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Although low level expo sure to phys i co chem i cal agents is the most com mon envi ron men tal sce nario, their 

effects on living organ isms are very con tro ver sial. How ever, there is an increas ing need to inte grate low 

level expo sures from risk assess ment to reme di a tion pur poses. This study focus on the pos si bil ity to employ 

Ni tis sue res i due val ues as bio mark ers of sub-toxic expo sure and sus cep ti bil ity to this metal in a range of 

almost pris tine to sub-toxic con cen tra tions for Rhi nel la are na rum embryos. For that pur pose, three batches of 

amphib ian embryos were pre treated dur ing 10 days with three increas ing con cen tra tions of Ni start ing in 2, 

8 and 20 lg Ni2+ L¡1 and end ing in 16, 64 and 160 lg Ni2+ L¡1 (in nat u ral fresh waters this value ranges from 2 

to 10 lg L¡1; the LC50-24 h for R. are na rum is 26.2 mg Ni2+ L¡1). For the exper i men tal con di tions, the Ni tis sue 

res i due val ues at 360 h post expo sure were 0.5, 2.1 and 3.6 lg Ni g¡1 embryo w/w, respec tively, cor re spond-

ing to BCFs of 31, 33 and 23. The sus cep ti bil ity to Ni in those exper i men tal embryos was eval u ated by means 

of chal lenge expo sures to three lethal con cen tra tions of this metal (10, 20 and 30 mg Ni2+ L¡1), reg is ter ing 

sur vival dur ing the fol low ing 10 days of treat ment. As a gen eral pattern, the lower, inter me di ate and higher 

pre treat ments with Ni resulted in enhanced, neu tral and adverse effects on embry onic sur vival, respec tively. 

Thus, sub-toxic expo sure to Ni could mod ify the resis tance of the amphib ian embryo to this metal and Ni tis-

sue res i due val ues could be con sid ered as bio mark ers of both, expo sure and sus cep ti bil ity.

© 2008 Else vier Ltd. All rights reserved.
1. Intro duc tion

Although Ni is not con sid ered a global con tam i nant, near Ni-

emit ting sources sev eral eco log i cal changes such as a decrease 

in the num ber and diver sity of spe cies was reported (IPCS, 1991; 

Pa pa chris tou et al., 1993). Ni tox ic ity was stud ied in a wide range of 

aquatic biota such as micro or gan isms (Evd okim ova and Mozg ova, 

2003), algae (Spencer and Greene, 1981), aquatic inver te brates 

(Pane et al., 2003), fishes (Bir ge and Black, 1980) and amphib ian 

embryos (Her ko vits et al., 2000; Fort et al., 2001; for a review see 

NAV FAC, 2004). In the case of Rhi nel la are na rum embryos, Ni tox-

ic ity was reported by means of Tox ic ity Pro files curves (TOPs), 

obtained by plot ting the LC10, 50 and 90 from 24 to 168 h with 

their con fi dence inter vals. Those curves exhibit a dim i nu tion in the 

LC50 val ues from 26.2 mg Ni2+ L¡1 at 24 h to 1.8 mg Ni2+ L¡1 at 168 h 

of expo sure with a max i mal dec li na tion within the acute period 

(Her ko vits et al., 2000).
 All rights reserved.
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vits).
There is a sig nifi  cant cur rent inter est to quan ti ta tively asso ci-

ate expo sure and tox ic ity to tis sue res i due as a pow er ful approach 

that inte grates expo sure and kinet ics address ing directly a vari-

ety of uncer tain ties in terms of con tam i nant bio avail abil ity. Thus, 

the tis sue res i due-based approach could pro vide a more accu rate 

pre dic tion of dose and hence, effects of con tam i nants on aquatic 

organ isms (McCarty, 1991). In a pro fuse sur vey on tis sue res i-

due data base for aquatic organ isms treated with inor ganic and 

organic chem i cals most of the stud ies with Ni focus on toxic or 

sub-toxic expo sure con di tions in bivalves and some fishes (Jar vi-

nen and Ank ley, 1999). The BCFs for Ni sub-toxic con cen tra tions 

range from 6 to 26 depend ing on the spe cie and expo sure con di-

tions. In amphib i ans, even in very low con cen tra tion expo sures, 

it was dem on strated influx–efflux of this metal already at early 

cleav age stages (Sun der man et al., 1990). How ever, the infor ma-

tion  avail able for the uptake of essen tial met als could be seen as 

con tro ver sial. For instance, a reduc tion in metal uptake as a phys-

i o log i cal mech a nism for metal-resis tance has been reported for 

a wide diver sity of organ isms from bac te ria to mam ma lian cells 

(Ash ida, 1965; Cho pra, 1971; Tsu chiya and Ochi, 1994; Gale et al., 

2003; Xie and Kler ks, 2004).

