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Plastic, nutrition and pollution;
relationships between ingested
plastic and metal concentrations
in the livers of two Pachyptila
seabirds

Lauren Roman2?"™¢, Farzana Kastury?, Sophie Petit*, Rina Aleman*, Chris Wilcox?,
Britta Denise Hardesty® & Mark A. Hindell*>

Naturally occurring metals and metalloids [metal(loid)s] are essential for the physiological functioning
of wildlife; however, environmental contamination by metal(loid) and plastic pollutants is a health
hazard. Metal(loid)s may interact with plastic in the environment and there is mixed evidence about
whether plastic ingested by wildlife affects metal(loid) absorption/assimilation and concentration

in the body. We examined ingested plastic and liver concentration of eleven metal(loid)s in two
seabird species: fairy (Pachyptila turtur) and slender-billed prions (P. belcheri). We found significant
relationships between ingested plastic and the concentrations of aluminium (Al), manganese (Mn),
iron (Fe), cobalt (Co), copper (Cu) and zinc (Zn) in the liver of prions. We investigated whether the
pattern of significant relationships reflected plastic-metal(loid) associations predicted in the scientific
literature, including by transfer of metals from ingested plastics or malnutrition due to dietary dilution
by plastics in the gut. We found some support for both associations, suggesting that ingested plastic
may be connected with dietary dilution / lack of essential nutrients, especially iron, and potential
transfer of zinc. We did not find a relationship between plastic and non-essential metal(loid)s,
including lead. The effect of plastic was minor compared to that of dietary exposure to metal(oid)s,
and small plastic loads (< 3 items) had no discernible link with metal(loid)s. This new evidence shows a
relationship between plastic ingestion and liver metal(loid) concentrations in free-living wildlife.

Pollution of the marine environment by plastics’, metals and metalloids, henceforth “metal(loid)s”, is a major
environmental concern*’. Some metals are dietary minerals, which are essential for the physiological functioning
of organisms. These ‘essential’ metals include chromium (Cr), cobalt (Co), nickel (Ni), copper (Cu), iron (Fe),
manganese (Mn), zinc (Zn). Other metal(loid)s are considered non-essential for living organisms, having no
known biological benefit. These ‘non-essential’ metal(loid)s include arsenic (As), cadmium (Cd) and lead (Pb)*,
while the biological role of aluminium (Al) is still unclear. Depending on the type, speciation and concentration,
both essential and non-essential metal(loid)s can be toxic to organisms*”’.

Metal(loid)s and plastics can adversely affect the health of marine wildlife that consumes them?®. Plastics
may interact with metal(loid)s in the ocean by concentrating them on their surfaces through sorption’, and
concentrations of Al, Cr, Co, Ni, Fe, Cu, Zn, Cd and Pb on the surface of beached plastic can be higher than in
the background environment’'2. Some metals, including Zn, are plastic additives and serve multiple function as
flame retardants and smoke suppressants'. It is not clear whether ingested metal(loid)s adsorbed onto plastics
are absorbed into systemic circulation from the gastro-intestinal tract and accumulate in tissues within plastic-
ingesting organisms. Similarly, little research has investigated plastic-associated metal(loid) absorption and health
impacts within organisms'*. Research linking plastic ingestion and metal(loid)s in free-living marine vertebrates
is in its infancy, and baselines for metal(loid) concentrations exerting adverse health effects have not yet been
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established. To improve the understanding of pollutant associations, sentinel species, particularly seabirds, are
routinely employed as indicators for environmental health!>'.

Essential metals Cu, Fe, Mn, Co and Zn are regulated physiologically in seabirds, and influenced by diet
and nutritional status'”!®. Chronic reduced food intake can decrease the availability of essential metals and
other micronutrients, potentially causing sub-lethal malnutrition'®. Because of physiological requirements for
flight, birds have a higher metabolic rate than many other taxa and can starve to death within days of food
restriction®. Basal metabolic rate is even higher for small birds, some species of which are unable to fast for longer
than one night in energetically demanding conditions®!. When extreme emaciation from starvation occurs, the
body exhausts stored fat and catabolises muscle and organ proteins for energy®. Fasting and starvation cause
changes in serum, tissues and organs metal(loid) concentration as part of catabolism, but do not change the
total metal(loid) load in the body (except what is lost as urine and faeces during fasting)*’. Protein catabolism
decreases muscle and organ mass and increases the concentration of some metals, including Cu and Zn, in the
liver, a finding that has been observed across multiple bird taxa**-2*, Increased concentration of liver Cu and Zn
is associated with a slow loss of liver mass, which is a physiological response to starvation?>.

Plastic may influence metal concentrations in tissues and organs directly if the consumed plastic acts as a
vector/carrier for metals, which may be digested, absorbed, and metabolized/assimilated in tissue and organs
(henceforth “transfer”). Plastics, when eaten, may also influence tissue and organ metal(loid) concentration
indirectly through ‘dietary dilution’ Dietary dilution occurs when an animal with plastic in its stomach reduces
its feeding frequency or eats small amounts of food compared to an animal that has not ingested plastic?.
Dietary dilution may result from the presence of plastic, which causes a reduction in gut volume available for
nutritious food?® and/or an effect on hunger/satiety?, as has been observed in sea turtles?®*. In seabirds, plas-
tic ingestion has been linked to increased Cr and silver (Ag) in feathers of fledgling flesh-footed shearwaters
(Ardenna carneipes)®, but no link was found for 15 other metal(loid)s examined, nor was a plastic-metal(loid)
link found in muscle tissue of fledgling short-tailed shearwaters (A. tenuirostris)*®. Plastic ingestion was also
linked to increased Fe, Mn and Rubidium (Rb) in feathers of Bonin petrels (Pterodroma hypoleuca)®. Nutritional
consequences may include effects on tissue/organ metal(loid) concentration via dietary dilution, as ingestion
of non-nutritive plastic may cause reduced feeding and intake of essential dietary mineral metals, non-essential
metals and potentially malnutrition?®?%.

Non-essential metal(loid)s, including As, Cd, Pb and mercury (Hg) accumulate in the food chain to
higher-order predators, making seabirds ideal study animals in which to appraise bioaccumulation and
biomagnification®-%. Seabirds contain some of the world’s highest reported levels of non-essential metal(loid)s
detected in wildlife, but whether these cause adverse health effects is unknown'”*¢-, Sorption of non-essential
Pb and Cd by plastic have been reported in the environment®***, and plastic has been suggested as a vector
for Pb and other metals*’. Non-essential metal(loid) uptake in seabirds, especially Cd, is considered dietary*”,
although plastic has also been suggested as a vector®*! and has been linked with increased Pb in the feathers
of Bonin petrel®'. One experimental study suggested that plastics may be responsible for between 6 and 30%
of a seabird’s exposure to Pb*. If ingested plastic and non-essential metal(loid)s are correlated in seabirds, the
pathway is likely direct as non-essential metal(loid)s are not physiologically regulated, although they can be
sequestered in feathers and bones***2.

Ingestion of plastic by seabirds may lead to both lethal**** and sub-lethal health effects®, including physical
effects, linked to physical damage and nutrition, and chemical effects, concerning the transfer of plastic-additive
and plastic-adsorbed chemicals*® (Fig. 1). Though knowledge on the plastics and metal(loid)s in seabirds is
increasing, studies exploring how plastic and metal(loid)s interact and the mechanism of significant relation-
ships are lacking. Significant plastic-metal relationships have been found in seabird feathers®'; plastic has been
suggested as a vector for metals*® and plastic-nutritional effects have been found in sea-turtles?**. However,
metal(loid)-plastic relationships in seabird organs have never been investigated. Understanding the effects of
ingested plastic on physiological factors, such as nutrition and pollution, in species of the open ocean is chal-
lenging in terms of practical and ethical concerns.

Here, we examined the relationship between metal(loid) concentration in the liver and plastic ingestion
in two seabird species: fairy prion (Pachyptila turtur) and slender-billed prion (P. belcheri), opportunistically
utilizing beach-cast individuals that died during significant off-shore storms in New Zealand. Fairy and slender-
billed prions are small seabirds (140 g) that occur across a broad oceanic range covering much of Southern
Hemisphere’s marine regions and demonstrate considerable overlap in diet and foraging ecology”’. The plankton
diet (Euphausiid sp. and amphipods*’) and surface-feeding habits of prions make them vulnerable to plastic
ingestion, and both species commonly ingest plastics*®. We examined whether there was a relationship between
ingested plastic and liver metal(loid) concentration in each species, as well as both Pachyptila species combined.
A significant relationship would lead us to examine whether the association reflects positive or negative relation-
ships predicted in the scientific literature and may result from dietary dilution or direct transfer by examining
the support for each of these associative mechanisms (“Relationships in the literature and predicted associative
mechanisms” section).

