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          1   Introduction 

 Mercury (Hg) is a globally distributed environmental contaminant with both natural 
and anthropogenic sources. Of the forms and oxidation states of Hg, the organic 
form, methylmercury (MeHg), is the most biologically available and the most toxic 
(Scheuhammer et al.  2007  ) . MeHg can be neurotoxic, embryotoxic, and can impair 
physiological function, particularly by disrupting endocrines (Tan et al.  2009  )  and 
altering reproductive behavior (Frederick and Jayasena  2010  ) . Because MeHg can 
be bioaccumulated and biomagni fi ed through the food web, diet is the major path-
way by which vertebrates are exposed (Liu et al.  2008  ) . Species occupying higher 
trophic levels in aquatic systems are considered to be at the greatest exposure risk, 
particularly birds at trophic levels 4 or 5. Although concentrations of Hg can exist 
in surface water at or near historical background concentrations, the concentrations 
of Hg that exist in wildlife are higher (Liu et al.  2008  ) . Chronic dietary exposure to 
relatively small, environmentally relevant concentrations of MeHg is suf fi cient to 
be accumulated by tissues to concentrations that impair reproduction of birds 
(Frederick and Jayasena  2010  ) . 

 Environmental contamination by Hg released from human activities is a major 
concern in China (Feng  2005  ) . Concentrations of Hg from anthropogenic emissions 
that are greater than the historical and regional background levels (Zheng et al. 
 2010  )  are extensively distributed, and have been detected in surface waters and 
tissues of birds (Feng  2005 ; He et al.  2010 ; Jin et al.  2006 ; Zhu et al.  2012  ) . However, 
no speci fi c guidelines, standards, or criteria have been established for the risk that 
MeHg may pose to wildlife in China. Assessing the risk that MeHg poses to birds in 
Chinese aquatic systems is urgently needed to support national policy-making deci-
sions. Thus, derivation of Hg wildlife criteria values that apply to the aquatic systems 
characteristic of China is a primary task of aquatic environmental managers. 

 Recently, using the tissue residue approach has been recommended for assessing 
the ecological risk of bioaccumulative contaminants (Sappington et al.  2011 ; 
Beckvar et al.  2005 ; Newsted et al.  2005  ) . Because wildlife regularly consume  fi sh, 
toxicity reference values (TRVs) that are based on  fi sh tissue concentrations have 
been developed for 2,3,7,8-tetrachlodibenzo- p -dioxin (TCDD), polychlorinated 
biphenyls (PCB), per fl uorooctane sulfonate (PFOS), and cadmium (Cd) (Newsted 
et al.  2005 ; Kannan et al.  2000 ; Blankenship et al.  2008 ; Stanton et al.  2010  ) . 
Moreover, concentrations of contaminants in tissues of wildlife, such as blood and 
feathers (Kahle and Becker  1999 ; Herring et al.  2009  ) , have been used as exposure 
indices for risk assessments. Using the cumulatively ingested dose of a chemical 
from consuming contaminated food (e.g., tissues) is more accurate in that it accounts 
for bioaccumulation and bioavailability. A direct relationship between toxicity and 
the consumed (internal) dose can be either measured or predicted (Sappington et al. 
 2011  ) . Exposure to the internal dose can be expressed on a tissue-speci fi c or whole-
body basis. The internal dose can be either measured or predicted from key ratios, 
such as bioconcentration, -accumulation, and -magni fi cation factors (BCF, BAF, 
and BMF), respectively, from trophic magni fi cation factors (TMF), or from more 
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complex pharmacokinetic models. Therefore, TRVs and tissue residue criteria 
(TRCs) that are based on concentrations of toxicants in tissues are effective for 
protecting wildlife from the hazards of exposure to pollutants. To illustrate, the criti-
cal blood concentration of lead (Pb) has been derived for wildlife by using the tissue 
residue approach (Buekers et al.  2009  ) , and TRVs were derived for PFOS in avian 
tissues (e.g., serum and liver) and eggs (Newsted et al.  2005  ) . 

 Establishing regional criteria is preferred, because species composition, bioac-
cumulation rates and wildlife diets vary among locations. Canada and the USA have 
established criteria for assessing potential adverse effects on wildlife from exposure 
to MeHg. The Canadian Council of Ministers of Environment (CCME) derived 
wildlife guidelines that were based on concentrations of MeHg in  fi shes, in which 
the body mass (bm) and rate of food ingestion by Wilson’s storm petrel ( Oceanites 
oceanicus ) were incorporated (CCME  2000  ) . The U.S. Environmental Protection 
Agency (US EPA) developed criteria for protecting wildlife that were based on 
concentrations of MeHg in water, in which the body mass, rate of food ingestion, 
and BMF for three representative bird species endemic to the North American Great 
Lakes were used (US EPA  1995b  ) . In addition, by using the Great Lakes Water 
Quality Initiative (GLWQI), the US EPA developed a set of application factors to 
account for uncertainties. In these previously developed guidelines and criteria (US 
EPA  1995b ; CCME  2000  ) , the effects of MeHg on reproduction of mallards were 
used as the critical basis for deriving criteria. 

 Recently, several new studies of the toxicity of MeHg to birds have become avail-
able. The results of these studies suggest that the mallard is not the most sensitive 
avian species to the effects of MeHg (Heinz et al.  2009,   2010a  ) , and thus may not 
be representative or protective of other species. Therefore, it was deemed desirable 
to update the TRV values to re fl ect the effects of MeHg on birds that consume 
aquatic biota. Such an update can then be applied to representative species endemic 
to China. The latest research on the toxicity of MeHg to birds was reviewed, and 
thresholds of toxicity were derived that were based on concentrations of MeHg in 
the diet ( fi sh) and on concentrations of MeHg in tissues of birds. Finally, estimates of 
TRV and TRC values to protect birds in Chinese aquatic systems from the effects of 
MeHg were developed.  

    2   Data Collection and Analysis 

    2.1   Selection of Representative Species in China 

 According to viewpoints expressed in the technical support document for the 
GLWQI, the primary basis for selecting representative avian species is exposure to 
contaminants through aquatic food chains, such as  fi sh-consuming species. The spe-
cies that experience the greatest exposure are favored as representative avian species 
(US EPA  1995c  ) . Three species that commonly inhabit Chinese aquatic ecosystems 
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were selected as representative species in China. These three species were the night 
heron ( Nycticorax nycticorax ), little egret ( Egretta garzetta ), and Eurasian spoon-
bill ( Platalea leucorodia ), all of which consume aquatic prey. These three species 
are widely distributed in Chinese aquatic ecosystems (Barter et al.  2005  ) , and each 
has been studied extensively as indicators of environmental pollution and wetlands’ 
health (Zamani-Ahmadmahmoodi et al.  2010 ; Burger and Gochfeld  1997 ; Zhang 
et al.  2006 ; An et al.  2006  ) . The night heron and Eurasian spoonbill are species 
regarded as second-grade state-protected animals in China. The little egret and 
Eurasian spoonbill are species listed in the Convention on International Trade in 
Endangered Species of Wild Fauna and Flora. Body mass and rates of food inges-
tion for these three species are summarized in Table  1 .   

