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Abstract Mercury (Hg) is a toxicant of concern, 
particularly in aquatic food webs. Mercury can move 
to terrestrial systems through consumption of aquatic 
prey or emergence of insects with aquatic larval 
phases. The possible movement of Hg from sedi-
ments to wetland plants and into terrestrial food webs 
though primary consumers has received less atten-
tion. We investigated differences and correlations in 
Hg in soil, wood and leaves of willows (Salix caro-
liniana) and folivorous beetles from a wetland with 
enhanced levels of Hg. Further, we compared sam-
ples from tree islands that had enriched Hg in soil 
through bird guano with control islands. Hg in any 
sample type did not correlate with Hg in any other 
sample type from the same island. We found higher 
[Hg] in soils and  significantly higher [Hg] in leaves 

from colony islands, while [Hg] in beetles appeared 
to be higher in control islands. In any case, despite 
comparatively high [Hg] in soil and leaves, Hg in foli-
vorous beetles was below detection levels and lower 
than that reported from other studies. We conclude 
that movement of Hg from wetland trees to terrestrial 
food webs through wetland vegetation is negligible in 
this ecosystem.

Keywords Mercury · Leaves · Insects · Wading bird 
colonies · Everglades

Introduction

Mercury (Hg) is a long-lived toxicant in soil and sedi-
ments that bioaccumulates and biomagnifies in food 
webs, particularly aquatic ones (Scheuhammer et  al. 
2007). In aquatic systems, Hg is also often in its much 
more toxic methylated form, due to the action of several 
microorganism (Zillioux et al. 1993; Tang et al. 2020; 
Peterson et al. 2020). The movement of aquatic mercury 
to terrestrial systems through emergence of the aerial 
or terrestrial phase of aquatic invertebrates and other 
consumption of aquatic prey by terrestrial organisms is 
well known (Cristol et al. 2008; Gann et al. 2015; Wil-
liams et al. 2017). In plants, Hg in leaves comes mostly 
from atmospheric deposition (Peckham et al. 2019) and 
there is evidence of the movement of Hg in leaves and 
its bioaccumulation through terrestrial food-webs (Rim-
mer et al. 2010; Luo et al. 2020). However, movements 
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and biomagnifcation of Hg through arboreal food webs 
is poorly explored. Plants also uptake Hg from soils, 
and though accumulation tends to be in roots (Wang 
and Greger 2001; Rodríguez-Alonso et al. 2019), a frac-
tion of it is mobilized and leaf Hg concentrations ([Hg] 
hereafter) can be influenced by substrate Hg. Yet, plants 
tend to mobilize less Hg to leaves as they age (Patra and 
Sharma 2000; Rodríguez-Alonso et al. 2019). Further, 
wetland plants or plants growing close to polluted wet-
lands tend to have higher [Hg] in leaves (Moore et al. 
1995; Patra and Sharma 2000; Wang et al. 2020) and in 
contaminated areas wetland plants such as rice can be a 
source of exposure (Abeysinghe et al. 2017). Therefore, 
wetland plants could play a role as a secondary pathway 
of Hg into the food web, particularly in wetlands with 
high [Hg].

Ecological dynamics can create Hg hotspots within 
polluted ecosystems. Colonial birds breeding in high 
density aggregations can concentrate Hg from the 
feeding area around their colonies though guano (Zhu 
et  al. 2014). In the Florida Everglades, although long 
legged wading birds (herons, egrets, ibises, storks and 
spoonbills) redistributed only a small fraction of the Hg 
in the entire system through guano, annual deposition 
in colony islands through guano was estimated to be 
eight times atmospheric deposition (Zhu et al. 2014). In 
active breeding colonies soil [Hg] was on average 65% 
higher than in non-colony (control) islands (234 µg/kg 
compared to 142  µg/kg dw), with several tree islands 
having more than 400  µg/kg Hg in soil (Zhu et  al. 
2014).

The influence of soil Hg enrichment by bird guano 
on wetland vegetation [Hg] and its possible move-
ment through primary consumers into the food-web 
remain unknown. We investigated [Hg] in soil, wood 
and leaves of willows and primary consumers (herbivo-
rous coleopterans) in tree islands of the Everglades. We 
predicted that [Hg] in plant material of colony islands 
would be higher than in control islands, correlated with 
higher [Hg] in soil, and that it would move in signifi-
cantly higher amounts into within-island food webs 
through higher [Hg] in primary consumers.

