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Abstract 
Aims  This study investigated a 7 yr old rehabilitated 
grassland established on a bauxite residue storage 
areas(RSA) in order to assess the availability and eco-
system transfer of both nutrient and trace elements, 
and  to determine if defined rehabilitation criteria 
were sustained.
Methods  Rehabilitated residue/soil was sampled 
over depth (0–10 and 10-20 cm) and season (Spring/
Summer and Autumn/Winter) and plant growth stage 
(green vs. senescent) to determine both essential and 
non-essential element (Ca, Mg, Na, Al and V) con-
tent. Invertebrates samples from both decomposer 
and predator specimens were assessed to determine if 
foodchain transfer occurred.
Results  Residue-soil results showed sustained reha-
bilitation with pH, EC and ESP all within recom-
mended criteria levels. Further, bioavailable frac-
tions of Al and V remained low. Vegetation analysis 
revealed seasonal variation for both essential and non-
essential elements and highlights the need for wider 
monitoring parameters. Elemental content in inverte-
brate samples did not indicate foodchain transfer and 
results were comparable to a reference site.

Conclusion  Results show sustained rehabilitation 
with low bioavailability of non-essential elements and 
foodchain transfer.

Keywords  Sustainable ecosystem · Insitu 
remediation · Invertebrates

Introduction

Some 150 million tonnes of bauxite residue (BR) 
are produced annually as a by-product of the Bayer 
Process (Di Carlo et  al. 2019; Jiang et  al. 2023). 
Although several approaches have been investigated 
for bauxite residue reuse and valorization, the bulk of 
residue produced is stockpiled in bauxite residue stor-
age areas (RSAs), some of which occupy footprints 
of hundreds of hectares (Xue et al. 2016; Phillips and 
Courtney 2022).

Where unamended, bauxite residue is character-
ized by high alkalinity and Na content, along with 
elevated levels of potentially bioavailable trace ele-
ments which present a potential environmental risk 
(Di Carlo et  al. 2020a, b; Mišík et  al. 2014; Olsze-
wska et al. 2016; Ren et al. 2018). Therefore, estab-
lishing vegetation cover (rehabilitation) on (RDAs) 
is deemed as ‘best practice’ (Directive 2006/21/
EC;Xue, et al. 2016; Jiang et al. 2023).

Rehabilitation strategies using an inert capping 
layer and soil material are employed at some RDAs, 
but the degree of success is variable, with some 
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studies reporting plant failure due to alkaline and 
saline contamination from capillary rise (Di Carlo 
et al. 2019; Wehr et al. 2006). Alternatively, gypsum 
amendment can be applied to the residue to decrease 
alkalinity and sodicity, along with organic and ferti-
lizer sources, followed by seeding has been widely 
reported (Courtney and Xue 2019; Di Carlo et  al. 
2019; Phillips and Courtney 2022). Application of 
gypsum to residue can effectively decrease the high 
pH from > 11 to < 9, and lower the exchangeable 
sodium percentage (ESP) from 40–90% to rehabilita-
tion target values of 9.5- 20% (Di Carlo et al. 2019; 
Jones et  al. 2012). As well as improving conditions 
in the residue/ soil matrix, gypsum amended resi-
due also displays improved plant performance and 
decreased uptake of Na and trace elements (Courtney 
and Harrington 2012; Di Carlo et al. 2020a, b). How-
ever, much of the published literature on bauxite resi-
due rehabilitation strategies have been largely labora-
tory level or short-term field assessment (Guo et  al. 
2022; Tian et  al. 2020; Xue et  al. 2016; Zhu et  al. 
2017). Further long-term field trials are required to 
determine if rehabilitation criteria (Gräfe and Klauber 
2011; Di Carlo et al. 2019) achieved with rehabilita-
tion strategies can be sustained in the longer term. 
Further, in keeping with the wider mine tailings reha-
bilitation literature, a focus on plant and ecosystem 
function are required to assess bauxite residue reha-
bilitation success over time.

While Bray et al. (2018) investigated rehabilitated 
bauxite residue > 10  years after initial rehabilitation, 
the focus was on soil physico-chemical properties of 
the BR over time and depth and did not include vege-
tation data. Phillips and Courtney (2022), investigated 
rehabilitated areas of 1, 5, 8 and 10-years post reha-
bilitation. Plant nutrient content was assessed; how-
ever, the data was collected from a rehabilitated pro-
cess residue sand ecosystem rather than rehabilitated 
BR ecosystem. Additionally, the vegetation samples 
were collected on a one-off basis. For rehabilitation to 
be successful in the longer-term, it is imperative that 
the elemental status of the vegetation growing on the 
surface is analysed over time to monitor the potential 
for the bioaccumulation of certain elements and nutri-
ent deficiencies which could cause sward failure.