Low level con cen tra tions of chem i cals are the most fre quent 

expo sure sce nar ios and it is well known that low level expo sure 

http://www.sciencedirect.com/science/journal/00456535
http://www.elsevier.com/locate/chemosphere
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to phys i cal or chem i cal agents may exert a ben e fi cial effect on cer-

tain param e ters such as lon gev ity (Son ne born, 2005), cell divi sion 

rate (Mor ré, 2000), regen er a tion pro cesses (Weis and Weis, 1986) 

and an enhanced resis tance to a subsequent chal lenge to the same 

or even dif fer ent phys ico-chem i cal agent at toxic doses/con cen tra-

tions (Van Stra a len and Vaal, 1993; Her ko vits and Pérez-Coll, 1995, 

2007; Pian tad os i, 2003; McG eer et al., 2007). Low level expo sures 

were con sid ered also rel e vant for the cal cu la tion of accept able 

or safe lev els of haz ard ous chem i cals in the risk assess ment and 

cleanup cri te ria (Pau sten bach et al., 2006). The response to low 

level expo sure con di tions could be mod u lated by other param e-

ters such as food avail abil ity (Has hemi et al., 2008), age (Sel lin et 

al., 2005) and expo sure to other envi ron men tal agents, e.g., met als 

(Her ko vits and Pérez-Coll, 1990; McG eer et al., 2007) and estro-

genic dis rup tion (Her ko vits et al., 2005).

In a search for stud ies on low level effects, from 3776 arti cles 

refer ring to this range of con cen tra tions as sub-lethal, sub-toxic or 

sub thresh old only 67 were con sid ered poten tially rel e vant pub li ca-

tions in rela tion to hor me sis, that is asso ci ated to the Ar ndt–Schulz 

law which pre dicts a dose–response b curve with a low dose stim-

u la tion-high dose inhi bi tion effect all within two orders of mag ni-

tude below the no-observable-effect-level (NOEL), (Cala brese and 

Bald win, 1998). In a pre vi ous study, pre-expo sure to Ni con cen-

tra tions in the order of ng L¡1, that is sev eral orders of mag ni tude 

below the Ar ndt–Schulz law range of con cen tra tions, resulted in 

an increased resis tance to this metal (Pérez-Coll et al., 2006). The 

main aim of this study was to eval u ate the pos si bil ity to employ Ni 

tis sue res i due val ues as a bio marker of expo sure and sus cep ti bil ity 

to this metal in a range of con cen tra tions from almost pris tine to 

sub-toxic for R. are na rum embryos. The impli ca tions of the results 

for a bet ter under stand ing of low level expo sures for envi ron men-

tal and human health pro tec tion pur poses will be con sid ered from 

an epi ge netic per spec tive.

2. Mate ri als and meth ods

2.1. The amphib ian spe cie

R. are na rum, for merly Bufo are na rum (Anura, Bufon i dae), named 

the com mon South Amer i can toad, is found from the coastal south-

ern Bra zil and also from Bolivia east of the Andes south to Chu but 

Prov ince, Argen tina. R. are na rum has a ter res trial hab i tat dur ing its 

adult life but depends on fresh wa ter for repro duc tion and early life 

stages. Its pref er en tial hab i tats are sandy soils, grass lands, ponds 

and low moun tains (Gal lardo, 1964).

2.2. Ob ten tion of embryos

R. are na rum adult females weigh ing 200–250 g were obtained 

in Mo ren o (Bue nos Aires prov ince). Ovu la tions were induced by 

means of i.p injec tion of homol o gous hypoph y sis (Her ko vits and 

Pérez-Coll, 1995). After in vitro fer til iza tion, embryos were main-

tained in AM PHI TOX solu tion, AS, (Her ko vits and Pérez-Coll, 2003) 

until the com plete oper cu lum stage (stage 25) that is the end of 

embry onic devel op ment accord ing to Del Conte and Sir lin (1951).