Materials and methods

Sample collection and Hg determination

Between 17 April and 9 May 2019 we sampled 12 
tree islands within Water Conservation Area 3A of 
the Everglades (Dade and Broward counties, Florida, 
USA; Fig. S1). Breeding colonies of wading birds are 
generally located on tree islands set widely apart (cf 
2–15 km) within a vast expanse of graminoid marsh. 
We classified islands as colony or control islands 
using information from monthly (January to July) 
systematic, 100% coverage aerial and ground sur-
veys to detect and quantify breeding pairs in breed-
ing colonies between 1994 and 2018 (Frederick et al. 
1996; Frederick and Ogden 2003; Williams et  al. 
2008; Zabala et al. 2020). Control islands were those 
in which no breeding colony (> 3 nesting pairs of any 
wading bird species) was detected in the 1994–2018 
period. We defined colony islands as those that har-
bored breeding activity in > 3 years within the study 
period. 2019 was an atypical year with repeated 
events of rainfall in the early months of the breed-
ing season resulting in poor breeding conditions for 
wading birds. In consequence, no breeding colonies 
were active before or during the sampling period and 
all Hg values observed represent legacies from pre-
vious years. Only one of the colony islands sampled 
(Donut Mel) had substantial presence of birds in 
2019: several anhinga (Anhinga anhinga) nests were 
active during sampling visits in sampling area. We 
sampled five control islands and seven colony islands. 
In each of these islands, we defined sampling areas 
as a 5  m radius from a randomly selected  central 
point. All sampling areas were within the regularly 
flooded band of willow (Salix caroliniana  > 80% wil-
low canopy cover) where wading birds typically nest. 
Restricting samples to willow vegetation areas also 
reduced problems related to specific variation in Hg 
accumulation among different tree species (Laacouri 
et al. 2013).

Within sampling areas, we collected samples of 
soil, plants and primary leaf-consumers. We col-
lected the top 10 cm of soil from 5–6 randomly cho-
sen points within the sampling area and merged them 
into a single soil sample per site. We sampled only 
from areas without surface water and scraped the sur-
face clean of recent large (> 5   cm2) organic debris 
before collection. To sample living wood stems, we 
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selected four upright willow trunks growing within 
each sampling area and cut Sects.  30–45  cm long 
and of 2–2.5  cm diameter. We also collected twigs 
(0.3–0.5 cm diameter) from another six willows, and 
collected 10 samples of leaves from these ten willows 
(4 branches + 6 twigs). In leaf sample collection, we 
discarded buds and new leaves (growing leaves that 
were soft and lighter in color) and only collected full-
grown leaves. Finally, in each sampling area we ran-
domly selected four 3 × 3 m square plots and sampled 
the willow canopy for arthropods using a leaf vac-
uum-blower (Stihl SH 56 C-E) in vacuum mode with 
a stocking fitted in the muzzle to collect samples and 
an organdy mesh below to prevent aspired items from 
reaching the shredder. We vacuumed each area thor-
oughly for 4 min or until all the branches and canopy 
in the area had been sampled. In the field, we stored 
different samples and samples from different areas in 
sealed plastic bags or jars.

Once out of the field, we stored soils in water-
proof bags in a cool environment and allowed them 
to air dry. We thoroughly washed branches and dis-
carded sections with lichens, then we stored branch 
sections in paper envelopes in a cool and shady area 
and allowed them to air dry. We discarded leaves with 
non-plant material (leaf galls, spider nests, inverte-
brate eggs, feces…), and those heavily damaged by 
herbivory or showing discoloration or spots that could 
be indicative of the presence of other organisms. We 
thoroughly washed remaining leaves under water and 
stored them in paper envelopes grouped by tree (i.e., 
ten envelopes per island) in a cool and dark place. We 
stored invertebrate samples in a cooler with ice in the 
field and once back in the field house we froze them 
for at least 24  h to humanely kill specimens. Next, 
we allowed the samples to defrost for at least 6  h 
and then collected arthropods from the stockings and 
stored them frozen in paper envelopes.