Materials and methods

Seabird sampling. Carcasses of fairy prion, Pachyptila turtur, (n=26) and slender-billed prion, P. belcheri,
(n=25) were collected dead in emaciated condition during a Pachyptila “wreck” (seabird mass mortality event),
on Muriwai Beach (—36° 50’ 18”S 174°25'31."E) and Karioitahi Beach (-37°16'58" S 174°39'14.E), in Auck-
land region, New Zealand. Carcasses were collected between 1-4th August 2016, following off-shore winter
storms associated with high wind and rough seas from 28th July to 2nd August 2016. Average hourly wind
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Figure 1. Ingestion of plastic by seabirds and other animals may lead to both lethal and sub-lethal health
effects, including physical effects, linked to physical damage and nutrition, and chemical effects, concerning

the transfer of plastic-additive and plastic- adsorbed chemicals. This study (red coloured boxes) explores the
relationship between ingested plastic and liver metal(loid) concentration and potential associations with plastic-
adsorbed metal(loid)s, plastic-additive metals and nutrition. Prion photo by L. Roman and image manipulation
using GIMP38,

speeds >40 km/h, sometimes exceeding 60 km/h, were recorded at Muriwai Beach across four days between 28th
and 31st July 2016, with wind and rough seas abating during the following days.

Pachyptila wrecks associated with winter storms are a well-known phenomenon in New Zealand*** and South
America’*?, where persistent high wind, rain and rough seas impair/prevent prions from feeding or resting.
Prolonged severe weather not only prevents feeding, but can cause an inability for birds to catabolize fuel (body
fat and protein) fast enough to meet energy demands and lead to death by exhaustion and starvation, even for
individuals which had initial fat reserves®. Tens to hundreds of thousands of prions may have died during this
four-day storm event, as carcasses were observed spanning beaches across hundreds of kilometres of coastline
between Muriwai, Auckland region in the North and Waikanae Beach, Wellington in the south (Lauren Roman
pers obs). On Karioitahi Beach, Waikato/Auckland region, hundreds of prion carcasses were observed across
just a few kilometres of beach (Ian Southey, pers comm. with Lauren Roman). Given the size of the wreck, we
propose that it is unlikely that the birds involved were over-represented by unfit or poorly individuals. Carcasses
were collected within two days of the storm’s abatement and plastics recovered likely reflect those eaten prior to
the storm event rather than as a result of post-storm malnourishment. The carcasses were necropsied and whole
livers were excised, and frozen livers exported for analysis.

Necropsy. Carcasses were necropsied according to well-established collection and dissection procedures®.
All wrecked seabirds showed consistent, emaciated body condition. The scored body condition for all carcasses
was 0 (from range of 0-3) for each pectoral muscle, sub-cutaneous fat and intestinal fat according to seabird
necropsy procedures*, alleviating potential confounding factor of mixed body condition. Bird age was assigned
as either “immature” (including juvenile and immature) or “adult” according to gonad development, following
seabird necropsy procedures®.

The contents of the proventriculus and gizzard were removed and visually inspected for anthropogenic
debris. Stomachs were empty except for plastic, showing birds had not fed before death, and the few natural
items found (squid beak, pumice) were excluded from analysis. All debris items visible to the naked eye were
removed, counted and weighed using electronic scales. Livers were excised, wrapped in aluminum foil and frozen
at — 20 °C until analysis.

Metal(loid) analysis. The livers were rinsed with MilliQ water, freeze-dried (Modulyod Freeze Dryer) and
pre-digested in 70% HNO; (10 mL) overnight. The samples were digested using a block digester (A.I. Scientific
AIMS500) by slowly ramping up the temperature to a maximum of 170 °C until the organs were dissolved and
the samples dried to near evaporation (~1-2 mL)*. The samples were made up to 10 mL using MilliQ water,
vortexed thoroughly to mix, syringe filtered (0.45 um) to separate the dissolved metal(loid)s and stored at 4 °C
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until analysis using inductively coupled plasma spectrometry (Agilent 8800), following USEPA method 6020A%.
Eleven metal(loid)s were examined: Al, As, Cd, Cr, Mn, Fe, Co, Ni, Cu, Pb and Zn.

Quality assurance and quality control. We used Standard Reference Material (SRM) 2976 from
the National Institute of Standards and Technology during the digestion of livers. The accuracy of the diges-
tion method was confirmed by a quantitative average +standard error of the mean (SEM) Pb recovery of
1078 +14.0 mg/kg (n=4) from SRM 2976 (certified total 1190 +0.18 mg/kg). During the analysis using ICP-MS,
the QA/QC process outlined in the USEPA method 6020A was followed. The limit of detection (LOD) for Pb
was 0.1 ppb and blanks (n=4) were below LOD. For each element, the metal(loid) concentrations that were at
least three times above its respective LOD were used in the downstream statistical analysis. The average devia-
tion from check value recoveries (n=17) ranged between 1.5-6.1%, indicating that the drift during analysis via
ICP-MS was within the acceptable range as stipulated by USEPA method 6020A.

Statistical analysis. To determine whether a relationship existed between plastic and liver metal(loid) con-
centration, we first examined whether there was a relationship between the presence of ingested plastic in the gut
and metal(loid) concentration in the liver. Where a statistically significant relationship between presence of plas-
tic and the concentration of a metal(loid) occurred, we examined whether there was a relationship between the
metal(loid) concentration and the load of plastic (number of items and mass of items) inside the bird. For each
plastic-metal(loid) relationship, fairy prions and slender-billed prions were tested individually, followed by both
prion species (Pachyptila sp.) pooled together, to explore whether potential relationships are species specific or
common between the two Pachyptila species. Statistical analysis was conducted using R 3.5.0°7.

Metal(loid) concentration and plastic presence. We examined whether a statistically significant relationship
existed between the presence of ingested plastic and the concentration of each of the 11 metal(loid)s in the
liver. We conducted a Mann-Whitney U test for each prion species and both combined (pooled prions), testing
the response variable, liver metal(loid) concentrations (mg/kg), against predictor variables of ingested plastic
presence in individuals. Mann-Whitney U test was chosen because of the skewed distribution of metal(loid)
concentration.

Metal(loid) concentration and plastic load in each species. We first tested for co-linearity between the number
of ingested plastic items and ingested item mass, using "Variance Inflation Factor (VIF)" to determine whether
one or both parameters are required in plastic load statistical analyses. We used the “VIF” function in the “usdm”
package’®, with a VIF value>5 to represent co-linearity between number of ingested plastic items and plastic
mass.

Where significant relationships were observed between metal(loid) concentration and plastic presence, we
used generalized linear models (GLMs) to investigate the relationship between liver metal(loid) concentrations
(mg/kg) and plastic loads (number of items and mass of items). We conducted a GLM for each prion species,
testing the response variable, liver metal(loid) concentrations (mg/kg), against predictor variables of ingested
number of items and mass of items.

Metal(loid) concentration and plastic load in pooled prions. 'We used GLMs to investigate the relationships
between ingested plastic load (both number of items and plastic mass) and metal(loid) concentration where sig-
nificant plastic-presence relationships were found across pooled prions, testing a unique model for each relevant
metal(loid). These models included co-variates for prion species and bird age group to disentangle these poten-
tial non-plastic impacts, which may confound these plastic-metal(loid) relationships. The response variable was
the concentration of each metal(loid) (mg/kg) in the liver and predictor variables were species, age, ingested
plastic mass, and number of ingested plastic items. We then applied the “dredge” function in the “MuMIn”
package® to determine the best model using Akaike Information Criterion (AIC)*°. We chose the model with
the lowest AIC to determine whether there was a relationship between plastic load (plastic mass and/or number
of pieces) and liver metal(loid) concentration (GLM including plastic mass and or number of pieces is the best
model) or no relationship between plastic load and liver metal(loid) concentration. Where more than one model
had AAIC <2, we considered these models equivalent®'. Means are reported with standard deviation and medi-
ans reported with 25% and 75% quartiles.

Relationships in the literature and predicted associative mechanisms. Where significant rela-
tionships were found between liver concentration of a metal(loid) and the presence of ingested plastic, we
investigated potential associative mechanisms based on relationships predicted or suggested in the scientific
literature. Two mechanisms that may link ingested plastic with organ metal(loid) concentration are found in
the literature. Firstly, metal(loid)s which are plastic additives'® and/or adsorbed to the surface of plastic’-'* may
transfer to the body when ingested. Secondly, malnutrition may occur as a result of dietary dilution by plastics in
the gut, influencing mineral nutrient concentrations®. The null hypothesis was that no significant relationships
existed between ingested plastic presence and liver metal(loid) concentrations, while significant relationships
between plastic and liver metal(loid) would lead to two possible explanations (Fig. 2).

1. Transfer. Liver metal(loid) concentration changes may be due to transfer from plastic additive/adsorbed
metals.

2. Malnutrition. Liver metal(loid) concentration changes may be due to malnutrition from dietary dilution
from plastic in the gut.
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Figure 2. Predictions for the association of plastic with the liver metal concentration of prions, though
pre-storm body condition is unknown. The null hypothesis is that there is no difference in liver metal(loid)
concentration between prions with and without ingested plastic. Significant differences in the concentration

of liver metal(loid)s leads to rejection of the null hypothesis and examination of support for two mechanistic
association predictions derived from the literature: transfer of metal(loid)s from plastic or malnutrition due to
dietary dilution by plastic in the gut. Essential metals are shown in green, non-essential metals are shown in red,
and metals where the biological role is unclear are shown in blue. Prion silhouettes were created using GIMP®.

Support for each transfer and malnutrition predictions are based on relationships between plastic and one
or more metal(loid)s, and evidence that supports or rejects each (Fig. 2). Both or neither transfer and malnutri-
tion explanations for significant relationships between plastic and liver metal(loid) may be supported, based on
the literature, and described below. However, these associations are correlative only, so while evidence can be
gathered to support each predicted mechanism, this evidence cannot prove the mechanism.

