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Abstract

Natural selection processes are constantly influencing vegetation community composition. In the
presence of anthropogenic contaminants additional forces act as filters controlling persistence of
naturally occurring species. Classical species diversity and richness metrics can miss subtle
changes under disturbance regimes while species composition and functional characteristics may
be able to detect them. Our study was designed to investigate legacy impacts of explosives conta-
minated soils in an experimental minefield on vegetative communities using ecological metrics. As
hypothesized, species diversity and richness showed no change in the presence of explosive com-
pounds while species composition provided clear separation of groups and functional trait do-
minance was also observed to change. Overall, presence of anthropogenic contaminates have led
to community composition and functional shifts for vegetation after initial contamination. The
responses in species composition and functional diversity/richness were a result of new tolerant
species filling open niches in contaminated plots. More work is needed to confirm this in varied
systems and in the presence of diverse contaminants.
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1. Introduction

Natural selection pressures act as filters for establishment and succession of vegetative species. Via dispersal,
environmental, and physiological filters, community composition develops to best befit the condition of any
given area [1] [2]. Presence of anthropogenic contaminants adds an additional filter to the system, reducing fe-
cundity of sensitive species, and increasing that of tolerant ones [3]. Loss or suppression of dominant/key spe-
cies can have significant effects on ecosystem function [4], but even changes in non-dominant species density
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may have significant community level impacts [5]. Community shifts have been previously investigated and
documented for a range of anthropogenic contaminants [6] [7] from mining operations [8]-[10] to radiation ex-
posure [11]. Richness and diversity of plant species and functional diversity may be vital to ecosystem stability
and function [12]-[15].

Long term impacts of contaminants on vegetation are studied less than shorter exposures [3]. This poses a
problem as many anthropogenic contaminants are recalcitrant (i.e. heavy metals, explosives, agrochemicals, etc.)
[16]-[18] when released into the environment and elicit chronic stress for many years in surrounding flora and
fauna [19]. Even short term exposure to anthropogenic contaminants may have long-lasting implications [20].
The persistent nature of these compounds adds to this complexity of community level responses. Chronic expo-
sure over extended periods of time has significant impacts on established communities [4] [21] [22] and the
seedbank of contaminated areas [23] [24].

Once released into the environment anthropogenic contaminants exhibit a range of behaviors [19] [25]. Some
rapidly bind to soil particles, while others are not constrained to a static location [26]. Compound mobility and
structure play large roles in contaminant behavior in the environment [27]. For example, heavy metals behave
differently from pharmaceuticals, agrochemicals, and explosives [28] [29]. Nanoparticles of a particular element
behave very differently than larger particles of the same element [30]. Just as there are numerous behaviors of
contaminants, responses of vegetation to these compounds are greatly varied.

Impacts on vegetation can range from morphological damage to physiological interruptions and exact re-
sponse depends on the contaminant and plant species in the target area. Plant functional traits (e.g. life history,
leaf morphology, root structure, photosynthetic pathway, etc...) can also influence response to stress [31]-[33]
and ability to persist in contaminated conditions. As plants age, biochemical processes change [34]-[36], which
may cause variations in response at different life stages. Mature plants have more biomass relative to earlier life
stage which may allow the plant to withstand stress associated with the explosive compounds and then recover
[37]. There are dualities present with tolerance to contaminants; plants capable of surviving may be harmed
more as exposure time increases or may pass the contaminant through the system [38]. High variability in im-
pacts on vegetation based on species, functional group, and even life stage adds a selection pressure to con- ta-
minated areas.

Our study objective was to investigate long term impacts of explosives presence on the current vegetative
community of a minefield contaminated 17 years prior with three different explosive compounds/mixtures. We
hypothesized that 1) community richness and diversity in contaminated areas would not exhibit change from
reference plots as species fill in vacant niches, 2) species composition would differ from reference plots as
presence of contaminants filter out intolerant species, and 3) changes in species functional traits would differ in
contaminated treatment plots from reference.

2. Materials and Methods
2.1. Contaminants

The two most commonly used explosive compounds are hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and
2-methyl-1,3,5-trinitrobenzene (TNT). These compounds are the most widely distributed organic explosive con-
taminates found in the environment [17] [39] [40] and both can have significant impacts on vegetation health.
Munitions contain either a single compound (TNT most commonly) or more commonly, a mixture of com-
pounds (TNT and RDX). Composition B (Comp B) a mixture of RDX (60%) and TNT (40%) is a historically
common munitions mixture. It was used extensively throughout World War 11 up through the 1950s, and is still
used today [41].

2.2. Study Site

Data were collected from a privately owned experimental minefield in South Carolina, USA (33°54'5.39"N,
82°2'1.79"W) [42] [43] (Figure 1). Geologically the site is located on the Carolina terrane (ct) composed of
clastic rocks in the upper region and intermediate to felsic pyroclastic rocks (>3 km) in the lower. The soil at the
plots was Herndon very fine sandy loam and Kirksey silt loam, both with 2% - 6% slopes [44].

