had developmental malformations and
both died prior 10 hatching. These two embryos in-
cluded one from the 1,000 ppm group and one
from the coniro} group.

Body weights of hatchlings were lower in both
the high-boron treatment group (1.000 ppm)and the
300 ppm group, compared with controls (Table 2).
The mean weight gain over 21 d for all ducklings
fed boron diets was lower than the weight gain for
controls (Tabie 2).

Weekly mortality rates were measured for duck-
lings from the time of hatch until three weeks of
age. Ducklings fed the 1,000 ppm boron diet had
higher mortality rates during thelr first week of life
than did comtrols (Table 3). The mortality rate of
this cohort declined during the next two wvecks and
did not differ from controls after the second weck
(Table 3). The total number of duckiings produced
per female (incubating a fertile clutch) was also sig-
nificantly reduced in the 1,000 ppm boron treat-
ment group (Tabie 3).

Boron did not produce any overt signs of toxi-
cosix in either adult or young mallards, and none of
the adult mallards on treatment died of borop tox-
icosis. Measurements of adult body weights dur-

Table {. Reproductive parametets {mean % 5D)
for mallards fed a control (0 ppm) or
boron-supplemented diet

Boron Haiching Embrvo mortality (To)
added success in -
1o dist fertile eggs Pay 1 Day 15
(ppm) N (") 10 day 14 te haich
0 23 883z 174 52+ 128 67+ 11.0
30 14 899+ 187 534+ 178 48x 39
300 11 93.2=x 7. 66= 2.0 62+ 68
1,000 15 463 =36.7% 174 x270 501+ 34,78

Statistical analyses were performed on data subjecrec te
an angular izansformation. Sample sices (N are the
pursber of breeding paire incubating feridle cluiches.
aGigmificantly different from controls (G ppiny ai p = 0.85
wing Dunnett’s procedure [13).
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ing three time periods allowed for comparisons of
weight change among experimental groups. Weight
changes among males were not significapt (Table 4).
Body weight changes among female treatment
groups were significantly different only between
two of the three times examined, the onset of treat-
ment and the time when males and females were
paired (Table 4). Females fed the 1,000 ppm boron
diet lost more weight during this one-month period
before reproduction began. Howcever, by the end of
the reproductive cycle, body weights of female mal-
lards fed the high-boron dict did not differ from
controls. In a 5-d feeding trial prior to this study,
one pair of mallards was each fed a diet supple-
mented with 0, 300 or 1,000 ppm boron, Each pair
fed these respective diets consumed an average of
222, 184 or 209 g food/bird per day.

Adults and young mallards were necropsied and
examined for gross pathological changes; tissues
were taken for histopathology. Of the four organs
sampled for histopathology, nonc had histopatho-
logical lesions or abnormalities that were related to
boron treatment. Mallard duckling body weights at

2! d of age were significantly lower in both the 3¢
and 1,000 ppm treatment groups, compared with
controls (Table 5). Liver and brain weights were
also significantly lower for 21-d-old ducklings feq
1,000 ppm boron (Table 5); however, the meag
brain-to-body-weight ratio for this group was sig-
nificantly higher, compared with controls, suggest.
ing that the relative size of the body was smaller for
ducklings in this cohort (Table 3).

The mean percent moistures for brain tissues of
adult and young mallards were 79.2 and 80,39, ra.
spectively. Liver moisture content averaged 77.0
and 73.8% for adults and young, respectively, Dif-
ferences among mean boron conCenIrations in eggs
produced from the different groups werc deter-
mined using analysis of variance and increased
from below the lower analytical detection lmit v
49 ug/g on A dry-weight basis (Table 6). The max.
imum boron concentration quantified in an sge
was 81 ug/g (dry weight). Boron conczntrations in
liver and brain tissue did pot differ between males
and females. and sexes were combined in the statis.
tical analyses, Boron levels in livers of both adul

Table 2. Hatching weights and weight gain (mean = 50) for mallard ducklings
fed a control {0 ppm) or baron-supplemented diat

Boron

Weight gain (g)

added to

diet (ppm) Hatching weight ()

Hatch to day 7

Day 8 o day 14 Day 15 to day 2}

0 362+ 0.7(23) 52.8 £24(22) 1254 + 5.7 (22) 163.0 + 8.8 (23)

30 373213 (13) 376+ 24107 4.5+ 5.6 (11)* 149.9 + 8.9 (12)
300 349009 n* 44.0 £ 2.4 (10)* 105.5 = 3.3 (10)" 140.5 + 4.0 (11)*
1,000 L3 1.3 (12)° 26,1 x 2.9 (10)° 76.4 = 5.8 (10)* 122.6 £ 8.2 (10)*

Sample sizes are given in parentheses and changes in sample sizes represent mortality or missing data.
*Siguificantly different from controls (0 ppm) at p < 0.0 using Dunnert’s procedure {15].