Evidence that supports a transfer explanation. Increases in Al, Cr, Co, Cu, Fe, Ni, Zn, Cd and Pb may be
due to transfer as these metals can be adsorbed on surface of beached plastic at higher than background
concentrations®'? or are plastic additives (Zn)'?, with plastic suggested in the literature as an environmental
vector of Cd, Pb and other metals***. Therefore, a positive relationship between plastic and any of these met-
als would support a transfer explanation, while a negative relationship would refute a transfer explanation. A
lack of relationship would neither support nor refute a transfer explanation, because not all metal(loid)s would
necessarily be adsorbed onto each item of ingested plastic.

Evidence that supports a malnutrition explanation. ~Plastic ingestion is linked to decreased nutrient intake and
malnourishment in sea turtles?, and lower concentrations of dietary minerals'”'® (i.e. Cu, Fe, Mn, Co and Zn)
may be indicative of pre-storm malnourishment due to dietary dilution by plastics in the gut. Experimental
fasting decreases hematocrit and haemoglobin in herring gulls (Larus argentatus)®?, a response that can also be
invoked through experimental deficiency in nutritional Fe®. Therefore, we expected to find low concentrations
of Fe, and possibly Cu, Mn, Co and Zn'?, as potentially indicative of pre-existing sub-lethal malnourishment.
However, Cu and Zn are also known to increase with emaciation**?%; therefore, a an increase in Cu/Zn concen-
tration may also support a malnutrition explanation if sub-lethally malnourished birds were more emaciated
than others at the point of death (detail below in “Potential confounding factors for Copper (Cu) and Zinc (Zn)”
section). A negative relationship between plastic and Fe, Mn and Co concentration would support a malnutri-
tion explanation, and a positive relationship would refute a malnutrition explanation. A significant relationship
between ingested plastic and Cu or Zn concentration, whether positive or negative, may also support a malnutri-
tion explanation.

Potential confounding factors for Copper (Cu) and Zinc (Zn). Interpreting significant change in Cu and Zn
concentration poses a challenge for supporting transfer or malnutrition explanations, because two potential con-
founding factors may influence Cu and Zn concentration. An increase in the concentration of Cu or Zn could
be due to transfer, increased emaciation before death due to malnutrition , an artefact of acute starvation in the
storm and/or heavy metal detoxification. Therefore, positive relationship between Cu or Zn and plastic might
support either or both transfer and malnutrition predictions or may be confounded by rapid storm starvation or
heavy metal detoxification via metallothionein synthesis, because Zn and Cu concentration may be influenced
by heavy metals®>36:6465,
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Table 1. Summary results including ingested plastic loads of the examined fairy and slender-billed prions,

median (x) and interquartile range (IQR) of metal(loid) concentration in the birds’ livers (mg/kg of dry
mass). Concentration data for some metal(loid)s from one fairy prion were excluded.

As small birds starve rapidly in storm conditions™, it is a challenge to disentangle acute storm starvation from
other potential mechanisms, particularly sub-lethal pre-storm malnourished condition. Furthermore, little is
known about sub-lethal malnourishment in wild seabirds, which adds difficulty in detecting metal(loid) signals
of chronic malnourishment. When examining evidence for the malnutrition prediction, Cu and Zn may act as
confounding factors since they increase with emaciation following dietary dilution / chronic malnutrition. We
expected all beach-wrecked prions examined to have higher liver concentrations of Cu and Zn than did healthy
prions, as a result of protein catabolism/emaciation, but total body metal(loid) loads should not differ consider-
ably from those of pre-storm condition. While a decrease in Cu or Zn may support the malnutrition explanation
as a result of reduced dietary intake, we note that Cu and Zn are abundant in the amphipod and euphausiid
crustaceans prey of prions®® and physiologically regulated in seabirds!”'®. A starvation-mediated increase in Cu
or Zn may also support the malnutrition explanation if seabirds that are already malnourished reach a lower
final body weight before death than those in healthy pre-storm body condition, owing to death following an
inability for birds to catabolize fuel (fat and protein) fast enough to meet energy demands®. Unfortunately, the
relative weighting of a potential dietary decrease of Cu/Zu and emaciation increase of Cu/Zn cannot be tested.
We posited that an increase in Cu and Zn would support the transfer explanation and a significant directional
change of Cu and Zn associated with ingested plastic would support the malnutrition explanation (the direction
of change may be positive or negative), while lack of change would neither support nor refute the hypotheses,
but acknowledge the potential confounding effects of these metals.

Pre-storm condition and health impact. Understanding prion body condition before their storm death
poses a challenge for relating significant findings, both significant liver metal(loid)-plastic relationships and
associative hypotheses, to the health of the prions. Although we do not know pre-storm body condition of prions
examined, acute starvation causes body mass reduction as lipids and proteins are catabolised for energy*>¥’, but
total body metal(loid) loads should not differ considerably from pre-storm condition, provided birds did not
feed before death?. For this reason, although we can infer the influence of plastic on liver metal(loid) concentra-
tions, we cannot test whether significant relationships lead to quantifiable health impacts.

Results

We collected and analysed the livers of 26 fairy prions and 25 slender-billed prions. Seven fairy prions (27%)
contained plastic, with a mean and standard error of 1.3+ 0.2 pieces. Eleven slender-billed prions (44%) had
ingested plastic, with a mean and standard error of 4.9+ 1.1 pieces (Table 1). Detailed information about ingested
plastic available in Supplementary Information.

Metal(loid) concentration and plastic presence.  Fairy prion metal(loid) concentration and plastic pres-
ence. We found no significant difference (P> 0.05) across any of the examined liver metal(loid) concentration
between plastic ingesting and non-plastic ingesting fairy prions, although Fe showed a negative trend (Table 1,
U=96, P=0.094). Concentration data for some metal(loid)s from one fairy prion were excluded because of glass
tube breakage.

Slender-billed prion metal(loid) concentration and plastic presence. ~ Slender-billed prions that had ingested plas-
tic displayed significantly lower concentration of Al (U=141, P<0.001) and Co (U=114, P=0.048) in the liver
than those that had not ingested plastic, and there was a negative trend for Mn (U=111, P=0.070) and Fe
(U=113, P=0.051). In contrast, slender-billed prions that had ingested plastic had significantly higher Zn con-
centrations (U =39, P=0.038) (Table 1, Fig. 3).
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Figure 3. Liver concentration of Al, Mn, Fe, Co, and Zn (mg/kg of dry mass) in slender-billed prions (n=25)
showed significant differences between individuals that had not ingested (n=11, left bars) or had ingested
(n=14, right bars) plastic at the time of death in emaciated condition during a “seabird wreck” in New Zealand,
August 2016.
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Figure 4. Liver concentration of Al, Fe, Co, Cu, Zn and Cd (mg/kg of dry mass) in pooled prions (n=>50),
including both fairy (n=25) and slender-billed prions (n=25) that had not ingested (n= 30, left bars) or ingested
(n=20, right bars) plastic at the time of death in emaciated condition during a “seabird wreck” in New Zealand,
August 2016.

Pooled prion metal(loid) concentration and plastic presence. When data from fairy and slender-billed pri-
ons were combined, pooled prions that had ingested plastic displayed significantly lower concentration of Al
(U=463, P<0.001), Fe (U=417, P=0.020), Co (U=405, P=0.038) in the liver than those that had not ingested
plastic. In contrast, pooled prions that had ingested plastic had significantly higher Cu (U=192, P=0.032), Zn
(U=169, P=0.009) and Cd concentrations (U =159, P=0.005). In contrast to slender-billed prions, the relation-
ship between plastic presence and Mn concentration in pooled prions was not significant (U=379, P=0.121)
(Table 1, Fig. 4).

Metal(loid) concentration and plastic load. Metal(loid) concentration and plastic load in slender-billed
prions.  For slender-billed prions, the number of ingested plastic items and mass of ingested plastic items were
not colinear (VIF=1.40), so each of these variables were tested to assess plastic load. Generalized linear models
found no significant relationship between ingested plastic number nor plastic mass and Al, Mn, Fe, Co nor Zn
concentrations in the liver for slender-billed prions, though the intercept value was significant for all models.
Among GLMs examined, the model with the most explanatory power was the relationship between liver Fe
concentration and number of ingested plastic items (X =-202.8, Error=135.2, R*=0.9, P=0.147). Age was not
included in slender-billed prion models because of lack of representation of different age groups among slender-
billed prions (two adults only, see Supplementary information). Metal(loid) concentration was not assessed for
fairy prions since we found no association with plastic presence (Mann-Whitney U-test results).