The wider literature on rehabilitation of metallifer-
ous mine tailings has identified seasonal variation in 
vegetation uptake dynamics, with potential implica-
tion for herbivores and food chain transfer (Andrews 

et al. 1989a, b; Crilly et al. 1998; Milton et al. 2002; 
Ke et  al. 2023). Following earthworm toxicity and 
biomarker stress in residue exposed earthworms, Di 
Carlo et  al. (2020a, b) recommended that trace ele-
ment uptake risk to the food chain should be investi-
gated. Andrews et al. (1989a) reported variation in Pb 
content between fresh plant tissue and leaf litter (dead 
or decaying plant matter). Detritivorous organisms 
such as isopods are suitable taxa for providing relia-
ble information on environmental quality in terrestrial 
habitats due to their food source and microhabitat in 
the upper soil layer, where elements may accumulate 
(Nannoni et al. 2015). Thus, assessment of trace ele-
ment content in grassland invertebrates has been used 
to assess potential ecotoxicological risk in rehabili-
tated tailings (Milton et  al. 2002, 2004; Milton and 
Johnson 1999), but has not been reported for rehabili-
tated bauxite residue.

The novel Tea-Bag Index (TBI) method 
(Keuskamp et  al. 2013) has been implemented to 
investigate ecosystem functions across a diverse range 
of ecosystems including Pb/Zn tailings (Álvarez-
Rogel et al. 2021, 2022) but has not been reported for 
rehabilitated bauxite residue sites. The method was 
employed in the rehabilitated grassland to investigate 
the rate of decomposition occurring in the engineered 
ecosystem.

This study investigated a 7  year old rehabilitated 
bauxite residue grassland system in order to assess 
the availability and ecosystem transfer of nutrient ele-
ments (Ca, Mg, K, Mn) and trace elements (Na, Al, 
V). Seasonal sampling (Spring/Summer and Autumn/
Winter) was conducted on residue/ soil at two depths 
(0–10, 10-20  cm) and vegetation. Samples of plant 
material were divided into fresh new growth (Green) 
and older decaying growth (senescent). Invertebrate 
samples were divided into detritivores and predators 
to assess food chain transfer with decomposition rates 
using the TeaBag Index (TBI) determined and com-
pared to a reference site.

Materials and methods

Site description

Samples of amended and rehabilitated bauxite res-
idue-soil, vegetation and surface-dwelling inverte-
brates were collected from; a) a Bauxite Residue 
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Disposal Area (RDA) located in a European Union 
member state with a temperate oceanic climate (aver-
age annual rainfall ∼1m). Bauxite residue was reha-
bilitated 7 years previously, known as BR7 and the 
area has remained under vegetative cover since reha-
bilitation and supports a semi-natural grassland sys-
tem. The rehabilitation approach involved application 
of gypsum (90 t/ha rotavated-in to a depth 30 cm), 
process sand (10% w/w rotavated-in to a depth of 30 
cm), spent mushroom compost (80t Ha–1 rotavated-in 
to a depth of 20 cm), and seeded with a grassland mix 
(Agrostis stolonifera, Holcus lanatus, Lolium per-
enne, Trifolium repens, and Trifolium pratense; 80 kg/
ha) b) an area of semi-natural grassland to the north-
west of the RDA sampled. This site was identified as 
a suitable ‘Reference site’ as it is not under any agri-
cultural land usage and the grassland does not receive 
any nutrient inputs. Additionally, the site is located 
close to the rehabilitated site (BR7) and is passively 
managed to encourage botanical diversity.

Sampling followed a similar protocol to works car-
ried out by Andrews et  al. (1989a, b)), where soil, 
vegetation and invertebrates were sampled from a 
grassland ecosystem established on fluorspar tail-
ings. To investigate seasonal elemental composition, 
samples were collected in Autumn/Winter (AW) 2020 
and Spring/Summer (SS) 2021 from BR7. Samples 
were collected from the Reference site in SS 2021.

Soil sampling

Soil samples (n = 6) were collected at two depths 
(0-10cm and 10-20cm) in both the rehabilitated baux-
ite residue grassland (BR7) and the reference site. 
The samples were air-dried and sieved (< 2mm) prior 
to analysis. pH and electrical conductivity (EC) were 
measured using a ratio of 1:2.5 soil to water. Soil sol-
uble elements were determined using deionized water. 
Cation (Ca, Mg, K, Na) content was determined using 
1 M ammonium acetate. Plant available Mn was 
determined using the DTPA extraction method out-
lined by Lindsay and Norvell (1978). Potentially bio-
available pools of Al and V were extracted using 0.1 
M Na2HPO4 (Bray et al. 2018).