2.3. Solu tions and reagents

The com po si tion of AS: NaCl: 36 mg L¡1; KCl: 0.5 mg L¡1; CaCl2: 

1 mg L¡1; NaHCO3: 2 mg L¡1; The pH was 6,1 and the con duc tiv-

ity 59,4. Nickel solu tions were prepared from a stock solu tion of 

1 g L¡1 of NiCl2 · 6H2O (Mal linck rodt) in AS. All exper i men tal Ni 

solu tions employed for the sub-toxic and chal lenge expo sures 

were mea sured with a Perkin–Elmer atomic absorp tion spec tro-

pho tom e ter employ ing for the cal i bra tion curve a stan dard solu-

tion for atomic absorp tion spec tros copy (Ri edel-de-Haen). The 

dif fer ence between nom i nal and mea sured con cen tra tions did not 

exceed 20%. Due to the absence of any che lat ing com pound and as 

the pH of the solu tions employed were below 7, almost the total ity 

of nickel (99.4% cal cu lated by MIN EQL+, 4.0) was in the form of free 

diva lent cat ion.

2.4. Exper i men tal design

The pro to cols for sub-toxic expo sures were selected based on 

pre vi ous stud ies con ducted with R. are na rum embryos for Ni tox ic-

ity (Her ko vits et al., 2000) and the nor mal lev els of this tran si tional 

metal in nat u ral fresh waters which range from 2 to 10 lg L¡1 (IPCS, 

1991). Three groups each con tain ing 500 R. are na rum embryos at 

stage 25 were exposed to three dif fer ent sub-toxic nickel con cen-

tra tions dur ing 14 days as fol lows: the treat ments started with 

2 (G1); 8 (G2) and 20 (G3) lg Ni2+ L¡1 and con cen tra tions were 

grad u ally increased as it was reported by Her ko vits and Pérez-Coll 

(1995, 2007) up to final con cen tra tions of 16 (G1); 64 (G2) and 

160 (G3) lg Ni2+ L¡1, respec tively – A fourth group (G0) with 500 

embryos was simul ta neously main tained in AS with out addi tions. 

The main tain ing media were changed every other day coin ci dent 

with the increase of the nickel con cen tra tion in the solu tion. Exper-

i ments were car ried out at 20 ± 1 °C. At day 15, batches of embryos 

pro vid ing from the exper i men tal and con trol groups were selected 

to con duct the fol low ing stud ies:

(i) Chal lenge exper i ments: Chal lenge tests were con ducted fol-

low ing the stan dard ized con di tions of the short-term chronic tox-

ic ity test of AM PHI TOX (Her ko vits and Pérez-Coll, 2003). Batches 

of 10 embryos (by trip li cate) from each group were chal lenged 

with the fol low ing lethal con cen tra tions (LC) of nickel: 10 (B1), 20 

(B2) and 30 mg Ni2+ L¡1 (B3) in Petri dishes with 40 mL of solu tion 

at 20 ± 1 °C. For con trol con di tions batches of 10 embryos by trip-

li cate were main tained in (a) AS with out addi tions, (b) in the last 

pre-treat ment Ni con cen tra tion (G1–G3) and (c) exposed to the 

dif fer ent LCs of Ni2+ employed: 10, 20 and 30 mg Ni2+ L¡1 with out 

Ni pre-treat ment. The exper i men tal solu tions were changes every 

other day. The sur vival of the embryos was eval u ated each 24 h up 

till 10 days.

(ii) Nickel con tents: Ni con tents were quan ti fied in embryos at 

48, 96, 168 and 360 h post expo sure to sub-toxic Ni con cen tra tions 

(G1, G2 and G3). 50 embryos (by trip li cate) from each group and 

con trol (G0) were pro cessed as fol lows: the embryos rinsed three 

times with 150 mL of AS were digested with 3 mL of sul phon i tric 

acid 1:1 (v/v) until com plete min er al i za tion (Her ko vits and Pérez-

Coll, 1995). Digested sam ples were diluted to 5 mL with bi dis tilled 

water, and Ni con tents were quan ti fied with a Perkin-Elmer atomic 

absorp tion spec tro pho tom e ter with graph ite fur nace. In order to 

report the BCF the mean between the ini tial and final expo sure 

con cen tra tions for each sub-toxic con di tion were employed.

