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Abstract-~ Boron, a naturally occurring trace element geneO!lly considered environmentally innocu­
ous, was documented to severely impair mallard reproduttion. Boron is Jeacned from irrigated ag· 
riculturaJ soils and transported in drainage water that cont:unln'ltes wetlands. Until now, only the 
selenium accumulated itl aquatic food chains has been documented to pose a toxic hazard to wild­
"f~ : : 1r~nage water wetlands. Adult mallard (Anas platyrltynchos) ducks were fed diets supple­
mented ll'ith 0, 30, 300 or l,OOO ppm boron (fresh weight; diets contained about IOOJo moisture). The 
hatching success of fertile eggs wa.~ signi ficant!y reduced by 1,000 ppm boron, less than one-third 
the highest boron concentrations found i.o plant~ in California's San Joaquin Valley. Ha~chiug 
weights. duckling survival and dudding weight gain were also reduced by I ,000 ppm boron. Boron 
concentrations in mallard c:gg, liver and brain ti$sues were dose-related. Boron did not affect adult 
survival or egg fertility. Management of drainage water..:ontaminated enviromuents must now also 
consider the adverse effect~ of boron, as well as the possible interactions of drainage watc:r 
contaminants . 
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INTRODUCTION 
Millions of hectares of arid and semi-arid lands 

are irrigated each year for agriculture. Naturally 
high concentrations of salts and trace elements , 
combined with poor drainage conditions, have 
necessitated t.he construction of elaborate drainage 
&YStems such as those in the San Joaquin Valley of 
California and other areas of the western United 
States [1] . These agricultural drainage waters may 
transport salts and trace element> to wetland~ used 
by fish and wildlife species [1,2]. 

The Kesterson Reservoir, located in the Kester· 
son National Wildlife Refuge in Merced Coumy , 
California, received irrigation drainage water con­
taining high concentrations of selenium [2,3]. Se-
1'!niU':'I contamination of the aquatic food chains of 
fish and wildlife was found at Kesterson , and mor· 
tality and reproductive failure was observed in fish 
and wildlife inhabiting the reservoir [2,4]. Concen­
trat.ions of selenium in food organisms at Kesterson 
\\·ere sufficiently high to produce death and de­
velopmental malformation of avian embryos, as 
confirmed by field sampling [2 ,5] and laboratory 
experimentation [6] . 

Aquatic food organisms sampled at Kesterson 
also contained very high concentrations of ·boron 

•To whom correspondence mav be add ressed . 

Boric iicid Agricultural drainage water 

[2, 7], another naturally occurring trace element 
found in soils of the western United States [8]. Bo­
ron leached from agricultural soils and rransponed 
to Kesterson Reservoir in drainage water had accu­
mulated in aquatic plants ttsed by waterfowl as 
food [2 , 7]. Vegetative material including seeds, rhi­
zomes and whole plants collected at Kesterson con­
tained boron residues (7]. The lowest mean value 
for any plant group analyzed was 38.9 ppm boron 
in cattail seeds . The highest mean value was 1,860 
ppm boron in submerged aquatic vegetation seeds 
[7] . Eighteen different plant groups and matrices 
were analyzed and the minimum and maximum 
values were 21 and 3,500 ppm boron, respectively 
[7]. High levels of boron in irrigation water in the 
San Joaquin Valley were first reported in 1928 [9]. 
and boron concentrations exceeding 2,000 ppm 
(dry weight) were quantified in plants more than 50 
years ago [10]. 

943 

Toxicological interpretation of the high environ­
mental levels of boron found in aquatic food 
chains at the Kesterson Reservoir was difficult be­
cause of the paucity of information about the po­
tential effects of boron on birds [2). Studies of the 
effects of boron on mammals have shown reduced 
fertility in male rats [ 11]. Injection of boron com­
pounds into chicken eggs produced teratogenic ef­
fects and embryo death [I 2, J 3], Laying hens on a 
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did containing 0 sr,-·,, cr)r:c ;tc;d qopr-:~ Iavin; 
eggs; however, the ha<ching success 01 lhe eggs pro· 
JuctJ whil~ ot~ the boron- I rc;J_teJ diet \'a> 110( ck· 
tc:rmined rHJ. 

Th~ high cor.centrations C~f boron in acuati<: 
planto at Kesterson Re-.en·Qir, and possibly in other 
wetlands re~civ1ng agnculturaJ drainage \vater, wg­
sesr.cd the need for studtes to ass~ss the potentlal el 
fects of dietary boron on avian reproductior. This 
article reports the resclts of a study designed to de­
tcr:nine the cfkcts ol' boron on ma1lard re!):·oJuc­
lton and to identify a dtelary concentration :hat 
wdl produ-:e an ad\erse ~n~cr ir: th2.' speci~'· 