    2.2   Selection of Toxicity Data 

 Information on effects of MeHg on birds has been summarized by the US EPA (US 
EPA  1995b  ) . Toxicity threshold values for MeHg, expressed as no observed adverse 
effects levels (NOAEL) or lowest observed adverse effects levels (LOAEL), were 
derived from several endpoints, and were determined for avian wildlife based on 
concentrations ingested by eating  fi sh and bird tissues. Dietary-based data were 
converted to average daily intake (ADI) values and were expressed as units of  m g 
MeHg/g body mass/day ( m g MeHg/g (bm)/day). ADI values were calculated from 
body masses and rates of ingestion by the selected surrogate birds. When rates of 
food ingestion were not reported in a paper, they were calculated by using the most 
recent allometric equations (Nagy  2001  ) . 

 The principles used as the basis for selecting utilizable NOAEL or LOAEL  values 
were as follows (CCME  1998  ) : (1) the study retained suitable control  conditions; 
(2) the study was designed to consider ecologically relevant endpoints, such as 
reproduction, embryonic development, offspring or survival of adults (F 

0
 ), growth, 

   Table 1    Body mass and rate of food ingestion for three representative species   
 Species and life history parameters  Value  References 

 Night heron ( Nycticorax nycticorax ) 
 Body mass (kg)  0.706 a, b   Dunning  (  1993  )  
 Rate of ingestion (kg/day)  0.239 c  
 Little egret ( Egretta garzetta ) 
 Body mass (kg)  0.342 a   Zamani-Ahmadmahmoodi 

et al.  (  2010  ) ; Fujita  (  2003  ) ; 
Zhang and Liu  (  1991  )  

 Rate of ingestion (kg/day)  0.148 c  

 Eurasian spoonbill ( Platalea leucorodia ) 
 Body mass (kg)  2.232  Liu et al.  (  2003  )  
 Rate of ingestion (kg/day)  0.514 c  

   a Geometric mean of the data from different studies 
  b Geometric mean of the values reported (Dunning  1993  )  and the data from China Digital Science and 
Technology Museum (  http://amuseum.cdstm.cn/AMuseum/dongwu/page/animal_detail_4683.html    ) 
  c Calculated from the allometric equation (Nagy  2001  ) : FI = 3.048 × BW 0.665   

http://amuseum.cdstm.cn/AMuseum/dongwu/page/animal_detail_4683.html
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and other responses; (3) a clear dose–response relationship was demonstrated in the 
study; (4) the form and dosage of test chemical were reported; (5) the tested chemi-
cal was administered via the oral, rather than by other routes (i.e., only the oral route 
is natural for wildlife in the  fi eld); and (6) studies that included only acute exposures 
were not accepted, because they provided no data on chronic, sublethal effects on 
wildlife.  

    2.3   Methods of Deriving TRVs and TRCs 

 Two methods were used to derive TRVs from dietary or tissue concentrations. These 
were the critical study approach (CSA) and the species sensitivity distribution (SSD) 
approach. TRVs that were based on dietary exposure are expressed as daily dietary 
intake ( m g MeHg/g (bm)/day). TRVs that were based on dietary exposure were 
converted to the corresponding dietary-based TRC values by using body masses and 
rates of food ingestion by the three representative surrogate species. The TRVs that 
were based on concentrations of MeHg in tissues of birds do not vary among repre-
sentative species as a function of body mass and rate of ingestion. 

  CSA . CSA is the primary method for assessing risk to wildlife and for deriving crite-
ria for protection of wildlife (CCME  1998 ; US EPA  1995a,   b,   2003 ,  2005 ; Sample 
and Suter  1993  ) . This method is used to select the critical study for deriving recom-
mended TRVs, which involves  fi nding a technically defensible, de fi nitive study from 
which a toxicity threshold is bracketed by experimental doses (Blankenship et al. 
 2008 ; US EPA  2003  ) . A series of uncertainty factors (UFs) are applied to LOAEL or 
NOAEL values that are obtained from the critical study, and these are used to deter-
mine the TRVs. A UF is assigned from guidance given in the Technical Support 
Document (TSD) for Wildlife Criteria for the GLWQI (US EPA  1995c  ) , and in the 
GLWQI Criteria Documents for the Protection of Wildlife (US EPA  1995b  ) . Three 
sources of uncertainty are considered in assigning a UF value: (1) interspecies differ-
ences in toxicological sensitivity (UF 

A
 ), (2) subchronic to chronic extrapolations 

(UF 
S
 ), and (3) LOAEL to NOAEL extrapolations (UF 

L
 ). Application factors for each 

source of uncertainty were assigned values between 1 and 10, based on available 
information and professional judgment (US EPA  1995c ; Newsted et al.  2005  ) . 

  SSD . SSD is a statistical distribution representing the variation in sensitivity of spe-
cies to a contaminant, and can be developed by a statistical or empirical distribution 
function of response for a sample of species (   Posthuma et al.  2002  ) . This method 
has been used to assess risks to aquatic organisms and for deriving water quality 
criteria (WQC) for protecting aquatic species (   Caldwell et al.  2008 ; Hall et al.  1998 ; 
Solomon et al.  1996 ; Stephan et al.  1985  ) . However, because data on the toxicity of 
contaminants to wildlife are often insuf fi cient, the SSD approach to assess wildlife 
risks has not often been applied. For the analysis presented herein, the SSD was 
used to determine the concentration of MeHg that would be protective of wildlife. 
This concentration is the  fi fth centile (HC 

5
 ) of the SSD generated from selected 

wildlife effects data for MeHg. Data representing the most sensitive endpoint for 
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each species were selected to construct the SSD. If the duration of exposure was 
deemed to be insuf fi cient, or if only an unbounded LOAEL was produced in some 
studies, the data were corrected before  fi tting the SSD function, by using UF 

S
  or UF 

L
  

(US EPA  2005  ) . The basic assumption of the SSD approach is that sensitivity among 
species can be described by using a speci fi ed statistical distribution, such as the 
normal (Wagner and Løkke  1991 ; Aldenberg and Jaworska  2000  ) , logistic (Kooijman 
 1987 ; Aldenberg and Slob  1993  ) , triangular (Stephan et al.  1985  ) , or Weibull 
(   Caldwell et al.  2008  )  probability functions, or by using distribution-free, nonpara-
metric methods (Ling  2004 ; Newman et al.  2000  ) . It was assumed that the toxicity 
data selected for MeHg are skewed and can be described by using a log-normal 
distribution (Aldenberg and Jaworska  2000  ) . The ETX2.0 program was used to  fi t 
the distribution (Van Vlaardingen et al.  2004  ) . The HC 

5
  and its two-sided 90% 

con fi dence limits, designated as lower limit (LL HC 
5
 ) and upper limit (UL HC 

5
 ), 

were calculated. The goodness of  fi t was tested with the Anderson-Darling and 
Kolmogorov-Smirnov tests to ensure that the data were log-normally distributed.   