Vegetation sampling

Amenity grass Dactylis glomerata was identified 
within BR7 and above ground samples were collected 

by cropping the vegetation at 2cm above ground. For 
the rehabilitated site, fresh green growth (Green) and 
older senescent growth (Senescent) vegetation sam-
ples were collected in AW and SS. In the ‘reference’ 
site only new green vegetation was collected in SS. 
Vegetation was oven dried at 70°C, wet digested in 
acid before being analysed for macro/micronutrients 
and trace elements (Al, Ca, K, Mg, Mn, Na, V).

Certified reference materials: NIST 1640a, NIST 
1643f, NIST 1568b, NIST  1845a, NIST 1573a, and 
LUTS-1) were also prepared using above meth-
ods. Recovery rates were 91–100% for the elements 
determined. Elemental content was determined using 
ICPMS (7700 ICPMS Agilent).

Invertebrate sampling

Surface dwelling invertebrates were collected from 
both sites in SS and AW using pitfall traps (8cm 
diameter) over a three-week period. Specimens were 
recovered and oven dried at 60ºC. Samples were 
divided into Coleoptera and Arachnida (predators) 
and Isopoda and millipedes (detritivores). Samples 
were than pooled to 10 mg weight, milled and acid 
digested prior to element determination and analysed 
for trace elements (Al, Ca, K, Mg, Mn, Na, V).

Litter decomposition

Litter decomposition rate (k) and stabilization fac-
tor (S) were assessed using the Tea-Bag Index (TBI) 
method (Keuskamp et  al. 2013). For both summer 
(SS) and autumn winter (AW) at both rehabilitated 
bauxite residue and reference site 6 pairs (6 green tea 
teabags and 6 rooibus teabags) of teabags were bur-
ied for 90 days before recovery. The teabags were 
dried, weighed, and (k) and (S) were calculated. A 
spreadsheet supplied by TBI (http://​www.​teati​me4sc​
ience.​org/​resea​rchers/) was used to calculate k and S 
factors.

Statistical analysis

SPSS IBM (version 28.01.1) was used to compare 
the means of the treatment (T-test). Where data was 
not normally distributed a Mann–Whitney test was 
performed to compare the means. ANOVA was car-
ried out to compare invertebrate element content 
within the study sites. Where significant, differences 

http://www.teatime4science.org/researchers/
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between individual means were tested using Tukey 
HSD tests at the 0.05 significance level. Graphs were 
created using GraphPad Prism (version 9.5.0).

Results

Soil

The pH values for BR7 at 0–10 cm ranged from pH 
8 to 8.7, and pH 7.8 to 9 for 10–20 cm, respectively 
for both seasons. There was no significant difference 
(p > 0.05) between depths but there was a significant 
difference (p < 0.05) between seasons sampled. With 
AW having higher pH values for both depths (0–10, 
10–20  cm). Although, the pH values for BR7 were 
above the mean values for the reference site (Fig. 1a), 
all samples were below the suggested rehabilitation 
success target value of pH 9 (Fig. 1a).

The EC values for 0–10  cm in BR7 ranged from 
192 to 244 µS/cm and from 270 to 416 µS/cm at 
10–20  cm (Fig.  1b). There was no significant dif-
ference (p > 0.05) for EC in BR7 for either depth or 
season. Additionally, all EC results from BR7 were 
below the rehabilitation target value of 4000  µs/cm 
(Gräfe and Klauber 2011).

There was no significant difference (p > 0.05) 
between the two depths for BR7 in either season for 
Mn-DTPA. The values for 0–10 cm ranged from 0.7 to 
1.5 mg/kg, and 0.6 to 1.3 mg/kg for 10–20 cm. Values 
in the reference site (ca. 9 mg kg−1)were much greater 
than for BR7 over both seasons (Fig. 1c).

Highest values for exchangeable Ca were recorded 
in SS at 10–20  cm, with values ranging from 28.8 
— 37.8 cmol/kg. There was a significant difference 
(p < 0.05) for both season and depth for exchangeable 
Ca. Except for values at 10–20 cm, where there was 
no significant difference (p > 0.05) between values for 
AW and SS. Reference site values for Ca were within 
the range recorded in BR7, with a mean of 33.2 cmol/
kg and 32.9 cmol/kg for 0–10  cm and 10–20  cm, 
respectively (Fig. 2a).

Exchangeable Mg values were lowest at a depth of 
10–20 cm for BR7, with a range of 0.2–0.33 cmol/kg. 
The values at 0–10 cm depth ranged from 0.2 — 0.6 
cmol/kg (Fig. 2b). There was a significant difference 
(p < 0.05) for both season and depth, except when 
comparing AW and SS at 0–10  cm. The reference 
site averages followed a similar pattern to BR7, with 
greater values at 0–10 cm. The mean for the reference 
was 0.9 and 0.6 cmol/kg at 0–10 cm and 10–20 cm, 
respectively.