2.5. Sta tis ti cal anal y sis

Lethal Times 10, 50 and 90, in h, were esti mated by means of 

Kap lan–Me ier method and then, com par a tive anal y sis among con-

trol and each exper i men tal con di tion by means of Cox-Man tel test 

for two inde pen dent sam ples were done.

3. Results

Figs. 1a–1c show the changes in the sus cep ti bil ity of pre-

exposed embryos (con di tions G1–G3) eval u ated by means of chal-

leng ing them to three lethal con cen tra tions of Ni (B1–B3). In all 

cases the pre-expo sure con di tions did not pro duce lethal ity in 

the exper i men tal embryos. The treat ment of con trol and Ni pre-

treated embryos with the three lethal con cen tra tion of Ni resulted 

in lethal ity of the embryos from 72 h onwards with adverse effects 
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pro por tional to its con cen tra tion in the main tain ing media. In all 

cases, the time for lethal effects was inversely pro por tional to the 

Ni con cen tra tion. Table 1 shows the sta tis ti cal anal y sis between 

pre-expo sure and chal lenge con di tions and their respec tive con-

trols. As a gen eral pattern, the lower Ni pre-expo sure con di tion 

(G1) could result in a ben e fi cial effect against the tox ic ity of this 

metal, the inter me di ate pre-expo sure (G2) did not mod ify the 

sus cep ti bil ity of the embryos while the higher pre-expo sure (G3) 

resulted in all cases in an increased sus cep ti bil ity to Ni com pared 

with no pre-exposed embryos.

Fig. 2 shows the Ni tis sue res i due in the amphib ian embryos 

dur ing the expo sure period to sub-toxic con cen tra tions of this 

metal from 48 to 360 h. Up till 240 h the Ni uptake was pro por-

tional to its con cen tra tion in the main tain ing media and the time 

of expo sure. At 360 h, Ni con tents were 0.5, 2.1 and 3.6 lg Ni g¡1 

wet weight for G1, G2 and G3, respec tively. The BCFs tak ing into 

account the mean expo sure to Ni in each exper i men tal con di tion 

resulted in 31; 33 and 23, respec tively. No sig nifi  cant addi tional 

increases in Ni con tents were found in the embryos by expand ing 

the expo sure up to 15 d.
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Fig. 1a. Effects of the expo sure to sub-toxic nickel con cen tra tions (con di tion 1) on the sur vival of Rhi nel la are na rum embryos chal lenged to dif fer ent Ni LCs.
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4. Dis cus sion

This study con firms the Ni tox ic ity reported for R. are na rum 

embryos (Her ko vits et al., 2000) and pro vides addi tional infor-

ma tion on the time required to exert lethal effect in a range of 

con cen tra tions between 10 and 30 mg Ni2+ L¡1. Although all those 

con cen tra tions pro duce 100% of lethal ity, as it could be expected, 

the increase in Ni con cen tra tion results in a sig nifi  cant reduc tion 

in the time required for lethal effects (Table 1). The fact that even 

in the case of the higher Ni con cen tra tion eval u ated, lethal ity 

was observed only from 72 h onwards con trasts with other met-

als such as Cd (Her ko vits and Pérez-Coll, 1995), Cu (Her ko vits 

and  Hel gu ero, 1998) and Al (Her ko vits et al., 1997a), in which this 

max i mal adverse effect could occur within the ini tial 24 h of expo-

sure. This result con firms the advan tage to cus tom ize the eval u a-

tion period to the tox ic ity of the agent or envi ron men tal sam ple 

(Her ko vits and Pérez-Coll, 2003). As pre lethal effects in the case 

of embryos chal lenged to the higher Ni con cen tra tions we found 

reduced motil ity, loss of epi the lial cells in the tail and stunted 

appear ance. In mam mals, among sub-lethal effects related to 

nickel tox ic ity skin  aller gies, lung fibro sis, var i able degrees of kid-

ney and  car dio vas cu lar sys tem poi son ing and stim u la tion of neo-

plas tic trans for ma tion, were reported (Denk haus and Sal ni kow, 

2002) reflect ing the diver sity of adverse effects pro duced on cells 

and tis sues by this metal. The molec u lar mech a nisms of nickel tox-

ic ity include oxi da tive stress and its effects on het ero chro ma tin, 

gene silenc ing  induc tion, DNA hy per me thy la tion, inhi bi tion of his-

tone acet y la tion,  inter fer ence with base and nucle o tide exci sion 

repair,  result ing in Ni-induced genetic dam age, muta tions and 

 car ci no gen e sis (Costa, 2002).