Table 3. Weekly duckling mortality rates (%) and mean numbers of ducklings produced per female
for mallards fed a control (0 ppm) or boron-supplemented diet

Boron Productivity per female
added Duckling mortality (%) e e
to diet : Mezn no of
(ppm) N Hatch to day 7 Day 8 1o day 14 Day 15 to day 21 N 2t-d-old ducklings
0 23 11.6 2 22.1 8.1 +£1838 33£110 23 861 =508
10 13 8.3+ 13.1° 49+ 39 70+ 252 14 10.00 = 4.66
300 1] 9.6 =162 50x 7.9 52150 i 13.09 = 3.67
1,000 10 21.0 = 21.5° 12.3 3 18,1 5.7 =187 15 347 = 378"

Ducklings were from clutches produced by pairs fed the same respective diets. Mean values (£5D) with sampie sizes
() represent the numbers of breeding pairs that produced ducklings or incubated fertile clurches, Fernales lay-
ing infertile clutches were excluded from the analysis.
IN = 14, all ducklings from one pair did not survive beyond day 7.
®Sigmificantly different from controls (0 ppm) at p = 0.05 using Dunnett’s procedure [15].
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and 21-d-old mallards were greater for the 300 and
1,000 ppm treatment groups than for mallards fed
30 ppm boron or controls (Tabje 6). Boron restdues
in brain tissue of young and adult mallards in-
creased with increasing dietary concentrations and
were staristically higher with each dietary concen-
tration administered (Table 6). The highest concen-
tration determined for any of the tissues apalyzed
was 100 ug/g (drv weight) for one duckling brain
sample (Table 6), Concentration ranges for brain
and liver tissues from mallards fed the 1,000 ppm
boron diet overlapped with those resulting from the
300 ppm dietary exposure; however, mean values
for all tissues analyzed from the 30, 300 and 1,000
ppm groups were significantly different (Table 6).

DISCUSSION

Boron is widespread in nature and the natural
boron content of soils is usually between 10 and
300 ppm, depending on a s0il’s origin [18]. Borate

mineral deposits that are economically feasible to
mine are generally derived from lacustrine sedj-
ments or rocks in arid regions [8]. Borate deposits
of cconomic interest have been identified in Asia,
Furope, South America and the arid and semj-arid
regions of the western United States {8]. Moreover,
like selenium, boron has also been identificd as an
important coustituent of coal ash, occurring at con-
centrations of up to 1,900 ppm [19]. The geologic
setting associated with high soil boron levels in the
United States is one that is also commonly associ-
ated with agricultural conditions that require irri-
gation [18], and boron in irrigation water has been
a long-standing problem for agriculture [10,18].
Moreover, the uptake and accumulation of boron
by plants can result in extremely high boron levels
[10,20,21], including those plants used by water-
fow! for food [1.7,20].

Boron has long been recognized as a micro-
nutrient essential for normal plant growth {18,22].

Table 4, Weight changes in adult maltards fed a control diet (0 ppm) or a boron-supplemented diet

Mean weight (g) = 1 s»

Borop Males Females

added

to diet Onset of Titne at Time at Onset of Time at Time at
(ppm) N treatment® pairing® sacrifice® treatment pairing sacrifice

¢ 25 1227 = 122 180 = 115 1161 + 124 1076 = 118 1010 = 1047 1016 = 131

e 15 1230 = 126 1170 = 127 1139 + 94 1086 = 98 1060 + 82 1036 = 138
300 15 1275 £ 140 1223 = 139 1165 = 117 1010 + 114 1023 x 104 102} = 149
1.000 15 1282 132 H9L = 121 1052 + 104 1075 + 105 991 + 101 1020 = 140

"4 March 1986, placed on treated diets 2 d later.

®a Apri 1986, males and females paired and transferred to outdoor breeding pens.

‘Both males and females were killed when duckling broods were 21 d old,

“Adul: femals weight changes between onset of treatment and time of pairing were significantly different {(p =0.0001)
amotg groups. Females on 300 ppm diet gaincd more weight than did controls or those on 1,000 ppin dist (both
lost weight). Females on 1,000 ppm lost significantly more weight than did those on 30 ppm {one-way analysis of

varnance, Tukey's rangs test).