    3   Review of MeHg Toxicity to Birds 

 The results of subchronic and chronic toxicity testing on the mallard ( Anas platy-
rhynchos ), white leghorn chicken ( Gallus domesticus ), ring-necked pheasant 
( Phasianus colchicus ), Japanese quail ( Coturnix japonica ), red-tailed hawk ( Buteo 
jamaicensis ), and zebra  fi nch ( Poephila quttata ) have been summarized in the 
GLWQI Criteria Documents for the Protection of Wildlife (US EPA  1995b  ) . No 
additional toxicity information was available for these species except for mallard. 
Thus, the toxicity threshold concentrations from diet and tissue data for the other 
 fi ve species were used directly (Table  2 ). Below, a review of the recent relevant 
toxicity studies is presented.  

  Mallard  ( A. platyrhynchos ). As stated in the GLWQI Criteria Documents (US EPA 
 1995b  ) , the dietary LOAEL and NOAEL values for mortality and for neurological 
effects on the mallard were 3.0 and 0.5  m g MeHg/g feed (dry weight, dwt), respec-
tively (Heinz and Locke  1976  ) . Using the average body mass of 1 kg for a mallard 
(Delnicki and Reinecke  1986  ) , a rate of food ingestion of 0.051 kg dried feed/kg 
fresh (bm)/day was derived from Nagy’s (Nagy  2001  )  allometric equation for 
omnivorous birds, rather than the equation (Nagy  1987  )  that was used in the GLWQI 
Criteria Documents for Protection of Wildlife. Assuming that the laboratory feed for 
the mallard consists of 10% water (US EPA  1995b  ) , the rate of food ingestion would 
be equivalent to 0.057 kg food (wwt)/kg (bm)/day. Corresponding values for 
LOAEL and NOAEL were calculated to be 0.171 and 0.029  m g MeHg/g (bm)/day. 
The LOAEL and NOAEL values, expressed as concentrations of MeHg in egg, 
were, respectively, 0.79 and 5.64  m g MeHg/g (wwt) (Heinz and Locke  1976  ) . Based 
on multigenerational effects on reproduction, when converted from the dietary val-
ues by the use of rates of consumption of food of 0.156 kg food (wwt)/kg (bm)/day 
(US EPA  1995b  ) , the dietary LOAEL value was 0.078  m g MeHg/g (bm)/day. 
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The corresponding concentrations of MeHg in tissues such as liver, kidney, breast 
muscle, brain, ovary, and primary feathers, and in eggs are given (geometric mean 
for three generations) for mallards (Heinz  1979 ; Table  2 ). 

 Reproductive effects of MeHg on mallards were investigated by exposing adults 
to one of four doses of MeHg (1, 2, 4, or 8  m g MeHg/g (dwt)) (Heinz et al.  2010a  ) . 
No adverse effects were observed in adults, or on egg fertility or the rate of hatching 
success. However, at doses of 4 or 8  m g MeHg/g (dwt), survival of ducklings and the 
number of ducklings produced per female were less than those of untreated controls. 
   Ducklings at 6 days of age from parents fed 4 or 8  m g MeHg/g (dwt) weighed less 
than the controls. Thus, doses of 2 and 4  m g MeHg/g (dwt) were considered to be the 
dietary-based NOAEL and LOAEL values, respectively. However, both doses were 
greater than the LOAEL of 0.5  m g MeHg/g (dwt) (Heinz  1979  ) , which was deter-
mined from the results of a multigeneration exposure. The corresponding daily 
doses, which were converted from the dietary values using a rate of ingestion of food 
of 0.057 kg/kg (bm)/day, were 0.114 and 0.228  m g MeHg/g (bm)/day, respectively. 
The NOAEL and LOAEL for Hg concentrations in eggs are provided in Table  2 . 

 When lesser doses of MeHg were injected into mallard eggs, hormesis was 
observed at 0.05  m g MeHg/g (wwt) (least dose) (Heinz et al.  2011  ) , which agrees 
with a similar observation, in which mallards were exposed to a single dose of 0.5  m g 
MeHg/g (dwt) (Heinz et al.  2010b  ) . However, the mean concentration of MeHg in 
eggs of hens fed MeHg in the diet was 0.81  m g MeHg/g (wwt) (Heinz et al.  2010b  ) , 
a value greater than the 0.05  m g/g (wwt) of Hg that was injected. The exposure path-
way was regarded to be the major reason for the difference. It was suggested that 
when MeHg was injected into embryos it was more toxic than equivalent concentra-
tions of maternally deposited MeHg (Heinz et al.  2009,   2011  ) . Although the mecha-
nism for this discrepancy is not well understood, it is probably due to a difference in 
dose vs. dose rate, or from the binding of MeHg, which results from differences in 
biological activity between the two vectors of exposure. The results of a single dose 
MeHg exposure (0.5  m g MeHg/g (dwt)) (Heinz et al.  2010b  )  seemed to contradict 
the results of the multigeneration, dietary exposure in which the same dose was 
used. This might result from differences between forms of MeHg and the sources of 
mallards tested (Heinz et al.  2010b  ) . Thus, additional research is needed on “low-
dose” effects of MeHg to the mallard. According to the analysis above, the results 
from the multigeneration exposure, rather than those from the latest studies (Heinz 
et al.  2010a,   b  ) , should be used as the basis for developing TRVs and TRCs. 

  Great egret  ( Ardea alba ). Several different effects, including behavior (Bouton 
et al.  1999  ) , survival, growth and accumulation in tissues (Spalding et al.  2000a  ) , 
histology, neurology, and immunology (Spalding et al.  2000b  )  from exposure to 
MeHg, were addressed in three sladies, in which juvenile great egrets were exposed 
to two dietary doses of 0.5 or 5  m g MeHg/g (wwt) for 12 weeks. Severe ataxia was 
observed in individuals fed the greater dose, whereas the lesser dose produced effects 
on activity, a tendency to seek shade, and motivation to hunt prey (Bouton et al. 
 1999  ) . After 9 weeks of exposure, appetite and mass declined signi fi cantly in both 
dosed groups (Spalding et al.  2000a  ) . Adverse effects, related to immune function, 
were observed in individuals fed the lesser dose, whereas individuals fed the greater 
dose exhibited adverse effects on tissues related to immune and nerve functions 



63Toxicity Reference Values and Tissue Residue Criteria for Protecting Avian…

(Spalding et al.  2000b  ) . In a study of the biochemical effects of MeHg (Hoffman 
et al.  2005  ) , only activities of the enzyme aspartate aminotransferase (AST) in blood 
plasma, and thiobarbituric acid-reactive substances (TBARS) in liver of individuals 
fed the lesser dose were signi fi cantly greater than those of the control group. However, 
there were signi fi cant changes in activities of glutathione peroxidase (GSH-Px), 
aspartate aminotransferase (AST), lactate dehydrogenase, and in the concentrations 
of uric acid, total protein, and inorganic phosphorus in tissues of individuals fed the 
greater dose. Therefore, on the basis of effects observed, the dietary LOAEL value 
for the great egret was determined to be 0.5  m g MeHg/g (wwt). The corresponding 
LOAEL values were based on concentrations in plasma, liver, brain, and kidney, and 
are presented in Table  2 . Using an average bm of 1.0 kg for great egret reported by 
Rumbold et al.  (  2008  ) , and a rate of intake of food of 0.181 kg/day estimated from 
an allometric equation for wading birds (Kushlan  1978 ; US EPA  1993  ) , the dietary 
LOAEL was calculated to be 0.091  m g MeHg/g (bm)/day. 