Low level expo sures are increas ingly con sid ered as rel e vant for 

human health and envi ron men tal pro tec tion pur poses. Ni tis sue 

res i dues of 0.5, 2.1 and 3.6 lg Ni g¡1 w/w cor re spond to 16, 64 and 

160 lg Ni2+ L¡1 in the exter nal media cor re spond ing to BCFs rang-

ing from 23 to 33, that is within the range of BCFs for sub-toxic 

expo sure reported for fishes (Sree de vi et al., 1992). As it could be 

expected the higher BCF is related to the lower expo sure con di tion. 

It is note wor thy that the tis sue res i due val ues did not change by 

extend ing the expo sure period from 10 to15 days reflect ing that a 

dynamic equi lib rium between influx and efflux of Ni was achieved 

for each expo sure con di tion. Con sid er ing that those tis sue res i-

due val ues cor re spond to enhanced resis tance, neu tral effect, or 

increased sus cep ti bil ity, respec tively, they could be employed as 

bio mark ers of both expo sure and sus cep ti bil ity to this metal.

As ben e fi cial or adverse effects could be related to alter a tions in 

detox i fi ca tion pro cesses, it is note wor thy that Ni detox i fi ca tion is 

pre dom i nantly bound to a-glut am yl of glu ta thi one (Za roo gian and 

Ye vich, 1993), a mech a nism that is also uti lized among oth ers for 

Ag, Hg, Pb, Cd and Se. These met als influ ence xeno bi otic metab o-

liz ing enzymes such as glu ta thi one-S-trans fer ase (GST) and reduce 

glu ta thi one (GSH) (Iscan et al., 1994). On the other hand, it is well 

known that other mod i fi ca tions in the envi ron ment, includ ing 

calo ric restric tion or sub-lethal lev els of stress can sub stan tially 

affect the life-span of organ isms (Cala brese and Bald win 1998) 

which seems to be closely related to epi ge netic mech a nisms for 

gene reg u la tion (Uch ida et al., 2005). Nickel has been shown to 

Table 1

Lethal times (LTs) in h for Rhi nel la are na rum embryos exposed to 3 dif fer ent ranges of sub-toxic Ni con di tions: G1 (from 2 to 16 lg Ni2+ L¡1), G2 (from 8 to 64 lg Ni2+ L¡1), G3 

(from 20 to 160 lg Ni2+ L¡1) and their con trol (G0), and sub se quently chal lenged to 10 (B1), 20 (B2) and 30 mg Ni2+ L¡1 (B3)

B1 (10 mg Ni2+ L¡1) B2 (20 mg Ni2+ L¡1) B3 (30 mg Ni2+ L¡1)

Con di tion LT10 LT50 LT90 LT10 LT50 LT90 LT10 LT50 LT90

G0 96 164 >216 72 120 164 44 72 120

G1 164 216 >216 72 96 164 48 72 96

G2 120 164 216 72 120 164 44 72 96

G3 44 120 168 24 48 96 24 44 48

Sta tis ti cal anal y sis between three expo sure con di tions and their respec tive con trols. For G1, only B1 con di tion had a ben e fi cial effect (p < 0.002) while for G3, all chal lenge 

con di tions resulted in adverse effects (p < 0.0001).
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Fig. 1c. Effects of the expo sure to sub-toxic nickel con cen tra tions (con di tion 3) on the sur vival of Rhi nel la are na rum embryos chal lenged to dif fer ent Ni LCs.
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alter DNA meth yl a tion pat terns and his tone acet y la tion sta tus and 

by these means affect gene expres sion even in a her i ta ble man ner 

with out directly alter ing the genome. As a whole, a pos si ble expla-

na tion of the ben e fi cial, neu tral or adverse effects due to dif fer-

ent pre-expo sure con di tions reported in this study could be that 

the low level expo sure ini ti ate defense mech a nisms like reduc tion 

in the uptake of Ni and/or the induc tion of pro tec tive mol e cules 

against Ni tox ic ity, the inter me di ate con di tion result in a bal ance 

between those ben e fi cial effects and the tox ic ity pro duced by Ni 

and finally the adverse effect of the higher pre-expo sure to Ni is 

the result of its pre dom i nantly adverse effect. It is note wor thy that 

low level expo sure con di tions were eval u ated in risk assess ment 

for human and envi ron men tal health includ ing the estab lish ment 

of clean up cri te ria for con tam i nated sce nar ios as it was sug gested 

by Pau sten bach et al. (2006). The rec og ni tion of indi vid ual sus cep-

ti bil ity by means of low level expo sure to chem i cal stress could be 

of high value for human health pro tec tion pur poses as well as for 

the selec tion of resis tant or sus cep ti ble organ isms for pro duc tion 

or envi ron men tal pur poses.