METHOOS 

1\hllards obl<uned t·ro:-r. a commerc:iai game 
farm were randomly a.;>igned to groups to receive 
one ,Jf four difltrenl cl;n. Each group ''a~ m;da!IY 
housed, separately by ;ex, 1n 3.5 x 4_5 m buildings. 
Fc:m::.:es were kept or: an 8-h lighr: J 15-h dark pho­
toperiod to rnevent egg laying. After a 2-week ac­
climation period, oOlJ sex.:~ were '"'ltdled from 
unlrcated d1cts to exp.:rirnental die<.s. Thes.e diet& 
\'ere prcp<tred with du2k de,ciopcr ma>h supple­
mcnred l'.ilh powdered bori.: acid to achieve added 
boron concenualions of 0 (controls), 30, 300 and 
1,000 ~prr .. Fifteen b;rds of each sex received .:::her 
the 30, JOQ or l ,000 >Jpm bvro!; die:, and 25 pairs 
cr.:ccl''cd an u:Jsuppleme,-,~cd coo:rol diet More 
pairs were allocated to the control group to opti­
mize comparisons between controls and each treat­
ment group using Dunnett's procedure [ 15]. 

Af~er recehing the experimental diets for three 
weeks, males and females were paired, by treat­
ment group, and each pair I!.Cr.s iandomly assign~d 
to a 4.6 x 4.6 m outdoor breeding pen. Each pen 
had a continuous water oupp[y, natural cover and 
a nest bO'I:. After birds were paired and mo\'ed to 
the breeding pens, the d1ets were mLxed using duck 
breeder mash. 

\1allard diets were mixed at approximately two­
week intervals rn 20-kg batches_ The moisrure con­
tenr of the duck rna~h ranged from 9.7 to ll8Cl7o 
Therdore, fresh-weight concentrations of boron in 
th« diet were nearly equal to the dry-weight concen­
tralion,, Sarnples of ;he diets\\ ere cakcn from each 
b~J: of feed rrliY~d. and 24 of U1t)c sampies 'Ner~ 
randurnly select.:·d for boron residue analysis- The 
g~0mnric mean boron co•\cenaation~ derermmed 
for toe control (unsupplement.ed), JO. 300 and 
! ,000 ppm diet> were 8, 35, 288 and I ,OC(I ppm on 
a dry weighr ba:>is, respectively 

Female mallards irrubated their eggs and ~ach 
clutch comamed 20 ~ggs or fev.er. Each egg v.as 

m:JTrbered seqt.:enttall:> tn the nco: ur,:r: :;l(Uht .. y, 
began, and in nesb where the dutch st.Le exceo:dcd 
20 C\'-gs, th~ :o\\eSI. TJurr:bcrcd c;~s .>de rut,,.,, e~l 
Bv regulatin§ the ~lu~ch stzc usi:~g ''lb :~,-~rhoj. 
hens dJd nottncubate the arypico!h :etr,;c ct .. rchcl 
that are sometimes latd by cotnt·nc;·ci8!-l:_ock C':l~l-· 
Ja,ds The ctg,h 1:h 'E'8 la~d iJv ead·i r~maic wao ~o:. 
lected for boron analysts. Body lletghl> vlmaiiJ.rJs 
were measured wbcr. trcatmmt bega:;, wher: mJk\ 
and females werf paJred and when the:- .,_. ·lre bJ-2:!. 

Eggo \\-ere caGJ!cd d\ 14 d c< IT1:G:•z,'::on ro rL-­
tt::rmine fercthty ar,d embryo\ J<;OJi!(}'. 'vlat~s W>o'~­
rc·."fJovcd frorr~ ~he per.~~~ lhe um.~ of ->~:-dii:;~ .J:-J­

iess the initial chr.ch ~f eg~:> ''"~ ,nfcrU~. Ir, :nJt 
cast, rhe male reroawed with the hen and a second 
~~e~ting att.cmpt '·' JS pe-rmeled aft~r the ct'ffiO'. <Cl Of 
~he 1nfeni!e (;ego. Duckling~ '-' ~re '.I eighed a! hatch, 
1 . 14 and 21 d a,r;d re~.:ci\cd :h:: ::J.~T1~.' -:·\;:cri!"r.':r:~~i 
die: as the adu:ts irom thac pen. _--\dults and ~ount 
!'rom the same pen I' ~re k:llcll using c~<Hbon die;::­
, de when the young reached ~ l d of ag<" 

-\11 aclul·.~ and one rJ.r,doml) 1ciecreJ dudJ::,g 
from each brood were necropsied ai!d .:xartHned r'vr 
ma~roscopk p3[r,o1ogiol -:ha;-:~es in org~:ns )<.;,~­
plcs of brain. ll1 cr. ktt:::ney J~ld hcacc \¥ere pr;c, 
sened in neuaallzr:-d buffered form;;,lin and :ater 
examined for hiitop<ttholo~ical :c~tr: ~.~ Eg1; mn­
surernents were m~.de prwr :o ope~1in~. eg~shell 
l_:llckntsses we:-~ rncasured \v::h 2. rr~.·~"·~nn:·,:tr:r c::,K: 
eggshell weigh~s 11ere taken after dryltlg- tile s~ells 
for at least one mont b. The !!'!do: of eggstwll qual-· 
ity was determined according to the methods of 
Ratcliffe [161-