  Common loon  ( Gavia immer ). The effects of MeHg on growth (Kenow et al.  2003  ) , 
behavior (Kenow et al.  2010  ) , immune function (Kenow et al.  2007a  ) , and the bio-
chemical index (Kenow et al.  2008  )  of juvenile common loons were investigated 
during which individuals were exposed for 15 weeks. Neither adverse effects on 
growth or survival occurred in loons that were exposed to three doses, 0.1, 0.5, or 
1.5  m g MeHg/g (wwt) (Kenow et al.  2003  ) , nor behavioral effects at doses of 0.08, 
0.4, or 1.2  m g MeHg/g (wwt) (Kenow et al.  2010  ) . However, adverse effects on 
immune function (Kenow et al.  2007a  )  and effects related to oxidative stress and 
altered glutathione metabolism (Kenow et al.  2008  )  occurred at 0.4 and 1.2  m g 
MeHg/g (wwt). Using a bm of 4.67 kg for common loon adults (Barr  1996 ; Dunning 
 1993  ) , a food intake rate of 0.839 kg/day was derived from the allometric equation 
for carnivorous birds (Nagy  2001  ) . Thus, the dietary-based NOAEL value, based on 
growth effects of the common loon, was 0.27  m g MeHg/g (bm)/day (1.5  m g MeHg/g 
(wwt)). The NOAEL and LOAEL values were based on dietary exposure and effects 
on immune function and biochemistry, and were, respectively, 0.014  m g MeHg/g 
(bm)/day (0.08  m g MeHg/g (wwt)) and 0.072  m g MeHg/g (bm)/day (0.4  m g MeHg/g 
(wwt)). The corresponding concentration of MeHg in blood that was associated 
with growth effects was 3.33  m g MeHg/mL (Kenow et al.  2003  ) . In Table  2 , we 
show the LOAEL values for blood, brain, kidney, breast muscle, liver, and feathers 
(geometric mean of Hg in feather at different sites); these were based on immune 
and biochemical-function effects. The corresponding NOAEL values were not 
available (Kenow et al.  2007b  ) . 

  White ibis  ( Eudocimus albus ). Juvenile white ibises were exposed to dietary MeHg 
at three doses of 0.05, 0.1, or 0.3  m g MeHg/g (wwt), and their foraging behavior and 
ef fi ciency (Adams and Frederick  2008  ) , survival (Frederick et al.  2011  ) , and breeding 
behavior (Frederick and Jayasena  2010  )  were examined. Hormetic effects were 
observed on foraging ef fi ciency at doses of 0.05 and 0.1  m g MeHg/g (wwt), and the 
effects from exposure to the 0.3  m g MeHg/g (wwt) group were similar to that of 
the controls. However, no clear dose–response relationship was demonstrated in the 
Adams and Frederick  (  2008  )  study. Therefore, we did not further utilize this study for 
deriving TRVs. Exposure to MeHg at these three doses did not affect the survival of 
white ibises (Frederick et al.  2011  ) . The effect on breeding behavior was investigated 
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by exposing white ibises to these three doses of MeHg over a 3-year period (Frederick 
and Jayasena  2010  ) . The effects produced were increases in male–male pairing 
behavior, dose-related reductions in key courtship behaviors for males, and fewer 
eggs laid (Frederick and Jayasena  2010  ) . In addition, productivity per nest by hetero-
sexual males was signi fi cantly less than that of controls. These reproductive effects 
could be related to changes in endocrine function, because concentrations of estradiol 
and testosterone were altered in birds exposed to all three doses of MeHg (0.05, 0.1 
and 0.3  m g MeHg/g (wwt)) (Jayasena et al.  2011  ) . In another study, endocrine func-
tion of white ibises was affected by relatively small concentrations of MeHg. These 
small exposures might have changed reproductive behavior and altered mate choice 
in males, and may have reduced reproductive success so as to  fi nally in fl uence popu-
lation numbers. Studies of wild birds (Heath et al.  2005  )  also suggest that exposure 
to Hg may result in fewer birds nesting or more nest abandonment from subacute 
effects on hormone systems. From these studies, the dietary LOAEL value for a 
reproductive endpoint in white ibises exposed to MeHg was established to be 0.05  m g 
MeHg/g (wwt), and the corresponding Hg tissue residue concentrations were 6.32  m g 
total Hg (THg)/g (wwt) (geometric mean of values during 2006 and 2008) in blood, 
and 0.73  m g THg/g (wwt) in feathers (Frederick and Jayasena  2010  ) . Concentrations 
of THg in blood and feathers were derived primarily from MeHg food residue infor-
mation. Using a white ibis bm of 0.869 kg (geometric mean) (Dunning  1993  ) , and a 
food ingestion rate of 0.182 kg/day (21% of bm) (Kushlan  1977  ) , the corresponding 
LOAEL was derived to be 0.010  m g MeHg/g (bm)/day. 

  American Kestrel  ( Falco sparverius ). American kestrels were exposed to 0.3, 0.7, 
1.2, 1.7, or 2.2  m g MeHg/g (wwt), and parameters of their reproduction were mea-
sured (Albers et al.  2007  ) . Adverse effects on reproduction were observed in birds at 
all doses. At a dose of 0.3  m g MeHg/g (wwt), the number of  fl edglings and the per-
cent of nestlings  fl edged were lesser than that of controls and were lesser yet at the 
greater doses (i.e., 0.7 or 1.2  m g MeHg/g (wwt)). Total failure of  fl edging was 
observed at 1.7  m g MeHg/g (wwt). Thus, 0.3  m g MeHg/g (wwt) was considered to be 
a LOAEL for reproductive effects in American kestrels. The LOAEL, based on con-
centrations in eggs, was 2.00  m g MeHg/g (wwt). Using a bm of 0.119 kg and a food 
ingestion rate of 0.022 kg/day (geometric means) (Dunning  1993 ; Yáñez et al.  1980 ; 
US EPA  1993  ) , a dietary-based LOAEL value of 0.055  m g MeHg/g (bm)/day was 
calculated. 