Metal(loid) concentration and plastic load in pooled prions. For pooled prions, the number of ingested plastic
items and mass of ingested plastic items were not colinear (VIF =1.53), so each of these variables were included
to assess plastic load. A GLM including a predictor variable for either number or mass of ingested plastic items
occurred among best equivalent models for all metal(loid)s that were found to be significantly linked to plastic
presence (Al, Mn, Fe, Co and Zn), except for Cd, for which species was the only important predictor (Cd models
including plastic were better than the null model but AAIC 2-3 from the best model) (Table 2). A model includ-
ing plastic load was equivalent to a species only model for Mn, Co, Cu and Zn. A model including plastic load
was better than a species only model for Al and Fe. Species appeared in top models for Fe, Co, Cu, Zn and Cd.
The R? for species-only models were < 0.05 for most except Cu (R?=0.07), Zn (R?=0.21) and Cd (R?=0.20). Age
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Metal Intercept | Age | Mass plastic items | # plastic items | Species | R? df |LogLik | AICc |A | Wgt
936.5 + 011 |4 |-4175 [8439 |0 |o024
Al 4393 0 2 | -4205 |8452 [13 |0.12
AIC null=8534 [ 10036 + —4557 013 |5 [-4169 [8452 [13 [012
521.8 ~53.97 003 [3 [-4197 [8459 [2 [0.09
31 + 011 |4 [-2403 [4895 [0 [024
Mn 25.1 0 2 [-2433 [4909 [15 [0.12
AICnull=5178 | 578 -176 003 [3 [-2425 [4915 [2 [0.09
324 + ~091 012 |5 |-2401 [4915 |2 [0.09
4580.5 + 009 |4 |-482 [9728 [0 [oa1s
4004.3 0 2 |-4844 |9731 |03 015
Fe 4329 -21231 004 |3 |-4834 [9734 |06 [013
AIC null=1018 | 4158 -6.38 002 |3 |-484 |9745 |17 |0.07
3909.5 + + 01 |5 |-4816 |9746 |18 [0.07
4783.1 + ~127.99 0.1 |5 |-4816 [9746 |18 [0.07
0.8 + 01 |4 |-704 1496 [0 019
Co 0.9 + 005 |3 |-71.8 [1502 |06 [0.14
AIC null=167.9 | ¢ 7 0 2 |-731 |1505 |09 [0.12
0.8 -0.06 003 |3 |-724 [1513 [1.8 [0.08
36.8 + 007 |3 |-2073 [4212 [0 [o27
Cu 405 0 2 [-2091 [4225 [14 [0.14
AIC null=5306 | 39 0.97 004 |3 |-2081 [4228 |16 [012
36.6 0.53 + 008 |4 |-2071 [423 |18 [o11
Zn 226 + 021 |3 |-3027 [e12 [o [o043
AICnull=7254 | 54 4 451 + 022 |4 |[-3023 [6135 |14 [021
27.8 + 02 |3 |-2552 [5169 |0 [049
g?c ullesess |28 ~0.03 + 02 |4 |[-2551 [5191 |22 [oa16
27.8 ~0.04 + 02 |4 |[-2552 [5192 |24 [o15

Table 2. General Linear Models (GLM) and model terms describing the relationship between liver metal(loid)
concentration and age, mass of ingested plastic items / number of ingested plastic items and species. Models
with a difference (A) in AIC of <2 are considered equivalent models, and this table shows only models within 2
AIC of the best model (except Cd, where models within 3 AIC are shown). A ‘+’ sign denotes inclusion of the
categorical variable in the model. Pachytila seabirds; fairy prion (n=26) and slender-billed prion (n=25) were
collected dead in emaciated condition during a “seabird wreck’, New Zealand 2016.

appeared in the list of top models for Al, Mn, Fe and Co. For Al, Mn and Fe, R* was higher when both age and
plastic occurred in the model. For Co, R? was higher for the plastic model (but less than for the species model).
Age did not appear in the top models for Cu, Zn or Cd. The relationship between metal(loid) concentration and
plastic was positive for Cu and Zn. The relationship between metal(loid) concentration and plastic was negative
for Al, Mn, Fe and Co. R? values for plastic ingestion predictor models are <0.05 for most metals, apart from the
Cu plastic + species model (R*=0.08), Zn plastic + species model (R?=0.22) and the As plastic ingestion model
(R*=0.07) (Table 2).

Evidence supporting associative mechanism predictions from literature. We found significant
relationships between ingested plastic and seven metals. These included a significant relationship between plas-
tic presence and Al, Mn, Fe, Co and Zn for slender-billed prions, and a significant relationship between plastic
presence and Al, Fe, Co, Cu, Zn and Cd for pooled prions. However, the significant relationship between plastic
presence and Cd in pooled prions was an effect of species and not of plastic (Table 2) and therefore, excluded
from further inclusion.

Relationships supporting the transfer prediction. Significant positive relationships occurred between plastic
presence and Cu (pooled prions) and Zn liver of slender-billed prions and pooled prions, which support the
transfer prediction from the literature. Significant negative relationships occurred between plastic presence and
Al Fe and Co concentration in the liver of slender-billed prions and pooled prions, which refute the transfer
prediction. No significant change was found for Cr, Ni, Cd or Pb. The results show partial support for the transfer
prediction, with two changes in support (Cu and Zn) and three changes (Al Fe, Cu) refuting (Fig. 5).

Relationships supporting the malnutrition prediction. ~ Significant positive relationships occurred between plas-
tic presence and Cu (pooled prions) and Zn liver of slender-billed prions and pooled prions, which support the
malnutrition prediction from the literature. Significant negative relationships or trends occurred between plastic
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Figure 5. Response of liver concentration of metal(loid)s to ingested plastic in examined Pachytila seabirds;
fairy prion (n=25) and slender-billed prions (n=25). Prions were collected dead in emaciated condition

during a “seabird wreck’, following a significant off-shore winter storm in New Zealand, 2016, during which

an estimated tens to hundreds of thousands of prions died. Statistical significance between metal(loid)
concentration and plastic presence was tested by Mann-Whitney U-test. A positive sign (+) indicates a
significant positive relationship between ingested plastic and the liver concentration of each metal(loid), while

a negative sign (-) indicates a significant negative relationship. Support for transfer and malnutrition associative
mechanisms, predicted in the literature, is represented by a statistically significant relationship between ingested
plastic and liver metal(loid) concentration. Observed relationship that match associations predicted in literature
are represented by a tick (V') and those that refute associations predicted in literature are represented by a cross
(X). Not significant (N.S.) shows where a relationship was predicted, but no significant relationship was found.
The results show partial support for transfer (2v/, 3X) and support for malnutrition (5v/, 0X). Prion silhouette
and image manipulation created using GIMP®.

presence and Co, Mn (slender-billed prions only) and Fe concentration in the liver of slender-billed prions and
pooled prions, supporting the malnutrition prediction. The significant decrease in Al associated with ingested
plastic was not informative with respect to malnutrition. The results showed support for the malnutrition predic-
tion, with five relationships in support (Cu, Zn, Co, Mn and Fe). No observed relationships refuted the malnutri-
tion prediction (Fig. 5).

Discussion

We found relationships between ingested plastic and liver metal concentration across six examined metals,
demonstrating that ingestion of plastic is correlated with the concentration of essential metals in Pachyptila
seabirds, although no significant link was found for non-essential metal(loid)s. Relationships between the liver
metal concentrations of slender-billed prions and the presence of plastic ingestion were statistically significant,
but this result did not apply to fairy prions. We found partial support for the prediction that seabirds that ingest
plastic may have higher concentrations of some metals in the liver associated with transfer from plastic, and
support for the prediction that ingested plastic may be associated with malnutrition (Fig. 5.), though individuals
varied greatly (Table 1). We propose that the reason why we found significant effects in slender-billed but not
fairy prions is that the number of ingested items is much higher in slender-billed prions (mean plastic=4.9+1.1)
than in fairy prions (mean plastic=1.3 £ 0.2). When all prions were pooled, five plastic presence-metal relation-
ships were also significant (excluding Cd, found to be driven by species), showing that more statistical power and
higher plastic loads may be required to detect significant associations between ingested plastic and liver metal
concentration. A liver-metal concentration response may thus occur with larger plastic loads, though it is not
detectable or is negligible for birds with small plastic loads (for example < 3 items among prions).

Results for a plastic-metal relationship in prions differ from those in short-tailed shearwaters, where no
plastic-associated variation in metal concentrations in breast muscle tissue was found®. This may be due to
inherent variation between tissues, interspecies variation, a difference in physiology and energetic requirements
between free-ranging adult birds and pre-fledged altricial chicks, methodological differences, or a combination
thereof. It may be that the plastic load in the gut of short-tailed shearwater chicks was too low to be associated
with detectable difference in liver metal(loid) concentration for the species, similarly to fairy prions in this study.
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These different outcomes between short-tailed shearwater and prions suggest complexity in plastic, nutrition, and
pollution relationships. Taxa should be treated individually in future studies to account for differences between
species, life stage and tissue examined.

For prion liver metal concentrations, plastic-load models were better than null models for all examined met-
als, with plastic load or mass a predictor variable in equivalent best model for all but Cd (Table 2). This result
suggests that a relationship exists between ingested plastic load and liver metal concentrations, although the
biological implications of small variations are unknown. Uncertainty around the estimates of the slopes of these
relationships, in view of the variation between individuals, could be reduced with increased sample sizes and
better representation of large ingested plastic loads, which were underrepresented in this study. The R? values of
the plastic load regression models show that, irrespective of the mechanism, plastic accounts for < 10% of vari-
ation across liver metal(loid) concentrations in starving prions (Table 2). This low value indicates that plastic is
likely to be playing a role, but the impact of external factors, such as diet and foraging habitat are much greater,
especially where small plastic loads (< 3 items, as fairy prions) are observed. Variation due to individual factors
and diet likely account for the remaining 80-95% of unexplained variation across metal(loid)s. Species had no
or minimal influence on variation across most metal(loid) concentrations, except for Zn and Cd, showing the
considerable overlap in liver metal(loid) concentration between fairy and slender-billed prions. These differences
may be biological, or may reflect regional availability of these nutrients in amphipod and euphausiid across their
differing range“’“. Age appeared in the top models for Al, Mn, Fe and Co, with R? value of ~ 0.1 for each. This
suggests that approximately 10% of the variation in these metal concentrations is related to the age of the bird,
reflecting studies finding age-related variation in the liver concentration of some metal(loid)s, although patterns
differ between seabird species®®®. For Al, Mn and Fe, age-only models have a smaller R? than age-and-plastic
models, showing that the effect of plastic is probably additive to age rather than confounded by it.