!n each experimental gro~;D, J 0 ad.ult pairs and 
one of edch pair·s d·_;ckling:; '-\ .::·c ;ar~don:JJy )c!e:::ed 
for boron analy~rs of 'ISSue\. Five randorr.ly ;;e­
lected adult pairs and one of c:actJ pair\ ducklings 
were chosen from ttle ~orJt:,::-1 group for Uvet and 
brain boron res1due ::tnaiym 

Samples oi feed, liver rissue a.nd egg~ were stored 
frozen until the end of the si\ldy and then sent to 
the Environmental Trace Sub~tances Research Cen­
ter in Columbia, i\;Jrs\our:, for boror. analysis. 
Samples were homogenized. lyophilized and per­
cent moistures determined. :'\foistun:: was deter· 
mined by pla'2i1g a weighed altqt.:or of rhe S:t111f:le 
in a Fishe:· l~ore:r.p O\tr_ and d::,·ing ac IC'~ ;o 
105"C. Appro:umarcly 0.5 g or Sa.T•IC!c was 'Neig:-:ed 
into a freshly ,-Jear.ed 100-ml quartz K_ie:cl:::.hl hJ..si-. 
Slov.ly, !5 ml of concentrated sub-boiled nitric Jed 
<lnd 2.5 ml of concemra~ed sub-boiled perc~]onc 
acid >.Vere added. Aft.:r th<: initial ~eacuon bad <ub 
sided. the sample ·<~-as pla::ed on low hc:at umil the: 
evolution of da.rk rd fumes had Ceased. GradualJy, 
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the heat was increased 1mtil the nitric acid began re­

fluxing, and the samples were allowed to reflux 

overnight. After the refluxing, rhe heat was gradu­

ally increas~d until :he nitric acid was driven off, 

and the r:action with perchloric acid had occurred. 

Two rntlliliters of concentrated sub-boiled hydro­

chloric acid wcr~ added, heated w boil, removed 

from the heat and 'l to 10 rnt cf deionized water 

addt'd. Sampks were allowed to cool, diltJted usi!lg 

' ·--'~'o water in a 50-ml volumetric flask and 

transferred to a clean polyethylene bottle. 

Boron concentrations were determined by in­

ductively coupled plasma emission spectroscopy us­

ing a Jarrell-Ash Model 1100 Mark III with 40 

analytical channels, controlled by a Digital ll/23 + 
<-'Omputer. The instrument was standardized witl1 a 

series of seven standards contailling 36 elements. 

After the standardization, th{' detect1on limit was 

determined by taking l 0 integrations of the zero 

standard; three times the s<andard deviation of the 

mean was then used as the detection limit. lnstw· 
mental quality cornrol samples were then analyzed 

to check the operation. Standards were fUll every 

lO to 15 samples to check for drift. If the drift was 

more than sr?o, the instrument was restandardized. 

Afcer the analysis was completed, the data were 

transferred to the Perkin-Elmer LIMS 2()00 com­

puter for calculation. Boron tissue conccntr<:l(iom 

are expressed as micrograms boron per gram of 

sample on a dry-weight basis. 

Beron concentrations reponed by r~e ana;ytical 

laboratory as bdow the limit of quantification were 

a-;~lgned the value of one-halt of the lo-J.er lir:1it of 

detectiO!l for ;he particular maaix analyzed. All 

'- ~-':'- "~_'dues were subJected to a log transfor!Tia­

tioll prior to an;;.i:,sis of variance and Tukev's mul­

tr~k compamo~ procedure, if the F \'alue was 

signific:;ml «t p < 0.05 [!']. Percentage data wcie 

~ubJected to an angular transformation prior to sta­

tistical analvses [17) 

RESliLTS 

The hatching success of fertile ~ggs latd by mal­

lards fed J ,000 ppm boron was reduced to about 

52% of the control value (Table l) The hatchillg 

success of fertile eggs for mallards fed diets supple­

mented witb 30 or 300 ppm boron djd !lOt differ 

from that of the control group (Table I) fertility 

of eggs, eggshelllhickllcsse~ a!ld the Ratcliffe index 

of eggshell quality were not affected by any of the 

dietar;, boron treatment&. Boron suppkmentatioll 

u·,J not delay the rirne when hens began laying af­

ter receiving treated diets, nor did it affect the 

kng-tl· of the incubation period. Embryo mortality 

during the first 14 d of incubauon, approximately 

the first half of the incubation period, did not dif­

fer between controls and any of the boron treat· 

ment groups; however, embryo mortality in the 

l ,000 ppm treatment group during the entire incu­

bation period was significantly higher than in the 

other groups (Table l) Mortality of embryos pro­

duced by mallards fed the I ,000 ppm boron diet 

was higher during the second half of incubation, 

compared with controls (Table I). Of the embryos 

that failed ro hatch and of those that did hatch, 

only two had developmental malformations and 

both died prior w batdling. These two embryos in­

cluded one from the I ,000 ppm group and one 

from the comrol group. 
Body weights of hatchlings were lower in both 

th~ 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 boroll c\iets was lower than the weight gain for 