 Effects of MeHg on immune function and hematology were determined for adult 
male American kestrels exposed to 0.23 or 1.5  m g MeHg/g (wwt) for a period of 13 
weeks (Fallacara et al.  2011  ) . Suppression of immune function occurred at both doses. 
Adult kestrels were more sensitive to the effects of MeHg for immune function than 
for reproduction. The 0.23  m g MeHg/g (wwt) dose was assigned as the dietary LOAEL 
value for immunotoxic effects. Using bm and rate of ingestion of food, this LOAEL 
was converted to an ADI of 0.043  m g MeHg/g (bm)/day. The corresponding concen-
trations of total Hg in blood and spleen after exposure are shown in Table  2 . The toxic 
effects observed in the foregoing studies for birds are summarized in Table  2 , and the 
LOAEL and NOAEL values, expressed as ADI, are shown in Fig.  1 . Reproduction, 
immune-function, and effects on biochemistry were more sensitive to MeHg exposure 
than were behavior, mortality, and neuropathology effects. The reproductive, immune 
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  Fig. 1    Toxicity thresholds for avian species dietary exposure to MeHg expressed as the average 
daily intake (ADI). The  asterisk  indicates that the data are critical for deriving the criteria values. 
 NOAEL  no observed adverse effects level,  LOAEL  lowest observed adverse effects level,  bm  body 
mass. See Table  2  for data set       
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function, and biochemistry effects occurred over a dose range of 0.01–0.67  m g MeHg/g 
(bm)/day. The threshold for other adverse effects was 0.029  m g MeHg/g (bm)/day. 
White ibises, juvenile common loons, mallards, and American kestrels are species 
that are relatively more sensitive than other species. Although all effects were con-
centration dependent, the endpoint that was most biologically relevant and sensitiv-
ity to it varied among bird species. The most sensitive endpoint effect for MeHg 
exposure in any species was reproductive productivity of the white ibis (Frederick 
and Jayasena  2010  ) .   

    4   Derivations of TRVs and TRCs 

  CSA . As indicated above, the study on the reproductive effects of MeHg in white 
ibises (Frederick and Jayasena  2010  )  was the most appropriate critical study, and the 
results of that study were used for deriving the TRV and TRC. Both juveniles and 
adults were exposed over 3 years and three breeding seasons in the critical study. 
LOAEL values were based on reproductive effects in white ibis, and in particular on 
male–male pairing behavior and on fewer eggs laid. The LOAEL values were 
expressed as both dietary (ADI) and residue concentrations in feathers and blood 
(viz., respectively, 0.010  m g MeHg/g (bm)/day, 6.32  m g THg/g (wwt), and 0.73  m g 
THg/g (wwt)). Based on reproductive effects of MeHg on white ibises and on char-
acteristics of avian predators, three uncertainty factors were considered as follows: 
(1) an interspecies uncertainty factor, (2) a LOAEL to NOAEL uncertainty factor, and 
(3) a subchronic to chronic uncertainty factor. An overall uncertainty factor of 2 was 
assigned to account for data gaps (US EPA  1995b,   c ; Table  3 ).  

   Table 3    Assignment of uncertainty factors for derivation of avian wildlife toxicity reference val-
ues (TRVs) for MeHg   
 Uncertainty factors  Notes 

 Interspecies 
uncertainty 
factor (UF 

A
 ) 

 The data selected to determine avian toxicity reference values were from 
a reproductive study of white ibis, which is a piscivorous wading bird 
in the same order with the three representative birds. Because the 
white ibis is the most sensitive of the species reviewed in the present 
study, UF 

A
  = 1.0 

 LOAEL to 
NOAEL (UF 

L
 ) 

 The data from the critical study is a LOAEL based on a reproduction 
endpoint in a multiple year exposure, but not a NOAEL. However, 
the difference between the LOAEL and control was only 13.2% for 
the decreases in egg productivity. Taken together with the ratio of 
LOAEL and NOAEL in other studies, the UF 

L
  = 2.0 

 Subchronic 
to chronic 
uncertainty (UF 

S
 ) 

 The critical study was conducted over 3 years, covered juvenile stage and 
3 breeding seasons, evaluated reproductive behavior and productivity, 
which are considered ecologically most relevant, thus UF 

S
  = 1.0 

 Overall uncertainty 
factor (UF) 
for TRVs 

 UF = 1 × 2 × 1 = 2 

   NOAEL  no observed adverse effects level,  LOAEL  lowest observed adverse effects level  
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   Table 4    MeHg toxicity reference values (TRVs) and tissue residue criteria (TRCs) for representa-
tive avian species based on average daily intake (ADI) or diet, feathers, and blood   

 LOAEL  TRV  TRC 

 ADI, ng MeHg/g (wwt) for TRC, ng MeHg/g (bm)/day 
for LOAEL and TRV 

 10  5.0  15.47 

 Feather,  m g THg/g (wwt)  6.32  3.16  3.16 
 Blood,  m g THg/g (wwt)  0.73  0.365  0.365 

   LOAEL  lowest observed adverse effects level,  bm  body mass,  wwt  wet weight  

   Table 5    Toxicity thresholds for species sensitivity distribution curve  fi tting ( m g MeHg/g (bm)/day)   

 Species 
 Exposure 
period 

 Reported value  Converted 
NOAEL  References  LOAEL  NOAEL 

 Mallard  3 years  0.078  0.039 a   Heinz  (  1974,   1975, 
  1976a,   b,   1979  )  

 Great egret  12 weeks  0.091  0.0455 a   Bouton et al.  (  1999  ) , 
Hoffman et al.  (  2005  ) , 
Spalding et al.  (  2000a  ) , 
Spalding et al.  (  2000b  )  

 Common loon  15 weeks  0.014  0.014  Kenow et al.  (  2008  ) , 
Kenow et al.  (  2007a  ) , 
Kenow et al.  (  2007b  )  

 American kestrel  13 weeks  0.043  0.0215 a   Fallacara et al.  (  2011  )  
 White ibis  3 years  0.01  0.005 a   Frederick and Jayasena 

 (  2010  )  
 White leghorn chicken  21 days  0.29  0.0145 a, b   Fimreite  (  1970  )  
 Ring-necked pheasant  12 weeks  0.093  0.0465 a   Fimreite  (  1971  )  
 Japanese quail  6 weeks  0.26  0.26  Eskeland and Nafstad  (  1978  )  
 Red-tailed hawk  12 weeks  0.49  0.49  Fimreite and Karstad  (  1971  )  
 Zebra  fi nch  76 days  0.88  0.88  Scheuhammer  (  1988  )  

   a The value derived by applying a LOAEL to NOAEL factor of 2.0 
  b The value derived by applying a factor of 10 to account for the uncertainty in establishing a 
NOAEL from short time (<1 month) (Jongbloed et al.  1996  )  
  NOAEL  no observed adverse effects level,  LOAEL  lowest observed adverse effects level,  bm  
body mass  

 TRVs based on ADI and on concentrations of MeHg in feathers and blood were 
5.0 ng MeHg/g (bm)/day, 3.16  m g THg/g (wwt), and 0.365  m g THg/g (wwt), respec-
tively (Table  4 ). Based on the dietary exposure of the representative avian species, 
the TRC values for the night heron, little egret, and Eurasian spoonbill were 14.77, 
11.55, and 21.71 ng MeHg/g (wwt), respectively; the geometric mean was 15.47 ng 
MeHg/g (wwt). TRCs, based on concentrations of THg in feathers and blood were 
the same as the corresponding TRVs (Table  4 ).  