Soils of tree islands of the Everglades are pri-
marily peat and water saturated. Therefore, prior to 
processing soil samples for [Hg] we dried soil sam-
ples in an oven at 45  °C and with a forced air flow 
for 48  h. We then separated fine materials (< 2  mm 
diameter and < 5  mm length) into paper envelopes. 
We thoroughly washed branches and leaves again 
with deionized water and allow them to air dry. Next, 
we used plant mills to grind branches and leaves 
into fine material (< 2 mm) and stored them in paper 
envelopes. Some leaf-samples consisted of very few 

leaves from the same tree and a considerable amount 
of plant material was lost in the plant mills. Thus, in 
some occasions we had to combine samples from two 
or more of the ten leaf-samples from the same island 
to ensure enough material for analyses. To avoid 
cross contamination, between samples we thoroughly 
cleaned the mill and sieves with compressed air. We 
also discarded the first material coming out of the mill 
in each occasion. Arthropod canopy samples were 
dominated by a single coleopteran species, the cot-
tonwood leaf beetle (Chrysomela scripta: Fig. 1). The 
cottonwood leaf beetle is native to the United States 
and both larvae and adults feed on leaves, particu-
larly poplar (Populus spp.) but also willow (Orians 
et al. 1997; Coyle et al. 2001). Thus, and to minimize 
variance arising from possible interspecific variability 
in Hg accumulation, we focused on cottonwood leaf 
beetles. Prior to Hg estimation, we washed beetles in 
deionized water and allowed them to air dry. Next, 
we oven dried them at 45 °C for > 48 h, created com-
posite samples by merging 3–5 beetles from the same 
island, and ground them using a mortar and a pestle, 
and stored dry ground beetles in paper envelopes. 
To avoid cross contamination, after grinding beetles 
from each island and, we cleaned the pestle and mor-
tar with deionized water and with acetone and allow 
it to air dry.

Immediately prior to Hg determination we oven-
dried all final materials (fine soil material, ground 
leaves, ground wood dust, and ground beetle compos-
ites) within their envelopes at 60 °C for at least 48 h 
to standardize hydration level of samples. We oven 
dried all materials at < 65  °C because it effectively 
eliminates water while effectively conserving Hg 
compared to air drying or drying at higher tempera-
tures (Hojdová et al. 2015).

We measured total [Hg] using a Direct Mer-
cury Analyzer (Milestone DMA 80). In each batch 
of 20–40 samples we included at least two blanks, 
10–50% replicates depending on sample material 
availability, and 2–4 standard reference samples 
(DOLT-2 dogfish liver, TORT-2 lobster hepatopan-
creas and DORM-2 dogfish muscle). Recovery rates 
(± SD) were 101.93% (± 1.56) for DOLT-2 (N = 24), 
109.82% (± 3.53) for TORT-2 (N = 23) and 95.57% 
(± 1.71) for DORM-2 (N = 14).
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Statistical analyses

We assessed differences in Hg between control and 
colony islands using Generalized Linear Models 
(GLMs) with the identity link function and a Gauss-
ian distribution of error (Crawley 2007) in which 
the concentration of Hg ([Hg]) hereafter) was the 
response variable and island type (colony vs control) 
a categorical predictor.

We assessed within-island correlation of [Hg] in 
different samples (e.g. soil [Hg] and leaf [Hg]) using 
GLMs with the identity link function and a Gaussian 
distribution of error and average [Hg] in each sample 
type as response and predictor variables.

All descriptive statistics are reported as mean val-
ues and one standard deviation (mean ± SD) unless 
otherwise stated.

We ran all models using R (R Core Team 2021) 
and produced the plot using ggplot2 (Wickham 2009).

Results

We found non-significantly higher [Hg] in soils from 
colony islands and significantly higher [Hg] in leaves 
from colony islands. However, that did not translate 
to primary consumers, as, contrary to our prediction, 
beetles from colony islands had significantly lower 
[Hg]. Further, [Hg] in different sample types did not 
correlate within islands suggesting a lack of passage 
of Hg within the trophic web.

Soil [Hg] was on average 27% higher in colony than 
control islands (0.148 ± 0.053 and 0.117 ± 0.022 mg Hg 
/kg respectively; Fig. 1), but that difference was not sta-
tistically significant (p = 0.24; N = 12: Table 1). Average 
Hg in wood from colonies was 176% that of wood from 
control islands (0.312 ± 0.671 and 0.113 ± 0.355 µg Hg 
/kg respectively; Fig. 1). However, both samples were 
strongly influenced by a few branches with proportion-
ately very high [Hg] and the differences between island 

Fig. 1  Boxplot with the 
distribution of [Hg] in each 
sample type in colony and 
control islands: A soils, 
B Wood, C leaves and 
D beetles. Note differ-
ent vertical axis scales 
and units in plots. Hg in 
coleopteran samples were 
below detection limits and 
results should be regarded 
with care. Thick central 
lines show the median 
and boxes include the 
range between 0.25 and 
0.75 quartiles. Blue points 
show values for individual 
observations and have been 
jittered horizontally and to 
a lesser degree vertically 
to enhance visualization. 
We show the p value for 
each pairwise comparison 
(Table 1). The image in plot 
D is of C. scripta, the beetle 
used in analyses. Note that 
concentration units differ 
among plots
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types were not significant (p = 0.25; Table  1). Leaves 
in colony islands had on average 22% higher [Hg] 
than leaves from control islands (0.013 ± 0.005 and 
0.011 ± 0.004 mg Hg /kg respectively), and the differ-
ence was statistically significant (p = 0.011; Table 1).