comrols (Table 2). 
Weekly mortality rates were measured for duck­

lings from the timt: of hatch until three weeks of 

age. Ducklings fed the 1 ,000 ppm boron diet had 

higher mortality rates during their first week of life 

than did controls (Table 3). The mortality rate of 

tttis cohort declined during the next two .... ~:::b and 

did not differ from controls after the second week 

(T<ible 3). The \Otal number of ducklings prodtlced 

per female (incubating a fertile dutch) '-"as also sig­

nific-antly reduced in the 1,000 ppm boron treat­

menr group (Table 3). 
Boron did not produce any oven signs of toxi· 

ccsb ill either adult or young mallards. and none of 

the adult mallards on treatment died of boron tox­

icosis. Measurements of adult body weights dtlr-

Table I Reproductive parameters (m~an ± so) 

for mallards fed ~' cont.rol (0 ppml or 
boron-supplement~d diet 

Boron H~!ching Embry<J rr\ona!ity I G"o 1 

added suc:::ess in 
to di:t kt;k eggs Day I Da; 15 

(poml N (lllo) to day l-l to hatch 
----

0 23 88 5 ± 171 5.2 j: 12.8 6 i ~ 11.0 
30 14 89.9 ± !8.7 5.3::tl7.8 4.8 ::±: 8.9 

300 ll 93.2:!: '.! 0.6::: 2.0 6 2 :': 6.8 

1,000 15 .:\('; ~ :-: 36.7' ]-4.4 ± 27.0 50.2 ~ 34. 7~ 

Stc.ristic;J an(;Jy~cs 1vere perform~d on data svbJecrec! to 
an angula: t:·ansformarion. Sampk \iL~; (\'i ar~ the 
nmc.bcr or D'Uding pairs Jt;C'Jba:ing fen;k 'lu;chc,_ 

"Significantly ctJilerent from r;ooLrob (0 ppklll at p .s U.C5 

u;in£ Dunnett's procedure [1)). 
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ing three time periods allowed for comparisons of 
weight change among expedmental groups. Weight 
changes among rnales were not significant (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. However, by the end of 
the reproductive cycle, body weights of female mal­
lards fed the high-boron diet did not differ from 
controls_ In a 5-d feeding trial pnor to this study, 
one pair of mallards was each fed a diet supple­
mented with 0, 300 or I ,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, none had histopatho· 
logical lesions or abnormalities that were related to 
boron treatmenL Mallard duckling body weights at 

2! d of age were significantly lower in both lhe 30 
and 1 ,(X)() ppm treatment groups, compared with 
controls (Table 5). Liver and brain weights ·~>ere 
also significamly lower for 21-d-old ducklings fed 
l ,000 ppm boron (Table 5}; however, the mean 
brain-to-body-weight ratio for this group was s1g­
nificantly hlgher, compared with controls, suggest­
ing that the relative size of the body was smaller for 
ducklings in this cohort (Table 5). 

The mean percent moistures for brain tissues of 
adult and young mallards were 79.2 and 80.3070 , re­
spectively_ Liver moisture content averaged 72.0 
and 73.80/o for adults and young, respectively. Dif­
ferences among mean boron concemrations in eggs 
produced from the different groups w~rc deter­
mined using analysis of vanan,;<: and increal~d 
from below the lower anal}1ical detect1on limit ~u 
49pg/g on a dry-we1ght bast> (Tabk 6) Tbt m:tx· 
imum boron concenuarion guannfied in an ~g~: 
was 811-'g/g (dry weight). Boron conc·cntrat\On; in 
liver and brain tissue ctid not differ bct'>eer. rr.ab 
and females. and sexes were combined in the sta;is-· 
tical analyses. Boron levels in ii'•trs of both ad;;)i_ 

Table 2_ Hatching weights and weight g<:~in (mean = sv) for mallard ducklings 
fed a control (0 ppm) or boron-supplemented dkt 

Boron 
added to 
diet (ppm) 

0 
30 

300 
LOOO 

Hat~:hlng wdght (g) 

36.2 ± 0. 7 (23) 
3i3 = l.l (13) 
34.9 ± 0.9 (ll). 
3 t.3 _t L3 (12)' 

Hatch to day 7 

52.8 ;!: 2.4 (22} 
37.6 ± 24 (tl)• 
44.0 ± 2.4 (10). 
26.1 ± 2.9 (10). 

Weight gain (g) 

Day 8 to day 14 Day 15 to day 2! 

!25.4 ± 5.7 (22) 163.0 ± 8.8 (23) 
1145 = 5.6 (!t)• 149 9 ± 8 9 (12)" 
105.5 ± 3.3 (10)" 140.9 ± 4.0 (lt)• 
76.4 -:-; 5.8 (10)" 112.6 ± 8.2 (lD)" 

Sample sizes are given in parenthe~es and changes in sample size~ n::p(escnt mortality or missing data. 
•Significantly different from ~ontrols (0 ppm) at p ~ 0.05 usinE Dunnett'> prO<;cdure [15]. 