The malnutrition prediction was better supported than was the transfer prediction, with reduced Fe, Mn and
Co indicating possible decreased intake of these dietary minerals, although the observed positive Cu and Zn
relationship also supports the transfer hypotheses (Figs. 2, 5). Mixed support for the transfer predictions may
reflect the transfer of only some metals from plastic to tissue, with other metals remaining bound to plastic or
not present at all, confounding due to metallothionein synthesis*>**% or another mechanism that is causing the
increases in Cu and Zn concentration. Zn was found in significantly higher concentrations in both slender-billed
and pooled prions, while the concentration of other transfer-relevant metals did not increase significantly in the
liver. Plastic-additive metals such as Zn'* may be a larger pollution concern than plastic-adsorbed metals, at least
for marine environments with low levels of metal pollution. It is also possible that the increased Zn concentration
may result from the synthesis of metallothionein, if plastic ingestion is associated with intake of heavy metals
including Cd, As and mercury (Hg)****%*. Mixed support for the transfer association may also be an indicator
that external and unaccounted factors are influencing these relationships; for example, birds ingesting plastic
may be foraging in different locations or on different prey species. The negative Al relationship with plastic was
not covered by existing literature-based predictions, indicating that other metal(loid)s may also be subject to
transfer, dietary dilution, or other factors. Reduced Al may reflect dietary dilution through reduced mineral
intake, similar to the relationship observed for Mn, Co and Fe. Support for these explanations are correlative only;
while these correlations are meaningful in the context of the previous research which informed each association,
the mechanism itself (transfer and dietary dilution) cannot be definitively tested with this observational study.

We propose that ingested plastic, especially at large loads, may influence liver metal(loid) concentration
through reduced dietary intake of dietary Al, Fe, Co and Mn, dietary minerals that occur commonly in the
species on which prions feed®®”’. This reduced mineral nutrient intake may occur as a function of dietary dilu-
tion associated with larger ingested loads of ingested plastic. Plastic-mediated dietary dilution may occur over
a period of a month to years of plastic retention in the gut’"”? causing sub-lethal chronic malnutrition, as has
been observed in sea turtles?®?8. The acute starvation preceding death in this study presents a challenge for
interpreting whether the birds we sampled from the beach were in healthy or poor body condition prior to the
storm that caused them to die and strand, and the possible nutritional impacts of ingested plastics as they relate
to the health of the birds prior to their death.

Starvation and fasting experiments in animals show that those in ‘fat’ and ‘lean’ body condition typically
have similar initial muscle protein content (except heart), while good/fat condition animals have a higher liver
mass and more fat (adipose)®”. When both ‘fat’ and ‘lean’ animals are starved, although fat animals survive for
longer by metabolising fat and conserving protein (at least in the initial stages), ultimately, the limiting factor for
survival is the cumulative loss of body proteins rather than lipid (fat) availability®’. This ‘protein conservation’
differs between fat and lean animals®’, and is affected by energy expenditure during fasting’>’*. Energy expendi-
ture is an important factor in this study, as very high energy expenditure during fasting would be expected in
the days preceding the death of the small (~ 140 g healthy mass) birds in this study, enduring four days of storm
conditions at sea®.

Starvation induces a loss in the mass of the liver, which gradually decreases as the days of starvation
increase®’*, As liver mass decreases, concentration of some metals (i.e. Cu, Zn) increases, but the total content
of metals in the liver remains constant”. This is important because laboratory experiments using rats demon-
strate that animals that are lean before undergoing starvation/fasting achieve a lower final liver protein mass
before death (and die sooner) than animals that were fat before the starvation event®. If this same mechanism
occurs in prions, we might expect prions that were lean/sub-lethally malnourished before the storm to have
smaller livers and higher concentrations of some metals (especially those that are not environmentally limited)
than fat/healthy prions, although this is yet to be confirmed experimentally in birds. We did not weigh total
liver mass, but the increased Cu/Zn concentration observed in slender-billed prions with ingested plastic may
indicate transfer, or poorer average body condition than in non-plastic eaters that died during the storm. Plastic-
ingesting individuals of both species had lower liver Fe and Al concentrations than those that did not ingest
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plastic. Fe is a limiting nutrient in the Southern Ocean’®~7%, while Mn and Co exist at trace concentrations”. As

Fe showed the strongest plastic-metal relationship (slender-billed prions), we suggest that the largest potential
sub-lethal nutritional consequence of plastic ingestion may concern nutrients that are already environmentally
limited, as is the case for Fe in the Southern Ocean’®7%. Reduced food intake resulting from dietary dilution by
plastic ingestion may lead to lower liver Fe concentration as food reduction decreases the number of red blood
cells in seabirds®? and lower dietary Al, Mn and Co. We propose that individuals that are already sub-lethally
malnourished may have a higher risk of dying than those in good condition when the extreme weather event
begins, as observed in other bird species®.

Previous studies raise concern regarding the potential transfer of Cd and Pb between plastic and
wildlife!**1*>% including plastic-mediated transfer of Cd observed in fish!* and suggestions that plastics may
be responsible for between 6 and 30% of a seabird’s exposure to and accumulation of Pb*!. We found no signifi-
cant relationships in this study that support these predictions. The estimation of plastic accounting for 6-30%
of seabirds’ Pb exposure is too high for fairy and slender-billed prions collected in Australasia. Individual birds
varied greatly in their Cd and Pb liver concentration (Table 1). Low Fe concentration has been linked with high
uptake of Pb%, which presents further concern for plastic-ingesting birds with reduced Fe. This may occur
because divalent metal transporter 1, which mediates the absorption of divalent cations in the small intestine,
exhibits a substrate preference for Fe®*. When the diet is deficient in Fe, absorption of Pb may increase via the
divalent metal transporter 1 in the small intestinal cells®’. If Pd and Cd transfer between plastic and body occurs,
we suggest that either the magnitude is minimal and dwarfed by diet and environmental exposure, or that these
metals are being detoxified in the body by binding to metallothionein®>**%*, If heavy metal transfer from plastic
occurs, it is possible that increases may be masked by metallothionein synthesis, which would result in increases
in Zn, as observed. Whether metallothionein synthesis is the cause of the increased Zn concentration with plastic
presence observed, however, cannot be tested with this study.

Although the plastic load-metal(loid) concentration effect is small, the plastic ingestion dietary dilution effect
may reduce survival across a large population affected by extreme weather, especially where ingested large plastic
loads occur. We do not know pre-storm health, but it is likely that examined birds included individuals that were
in healthy condition prior to the storm and starved rapidly under challenging conditions. Tens to hundreds of
thousands of prions probably died during this single storm event, including birds in healthy initial condition, as
birds can starve rapidly in prolonged extreme conditions such as high wind, rain and rough seas*. We have pro-
vided discussion justifying why we believe these results can be applicable to healthy prions. However, given that
all bird examined were in a starved condition on collection, we do not know with certainty whether these results
can be applied to healthy birds, nor is it possible to measure the plastic loads or liver metal(loid) concentrations
of birds that survived the storm event. Given the variation in liver metal(loid) concentration due to other factors
such as age, foraging and diet, further sampling is recommended to elucidate the relationships between ingested
plastic and tissue metal(loid)s, and influence on survival of environmental challenges.

Prions are moderate plastic eaters relative to other Procellariiforme species®>-%, and the maximum plastic
loads found here are smaller than the maximum loads found among beach-cast fairy prions and slender-billed
prions in another study (Fairy prions; this study max=2, Roman et al. 2019 max = 14. Slender-billed prions;
this study max =15, Roman et al. 2019 max= 228 If large plastic loads cause malnourishment in seabirds, it
is unlikely that sub-lethally malnourished birds that die during storms will have plastic loads as large as beach-
cast birds that may have died from lethal malnourishment (Fig. 1). As significant relationships between plastic
ingestion and metal concentration were found in slender-billed prions, we recommend a careful examination
of potential relationships in seabirds with higher rates and ingested loads of plastic, in particular fulmarine
petrels®>* and storm-petrels®>. As seabird wreck events can lead to high mortality, the potential effect of small
variations in health/condition associated with ingested plastic may push birds closer to an energetic knife’s edge.
For large seabird wreck events, the effect of widespread plastic ingestion through a population on the overall
death toll may not be inconsequential.