The results reported in this study sup port to some extent the 

Ar ndt–Schulz law which pre dicts within two orders of mag ni tude 

below the no-observable-effect-level (NOEL) val ues, the obtain ing 

of a dose–response b curve with a low dose stim u la tion-high dose 

inhi bi tion effect referred some times as hor me sis (Cala brese and 

Bald win, 1998). R. are na rum embryos were exposed to three ranges 

of Ni con cen tra tions, from sim i lar to pris tine envi ron men tal con-

di tions (2–10 lg Ni2+ L¡1) up to one order of mag ni tude below its 

NOEC val ues. As a gen eral pattern, it can be con cluded that the 

lower pre-expo sure con di tion resulted in an enhanced resis tance 

to Ni, the inter me di ate treat ments in neu tral effects, while the 

higher pre-expo sure in adverse results.

It is note wor thy that the expo sure of R. are na rum embryos to 

very low Ni con cen tra tions (up to 4 orders of mag ni tude below the 

NOEC) results in a sig nifi  cant increase in the resis tance of those 

embryos in case of chal lenges to lethal con cen tra tions of this metal 

(Pérez-Coll et al., 2006). There fore, the response capa bil ity of the 

amphib ian embryo to low level con cen tra tions of Ni is by far more 

com plex than antic i pated by the Ar ndt–Shultz law. More over, the 

stage-depen dent sus cep ti bil ity dur ing onto gen e sis  (Her ko vits 

et al., 1997b) and the wide range of low level con cen tra tions that 

may have a bio log i cal effect (Her ko vits and Pérez-Coll, 1993), 

point out that it is mean ing ful to revisit the low level expo sure/

effects con cept. As the amount of metal that binds to living organ-

isms is deter mined by a com pe ti tion for metal ions between the 

biotic ligand and the other aque ous ligands, par tic u larly dis solved 

organic mat ter (Di Toro et al., 2001), for envi ron men tal con di tions 

the biotic ligand model (BLM) could be of high value in order to 

assess expo sure con di tions.

Adap ta tion to metal con cen tra tions in field pop u la tions was 

inter preted as the dynamic inter ac tion between the selec tive 

pressure of ele vated pol lu tants and gene flow (Bran don, 1990; 

Gro enendijk et al., 2002). Thus, from an evo lu tion ary per spec tive, 

the fact that the response capa bil ity of the amphib ian embryo to 

Ni (Pérez-Coll et al., 2006) is far below its val ues in nat u ral fresh 

waters that range from 2 to10 lg L¡1 (IPCS, 1991), could be con sid-

ered as a rem i nis cence of ancient envi ron men tal con di tions with 

very low bio avail able Ni con cen tra tion in fresh water bodies. This 

assump tion is in line with the con cept that changes in sus cep ti-

bil ity as well as in the embry onic metab o lism dur ing onto gen e sis 

could be con sid ered as bio mark ers of envi ron men tal changes dur-

ing the evo lu tion ary pro cess (Her ko vits, 2006).

5. Con clu sion

The resis tance to Ni in R. are na rum embryos could be mod u-

lated by means of sub-toxic expo sures to this metal. By means 
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Fig. 2. Ni con tents in Rhi nel la are na rum embryos exposed to sub-toxic con cen tra tions of this metal.



 C.S. Pérez-Coll et al. / Chemosphere 74 (2008) 78–83 83

of subsequent chal lenge expo sure to lethal con cen tra tions of Ni, 

the lower, inter me di ate and higher sub-toxic con cen tra tions of Ni 

resulted in enhanced, neu tral and adverse effects on embry onic 

sur vival, respec tively. Ni tis sue res i due val ues could be con sid ered 

as bio mark ers of expo sure and sus cep ti bil ity of the amphib ian 

embryos to this metal.
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