Similarly, exchangeable K values were highest at 
0–10  cm compared to 10–20  cm for BR7 (Fig.  2c). 
Maximum value for 0–10 cm was 0.5 cmol/kg com-
pared to a maximum of 0.3 cmol/kg for 10–20  cm. 
There was a significant difference (p < 0.5) for both 
season and depth sampled. Additionally, SS had 
higher values than AW at both depths (0–10  cm, 
10–20  cm). Average values from the reference site 
were 0.2 and 0.1 cmol/kg for 0–10 cm and 10–20 cm, 
respectively.

Exchangeable Na values in BR7 ranged from 1.7 
— 2.6 cmol/kg for 0–10  cm, and 2.1 — 3.8 cmol/
kg for 10–20 cm (Fig. 2d). There was no significant 
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difference (p > 0.05) when comparing seasons in 
BR7. However, there was a significant difference 
(p < 0.05) when comparing depth, with greater values 
at 10–20  cm. The mean exchangeable Na value for 
the Reference site was < 0.01 cmol/kg for both depths 
sampled (0–10, 10–20 cm).

ESP values ranged from 5 to 7% and 6 to 11% for 
0–10 cm and 10–20 cm, respectively (Fig. 3e). There 
was no significant difference (p > 0.05) when com-
paring either depth or season for BR7. All the values 
for BR7 were below that of the rehabilitation goal for 
ESP of 9.5% (Gräfe and Klauber 2011). ESP in the 

Reference site was < 0.5% for both depths, this is due 
to the negligible Na content (Fig. 2e).

Na2HPO4 extractable Al concentration did not dif-
fer significantly for either depth or season with values 
ranging from 67–77 mg/kg (Fig. 3a). Value for refer-
ence site had a mean value of 33 mg/kg at 0–10 cm 
and were comparable to the rehabilitated residue at 
10–20 cm.

Extractable V values were 17 for 0–10  cm and 
22 mg/kg for 10–20 cm in BR7. There was no signifi-
cant difference (p > 0.05) for season, however there 
was a significant difference (p < 0.05) for depth when 

Fig. 2   Exchangeable cation 
content (a) Ca, (b) Mg, (c) 
K and (d) ESP in rehabili-
tated bauxite residue (BR7) 
over season sampling and 
soil depth
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comparing 0–10 cm and 10–20 cm for SS. The refer-
ence site had lower values with a mean of 3 mg/kg for 
0–10 cm and 10–20 cm, respectively (line on graph) 
(Fig. 3b).

Vegetation

Ca content (Fig. 3a) in vegetation collected from BR7 
ranged from 0.2% — 0.4% for green growth and 0.3% 
— 0.5% for senescent growth. Ca content was not 
significantly different (p > 0.05) between seasons. All 
values for BR7 were below the average Ca concen-
tration in vegetation sampled from the reference site 
(0.5%).

Mg concentration in BR7 was greatest at AW 
with average values 0.08% for both green and senes-
cent growth. SS average values were 0.06% for green 
growth and 0.08% for senescent. There was no sig-
nificant difference (p > 0.05) between either season 
or growth type for Mg in BR7. Similarly, the average 
value for the reference site was 0.08% (Fig. 3b).

The K concentration in the vegetation was higher 
in the green growth for both seasons sampled, with 
an average of 2.1% and 1.9% for AW and SS, respec-
tively (Fig.  3c). There was a significant difference 
(p < 0.05) between green and senescent growth for 
both seasons sampled. Additionally, there was a sig-
nificant difference (p < 0.05) between season for 
senescent values with an average value of 1.2% for 
AW and 0.5% for SS. The average value for the refer-
ence site was 1.4%, which was lower than the K val-
ues recorded in the green growth for both seasons of 
BR7.

Mn values in BR7 vegetation ranged from 7.3 — 
33 mg/kg for green growth and 8.6 — 22 mg/kg for 
senescent growth. There was no significant difference 
(p > 0.05) between Mn values for either growth type 
or season for BR7. All values recorded in BR7 were 
below that of the average value recorded in the refer-
ence site (54 mg/kg) (Fig. 3d).

Na concentration (Fig.  3e) was highest for BR7 
in the green growth for both seasons, with average 
values of 0.4% and 0.3% recorded for AW and SS, 
respectively. The average value for senescent growth 
was 0.2% for both seasons sampled. There was no sig-
nificant difference (p > 0.05) between either growth 
type or season. Moreover, the Na content was higher 
than the average value recorded in the reference site 
(0.07%).

Al and V

Al concentration was significantly (p < 0.05) higher 
in the senescent growth than in the green growth for 
both seasons in BR7, with average values of 69 mg/
kg and 97  mg/kg for senescent growth for AW and 
SS, respectively. There was no significant difference 
(p > 0.05) between seasons sampled for BR7. The ref-
erence site had an average value of 32 mg/kg, simi-
lar to average green growth values of 29 mg/kg and 
41 mg/kg for AW and SS, respectively (Fig. 4f).