Conclusion

Plastic ingestion in prions, especially for those individuals with large plastic loads, is associated with reduced Al,
Mn, Fe and Co concentrations and increased Cu and Zn concentration in the liver. We posit that this result may
be caused by dietary dilution and subsequent malnutrition due to plastic in the gut, and potentially by the trans-
fer of Zn from ingested plastic. This new evidence shows a relationship between plastic and liver metal(loid)
concentration in free-living wildlife, with a potential nutrition and pollution link. However, the effect is small
and is less important than the effect of external factors such as diet and foraging differences. Plastic load, type
of diet and resultant chronic dietary dilution are factors that may affect seabird body condition and consequent
resilience and survival in natural events such as storms. We conclude that ingested plastics in loads such as those
we examined may affect essential metal(loid) mineral nutrient absorption through dietary dilution but may not
be important vectors of non-essential metal(loid) contamination in fairy and slender-billed prions.

Received: 1 April 2020; Accepted: 8 October 2020
Published online: 22 October 2020

References
1. Law, K. L. et al. Distribution of surface plastic debris in the eastern pacific ocean from an 11-year data set. Environ. Sci. Technol.
48, 4732-4738. https://doi.org/10.1021/es4053076 (2014).
2. Naser, H. A. Assessment and management of heavy metal pollution in the marine environment of the Arabian Gulf: a review. Mar.
Pollut. Bull. 72, 6-13. https://doi.org/10.1016/j.marpolbul.2013.04.030 (2013).

Scientific Reports |

(2020) 10:18023 | https://doi.org/10.1038/s41598-020-75024-6 nature research


https://doi.org/10.1021/es4053076
https://doi.org/10.1016/j.marpolbul.2013.04.030

www.nature.com/scientificreports/

sl

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.

21.
. Richards, M. P, Rosebrough, R. W. & Steele, N. C. Effects of starvation and refeeding on tissue zinc, copper and iron in turkey

23.

24.
25.
26.
27.
28.
29.
30.

31.

32.

33.
34.

35.
36.
37.
38.
39.
40.
41.

42.

43.

. Meng, W, Qin, Y., Zheng, B. & Zhang, L. Heavy metal pollution in Tianjin Bohai Bay, China. J. Environ. Sci. 20, 814-819. https

://doi.org/10.1016/S1001-0742(08)62131-2 (2008).

. Rainbow, P. S. Bioaccumulation of trace metals: biological significance. Oceanis 25, 547-561 (1999).
. Reeder, R. ], Schoonen, M. A. & Lanzirotti, A. Metal speciation and its role in bioaccessibility and bioavailability. Rev. Mineral.

Geochem. 64, 59-113 (2006).

. Kastury, E, Karna, R. R, Scheckel, K. G. & Juhasz, A. L. Correlation between lead speciation and inhalation bioaccessibility using

two different simulated lung fluids. Environ. Pollut., 114609 (2020).

. Kastury, F. et al. Relationship between Pb relative bioavailability and bioaccessibility in phosphate amended soil: Uncertainty

associated with predicting Pb immobilization efficacy using in vitro assays. Environ. Int. 131, 104967 (2019).

. Ryan, P. G. Handbook of Environmental Chemistry 78, 235-266 (2019).
. Holmes, L. A, Turner, A. & Thompson, R. C. Adsorption of trace metals to plastic resin pellets in the marine environment. Environ.

Pollut. 160, 42-48. https://doi.org/10.1016/j.envpol.2011.08.052 (2012).

Holmes, L. A., Turner, A. & Thompson, R. C. Interactions between trace metals and plastic production pellets under estuarine
conditions. Mar. Chem. 167, 25-32. https://doi.org/10.1016/j.marchem.2014.06.001 (2014).

Brennecke, D., Duarte, B., Paiva, F.,, Cagador, I. & Canning-Clode, J. Microplastics as vector for heavy metal contamination from
the marine environment. Estuar. Coast. Shelf Sci. 178, 189-195. https://doi.org/10.1016/j.ecss.2015.12.003 (2016).

Vedolin, M. C., Teophilo, C. Y. S., Turra, A. & Figueira, R. C. L. Spatial variability in the concentrations of metals in beached
microplastics. Mar. Pollut. Bull. 129, 487-493. https://doi.org/10.1016/j.marpolbul.2017.10.019 (2018).

Shen, K. K., Kochesfahani, S. & Jouffret, F. Zinc borates as multifunctional polymer additives. Polym. Adv. Technol. 19, 469-474.
https://doi.org/10.1002/pat.1119 (2008).

Lu, K, Qiao, R., An, H. & Zhang, Y. Influence of microplastics on the accumulation and chronic toxic effects of cadmium in
zebrafish (Danio rerio). Chemosphere 202, 514-520. https://doi.org/10.1016/j.chemosphere.2018.03.145 (2018).

Mallory, M. L., Robinson, S. A., Hebert, C. E. & Forbes, M. R. Seabirds as indicators of aquatic ecosystem conditions: a case for
gathering multiple proxies of seabird health. Mar. Pollut. Bull. 60, 7-12. https://doi.org/10.1016/j.marpolbul.2009.08.024 (2010).
Furness, R. W. & Camphuysen, K. Seabirds as monitors of the marine environment. ICES J. Mar. Sci. 54, 726-737. https://doi.
org/10.1006/jmsc.1997.0243 (1997).

Elliott, J. E. Trace metals, stable isotope ratios, and trophic relations in seabirds from the North Pacific Ocean. Environ. Toxicol.
Chem. 24, 3099-3105. https://doi.org/10.1897/04-474R.1 (2005).

Kim, E. Y., Goto, R., Tanabe, S., Tanaka, H. & Tatsukawa, R. Distribution of 14 elements in tissues and organs of oceanic seabirds.
Arch. Environ. Contam. Toxicol. 35, 638-645. https://doi.org/10.1007/s002449900426 (1998).

Murphy, M. E. in Avian energetics and nutritional ecology 31-60 (Springer, 1996).

McCue, M. D. Starvation physiology: Reviewing the different strategies animals use to survive a common challenge. Comp. Biochem.
Physiol. A: Mol. Integr. Physiol. 156, 1-18. https://doi.org/10.1016/j.cbpa.2010.01.002 (2010).

Cherel, Y., Robin, J.-P. & Maho, Y. L. Physiology and biochemistry of long-term fasting in birds. Can. J. Zool. 66, 159-166 (1988).

poults. J. Nutr. 117, 481-489. https://doi.org/10.1093/jn/117.3.481 (1987).

Debacker, V., Rutten, A., Jauniaux, T., Daemers, C. & Bouquegneau, J. M. Combined effects of experimental heavy-metal contami-
nation (Cu, Zn, and CH;Hg) and starvation on quail’s body condition: parallelism with a wild common guillemot (Uria aalge)
population found stranded at the Belgian coast. Biol. Trace Elem. Res. 82, 87-107. https://doi.org/10.1385/bter:82:1-3:087 (2001).
Wenzel, C. & Adelung, D. The suitability of oiled guillemots (Uria aalge) as monitoring organisms for geographical comparisons
of trace element contaminants. Arch. Environ. Contam. Toxicol. 31, 368-377. https://doi.org/10.1007/BF00212675 (1996).

Brady, L. J., Romsos, D. R., Brady, P. S., Bergen, W. G. & Leveille, G. A. The effects of fasting on body composition, glucose turnover,
enzymes and metabolites in the chicken. J. Nutr. 108, 648-657 (1978).

McCauley, S. J. & Bjorndal, K. A. Conservation implications of dietary dilution from debris ingestion: sublethal effects in post-
hatchling loggerhead sea turtles. Conserv. Biol. 13, 925-929. https://doi.org/10.1046/j.1523-1739.1999.98264.x (1999).
Raubenheimer, D. & Simpson, S. J. in Encyclopedia of Animal Behavior (Second Edition) (ed Jae Chun Choe) 127-138 (Academic
Press, London, 2019).

Santos, R. G. et al. Exploring plastic-induced satiety in foraging green turtles. Environ. Pollut., 114918 (2020).

Lavers, J. L., Bond, A. L. & Hutton, I. Plastic ingestion by flesh-footed shearwaters (Puffinus carneipes): implications for fledgling
body condition and the accumulation of plastic-derived chemicals. Environ. Pollut. 187, 124-129. https://doi.org/10.1016/j.envpo
1.2013.12.020 (2014).

Puskic, P. S., Lavers, J. L., Adams, L. R. & Bond, A. L. Ingested plastic and trace element concentrations in short-tailed shearwaters
(Ardenna tenuirostris). Mar. Pollut. Bull. https://doi.org/10.1016/j.marpolbul.2020.111143 (2020).

Lavers, J. L. & Bond, A. L. Ingested plastic as a route for trace metals in Laysan Albatross (Phoebastria immutabilis) and Bonin
Petrel (Pterodroma hypoleuca) from Midway Atoll. Mar. Pollut. Bull. 110, 493-500. https://doi.org/10.1016/j.marpolbul.2016.06.001
(2016).

Ishii, C. et al. Contamination status and accumulation characteristics of heavy metals and arsenic in five seabird species from the
central Bering Sea. J. Vet. Med. Sci. 79, 807-814. https://doi.org/10.1292/jvms.16-0441 (2017).

Ishii, C. et al. Heavy metal pollution in Japanese seabirds. Jpn. J. Vet. Res. 61, S75-576 (2013).

Burger, J. & Gochfeld, M. Metal levels in feathers of 12 species of seabirds from Midway Atoll in the northern Pacific Ocean. Sci.
Total Environ. 257, 37-52. https://doi.org/10.1016/S0048-9697(00)00496-4 (2000).