Beetle [Hg] was uniformly low except for a sin-
gle outlier apparently biased with residual Hg in the 
burning chamber from a standard reference material 
burnt before it. Since the difference between standard 
material and all other beetle values was seven orders 
of magnitude, we discarded this single sample as an 
outlier. Disregarding that particular value, Hg in bee-
tles from control islands was 66% higher than in colo-
nies (0.200 ± 0.065 and 0.333 ± 0.1187 ng Hg /Kg in 
colonies and controls respectively). However, Hg in 
beetle samples was near or below detection limits of 
the DMA-80 (0.0003 ng) and the reported difference 
should be regarded with caution. Values for each of 
the four sample types (soil, wood, leaves and beetles) 
varied among islands independently of values in other 
sample types. In addition to results of linear associa-
tions reported in Table 1, we also tested the logarith-
mic and exponential shapes. None of the analyses 
resulted in significant associations (Table S1).

Discussion

We found higher [Hg] in soil from colony islands than 
in soil from control islands but that difference was 

not significant, possibly as a consequence of reduced 
sample size rather than lack of real differences. Our 
values were within the range though somewhat lower 
than those previously reported for Everglades tree 
islands, (Zhu et  al. 2014). The islands included in 
this study lay on a gap in the distribution of islands 
sampled by Zhu et  al. (2014), but within the area 
(Water Conservation Area 3A) where they reported 
the lowest soil Hg values. Our values for wood (0.3 
and 0.1 ng/g) were below values reported in wood for 
several hardwoods and conifers from the northeast 
USA (0.5–3.5 ng/g; Yang et al. 2018). They were also 
below values for branches reported of several spe-
cies across the USA (1–57  ng/g) despite our values 
of soil [Hg] (98–240  ng/g) being in the range and 
generally higher than soil [Hg] in the sites included 
in that study (9–251 ng/g; Obrist et al. 2011). Com-
paring to other Salix species, [Hg] in wood of Salix 
caroliniana from tree islands in this study was lower 
than values reported for wood from Hg contaminated 
sites (forests close to coal burning plants and brown-
fields where Hg using industries existed in the past) 
and conservation areas used as reference sites (2.0 
and 2.2 ng/g) even though those sites had lower soil 
[Hg] (28.8 and 63.6  ng/g respectively; Siwik et  al. 
2010) than those in our study areas. Leaves, on the 
other hand, were within the mid-low range of Hg val-
ues reported for foliage in other studies (Rea et  al. 
2002; Siwik et al. 2009; Yang et al. 2018). Leaf [Hg] 
values are known to vary among species (Siwik et al. 

Table 1  Output of GLMs

The first four lines refer to analyses comparing [Hg] in soil, wood, leaves and beetles in control vs. colony islands. The six lines in 
the second block refer to analysis of correlation of Hg values within samples from the same island. Est. shows the estimate of the 
difference in intercept (for categorical variables) or slope and SE indicates its standard error. We show the value of the estimated sta-
tistic (t-val) and its associated p value (P), the sample size for each analysis (N) and the number of samples from control islands (NCt) 
and from colony islands (NCol). Na indicates that [Hg] was bellow detection limit in samples analyzed