Table 5. Body and organ weights {(mean + sp) of 21«d-old mallard ducklings
fed a control (0 ppm) or boron~supplemented diet

Boron added Body weight Liver weight Brain weight Liver/body Brain/body

to dier (ppm) N (g) &) @) welght ratio weight ratio

g 23 386.3 + 46.8 26.50 = 3.56 298 £ 0.20 0.052 = 0.007 0.00%8 ~ 0.001

30 11 407 £ 52.1° 18,95 = 3.58 2.86 £ 0.27 0.056 # 0.005 0.009 = 0.001

) }(X) 11 347.4 £ 22.8 15.61 = d4.11 3.14 £ 0.58 0.054 £ 0.012 0.009 = 0.001
0 10 255.3 x 80.5¢ 13.25 = 4.18° 243 = 0270 0.052 = 0.008 0.010 = 0.003*

Each duckling was randomiy selected from a brood sroduzed by a female fed the same respective diet. Sample sizes
(N) are the numbers of breeding pairs incubating fertile chutches.
*Signficantly different from controls (0 ppr at o = 0.0% using Dunnett’s procedure {15].
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mented with 1,000 ppm boron. Moreover, the
weight gain of ducklings from the time of hatch
through 21 d of age was reduced by all dietary con-
centrations of boron when compared with controls.
Mean brain-to-body-weight ratios were higher for
ducklings exposed to 1,000 ppm boron, compared
with controls, also suggesting that erowth and de-
velopment were adversely affected by boron 1yeat-
ment. However, histological evaluations of hver,
brain, kidney and spleen showed no pathologies
that were related 1o boron exposure. Mallards fed
concentrations of up to 2,000 ppm boron did not
exhibit any histological pathologies. These data
suggest that histology may not prove to be an ad-
equate means of assessing boron exposure or tox-
icosis 1n mallard ducks. Moreover, because no
adults died as the result of dictary boron treatment,
1t appears that embrvos and hatchlings are the most
sensitive mallard life stages 1o boron toxicosis.

Boron levels in egg, liver and brain tissue in-
creased as dietary concentrations of boron in-
creased; however, these tissues contained residues
that were at least one order of magnitude lower
than the dietary concentration administered. Boron
in brain tissue increased significantly with each
greater dietary level, however, the 30 ppm dietary
boron treatment did not result in liver concentra-
tions that were different from controls.

Mallards fed diews supplemented with 1,000 ppm
boron had markediy impaired embryo survival, al-
though the teratogenic effects previously described
in boron egg-injection s-udies were not observed in
the present study. Boron is known (0 affect many
diclagically important reactions [12} and can com-
petitively inhibit several dehvdrogenases [23]. More-
over, boron has an affinity for binding to polyhy-
droxy compounds, such as riboflavin, and develop-
mental malformations produced by egg injection
resemble those associated with tiboflavin deficiency
[12]. Riboflavin supplementation was effective in
reducing boric-acid-induced malformations in
chick embryos and the mechanism of teratogenic-
ity was beljeved 1o be boron complexation with
riboflavin~containing enzvmes [12]. Studies done in
vitro have confirmed the boron-riboflavis complex
formation [24], and chicks given riboflavin in ex-
cess of their dierary requirement were shown 1o
have a lower jncidence of boric acid toxicity [25).

Results of biochzmical studies of the effects of
boron suggest that the embryo mortality observed
in mallards fed boron-supplemented diets may have
been caused by the propensity for boron to com-
plex with riboflavin of other coenzymes critical for
normal ceilular respiration. Maliard embryo mor-

tality was greatest during the second half of incu-
bation when energy demands for embryonic
growth were great. Further studies of the biochem-
ical changes associated with boton-induced embrvo
toxicity are needed to elucidate the specific toxic
mechanisms.

CONCLUSIONS

In the past, high concentrations of boron in ag-
ricultural irrigation and drainage water have created
concern because of the known phytotoxic effects of
boron on ¢rops. Recent studies that have sampled
wildiife food chain organisms in wetlands supplied
with agricultural drainage water have found ex-
trerely high concentrations of boron in certain
plants. These concentrations exceeded the 1,000
ppm dietary level found in this study to signifi-
cantly impair mallard reproduction. Although ear-
[ier studies of the effects of boron on avian
embryos using egg injection techniques showed ter-
atogenic effects, mallard embryo deformities
caused by boron were not observed during this
study. Unlike selenium, which causes a variety of
embryo malformations that have been observed in
both field and laboratory studies, boron appears to
have the potential to kill embryos during develop-
ment without causing deformities. This suggests
that boron-induced reproductive failure in wild
populations may be more difficult to detect than
probiems caused by selenium. Cleanup or treat-
ment of wetlands supplied with agricultural drajn-
age water has been focused primarily on reducing
the environmenta! hazard posed by selenium. The
results of this study indicate that strategies to solve
protlems caused by contamination of werlands
with drafpage water constituents should also con-
sider boron contamjnation of wildlife food chains.
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