  SSD . NOAEL and LOAEL values selected for constructing the SSD were corrected 
by applying a LOAEL to NOAEL factor, or a subchronic to chronic factor (Table  5 ). 
On the basis of the function describing the toxicity thresholds of all  species (Table  5 ), 
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the HC 
5
  was predicted to be 3.09 ng MeHg/g (bm)/day, which was de fi ned as the 

dietary-based TRV (Fig.  2 ). Based on dietary exposure, TRCs for the night heron, 
little egret, and Eurasian spoonbill were 9.13, 7.14, and 13.42 ng MeHg/g (wwt), 
respectively, and the geometric mean was 9.56 ng MeHg/g (wwt).    

    5   Reasonableness of TRVs and TRCs 

 Deriving TRVs and TRCs for birds is always limited by the paucity of toxicological 
study results. To assess the risk posed by MeHg to birds in China, the TRVs and 
TRCs, based on concentrations of MeHg in tissues of  fi sh and birds, were derived 
by applying two methods and incorporating the most recent toxicological data. 
These criteria values provide points of reference for concentrations of MeHg in 
aquatic life and birds, and can be used directly in the tissue residue approach to 
ecological risk assessment. To judge the reasonableness of protective guidelines 
derived by the two methods, they were compared to criteria developed by others. 

  Fig. 2    The distribution of species sensitivity for the avian toxicity data of MeHg. Fifth centile of 
species sensitivity distribution (HC 

5
 , ng MeHg/g (bm)/day) is presented with two-sided 90% 

con fi dence limits given in  parenthesis . The goodness-of- fi t test by the use of the Anderson-Darling 
and Kolmogorov-Smirnov tests was accepted. The  black dots  represent the toxicity data, and the 
 solid curve  represents the log-normal distribution.  NOAEL  no observed adverse effects level,  bm  
body mass. See Table  5  for data set       
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  CSA . In the criteria documents of the US EPA (US EPA  1995b  )  and CCME (CCME 
 2000  ) , effects on reproduction of mallard (Heinz  1974,   1975,   1976a,   b,   1979  )  were 
used as the most appropriate results for deriving wildlife criteria values. The sensi-
tivity of the reproductive endpoint of mallard to MeHg was similar to that of the 
reproductive and immune endpoints of American kestrels, but less than that of the 
immune and biochemical endpoints of juvenile common loons, and the reproduc-
tive endpoint of white ibises (Fig.  1 ). Thus, it was concluded that reproduction of 
the mallard is relatively insensitive to the effects of MeHg (Heinz et al.  2010a  ) . This 
conclusion was con fi rmed by using a study in which the eggs of 26 bird species 
were injected with MeHg (Heinz et al.  2009  ) . Only one species, the double-crested 
cormorant ( Phalacrocorax auritus ), was less sensitive than the mallard (Heinz et al. 
 2009  ) . Therefore, basing the TRVs and TRCs on the reproduction study results in 
white ibises provides more protection to avian wildlife than basing them only on the 
results of MeHg effects on the mallard. 

 A dietary-based TRC of 33 ng MeHg/g (wwt) has been derived by CCME for 
Wilson’s storm petrel from study results on mallard without applying UFs (CCME 
 2000  ) . If a UF of 2.0 is applied to this value, the TRC for Wilson’s storm petrel would 
be 16.5 ng MeHg/g (wwt), which is similar to the value derived in the present evalu-
ation. However, the TRV given by the CCME would become 15.5 if a UF of 2.0 is 
applied. This value is three times greater than the TRV of 5.0 ng MeHg/g (bm)/day 
derived in the present assessment. The difference is because Wilson’s storm petrel 
has a greater ingestion of food (FI):BM ratio of 0.94. The species with the greatest 
FI:BW ratio has the greatest potential exposure to contaminants. Hence, the selection 
of representative species is important for deriving a TRC. 

 A NOAEL of 0.014  m g MeHg/g (bm)/day for effects on immune function and 
other biochemical effects in juvenile common loons is similar to the value derived for 
the white ibis. When this value was used to derive a TRV, and a UF 

L
  of 1.0, a UF 

S
  of 

1.0 and a UF 
A
  of 3.0 were considered; the resulting avian dietary-based TRV would 

be 4.7 ng MeHg/g (bm)/day, which is similar to the value derived from the MeHg 
toxicity to white ibis. The UF 

L
  was set to 1.0 because the common loons study pro-

vided a NOAEL rather than a LOAEL (Kenow et al.  2007a  ) . According to pharma-
cokinetic studies of absorption and elimination of MeHg in common loon chicks 
(Fournier et al.  2002  ) , the result of a study of common loons, with a duration of 15 
weeks, was accepted as being a chronic exposure study. Thus, a UF 

S
  of >1.0 was 

deemed to be unnecessary (Kenow et al.  2007a  ) . Although the study by Kenow et al. 
 (  2007a  )  did not provide information on the most ecologically relevant endpoint, 
which is reproduction, the common loon is a piscivorous wading bird and is the sec-
ond most sensitive avian species to MeHg. Applying a UF 

A
  of 10 is likely to be overly 

conservative. Therefore, according to the UF 
A
  used in GLWQI Criteria Document 

(US EPA  1995b  ) , an intermediate value of 3.0 was used for the UF 
A
 . 