V concentration in green vegetation was 0.15 mg/
kg and 0.04  mg/kg for AW and SS, respectively 
(Fig.  3g). The values in the senescent growth were 
significantly (p < 0.05) higher than in green growth 
samples for both seasons. Additionally, there was a 
significant difference (p < 0.05) between AW and SS 

Fig. 3   Extractable 
(Na2HPO4) Al and V from 
rehabilitated bauxite residue 
and reference site at depth 
(0–10 and 10-20 cm) and 
season
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when comparing green growth values. Average green 
growth value for AW was 0.2  mg/kg compared to 
0.04  mg/kg for SS. The average value for the refer-
ence site vegetation was 0.1 mg/kg (Fig. 4).

Invertebrates

For both sites the Ca concentration was significantly 
higher in detritivores compared to predators (Fig. 5a). 
Isopoda (detritivore) had the highest concentration 
for both sites. Ca content for predators was signifi-
cantly (p < 0.05) lower values for both sites with low 
levels for Arachnida species ranged from 0.7 – 2.9 g/
kg and Coleoptera content was below level of detec-
tion (< LOD). There was no significant difference 
(p > 0.05) between the sites.

The Mg (Fig. 5b) concentration was highest in the 
Millipede and Isopoda species (Detritivores) for both 
sites. The average Mg concentration in the Isopoda 
species was 4.9  mg/kg and 4.5  mg/kg for the refer-
ence site and BR7, respectively. There was a signifi-
cant difference (p < 0.05) between all species within 
the reference site with the results as follows; Coleop-
tera < Arachnida < Millipede < Isopoda. In BR7, Isop-
oda and Millipede had significantly (p < 0.05) higher 
values than Coleoptera and Arachnida species. The 
only significant difference (p < 0.05) between sites 
was found between the Coleoptera species. BR7 had 
significantly higher Mg concentrations then the refer-
ence site, with a mean of 1.02 mg/kg and 1.5 mg/kg 
for the reference and BR7, respectfully,

K concentration in the invertebrate samples 
followed the same pattern for both sites, Milli-
pede < Isopoda < Coleoptera < Arachnida (Fig.  5c). 
The Arachnida group had a significantly (p < 0.05) 
higher concentration in both sites compared to the 
other invertebrate groups sampled. The concentration 
of K in the Arachnida species ranged from 10–11 mg/
kg and 10–12  mg/kg for the reference and BR7, 
respectively. In the reference site, the detritivores 
(Isopoda and Millipede) had significantly (p < 0.05) 
lower values than the predator species. Similarly, Mil-
lipede in BR7 had significantly (p < 0.05) lower con-
centration of K than the other invertebrate species. 
There was no significant difference (p > 0.05) between 
species for the rehabilitated residue and reference site.

The concentration of Na (Fig. 5e) was greatest in 
the Arachnida group in the reference site, with val-
ues ranging from 8.3 – 16 mg/kg. However, in BR7 

the Isopoda species had significantly (p < 0.05) 
greater values of Na compared to the other inverte-
brate groups collected from BR7, with values that 
ranged from 7.5 – 9.8 mg/kg. Coleoptera and Milli-
pede species had the lowest Na concentration for both 
sites with a mean value of 4.7 mg/kg and 3.5 mg/kg 
for Coleoptera and Millipede in the reference site, 
respectively. Similarly, in BR7 the mean value for 
Coleoptera was 5.9 mg/kg and was 3.3 mg/kg for the 
Millipede group. There was no significant (p > 0.05) 
between the two sites, when comparing species.

Mn concentration in the reference site was signifi-
cantly (p < 0.05) greater in the Arachnida invertebrate 
group (Fig. 5d), with values ranging from 45 -97 mg/
kg in the reference. The Mn in Arachnida collected 
in BR7 ranged from 27 – 29  mg/kg, however there 
was no significant difference (p > 0.05) between the 
reference and BR7 Arachnida. In BR7, the predator 
species (Coleoptera and Arachnida) have significantly 
(p < 0.05) greater values than the detritivore species 
(Isopoda and Millipede). With the average values of 
11  mg/kg and 12  mg/kg for isopoda and millipede, 
respectively. Compared to mean values of 27 mg/kg 
and 28 mg/kg recorded for Coleoptera and Arach-
nida, respectively. There was no significant difference 
(p > 0.05) found between the treatment sites.

The highest values for Al were recorded in the Isop-
oda group in the reference site and in rehabilitated resi-
due. Lowest values of Al were recorded in the Coleop-
tera group with mean values of 53 mg/kg and 110 mg/
kg for the reference site and BR7, respectively. For 
each invertebrate group there was no significant differ-
ence between reference and BR7. V content was higher 
in detritivores compared to predators, with highest con-
tent found in Isopods in BR7 (mean 4.8 mg/kg) com-
pared to reference mean 2.6 mg/kg (Fig. 5g). Content 
in millipedes did not significantly differ between sites.