Ashton, K., Holmes, L. & Turner, A. Association of metals with plastic production pellets in the marine environment. Mar. Pollut.
Bull. 60, 2050-2055. https://doi.org/10.1016/j.marpolbul.2010.07.014 (2010).

Honda, K., Marcovecchio, J. E., Kan, S., Tatsukawa, R. & Ogi, H. Metal concentrations in pelagic seabirds from the North Pacific
Ocean. Arch. Environ. Contam. Toxicol. 19, 704-711. https://doi.org/10.1007/BF01183988 (1990).

Muirhead, S. J. & Furness, R. W. Heavy metal concentrations in the tissues of seabirds from Gough Island, South Atlantic Ocean.
Mar. Pollut. Bull. 19, 278-283. https://doi.org/10.1016/0025-326X(88)90599-1 (1988).

Lock, J. W,, Thompson, D. R., Furness, R. W. & Bartle, J. A. Metal concentrations in seabirds of the New Zealand region. Environ.
Pollut. 75, 289-300. https://doi.org/10.1016/0269-7491(92)90129-X (1992).

Turner, A. Heavy metals, metalloids and other hazardous elements in marine plastic litter. Mar. Pollut. Bull. 111, 136-142. https
://doi.org/10.1016/j.marpolbul.2016.07.020 (2016).

Davranche, M. et al. Are nanoplastics able to bind significant amount of metals? The lead example. Environ. Pollut. 249, 940-948.
https://doi.org/10.1016/j.envpol.2019.03.087 (2019).

Turner, A. Mobilisation kinetics of hazardous elements in marine plastics subject to an avian physiologically-based extraction test.
Environ. Pollut. 236, 1020-1026. https://doi.org/10.1016/j.envpol.2018.01.023 (2018).

Burger, J. & Gochfeld, M. Mercury and other metals in feathers of common eider (Somateria mollissima) and tufted puffin (Fra-
tercula cirrhata) from the Aleutian chain of Alaska. Arch. Environ. Contam. Toxicol. 56, 596-606. https://doi.org/10.1007/s0024
4-008-9207-5 (2009).

Roman, L., Hardesty, B. D., Hindell, M. A. & Wilcox, C. A quantitative analysis linking seabird mortality and marine debris inges-
tion. Sci. Rep. https://doi.org/10.1038/s41598-018-36585-9 (2019).

Scientific Reports |

(2020) 10:18023 | https://doi.org/10.1038/s41598-020-75024-6 nature research


https://doi.org/10.1016/S1001-0742(08)62131-2
https://doi.org/10.1016/S1001-0742(08)62131-2
https://doi.org/10.1016/j.envpol.2011.08.052
https://doi.org/10.1016/j.marchem.2014.06.001
https://doi.org/10.1016/j.ecss.2015.12.003
https://doi.org/10.1016/j.marpolbul.2017.10.019
https://doi.org/10.1002/pat.1119
https://doi.org/10.1016/j.chemosphere.2018.03.145
https://doi.org/10.1016/j.marpolbul.2009.08.024
https://doi.org/10.1006/jmsc.1997.0243
https://doi.org/10.1006/jmsc.1997.0243
https://doi.org/10.1897/04-474R.1
https://doi.org/10.1007/s002449900426
https://doi.org/10.1016/j.cbpa.2010.01.002
https://doi.org/10.1093/jn/117.3.481
https://doi.org/10.1385/bter:82:1-3:087
https://doi.org/10.1007/BF00212675
https://doi.org/10.1046/j.1523-1739.1999.98264.x
https://doi.org/10.1016/j.envpol.2013.12.020
https://doi.org/10.1016/j.envpol.2013.12.020
https://doi.org/10.1016/j.marpolbul.2020.111143
https://doi.org/10.1016/j.marpolbul.2016.06.001
https://doi.org/10.1292/jvms.16-0441
https://doi.org/10.1016/S0048-9697(00)00496-4
https://doi.org/10.1016/j.marpolbul.2010.07.014
https://doi.org/10.1007/BF01183988
https://doi.org/10.1016/0025-326X(88)90599-1
https://doi.org/10.1016/0269-7491(92)90129-X
https://doi.org/10.1016/j.marpolbul.2016.07.020
https://doi.org/10.1016/j.marpolbul.2016.07.020
https://doi.org/10.1016/j.envpol.2019.03.087
https://doi.org/10.1016/j.envpol.2018.01.023
https://doi.org/10.1007/s00244-008-9207-5
https://doi.org/10.1007/s00244-008-9207-5
https://doi.org/10.1038/s41598-018-36585-9

www.nature.com/scientificreports/

44,

45.

46.

47.

48.

Pierce, K. E., Harris, R. J., Larned, L. S. & Pokras, M. A. Obstruction and starvation associated with plastic ingestion in a Northern
Gannet Morus bassanus and a greater shearwater Puffinus gravis. Mar. Ornithol. 32, 187-189 (2004).

Rochman, C. M. et al. The ecological impacts of marine debris: Unraveling the demonstrated evidence from what is perceived.
Ecology 97, 302-312. https://doi.org/10.1890/14-2070.1 (2016).

Tanaka, K. et al. (2013) Accumulation of plastic-derived chemicals in tissues of seabirds ingesting marine plastics. Mar. Pollut.
Bull. http://doi.org/https://doi.org/10.1016/j.marpolbul.2012.12.010 (2013).

Marchant, S. & Higgins, P. ]. Handbook of Australian, New Zealand and Antarctic Birds 1 Part A ( Oxford University Press, Ratites
to Ducks, 1990).

Roman, L., Bell, E., Wilcox, C., Hardesty, B. D. & Hindell, M. Ecological drivers of marine debris ingestion in Procellariiforme
seabirds Sci. Rep. (2019).

. Powlesland, R. G. Seabirds found dead on New Zealand beaches in 1986 and a review of Pachyptila species recoveries since 1960.

Notornis 36 (1989).

. Veitch, C. Seabirds found dead in New Zealand in 1979. Notornis 28, 41-47 (1981).

51. Post, P. W. Observations of prion (Pachyptila) wrecks on the west coast of South America. Notornis 54, 220-225 (2007).

52. Martuscelli, P. & Olmos, F. A large prion Pachyptila wreck in south-east Brazil. Cotinga 8, 55-57 (1997).

53. Davidson, N. & Evans, P. Mortality of Redshanks and Oystercatchers from starvation during severe weather. Bird Study 29, 183-188
(1982).

54. van Franeker, J. Save the North Sea Fulmar-Litter-EcoQO Manual Part 1: Collection and dissection procedures. Vol. 672 (2004).

55. Kastury, E. et al. In vitro, in vivo, and spectroscopic assessment of lead exposure reduction via ingestion and inhalation pathways
using phosphate and iron amendments. Environ. Sci. Technol. https://doi.org/10.1021/acs.est.9b02448 (2019).

56. Environmental Protection Agency, U. S. A. Method 6020A Inductively coupled plasma - mass spectrometry. (1998).

57. R Core Team. R: A Language and Environment for Statistical Computing, https://www.R-project.org (2018).

58. Naimi, B. Package ‘usdm, R package version 1.1-18. (2017).

59. Barton, K. Package ‘MuMIn’ R package version 1.43.17. (2019).

60. Anderson, D. & Burnham, K. Model Selection and Multi-Model Inference 2nd edn, 63 (Springer, New York, 2004).

61. Burnham, K. & Anderson, D. A practical information-theoretic approach, in Model Selection and mUltimodel Inference, 2nd ed.
(Springer, New York, 2002).

62. Totzke, U. et al. The influence of fasting on blood and plasma composition of herring gulls (Larus argentatus). Physiol. Biochem.
Zool. Ecol. Evol. Approac. 72, 426-437. https://doi.org/10.1086/316675 (1999).

63. McKnight, G. S., Lee, D. C., Hemmaplardh, D., Finch, C. A. & Palmiter, R. D. Transferrin gene expression. effects of nutritional
iron deficiency. J. Biol. Chem. 255, 144-147 (1980).

64. Urien, N. et al. Subcellular partitioning of metals and metalloids (As, Cd, Cu, Se and Zn) in liver and gonads of wild white suckers
(Catostomus commersonii) collected downstream from a mining operation. Aquat. Toxicol. 202, 105-116. https://doi.org/10.1016/;.
aquatox.2018.07.001 (2018).

65. Krezel, A. & Maret, W. The functions of metamorphic metallothioneins in zinc and copper metabolism. Int. J. Mol. Sci. 18, 1237.
https://doi.org/10.3390/ijms18061237 (2017).

66. Rainbow, P. S. Copper, cadmium and zinc concentrations in oceanic amphipod and euphausiid crustaceans, as a source of heavy
metals to pelagic seabirds. Mar. Biol. 103, 513-518. https://doi.org/10.1007/BF00399583 (1989).

67. Cherel, Y., Robin, J.-P,, Heitz, A., Calgari, C. & Le Maho, Y. Relationships between lipid availability and protein utilization during
prolonged fasting. J. Comput. Physiol. B. 162, 305-313 (1992).

68. Kojadinovic, J., Corre, M. L., Cosson, R. P. & Bustamante, P. Trace elements in three marine birds breeding on Reunion Island
(Western Indian Ocean): part 1 - factors influencing their bioaccumulation. Arch. Environ. Contam. Toxicol. 52, 418-430. https://
doi.org/10.1007/500244-005-0225-2 (2007).