The property was owned and managed by Force Protection Inc. at the time of data acquisition. Initially used
for a microbial study in 1999 this site was razed to the ground and sectioned off into 5 x 5 m plots. Within a
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Figure 1. Location of field sites in Edgefield County, South Carolina. Colored circles show field plots
where data was collected. Red marks reference plots, yellow marks RDX plots, blue TNT, and green Com-
position B.

number of those plots explosive compounds were buried in “dummy landmines” to mimic leaching of explo-
sives from unexploded ordnance (UXQOs). These dummy mines were boxes filled with TNT (2-methyl-1,3,5-
trinitrobenzene) and RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine), or a mixture of the two compounds, Compo-
sition B (Comp B). Comp B is comprised of 60% RDX, 39% TNT, and 1% wax binder. Dummy mines were de-
signed to be similar to antipersonnel landmines and contained between 75 - 125 g of the designated explosive
compound [45] [46]. Reference areas were established upslope of the contaminated plots in the razed area. Once
the dummy mines had been planted the area was left to naturally revegetate.

In each of the treatment and reference areas 1x1m plots were delineated (Figure 1) and contaminated plots
were checked using site maps from the property owner prior to data collection to ensure presence of a dummy
mine. Herbaceous species were identified and percent cover established in each plot. Woody species abundance
was also collected after the species had been identified. Minimally destructive metrics were used due to site
protocol.

2.3. Species Diversity

Density and frequency were calculated for all species. Species richness (S; Equation (1)), Shannon-Weiner (H’;
Equation (2)), and Simpson (Dy; Equation (3)) metric values were calculated for total species as well as her-
baceous and woody species separately. Both H' and D; were used to take into consideration both rare, and
common species respectively [47] [48]. Plants not readily identifiable in the field were transported to the lab and
identified using Radford et al. (2010) [49]. All species metrics were compared across treatment groups via anal-
ysis of variance (ANOVA) using a Tukey’s post hoc test.
Equation (1). Equation for calculating species richness (S) where “s” is the number of species present and “N”

represents the number of individuals present.

s=_>
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Equation (2). Equation for calculating Shannon-Weiner (H') values where “p;” is the proportional abundance
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of species “i” in the plots.
R
H'=->p, ||n( P; )|
i=1

Equation (3). Equation for calculating Simpson (D) values where “p;” is the proportional abundance of spe-
cies “i” in the plots.

2.4. Species Composition

Jaccard’s index of similarity was calculated for total, herbaceous, and woody species composition to investigate
whether similarities in species composition were present across groups. Cluster analysis (with Sorenson distance)
was used to determine how the plots relate to one another based on species composition. A dendrogram was
constructed using PC-Ord (MjM Software Design) to visually represent the cluster analysis results. To deter-
mine if the resulting groups were significantly different, a multi-response permutation procedure (MRPP) was
used (with Sorenson distance). MRPP was followed by pairwise comparison to compare species composition
among groups.

2.5. Functional Trait Composition

Due to constraints on site access, functional trait data for all species recorded in the field were aggregated from
literature sources [49]-[53]. Functional traits included: life history, native status, growth form, habit, maximum
height, root structure, leaf morphology, seed size, dispersal mechanism, and photosynthetic pathway. To stan-
dardize trait values, community weighted mean (CWM) for each plot were calculated using the FD package in R
[54] [55]. CWM allows categorical and continuous functional traits to be weighted by abundance of representa-
tive species, limiting any bias which may come from rare species or traits. This allows for the identification of
dominant traits and provides insight into ecosystem processes [56]. CWM values for each functional trait were
compared across treatment groups via ANOVA and Tukey’s post-hoc test. Values were also used in a cluster
analysis and MRPP (both with Sorenson distance) to investigate plot grouping. MRPP was followed by a pair-
wise comparison to compare species composition among groups.

3. Results
3.1. Species Diversity

Woody species density was variable across treatment groups for most species with Composition B plots distin-
guishing themselves from both reference and other treatment plots (Figure 2). RDX and TNT showed no sig-
nificant change in woody species density compared to reference plots. Comp B plots exhibited significantly
higher density for Ulmus alata Michx. (F = 6.40, p < 0.01) and Quercus virginiana Mill. (F = 3.92, p = 0.02)
relative to reference values (p < 0.01 and p < 0.01, respectively). Ligustrum sinensce Lour, an invasive species,
was common across all sites (F = 2.15, p = 0.11) but was significantly more dense in Comp B treated areas when
compared to densities in TNT plots (p = 0.02). Diospyros virginiana L. was the only woody species which exhi-
bited a significantly reduced presence in all three contaminated areas relative to reference (Figure 1; F =6.11, p
< 0.01). Density of the other three woody species was similar across treatments; however, only one of those,
Rhus copallina L., was present in abundance (Figure 2).