Plant litter decomposition

While litter decomposition rate was lower in BR7 
for the summer/spring (SS) sampling, the trend was 
reversed in autumn/winter (AW) with higher rate 
recorded in the rehabilitated residue (Fig.  6). There 
was no significant difference for k for either site or 
season sampled (p > 0.05). S factor was slightly lower 
in the AW sampling with no differences between sites 
for either season sampling.
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Fig. 4   Seasonal variation 
of a) Ca, b) K, c) Mg, d) 
Mn, e) Na, f) Al and g) V, 
in green and senescent plant 
growth in a rehabilitated 
grassland. The dotted line 
represents the mean value 
recorded in the Reference 
site
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Fig. 5   Elemental com-
position of invertebrates 
collected in BR7 and a 
reference site. a Ca, b Mg, c 
K, d Mn, e Na, f Al and g V

0

2

4

6

8

10

12

14

16

18

N
a
 (
g
/k
g
)

e)

2

4

6

8

10

12

K
 (
g
/k
g
)

c)
0

1

2

3

4

5

6

7

M
g
 (
g
/k
g
)

b)

C
o
le
.

A
r
a
c
.

Is
o
.

M
il
li
. 

C
o
le
.

A
r
a
c
.

Is
o
.

M
il
li
. 

0

500

1000

1500

2000

A
l 
(
m
g
/k
g
)

f)

Reference BR7

C
o
le
.

A
ra
c
.

Is
o
.

M
il
li
. 

C
o
le
.

A
ra
c
.

Is
o
.

M
il
li
. 

0

2

4

6

8

10

V
 (
m
g
/k
g
)

g)

BR7Reference

0

20

40

60

80

100

120

M
n
 (
m
g
/k
g
)

d)
0

50

100

150

200

250

C
a
 (
g
/k
g
)

a)

Predators 

Detritivores

Fig.6   Effect of season on 
plant litter decomposition 
in a rehabilitated grassland 
using the Tea Bag Index



	 Plant Soil

1 3
Vol:. (1234567890)

Discussion

Soil/residue

Freshly disposed and unamended, bauxite residue is 
highly alkaline (pH 10–13), saline (11–30 mS cm), 
and sodic (ESP 60–90%) and with elevated trace ele-
ment content and low nutrients (Bray et al. 2018; Di 
Carlo et  al. 2019) and therefore presents a hostile 
environment for plant establishment and ecosystem 
development (Phillips and Courtney 2022). The need 
for amendments such as gypsum, organic additions 
and nutrient supply to address the challenging proper-
ties is well reported (e.g.. Di Carlo et al. 2019; Tian 
et al. 2020; Zhu et al. 2023) but beneficial effects are 
often reported in the short-term.

Rehabilitated bauxite residue displayed pH < 9, 
salinity < 4 mS cm-1 and ESP < 10% thus achiev-
ing rehabilitation success criteria (Gräfe and Klau-
ber 2011; Di Carlo et al. 2019). Importantly, as the 
rehabilitation was implemented seven years previ-
ously, the findings indicate sustained rehabilitation 
criteria and are in agreement with Bray et al. (2018) 
and Philips  and Courtney (2022) who reported 
sustained rehabilitation after 16 yrs and 10 yrs, 
respectively.

Lower pH, EC and Na content at depth has been 
reported in both non-rehabilitated bauxite residues 
and in rehabilitated bauxite residue (Huang et  al. 
2022; Bray et al. 2018; Di Carlo et al. 2019). Lower 
values in the upper 0-10  cm can be attributed to 
vegetation induced processes such as respiration of 
CO2 in rhizosphere, exudation of organic acids, and 
enhancement of drainage through root channels (Xue 
et al. 2016; Bray et al. 2018; Huang et al. 2022; Zhu 
et al. 2023).

Although not determined in this study, unamended 
bauxite residue typically has exchangeable Na content 
of ca. 30 cmol kg−1 (Phillips 1998) and laboratory 
column trials have demonstrated gypsum amendment 
can decrease levels to < 1  cmol  kg with sufficient 
leaching (Anderson et al. 2011). Without amendment, 
Na reduction under field conditions is slow (Kong 
et al. 2017).

Findings in the current study are in agreement 
with Di Carlo et  al. (2020a, b) who reported values 
of < 2  cmolc  kg−1  exchangeable Na in 8-year-old 

rehabilitated bauxite residue and highlights the criti-
cal roles of amendment and leaching with rhizosphere 
activity achieving sustainable rehabilitation.