Boron 
added 
to diet 
(ppm) 

0 
30 

300 
1.000 

Table 3. Weekly duckling mortality rates ("lo) and mean numbers of ducklings produc~d p~r female 
for mallards fed a control (0 ppm) or boron-supplem~nted diet 

Produniviry per femak 
Duckling mortality (~'•) ..,...._....~~-r~ ·---·-

\le:::n no 0!-

N Hatch to day 7 Day 8 ro day 14 Day 15 to da; ~~ .V 21-d-old ilLCk!'!,g~; 

23 11.6 ± 22.1 8 l ± 18 8 3.3 ± 11.0 2:1 8 61 ::': ) 06 
J 3 8 .J ± i 3 t• 4.9 ::': 8.9 7.0 :1: 25.2 I~ I 0 00 :: J GC 
ll 9.6 ± 16_2 5.0 :t 7.9 52± 1) 0 II W.09 :: H 7 
10 2LO±:li.Sb 12.3 :t 18. I 5,7 ::: 15.~ l ~ ~ ·P :t 3 'Bt 

Dt1cklings were from dut~hes produced by pairs fed the same respective diets. Mean 'lalues (::SD) w1th sample sizes 
( N) represen! the numbers of breeding pair I that p\oduccd ducklings or incubared fmik cl urchcs. Fcmak~ lay-­
ins infertile clutchc• wer~ excluded from the analy5i5-

"N,. !4, all ducklings from one pair did not survive beyond day i_ 
bSignifica_ntly different from cont(ols (0 ppm) at p :s 0.05 u!.ing Dt.~nnctt's procedure [15]. 
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and 2l..d-old mallards were greater for the 300 and 
l ,000 ppm treatment groups than for mallards fed 
30 ppm boron or coturols (Table 6). Boron residues 
in brain tissue of young and adult mallard& in­
creased v.-ith increasing dietary concentrations and 
were staristicaJJy higher with each dietary concen­
tration administered (Table 6). The highest concen· 
tration determined for any or the tissues analyzed 
was 100 ,(gig (dry 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 value~ 
for all tissm:s analyzed from the 30, 300 and I ,000 
ppm groups were significantly different (Table 6)-

DISCUSSION 

Boron is widespread in nature and the natural 
boron content of soils is usually between I 0 and 
300 ppm, depending on a soil's origin [18]. Borate 

mineral deposits that are economically feasible to 
mine are generally derived from lacustrine sedi­
ments or rocks in arid regions [8]. Borate deposits 
of cconomi~ interest have been identified in Asia, 
Europe, South America and the arid and semi-arid 
regions of the western United States [8]. Moreover, 
like selenium, boron has also been identified as an 
irnponant constituent of coal ash, occurring at con­
cenTrations of up to 1,900 ppm [19]. The geologk 
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 beeo 
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· 
fowl for food [ 1. 7 ,20]. 

Boron has long been recognized a; a micro­
nutrient essential for normal plant growth [18,22]. 

Table 4. Weight changes in adult mallards fed 'I control diet (0 ppm) or a boron-sllpplemetlted diet 

Mean weight (g) :t I sv 

Boron :Vlales 
added 
to diec Onset of Time at Time at Onset of 
(ppm) N treatment" pil.iring 0 sacrit1cc' treatment 

(I 25 122~:!: 122 1180 ± 115 1161 ± 124 1Q76::: 118 
3C ~~ mo ± 126 l PO:!: 127 1139 ± 94 1086:!: 98 

300 15 12i5 ± 140 1223 :t 139 1165 ± 117 1010±114 
l.OOJ )5 l2SZ± 13:2 1191 :!: 1;1 1092 ± 104 1075 ± 105 

·~ .March 1986. placed on treated diets 2 d latct. 
0
4 Apr:: 1986, male; and fernales paired and transferred to outdoor breeding pens. 

'Both males arld female; were killed when duckling broods were 21 d old. 

Female\ 

Time at Time at 
pairing sar;:rifice 

1010 j; 104d 1016 ± 131 
1060 ~- 82 1036 ± 138 
!023 ;t 104 1021 :t 149 
991 ± 101 1020 ± 140 

"Ad·j: female \\eJghi changes between onset of treatment and time of pairing were stgruficantly different (p = O.CXX)]) 
&rnong grotlp5. Fomak; on 300 ppm diet galnd more weight than did comrois or those on l ,000 pprn d;et (both 
lost w~tghr). hma.les on J ,000 pprn lost significantly more weight than did those on 30 ppm (on~-w3y analnio of 
vanaace, Tukey's rang~ test) 

Boron added 
to diet (ppm) 

Table 5. Body and organ w~ights (mean ± SD) of 2l·d·olct mallard ducklings 
fed a control (0 ppm) or boro~->upplememed diet 

Body weight Liver weight Brain weight Liver/body 
N (g) (g) (g) weight ratio 

--------···--· 
0 23 386.3 ± 46.8 20 so= ,\56 2.98 ± 0_20 0.053 ± 0.007 

30 13 340.7 ± 52.1. 18.95 = 3.58 2.89 ± 0.2i 0.056 :!: 0.005 
300 ll 347.4 ± 22.8 lli.61 :!: 4.11 3.14 ± 0.58 0.054 ± 0.012 

.• ~:fXJ 10 255.3 ± 80.5' !3.25±4.18" 2.43 :: 0.~1· 0.0~2 ± 0.005 

Brain/body 
weight ratio 

0.008 ::: 0.001 
0 009::: 0.001 
0.009 = 0.001 
0010::0003" 

l:acb duckling wao candorr.i} selected from a brood orod"J.::ed by 3 female fed the ;ame respective diet. Sample sizes 
(N) are the numbers of breeding pairs incubattng fertil~ clutches. 