  SSD . SSD is an effective method to represent the variation in sensitivity to chemicals 
among species. A speci fi ed effect level, such as the proportion of species expected 
to respond to a particular exposure for a speci fi c measurement endpoint, can be 
determined so that most species are protected. SSDs have been used to assess risk 
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and develop water quality criteria for aquatic species (Caldwell et al.  2008 ; Schuler 
et al.  2008  ) , but have had limited application for wildlife because of the dearth of 
toxicity data for wildlife (Awkerman et al.  2008  ) . In some studies, SSDs have been 
used to derive quality criteria to protect top predators from residues in soils 
(Jongbloed et al.  1996 ; Traas et al.  1996  ) . By incorporating interspecies toxicity 
correlation models, SSDs were developed for wildlife from toxicity data on 23 
chemicals (Awkerman et al.  2008  ) . SSDs created for 15 or more wildlife species 
could give accurate results, whereas data for approximately 7 species can be used to 
provide only an adequate estimate for some combinations of chemicals and species 
(Awkerman et al.  2008  ) . In the present study, information for ten species was used 
to construct the SSD for MeHg, with the log-normal function providing an accepted 
 fi t to the distribution, which was tested by use of the Anderson-Darling and 
Kolmogorov-Smirnov tests. The dietary TRC of 9.56 ng MeHg/g (wwt), derived by 
SSD, was slightly less than the value of 15.47 ng MeHg/g (wwt) that resulted from 

  Fig. 3    MeHg concentrations found in  fi sh from different aquatic systems in China, compared to 
the dietary-based TRC values from critical study approach (CSA) and species sensitivity distribu-
tion (SSD) approach. The  solid  and  dashed lines  represent the TRC values from CSA and SSD, 
respectively.  wwt  wet weight. Baihua Lake (Yan et al.  2008  ) , Hongfeng Lake (He et al.  2010  ) , 
Songhua River (Zhu et al.  2012  ) , Ya-er Lake (Jin et al.  2006  )  Tai Lake, and Poyang Lake (Zhang 
et al.  2006  )        
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CSA, but the results were similar. Because this assessment, the results of which are 
reported here, utilized data for ten species, the assessment resolution was no better 
than 10% (1 of 10). However, an HC 

5
  was interpolated, which previous work has 

shown is similar to the threshold value for effects as determined in multispecies 
tests. This interpolation makes sense, because not all of a compound is environmen-
tally relevant and effects on animals are dependent on the dose and dose rate. 
Furthermore, animals have the ability to repair damage, and thereby they exhibit 
some resilience. For these reasons the HC 

5
  is regarded as being a reasonable surro-

gate for the adverse effect threshold at the community and ecosystem levels of orga-
nization (Giesy et al.  1999  ) .  

    6   Comparison to Ambient Concentrations in Tissues 

 To judge the reasonableness of protective guidelines derived by the two methods, 
and to determine the potential for MeHg to cause adverse effects on  fi sh-eating 
birds, the derived TRCs were compared to MeHg concentrations measured during 
monitoring of aquatic environments in China. Concentrations of MeHg in  fi sh tis-
sues, and THg in birds of some Chinese aquatic systems, were collected from the 
literature. Concentrations of THg have been reported for prey of little egrets in Tai 
Lake and Poyang Lake, and the geometric means given were 0.24 and 0.10  m g 
THg/g (dwt), respectively (Zhang et al.  2006  ) . According to a conservative assump-
tion that vertebrates have >50% of the THg as MeHg in muscle (Albers et al.  2007 ; 
Eisler  2000  ) , and that the moisture content is 80%, the estimated MeHg concentra-
tions in the prey of little egrets in Tai Lake and Poyang Lake would be 0.024 and 
0.01  m g MeHg/g (wwt), respectively. Concentrations of MeHg in  fi sh from Baihua 
Lake (Yan et al.  2008  ) , Hongfeng Lake (He et al.  2010  ) , Songhua River (Zhu et al. 
 2012  ) , and Ya-er Lake (Jin et al.  2006  )  were also available for comparison (Fig.  3 ). 
All recorded concentrations of MeHg in  fi sh were greater than the dietary-based 
TRC value of 9.56 ng MeHg/g (wwt), which was derived by using the SSD. 
Concentrations of Hg in  fi sh from the Songhua River and Ya-er Lake were 
signi fi cantly greater than this TRC value ( p  < 0.05 by  t -test), while concentrations of 
Hg in  fi sh from Baihua, Hongfeng, and Poyang Lakes approached this TRC value 
(Fig.  3 ). Concentrations of MeHg found in  fi shes of Ya-er Lake (Jin et al.  2006  )  and 
prey of little egrets in Tai Lake were greater than the dietary-based TRC of 15.47 ng 
MeHg/g (wwt) derived by CSA, especially that of Ya-er Lake, which was signi fi cantly 
different from the TRC ( p  < 0.05 by  t -test). Therefore, there is a signi fi cant risk of 
MeHg causing adverse effects on avian wildlife populations in the Songhua River, 
and Ya-er and Tai Lakes, but a lesser risk in Baihua, Hongfeng, and Poyang Lakes. 
These results are consistent with the pollution characteristics of these water bodies. 
The Songhua River (Zhu et al.  2012  ) , and Ya-er (Jin et al.  2006  )  and Tai Lakes 
are  known to be more polluted than Poyang Lake (Zhang et al.  2006  ) . Although 
both Baihua and Hongfeng Lakes were polluted by Hg from chemical plants in 
southwest China, the special characteristics of the water environment (e.g., alkaline 
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water, eutrophication, low-dissolved organic carbon, and short food chain) limited 
accumulation of Hg in  fi sh (He et al.  2010 ; Yan et al.  2008  ) .  

 Currently, no data for concentrations of MeHg in blood or feathers of birds in 
China are available for comparison to the developed criteria. However, studies have 
been conducted to determine the total concentrations of Hg (THg) in bird feathers, 
including species located in Poyang, Tai Lakes, the Pearl River Delta (Zhang et al. 
 2006  ) , Hong Kong and Szechuan (Burger and Gochfeld  1993  ) . Nearly 100% of the 
Hg that is found in feathers is in the form of MeHg (Herring et al.  2009 ; Thompson 
and Furness  1989 ; Kim et al.  1996  ) . The range of concentrations of THg in feathers 
was 0.26–4.1  m g THg/g (dwt). The TRC, based on concentrations of THg in feathers 
that were determined in the present meta-analysis, was expressed as  m g THg/g 
(fresh weight basis). Because information on the feather moisture content of wild 
birds was not available to convert dry mass to fresh mass, some mallard feathers 
were collected and dried for 12 h in an oven at 80 °C. The range of moisture content 
found in mallard feathers was 14–20%. Thus, it was assumed that the moisture con-
tent of scapular feather of white ibis was approximately 20%. Given that value, the 
TRC, based on concentrations expressed on a dry weight basis, would be 3.95  m g 
THg/g (dwt). Only the concentration of Hg in feathers of little egret from Au Tau 
in Hong Kong (Connell et al.  2001  )  exceeded the TRC (Fig.  4 ). This result is in 
agreement with a previous risk assessment, in which Hg probably had an adverse 
effect on the breeding success of the little egret at this site (Connell et al.  2001  ) . 
Although the concentration of Hg in little egret prey at Tai Lake exceeded both 
dietary-based TRCs, the level of Hg found in little egret feathers was less than the 
feather-based TRC. We speculated that this may be due to absorption and metabo-
lism of Hg in the little egret. In conclusion, the TRC values reported in this study 
can be used as indicators for screening-level risk assessment of avian wildlife in 
Chinese aquatic systems.   