Higher concentrations of Mg and K in the upper 
10 cm may be attributed to the greater organic con-
tent from the surface application and subsequent roto-
vation incorporation during rehabilitation. Exchange-
able K is in the 0·16–0·33 c mol mg kg−1  range 
reported by Coppin and Bradshaw (1982) to define 
severe–slight deficiency in mine soils but are within 
the range found for the reference soil. Conversely, 
exchangeable Mg was well below reference soil lev-
els. This qualification of deficiency in rehabilitated 
mine soils highlights the question of using agronomic 
methods for assessing novel soils supporting semi-
natural ecosystems. Where post-closure land use is 
non-agronomic the interpretation of soil and veg-
etation data requires further elucidation (Proto and 
Courtney 2023).

Mn levels in residue for both seasons were at 
or below the threshold of critical level for Mn 
(1.0–5.0  mg/kg) (Sims and Johnson 1991), with no 
differences between depths. This finding is contrary 
to the observed trend for Mg and K of higher con-
tent in surface samples. Values are similar to those 
reported by Phillips and Courtney (2022) for reha-
bilitated bauxite residue after 1–10 yrs. The authors 
also reported a trend of decreased content by Yr10 
and further investigations into assessing nutrient bio-
availability in rehabilitated sites is recommended. It is 
worth noting that target criteria for semi-natural sites 
need focus as many guideline values are for agro-
nomic use.

Gypsum addition drives pH reduction and results 
in an enhancement in sorption of V that effectively 
inhibits metal(liod) release to solution (Lehoux et al. 
2013). PO4 extractable levels of V and Al are com-
parable to Bray et  al. (2018) who reported the ele-
ments adsorb onto sorption sites in the residue where 
there bioavailability is restricted. As the findings after 
7  years were consistent with Bray et  al. (2018) for 
16 yr old residue it is likely that the effects of gypsum 
amendment are sustained in the long-term.

Vegetation.
While Dactylis glomerata is classified as a nat-

rophile (characterised for their ability to accumu-
late relatively large amounts of Na in the leaf tissue) 



Plant Soil	

1 3
Vol.: (0123456789)

(Chiy and Phillips 1995), concentrations were well 
below the 1% toxicity threshold proposed by Ruyters 
et  al. (2011) and similar to the low values reported 
for a range of vegetation leaf samples in rehabilitated 
residue of 1–10 yrs old (Phillips and Courtney 2022). 
Although decreased plant Na content has previously 
been reported for gypsum amended bauxite residue 
(Courtney and Harrington 2012), findings were based 
on 1 yr old growth trials. Findings from the current 
study indicate that rehabilitation strategies using gyp-
sum amendment are effective in the long term at miti-
gating plant available Na.

Ca content was similar over both winter and sum-
mer campaigns, as previously reported by Di Carlo 
et  al. (2019), and probably reflects it being largely 
immobile within plants. Indeed, higher values for Ca 
were found in the older senescent leaves than in the 
green newer growth. Ca fails to move rapidly once it 
has been deposited in the leaf tissue which can lead 
to deficiencies in newer leaves (Reuter and Robinson 
1997). While contents for both the newer green growth 
and senescent were lower than the reference site and 
reported values for rehabilitated residue (0.5 – 0.6%).

Conversely, K deficiency has been reported in a 
range of rehabilitated bauxite residue and attributed 
to disruption of K balance caused by excessive Na 
(Di Carlo et  al. 2019). Sufficient levels in the green 
vegetation shows levels higher than the semi-natural 
grassland reference site. Lower levels in the senes-
cent growth indicates it being a mobile nutrient. If K 
becomes limited it is redirected to the young growth 
and developing organs from older leaves (Reuter 
and Robinson 1997). Adequate K content indicates 
both sufficient supply in the residue soil matrix and 
absence of Na induced nutrient deficiencies.

Mg content for both seasons BR7 were lower 
than the 0.15% critical threshold reported by Reuter 
and Robinson (1997) but are consistent with levels 
report by Phillips and Courtney (2022) for vegeta-
tion in rehabilitated bauxite residue. Further, values 
were consistent with the reference site and findings 
contribute to the wider discussion on the suitability of 
agronomic methods for assessing semi-natural habi-
tats in reclaimed sites.

In contrast, Mn levels were much lower compared 
to the reference site and confirm the low plant avail-
ability in bauxite residue due to the formation of 
sparingly-soluble organic and inorganic complexes or 

specific adsorption to hydrous oxide surfaces (Phil-
lips and Courtney 2022).