'Sigr-::lkamly different frot':l controls 10 ppr;:,\ at p o= 0.0~ using Dmmett's procedure [15]. 

. ' 

"·· --: ': <_ :.;~--' .,-~.: •• ·:· ~:-,~,., :- ~·;,. ·,, __ ,·~: :_ -:. ' .• '"-·_.._·,.- i-:·.~-:-r:,;.-·:~. ·· -~;;~, : -~:.·;:.'.·-~~~·:::::,:, __ ,:';_.-~. ·-',·; .. ; .. .'' .. ~·.:;i>:::.:·:.{,;': 
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HoweveJ", its role in animal nutrition, if any. re­
mains unknov.rl [22). Boron is usually consid~rd 
relatively innocuous from a to\kological p<:,opec­
tive, and both boric acid and hora.x have very htgh 
LD50 values in laboratory rats, suggesting :ow 
acute rnammali:<.n cox.imy [18]. !n addition to z::ute 
toxicity studies, some data are available for chronic 
effects in rats and domesTic birds. Male rars fed 
diets containing 1,000 ppm boron or more had r~ 
duced fcrti\iry fll] ar.d egg JfJjecrion studi~s do:1e 
with chickens produced teratogenic erTect> and em­
brYo death. The LC50 vaiLt¢> for borax and bon; 
acid injected directly into eggs wer•: 0.5 and [ 0 
ppm. respectively [13] Injection of boric acid !nto 
chick~n eggs has c;ws.:d i:mal malformation~ and 
deformed extmnnies of embryo' [1 2] Laying hms 
placed on a diet supplemented '' lth 0. 5 ~o br1r;' actd 
produced eggs that shc•wed a rna:hcl :!1crease in 
boron by the second day of treatmem; however. all 
buds stopped laymg aftc:r 6 d [14) Although these 
studies showed that development and sun·in.l ·Jf 
chicken embryos are affected when boron com­
pounds are inJected into the egg, the pot~nllal em­
bryotoxic effects resulting from a dietary exposure 
to boron were not known. 

During tbe course of this study, adult body 
weights did not change significantly for males; only 
female weights measured berween the time trea:­
ment started and the time sexes were paired (I 
month) changed significantly. Females fed the 
1.000 ppm boron diet did emer the reproductive 
season at a mean body wetghr lower than oth<:r 
grollps; however, this weight was regained during 
the reproductive season (Table 4) 'VIoreover, pre· 
timmary feeding tnals over a 5-d period did nor 
suggest strong aversion to bororHrcated diets. 
Although fem;;J" mallards fed 1 ,000 ppm boron did 
enter the reproductive season at :1 lower body 
weight than did other experimental groups, !hr: 
number of eggs laid, the r"enihty of eggs and ihe 
size of individual eggs were not affected by boron 
treatment. These data wdicue that the adverse d· 
fects of boron were at the ]t:vel of the rgg, ar1d that 
boron prescr.t in high concentrations in the egg in· 
creased embryo mortality. 

The results of the present srucy :ndtcatt: th~·.t bo­
ron levels in aquau: plants and p!anr seeds at 'he 
Kesterson Re;crvotr were greater than tf1e dietary 
concentration required to significantly impair re­
production m mallards Hatching success of fertile 
eggs, body weights of ducklings at hatch and sur­
viyal of ducklmgs from hatching to day i were all 
significantly rduced when breeding adults and 
their offspring were maintamcd on a diet supple· 

,·.~- ........... :-•• ;\ , .. ' .. •:J{:' ' ... ·~I' I ( I ~ t •' f 0 • 0 ;, '\, ', I ol'\ ': 1\\'\r •• ~ ~ \ 
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men ted with l ,000 ppm boron. Moreover, the 
weight gain of ducklings from the t.ime 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 I ,000 ppm boron, compared 
with (Ontrols, also s\Jggesting that growth and de­
velopment were adversely affected by boron neat­
mer.•. HO\\ ever, histological evaluations of liver, 
brain, kidney and spleen sho'>'ed no pathologies 
that were related 10 boron exposure. II !a!lards fed 
concentrations of up to 2,000 ppm boron did not 
exhibit any histological pathologles. These data 
suggest that histology may not prove ro be an ad­
equate means of assessing boron exposure or tox­
icosis in mallard ducks. Moreover, because no 
adults died as the result of dietary boron treatment, 
it appears that embr:.'os and hatchlings are the most 
seusitive mallard life stages to boro11 toxicosis. 