Analysis Est SE t val P N NCt NCol

Soil −0.032 0.025 −1.255 0.238 12 5 7
Wood −1.99  10–04 1.72  10–04 −1.154 0.255 46 18 28
Leaves −0.024 0.001 −2.598 0.011 102 47 55
Beetles Na Na Na Na 33 12 20
Soil−Leaves 0.020 0.018 1.144 0.279 12 5 7
Soil−Wood 1.01  10–03 2.13  10–03 0.475 0.645 12 5 7
Soil−Beetles −9.37  10–07 5.92  10–07 −1.584 0.152 10 3 7
Wood−Leaves −0.978 2.716 −0.360 0.726 12 5 7
Wood−Beetles −8.99  10–05 9.08  10–05 −0.990 0.351 10 3 7
Leaves−Beetles −1.24  10–05 9.91  10–06 −1.250 0.247 10 3 7
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2009), but our values were higher than average values 
reported for willow (Salix spp) leaves from control 
and polluted areas referred above (7.4 and 8.9  ng/g 
respectively; Siwik et al. 2010). Our values for Hg in 
beetles were negligible and generally below detection 
limits. In any case, considering the average sample 
weight used (0.048 g) and the detection limit of the 
DMA 80 (0.0003 ng) [Hg], Hg must have been below 
0.1  ng/g or  10–4  mg/kg in every composite sample. 
That is less than reported values for any insect sam-
ples from polluted or control areas so far, including 
forest, rice paddies, rivers and wetlands (Cristol et al. 
2008; Rimmer et al. 2010; Obrist et al. 2011; Zhang 
et al. 2012; Wang et al. 2013; Ortiz et al. 2015; Abey-
singhe et al. 2017; Udodenko et al. 2019; Luo et al. 
2020). Leaf Hg values suggest that folivorous species 
are exposed to more Hg in diet than in other study 
areas and, within our study site, higher in colony than 
in control islands.

Studies in magnification through folivory are 
scarce. A study in a montane terrestrial food-web 
where the main source of Hg was atmospheric dep-
osition reported 0.008  mg/Kg Hg in deciduous foli-
age—similar to our values, which was biomagnified 
to 0.019–0.034 mg/Kg Hg in folivorous insects (Rim-
mer et al. 2010). Another study reported Hg biomag-
nification in a terrestrial pine forest food-web from 
0.011 ± 0.0077 mg/kg Hg in pine needles, similar to 
our values, to 0.027 ± 0.013 mg/kg Hg in caterpillars 
feeding on needles (Luo et  al. 2020). Both studies 
showed obvious biomagnification, which was in clear 
contrast with our results. Possible explanations for 
the low levels of Hg in the beetles we studied could 
be (1) that Hg in willow leaves is bound to parts not 
absorbed by insects during digestion, (2) that Hg in 
leaves is in a chemical form that is not readily assimi-
lated by insects, (3) due to possible physiological par-
ticularities of the coleopteran species studied, or (4) 
a consequence of beetle movement and dispersal, Hg 
in captured beetles represented exposure from other 
environments. In any case, high Hg levels are com-
mon in many other areas of the Everglades (Zabala 
et  al. 2020; Janssen et  al. 2022) and beetles would 
have to move long distances (cf 20 km) to arrive from 
low exposure areas.

In any case, our findings do not support the idea 
that plants are taking up Hg from soil and causing Hg 
to enter into the terrestrial or at least arboreal food 
web. Higher [Hg] in leaves in colonies than in control 

islands could be compatible with an explanation 
of atmospheric uptake (Peckham et  al. 2019), pos-
sibly through a mechanism of higher  Hg0 in the air 
in colony islands resulting from higher emissions of 
the local water and vegetation. In addition to higher 
local Hg sources, colony islands may have vegeta-
tion that emits more of the Hg that is present. Wading 
bird guano increases phosphorus in the highly oligo-
trophic Everglades soils (Irick et  al. 2015), and one 
of the consequences of enriched phosphorus in the 
Everglades is the substitution of sawgrass (Cladium 
jamaicense) by cattail (Typha spp.) stands (Turner 
et  al. 1999). A study assessing Hg° transpiration 
through vegetation in our study area found that cattail 
transpired twice as much gaseous elemental Hg to the 
atmosphere than sawgrass over comparable periods 
(Lindberg et al. 2002).

The lack of association between soil and plant 
[Hg] from the same sampling areas and the low [Hg] 
observed in plants, compared with those of plant 
material from other areas, also supports the idea that 
soil Hg is not incorporated into plant tissues in signif-
icant amounts. Hg in willow species tends to concen-
trate in roots with only a small fraction mobilized to 
growing tissues (Wang and Greger 2001). Our results 
suggest that even in high soil [Hg] environments the 
effect of that accumulation on willow leaves is neg-
ligible. Finally, adult insects whose larvae and adult 
forms feed on foliage and presumably grew on local 
willow leaves had only trace levels of Hg. Studies 
in folivorous insects (Rimmer et al. 2010; Luo et al. 
2020) and large mammal herbivores (Gnamuš et  al. 
2000; Pokorny and Ribaric-Lasnik 2002; Durkalec 
et  al. 2015) reported relevant Hg uptake and accu-
mulation through food. This is despite plant foods 
not being active Hg accumulators generally and with 
plant [Hg] values smaller than ours (Gnamuš et  al. 
2000). However, our results suggest that high or 
enriched Hg levels in wetlands may not enter the ter-
restrial food web through primary consumers of wet-
land tree foliage.
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