Potential V toxicity from alkaline bauxite residue 
has been indicated by Mišik et  al. (2014) but there 
have been limited field studies assessing content in 
rehabilitated sites. Concentrations of Al and V in 
current study were well below those reported Di 
Carlo et  al. (2019) for rehabilitated bauxite residue. 
Higher values in the study by Di Carlo et al. (2019) 
may be due to the elevated pH (pH > 9) recorded in 
some treatments, whereas residue rehabilitation in the 
current study resulted in effective and sustained pH 
reduction. Di Carlo et al. (2019) also recorded higher 
content in winter compared to summer and Nordløk-
ken et al. (2015) noted that concentrations of V and 
Al were up to 9 times higher in September compared 
to June for a range of plant species. Seasonal variation 
of non-essential elements (e.g. Pb) have been noted 
on rehabilitated tailings sites, with lower concentra-
tions recorded in the summer months and attributed 
to growth dilution (Crilly et  al. 1998; Milton et  al. 
2002). Further, higher concentrations of Pb were also 
found in plant litter compared to fresh growth and 
attributed to increase in internal metal burden and 
also some degree of surface contamination (Milton 
et  al. 2002). Elevated concentrations of As was also 
found in plant litter on rehabilitated tailings and were, 
in part, attributed to the seasonal/ age accumulation 
and the possible affinity for non-essential elements in 
plant constituents that are slower to degrade (e.g. cel-
lulose) following the decomposition of organic mat-
ter releasing mobile sugars and proteins (Milton and 
Johnson 1999).

Invertebrates.
Successful rehabilitation requires ecosystem func-

tions, and both ground and soil-living invertebrates 
play critical roles decomposition and nutrient cycling. 
Establishment and functionality of soil faunal groups 
in rehabilitated bauxite residue has received scant 
attention (Di Carlo et  al. 2019). Potentially hos-
tile characteristics of bauxite residue could, through 
impact on invertebrate activity and element bioavail-
ability, highlight conditions in available element con-
tent in the grassland ecosystem. For example, una-
mended bauxite residue was hostile to earthworm 
survival but toxicity indicators were mitigated when 
rehabilitation criteria (e.g. pH ≤ 9.1; ESP ≤ 9.2%) 
were achieved (Di Carlo et al. 2020a, b).
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Stabilisation factor (S) and decomposition rates 
(k) were similar to those reported by Duddigan 
et  al., (2020) for UK lawns, and indicate normal 
decomposition rates within the rehabilitated sys-
tem. Findings are in agreement with Álvarez-Rogel 
et  al. (2022) who report that acceptable soil func-
tionality can be established in rehabilitated mine 
tailings with lack of organic matter and nutrients 
as major inhibiting factors. Soil faunal community 
diversity increases with age since rehabilitation, 
and higher plant litter decomposition rates in older 
rehabilitated bauxite residue sites were attributed 
to higher faunal densities (Finngean et  al. 2018). 
Key decomposer organisms includes isopods, 
which can be absent in contaminated sites (Filzek 
et al. 2004) but were found in the rehabilitated site 
in the current study. Studies on invertebrates from 
grassland growing on tailings have identified risk 
of element uptake (e.g. Pb) and transfer (Milton 
et  al. 2002, with no previous studies on grassland 
on bauxite residue. Elevated Na levels were asso-
ciated with stress in residue exposed earthworms 
(Di Carlo et al. 2020a, b). While vegetation content 
in the residue site was much higher than the refer-
ence, Na content in detritivores were similar to the 
reference site and suggest either osmoregulation 
may prevent accumulation. Nutrient cations (Ca, 
K, Mg) were similar between rehabilitated bauxite 
residue and reference site and suggest that, while 
vegetation and bauxite residue soil were agronomi-
cally deficient, content is adequate to support eco-
system development and function.

V content in isopods (woodlice) from the reha-
bilitated site are slightly higher than the ca. 3 mg/
kg reported by Nannoni et al. (2015) from munici-
pal landfill sites. Higher V content in isopods 
(woodlice) and earthworms is attributed to their 
intake of soil, and values in the current study are 
consistent with those of Di Carlo et al. (2020a, b) 
where no biomarker stress was associated with the 
V content in earthworms. Analysis of element con-
tent in invertebrates from mine sites have shown 
carnivorous taxa generally have higher concen-
trations than species from lower trophic levels, 
reflecting their exposure to non-essential trace ele-
ments (Milton et al. 2004) but was not found for Al 
and V in the current study.

Conclusions

Analysis of rehabilitated bauxite residue showed 
sustained rehabilitation criteria was achieved in the 
rehabilitation zone (0-10 cm) and (10-20 cm) indi-
cating soil formation processes.

Seasonal variation in plant element content 
highlights both the potential for nutrient deficien-
cies and elevated content of non-essential elements 
at different growth stages, with no evidence of 
phytotoxicity.

Decomposition processes are comparable to a ref-
erence analog site and indicate the ecosystem func-
tions establish within rehabilitated bauxite residue.

Element content of invertebrate communities is 
similar to analog site with non-essential element 
(Al, V) not exceeding known stressful levels and no 
evidence of bioaccumulation.
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