Boron levels in egg, liver and brain tissue in­
creased as dietary concentrations of boron in­
creased; however, tbe5e 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 led die<:s supplemented with 1,000 ppm 
boron had markedly impaired embryo survival, al­
though thr: tc:ratogenic effects previously described 
in boron egg-injection s:udies were not observed in 
the present study. Boron 1s known to affect many 
biologically impor~ant reactions [ 12] and can corn 
petiti' dy inhibit several dehydrogenases [:23]. !\lore­
over, boron has an ;)ffinity for binding to poly!Jy­
droxy compounds, ouch as riboflavin, and develop­
mental malformations produced bv egg injection 
resemble those assouac~d with riboOavin deficien(') 
[12]. Riboflavin supplementation was effective i~ 
r~du~mg bonc-acid,mduccd rr:alformations ir1 
chick embryos and the mechanism of teratogenic­
ity ''·as be)ie\ed lD be boron complexation with 
ribofia,in,contaming enzymes [12]. Studies done in 
,.itro hav~ confirmed the boron-riboflavin compkx 
formarion [24], and dlick' given ribotlav1n in ex­
ces5 of Their dietary requirement were shown to 
have a lower incidence of boric acid toxicity [25]. 

Results of biochemical stL1dies of the effects of 
boron suggest t.hat the embryo mortality observed 
in mallards fed boron,supplemented diets ms_y have 
been caused by the propensity for boron to com­
pb wttb ribof1avin ar or her coe:~zymes critical for 
normal cciiular r~:;piration. l'.!al:~ud <:mbr:o 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 boron-induced embryo 
toxicity are needed to elucidate the specific toxic 
mechanisms. 

CONCLliSIO:"<S 

In the past, high concentrations of boron in ag­
ricultural irrigation and drainage water have created 
concern because of the known phytoto;r;.i, effecb of 
boron on crops. Recent studies that have sampled 
wildlife food chain organisms in wetlands supplied 
with agricultural drainage water have found ex­
tremely 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
lier 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 w1thout causing deformities. This suggests 
that boron-iilducecl reproductive failure in wild 
populations may be more difficult to detect thaD 
problems caused by seleni-cJm. Cleanup or treat­
ment of wetlands supplied with agricultural drain­
age water has been focused primarily on reducing 
the erJ\'ironmenta! hazard posed bv selcmum. TI-.c 
results of this study indicate that strategies to solve 
problems caused by comamimnion of wedands 
with drainage water constituents should also con­
sider boron contaminatioo of wildlife food chains 

.Ack.nowit?dgement·~ We thank G. W. Pendleton for as· 
SlStance with statisti<:al analysis, and P. S, McDor;ald and 
D. J. Wallace for typing. H. M. Ohlendorf, T\-L \\'hit 
wortr,, G H Hemzand D. J. Hoffrnar. provided us~f'Jl 
commf.nts on the manus,ript. The work was supponed 
under LS. Bureau o: Reclamation/U.S. Fish and Wild­
life Se:-v:ce lctrcHgency Agreement l\o, 6-AA,-20,04170, 
in suppor: of the San Joaquin Valley Program. 

REFERE:"<CES 

1. Ohlendorf, H.M., D.J. Hoffman, M.K. Saiki anc 
T .W. Aldrich. 1986. Embryonic mortality and abnor­
malilies of aquatic birds: Apparent impacts of sele­
nium ftom irrigation drain water. Sci. Tora/ Environ 
5Z:49-63. 

2_ l.€mly, A.n. and G.J. Smith. l987. Aquatk cycling 
of s~lenium: implications for tlst', and ,•.ildlite. U.S. 
F;;l: ~nd Wild:ife Servi(t Le~net No. 12. Washing­
~'-m) DC. 

; -; . > .· -.~· .. ·-~ .• -~-~--: · ___ · :. -. ,f- •• : ~~~-. :~--~: ·,_ -.~,_ / . -. __ ; • :J:; _·. __ ;:.' .;;, .. 



07/02/2001 18:04 8 CTR POP HEALTH PAGE 08 

950 

Presser. T.S. and I. Barnes. 1984. Seleniur.. corKer,­
traliO!l' in v.a<ers tributarv to a:1d in the vicir.itv o~ 
the Ke•t~rson Nationai W;ldltfe Refuge. Fr~sno -and 
~erced Countie>, Califom1a. Water Re5ources lnv~s­
tigattons R~port i'<u. 34-4122. L .S, Goological Sur­
vey, ~knlo Park. CA .. 

4. Sallci, M.K. 1986. A fidd example of ~denium con­
tarmnation in an aquatic food chair.. Sekni:Jm m the 
En,·ironment Proceedings. California ">gricultural 
Technicd.J lnstitu"' Pub. ~o. C-\Tl/860201. Fre;no. 
C.\, pp. 67- ~6. 

5 Ohlent!orf, H'.M .. R.L. Hottr~m. C.M. Bunck, T.W. 
. \ldtich and J.f. Moore. :980. Relarion;rip;. bet'"''"" 
seleni~m coocer\tratior.s J.nd avwn :·eptoduu:on. 
Transactions of tile 51st North American Wildlife 
and :\'uiurai .R-o~Otif'CI!S Con (er~c·nn; 5!. 330-342. 