    7   Evaluation of Uncertainties 

 Describing and assessing uncertainty is an important part of deriving and applying 
TRVs and TRCs (US EPA  1998  ) . Application of qualitative and quantitative expres-
sions of uncertainty compensate for de fi ciencies in knowledge concerning the accu-
racy of test results and the data gaps related to the extrapolation of toxicity data 
among species. If uncertainty factors are identi fi ed and are defensible, a more accu-
rate estimate of TRVs and TRCs for protecting wildlife can be achieved. However, 
when uncertainty factors are applied, they are meant to make criteria more protective 
without being overly protective; the resulting TRVs and TRCs should be considered 
to be protective more than predictive of adverse effects under  fi eld conditions. 
According to the US EPA GLI Methodology and GLWQI technical support document 
for wildlife criteria, three sources of uncertainty were considered for CSA in this 
study. The  fi rst source of uncertainty was associated with interspecies extrapolation. 
Based on a comparison with other species for which LOAEL and NOAEL values are 
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  Fig. 4    Total mercury concentrations (THg) found at different sites for bird feathers in China. The 
 horizontal solid line  represents the toxicity reference criterion (TRC) for feathers.  dwt  dry weight. 
Poyang, Tai Lakes, and Pearl River Delta (Zhang et al.  2006  ) , Hong Kong and Szechuan (Burger 
and Gochfeld  1993  )        

presented (Table  2 ), the white ibis is the most sensitive species. The results of a study, 
in which MeHg was injected into eggs, indicates that white ibis is one of the species 
that are most sensitive to injected MeHg (Heinz et al.  2009  ) . In addition, the results 
of tests done under laboratory conditions are available from ten species of birds; the 
white ibis is a piscivorous wading bird that is in the same order as the three represen-
tative birds. Therefore, an UF 

A
  of 1.0 was reasonable for interspecies extrapolation of 

toxicity data to protect other avian species. The second source of uncertainty was 
associated with LOAEL to NOAEL extrapolation. The LOAEL selected for deriving 
TRVs was identi fi ed from the least exposure dose of 0.05  m g MeHg/g (wwt) in the 
white ibis study. Compared with the controls, the loss of productivity for this dose of 
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0.05  m g MeHg/g (wwt) over the 3-year test period was only 13.2% (Frederick and 
Jayasena  2010  ) . This LOAEL is similar to the NOAEL for common loons exposed to 
MeHg in the diet (Fig.  1 ). This LOAEL was similar to the threshold for effects of 
MeHg on white ibises. In addition, the range of LOAEL to NOAEL ratios for other 
species was 1.5–6. Thus, a UF 

L
  of 2.0 was used in the extrapolation of the LOAEL to 

NOAEL. The third source of uncertainty was associated with extrapolation from 
results of subchronic exposures to chronic exposures. In the white ibis reproductive 
study, individuals were initially exposed to MeHg when birds were 90 days old, and 
exposure continued over 3 years, covering three breeding seasons. The value there-
fore needs no adjustment to cover longer exposure periods. A value of 1.0 was 
assigned for the UF 

S
 , which could protect the wildlife against chronic effects. 

 When the SSD approach was used, two sources of uncertainty were explicitly 
considered, i.e., the relationship between the LOAEL and NOAEL and between 
subchronic and chronic exposures. Considering the LOAEL to NOAEL ratios of 
species, a value of 2.0 was assigned to the LOAEL to NOAEL correction factor. A 
factor of 10 was used to account for the uncertainty in establishing a NOAEL from 
short-term exposure (<1 month) (Jongbloed et al.  1996  ) . Although the SSD is useful 
in assessing the range of sensitivities among species during derivation of water 
quality criteria, much attention has been directed towards extrapolation from labo-
ratory tests to  fi eld conditions (Forbes and Forbes  1993 ; Smith and Cairns  1993  ) . 
Other uncertainty factors have been used to correct NOAEL data from laboratory 
tests, and have been used to account for differences in metabolic rate, caloric con-
tent of food, and food assimilation ef fi ciency between laboratory and wild species 
(Traas et al.  1996  ) . Moreover, some studies used a statistical procedure, which is 
more scienti fi cally defensible, to estimate uncertainty factors so as to obtain precise 
uncertainty factors and criteria (Calabrese and Baldwin  1994 ; Dourson and Parker 
 2007 ; Gaylor and Kodell  2000  ) . Thus, more research is needed for addressing the 
suitability of TRVs and TRCs that are derived from laboratory species for protect-
ing avian wildlife in the  fi eld.  

    8   Summary 

 MeHg is the most biologically available and toxic form of mercury, and has the 
potential to bioaccumulate and biomagnify as it moves up the food chain. These 
characteristics result in MeHg exposure to avian wildlife at high trophic levels that 
can produce adverse effects. The toxicity of MeHg to birds was reviewed, and using 
available data, TRVs and TRCs were derived for protecting birds in China. The 
TRV and TRC values were based on concentrations of MeHg in diet (or  fi sh tissue 
based) and tissues of birds. Two methods were applied to derive TRVs from concen-
trations in the diet or in tissues. These were the CSA and SSD approaches. Results 
of published studies show that reproductive productivity of white ibis was the most 
sensitive endpoint for MeHg exposure, and study results on white ibises were used 
for deriving the TRV and TRC values, which included applying a UF of 2.0. For the 
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SSD approach, data for ten species were used to construct the SSD for MeHg, and 
to calculate the dietary-based TRV and TRC values. Using the CSA approach, the 
TRV was based on MeHg in the diet and was derived as 5.0 ng MeHg/g (bm)/day; 
for feathers and blood, the TRVs were 3.16  m g THg/g (wwt), and 0.365  m g THg/g 
(wwt), respectively. The corresponding TRCs were 15.47 ng MeHg/g (wwt), 3.16  m g 
THg/g (wwt) and 0.365  m g THg/g (wwt), respectively. The dietary-based TRV and 
TRC derived by SSD were 3.09 ng MeHg/g (bm)/day and 9.56 ng MeHg/g (wwt), 
respectively. However, bird tissue residue-based criteria were not available because 
insuf fi cient MeHg effects data existed to construct an SSD for birds. We compared 
the criteria derived in our study to those developed by others, and concluded that 
our results provided more reasonable protection to Chinese avian wildlife. By com-
paring the criteria values we calculated to actual MeHg levels in  fi sh and bird tis-
sues, we concluded that these criteria values are useful indicators for screening-level 
risk assessments of avian wildlife in Chinese aquatic systems. The results of this 
meta-analysis might therefore have important implications for assessing the risk of 
Hg exposure to birds and for environmental management in China and in other 
regions. Moreover, because humans and top avian wildlife consumers are at the 
same trophic level, these criteria may also be used as a reference for human health 
risk assessment. The diet of birds consists of aquatic species from different trophic 
levels. However, the structure of the food web for avian wildlife and the environ-
mental factors that affect their exposure to MeHg vary among aquatic systems. 
Therefore, further research results are needed on the food web structure of avian 
wildlife in Chinese aquatic systems to provide more insight into what constitutes 
adequate protection for avian wildlife.      
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