69. Stewart, F. M., Phillips, R. A., Bartle, J. A, Craig, J. & Shooter, D. Influence of phylogeny, diet, moult schedule and sex on heavy
metal concentrations in New Zealand Procellariiformes. Mar. Ecol. Prog. Ser. 178, 295-305. https://doi.org/10.3354/meps178295
(1999).

70. Fromant, A. et al. Wide range of metallic and organic contaminants in various tissues of the Antarctic prion, a planktonophagous
seabird from the Southern Ocean. Sci. Total Environ. 544, 754-764. https://doi.org/10.1016/j.scitotenv.2015.11.114 (2016).

71. Van Franeker, J. A. & Law, K. L. Seabirds, gyres and global trends in plastic pollution. Environ. Pollut. 203, 89-96. https://doi.
0rg/10.1016/j.envpol.2015.02.034 (2015).

72. Ryan, P. G. How quickly do albatrosses and petrels digest plastic particles?. Environ. Pollut. 207, 438-440. https://doi.org/10.1016/j.
envpol.2015.08.005 (2015).

73. Thouzeau, C., Robin, J.-P.,, Le Maho, Y. & Handrich, Y. Body reserve dynamics and energetics of barn owls during fasting in the
cold. J. Comput. Physiol. B. 169, 612-620 (1999).

74. Parker, H. & Holm, H. Patterns of nutrient and energy expenditure in female common eiders nesting in the high arctic. Auk 107,
660-668 (1990).

75. Esselink, H. et al. Biomonitoring heavy metals using the barn owl (Tyto alba guttata): sources of variation especially relating to
body condition. Arch. Environ. Contam. Toxicol. 28, 471-486 (1995).

76. Raiswell, R, Benning, L. G., Tranter, M. & Tulaczyk, S. Bioavailable iron in the Southern Ocean: the significance of the iceberg
conveyor belt. Geochem. Trans. 9,7 (2008).

77. Boyd, P. W. et al. A mesoscale phytoplankton bloom in the polar Southern Ocean stimulated by iron fertilization. Nature 407,
695-702 (2000).

78. De Baar, H. J. et al. Importance of iron for plankton blooms and carbon dioxide drawdown in the Southern Ocean. Nature 373,
412-415 (1995).

79. Scharek, R., Van Leeuwe, M. A. & De Baar, H. J. W. Responses of Southern Ocean phytoplankton to the addition of trace metals.
Deep Sea Res. II 44, 209-227. https://doi.org/10.1016/S0967-0645(96)00074-4 (1997).

80. Bannon, D. I, Abounader, R., Lees, P. S. J. & Bressler, J. P. Effect of DMT1 knockdown on iron, cadmium, and lead uptake in Caco-2
cells. Am. J. Physiol. Cell Physiol. 284, C44-C50 (2003).

81. Bressler, J. P, Olivi, L., Cheong, J. H., Kim, Y. & Bannona, D. Divalent metal transporter 1 in lead and cadmium transport. Ann.
N. Y. Acad. Sci. 1012, 142-152. https://doi.org/10.1196/annals.1306.011 (2004).

82. Roman, L., Bell, E., Wilcox, C., Hardesty, B. D. & Hindell, M. Ecological drivers of marine debris ingestion in Procellariiform
Seabirds. Sci. Rep. http://doi.org/https://doi.org/10.1038/s41598-018-37324-w (2019).

83. Ryan, P. G. The incidence and characteristics of plastic particles ingested by seabirds. Mar. Environ. Res. 23, 175-206. https://doi.
0rg/10.1016/0141-1136(87)90028-6 (1987).

84. Ainley, D. G., Fraser, W. R. & Spear, L. B. The incidence of plastic in the diets of Antarctic seabirds. Second International Conference
on Marine Debris, 2-7 April 1989 (1990).

85. Avery-Gomm, S. et al. Northern fulmars as biological monitors of trends of plastic pollution in the eastern North Pacific. Mar.
Pollut. Bull. 64, 1776-1781. https://doi.org/10.1016/j.marpolbul.2012.04.017 (2012).

86. Terepocki, A. K., Brush, A. T,, Kleine, L. U,, Shugart, G. W. & Hodum, P. Size and dynamics of microplastic in gastrointestinal
tracts of Northern Fulmars (Fulmarus glacialis) and Sooty Shearwaters (Ardenna grisea). Mar. Pollut. Bull. 116, 143-150. https://
doi.org/10.1016/j.marpolbul.2016.12.064 (2017).

Scientific Reports|  (2020) 10:18023 | https://doi.org/10.1038/s41598-020-75024-6 nature research


https://doi.org/10.1890/14-2070.1
https://doi.org/10.1016/j.marpolbul.2012.12.010
https://doi.org/10.1021/acs.est.9b02448
http://www.R-project.org
https://doi.org/10.1086/316675
https://doi.org/10.1016/j.aquatox.2018.07.001
https://doi.org/10.1016/j.aquatox.2018.07.001
https://doi.org/10.3390/ijms18061237
https://doi.org/10.1007/BF00399583
https://doi.org/10.1007/s00244-005-0225-2
https://doi.org/10.1007/s00244-005-0225-2
https://doi.org/10.3354/meps178295
https://doi.org/10.1016/j.scitotenv.2015.11.114
https://doi.org/10.1016/j.envpol.2015.02.034
https://doi.org/10.1016/j.envpol.2015.02.034
https://doi.org/10.1016/j.envpol.2015.08.005
https://doi.org/10.1016/j.envpol.2015.08.005
https://doi.org/10.1016/S0967-0645(96)00074-4
https://doi.org/10.1196/annals.1306.011
https://doi.org/10.1038/s41598-018-37324-w
https://doi.org/10.1016/0141-1136(87)90028-6
https://doi.org/10.1016/0141-1136(87)90028-6
https://doi.org/10.1016/j.marpolbul.2012.04.017
https://doi.org/10.1016/j.marpolbul.2016.12.064
https://doi.org/10.1016/j.marpolbul.2016.12.064

www.nature.com/scientificreports/

87. Youngren, S. M., Rapp, D. C. & Hyrenbach, K. D. Plastic ingestion by Tristram’s Storm-petrel (Oceanodroma tristrami) chicks
from French frigate shoals, Northwestern Hawaiian Islands. Mar. Pollut. Bull. 128, 369-378. https://doi.org/10.1016/j.marpo
1bul.2018.01.053 (2018).

88. GIMP Development Team. GIMP 2.10.10, https://www.gimp.org/ (2019).

Acknowledgements

We acknowledge warmly the contribution and assistance of Matt Rayner and Auckland War Memorial Museum
(storage and laboratory space, assistance with necropsies). We are further indebted to Ian Southey and Steph-
anie Borelli for assisting with collection of the prions, to Ian Southey for assisting with the carcass collection
and necropsies, to Albert Juhasz for facilitating the organ analyses, and to Victoria Zawko for assisting with the
laboratory work. We are grateful to the Department of Conservation, New Zealand, for research permission and
to BirdLife Australia’s Australian Bird Environment Fund grant and Sea World Research and Rescue Foundation
Inc (SWRRFI) Marine Vertebrates grant for providing the financial support for this project.

Author contributions

All authors were involved in conceptualisation. L.R. sourced the funding, carcasses and performed the necropsies.
LR, EK. and R.A. performed the laboratory work associated with tissue digestion and analysis. EX. performed
ICP-MS and interpreted the output. L.R., C.W. and B.D.H performed and interpreted the statistical analysis. All
authors wrote and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-75024-6.

Correspondence and requests for materials should be addressed to L.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:18023 | https://doi.org/10.1038/s41598-020-75024-6 nature research


https://doi.org/10.1016/j.marpolbul.2018.01.053
https://doi.org/10.1016/j.marpolbul.2018.01.053
https://www.gimp.org/
https://doi.org/10.1038/s41598-020-75024-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Plastic, nutrition and pollution; relationships between ingested plastic and metal concentrations in the livers of two Pachyptila seabirds
	Materials and methods
	Seabird sampling. 
	Necropsy. 
	Metal(loid) analysis. 
	Quality assurance and quality control. 
	Statistical analysis. 
	Metal(loid) concentration and plastic presence. 
	Metal(loid) concentration and plastic load in each species. 
	Metal(loid) concentration and plastic load in pooled prions. 

	Relationships in the literature and predicted associative mechanisms. 
	Evidence that supports a transfer explanation. 
	Evidence that supports a malnutrition explanation. 
	Potential confounding factors for Copper (Cu) and Zinc (Zn). 

	Pre-storm condition and health impact. 

	Results
	Metal(loid) concentration and plastic presence. 
	Fairy prion metal(loid) concentration and plastic presence. 
	Slender-billed prion metal(loid) concentration and plastic presence. 
	Pooled prion metal(loid) concentration and plastic presence. 

	Metal(loid) concentration and plastic load. 
	Metal(loid) concentration and plastic load in slender-billed prions. 
	Metal(loid) concentration and plastic load in pooled prions. 

	Evidence supporting associative mechanism predictions from literature. 
	Relationships supporting the transfer prediction. 
	Relationships supporting the malnutrition prediction. 


	Discussion
	Conclusion
	References
	Acknowledgements