6. Heinz, G.H., O.J. Hoffm~n. A.J. Kryuitsky and 
D.M.C" W~ller. 198 1

. Reproduclion tn ma:Jarci> fed 
,d~1iurr .. Enman. ToXIcol. Chern. !i:423-433. 

i S~huler. C.A. !98'. Jmpaw of agricultural drain­
ware: and cootanninar.ts on werJg_nds at Kescetson 
Rese~\Oir. Ca.hForr;ia. M.S :hes1s Oregon State Uni­
versity, CorvaLh, 0 R. 
Bnrk•r, J .M. and S.J. Ldood. 1985. Boror. ~nd 
borat~s: flllroduction arld e;o;p1oration techniques. In 
J.:V!. Ba:ker and S.J. Lefono, ~ds, Bora1e.~: ECiJ­
/l0/11/c Geolog} and Produwon t\meri·~an !!1Stitute 
of Mining, Mct~lur~?ical, ar.d Pcuokum Engineers, 
New Ycrk. NY, pp. 13-34. 

9. Kell~. W.!'. and S.M. BrQwn. 1923. Boron 1n tre 
soils aJJd imgacion warer~ of 50Uthern Califomia and 
in re:auon to citrll1 ard v.alnL! cul1ure. 1-/dgardia 3: 
•l-l5-458. 

10. Eaton, F.M. 193~. Boron in soils and irrigation 
waters and its effect on plants. with particular refer­
ence to th~ San Joaquin Valley of California. U.S. 
Department of Agriculture Technical Bull. :--.lo. 448. 
Washtngton, PC. 

ll L••. LP .. R.J. Shedns 3i:d R.L. Dixon. 1918. E''l' 
cien<;< for irlductioo ot germinal apia51s :n mal~ rats 
by environmental ~:o::posure to boron Toxicol. App/. 
Pllarmaco/. 45:577-590. 

12. Landau,.r, W. 19~2. Malformations of chicken em-

bryos proJuc,,d b1 bo: 1c aciJ ~~d ilK "rc·bal;t~ -,.:~ 
of nbof:a\ lO ln :r:["~r c;,rJgirt . .! E(p. lrJo! 1.'!0 .JG(;_ 
50! 

13 Birge, W.J. and .J.A. Black. !97' S<;:nsill':ity' of ver­
tebrate embryos to boron compounds. EPA-S6C: 
J-16-008. t;. S En·, iro1rr:e~ cal P:otscriur. -',;<n. ·,. 
Washlngtor,, DC. - · 

H. Hov(', E .. C.A. Elvehjem and E.B. Harl. !939 Bo 
ron in ar.irnal outritio!'l. Am. J. Phy5iol. l27.69R-
101 

15. Dtlnt:letL C.W. 1955 .. '\ mulripie .;omp~tri~on ;:~~'"' 
dure :'or companD? se1era! trearmems with a co:"ro: . 
J rlm. Str1ttsr. Assoc. 50: l 096-li ~: 

16. Ratdiffe, O.A. 196' D~crease in eggshell 1\e:g:.r .n 
certain bitds of prey Norure 215:208-Z 10. 

17, Sokll.l, R.R. anci F.J. Rohlf. 19~3 !r;rtoduc!Jr;tt to 
BioslalisliCS \V.H. Freeman and Co, San Francisco, 
CA. 

18 Spr3gue, K". \9-2. r·.·: oc:clogi~.:.J signific:an•:o Gt' 
borou. Final Report U.S Borax a7ld Chent1co.J 
CorD., Anaheim. CA. 

19. Cox. J.A., G.L. Lundquist..-\. Pn)jazn~· and C.O. 
S\:hmulbach. 19~8. L~aching Jf boron i~vm .;oai ~,:-. 
Em1ron. Sci. T~chnr:>r JZ:722-723. 

20. Glandon, R.P. and C.O Mc:'l/abb. J918 Tt!E uvtake 
or t-o ron by Lm:na 11)1/'!(if, Aquui B·!IJIH .i;5j -6-l 

2 i l<crfn. R. and F. l. Bingham. 1985. Boron 1n v.a:er, 
s0i.Is. and plant\ lr. B .A Sr~·;.ar:. ed .. Ad••<mcec m 
Soil Science, Vol. I. Spring<r-Ver:ag Now York, :--.JY, 
pp. 229-276. 

2l. ~ational RcS£arch Council. 1980. Boron lr, .Hineral 
TDI<?rance o/ Dori!ES/ic A11imc!s. \\'ashir.gior! DC. 
pp 7l-83. 

23 . .Johnson, S.L. and K. W Smith. 1976. Th~ imerac­
tion of borate and ~ulfitc with pyridine nucl~otides. 
Biochemistry 15:553-559 

~4. Wadke. D.A. and D.E. Guttman. 1964. Complex 
formation mfluence on re:><;tion rate. ll- Hydrolvtk 
l;J~havior of riboflarin m bor:ue bufrer J. Pharm. 
Sci 53:1073-!076. 

25. Roe, D.A., D. B. McC11rmick and R. Lin. !972. Et­
fe.:ts of ribofla; m on bor'c acid :ox,c'ty. I Pnarm. 
Sci. 61:1081-1085 

........ "· ...... . 
~ •: t • I 

0 1 
0 • 1 • 

' 