No differences were observed in richness, diversity, or Simpson index for herbaceous and woody species
combined (p < 0.05; Table 1). Separating out herbaceous and woody species did provide some differentiation of
treatment groups. Species richness remained unchanged for herbaceous species yet woody species showed sig-
nificant variation (F = 3.37, p = 0.03), between Composition B and both RDX and TNT. Shannon-Weiner diver-
sity, which is sensitive to rare species, was significantly different for herbaceous (F = 4.41, p = 0.01) and woody
(F =3.79, p = 0.02) plant communities (Table 1). Only woody species showed a significant difference between
the reference and treatment groups. Simpson’s index, which is sensitive to abundant species, also showed sig-
nificant differences between treatment groups in herbaceous and woody species (Table 1). This metric was the
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Figure 2. Woody species density across treatment types for reference and explosives contaminated plots. Letters denote sta-
tistical grouping. The lack of letter codes signifies that no difference was present between treatments.

Table 1. Mean and standard error of diversity metrics (richness [S], Shannon-Weiner [H], and Simpson index [D;] values)
for reference and explosives contaminated plots.

Diversity Indices Reference RDX TNT Composition B F p
S 9.90 +0.75 8.78 £ 0.55 8.22 +0.66 8.63+0.73 1.18 0.33
All Species H' 2.27+0.07 2.16 £0.06 2.08 £0.08 2.13+0.09 112 0.36
D, 0.89+0.01 0.88+0.01 0.87£0.01 0.88 +0.01 1.08 0.37
S 7.30 £ 0.62 7.00+0.37 6.33+0.53 5.75+0.67 151 0.23
Herbaceous Species H’ 1.01+£0.10 1.25+0.07 0.78 £0.07 0.92+0.13 4.41 0.01
D, 0.47 £0.05 0.61+0.03 0.35+0.03 0.45+0.07 5.32 <0.01
S 2.78+£0.32 211+0.26 2.00+0.19 3.13+£0.35 3.37 0.03
Woody Species H’ 0.88 £0.12 0.52£0.13 0.55+0.10 0.98 £0.12 3.79 0.02
D, 0.53 £0.05 0.32+0.08 0.36 £0.07 0.57 £0.06 3.54 0.03

only one to show a significant difference between the reference and a treatment group for both vegetation types.
Overall it appeared that abundant species, rather than rare ones, were better able to differentiate reference and
treatment communities suggesting shifts in species dominants with presence of explosives contamination.

3.2. Species Composition

Jaccard’s index of similarity revealed that community composition across treatments was between 40% and 60%
similar to one another (Table 2). Herbaceous community had similar values. The woody assemblage exhibited
the least amount of similarity among treatments groups ranging from 14% to 43%. The reference in particular
saw a large reduction for woody species exhibiting only 14% - 28% similarity.

Cluster analysis of species composition across treatments delineated three very distinct groups: 1) reference
plots, 2) single contaminant plots (RDX and TNT), and 3) mixed contaminant plots (Composition B; Figure 3).
Dendrogram grouping was supported by multi-response permutation procedure (MRPP) of species composition.
MRPP showed that communities present in the plots were able to define the preexisting grouping scheme (A =
0.11, p < 0.01). Pairwise comparisons showed that reference communities were significantly different from
those in contaminated areas as well as separate single compound contaminant plots (RDX and TNT) from mixed
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Table 2. Jaccard’s index of similarity values for reference (Ref) and explosives contaminated plots.

Treatment All Species Herbaceous Species Woody Species

Ref RDX TNT CompB Ref RDX TNT CompB Ref RDX TNT CompB

Reference -- -- -
RDX 51.00 - 61.00 -- 14.00 -
TNT 50.00 50.00 - 59.00 62.00 - 29.00 17.00
Comp B 44.00 46.00 60.00 - 48.00 48.00 59.00 - 29.00 43.00 33.00
100 0
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Figure 3. Dendrogram of plots based on species composition for reference and explosives contaminated plots. Axis along
the top represent information remaining and the red dashed line represents the cutoff point used here.

compound treatment plots (Comp B). RDX and TNT were not different from one another based on species
composition (Table 3).

3.3. Functional Composition

The number of species representing animal dispersed (F = 3.15, p = 0.04), annual (F = 7.91, p<0.01), graminoid
(F=6.19, p <0.01), invasive (F = 3.14, p = 0.03), monocot (F = 5.45, p < 0.01), perennial (F = 3.41, p = 0.03),
trailing (F = 3.88, p = 0.02), tree (F = 4.730, p < 0.01), and vine (F = 5.26, p < 0.01) functional groups were sig-
nificantly different between groups (Table 4). RDX plots were most often responsible for the detected differ-
ences, exhibiting far more annual (p < 0.01), monocot (p = 0.02), graminoid (p < 0.01), trailing (p = 0.02), and
vine (p < 0.01) species, as well as fewer animal dispersed species (p = 0.04) relative to reference. RDX also dis-
tinguished itself from TNT and Comp B plots with significantly higher counts of vine (Comp B p = 0.03), grass
(TNT p <0.01, Comp B p = 0.01), annual (Comp B p = 0.02), and monocot (TNT p < 0.01, Comp B p = 0.02)
species. Additionally Comp B plots exhibited elevated numbers of tree and invasive species but was only sig-
nificantly different from TNT plots (p < 0.01 and p = 0.02 respectively).
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Table 3. P-values from pairwise comparisons of species and functional composition of treatment groups according to multi
response permutation procedure (MRPP) analysis for reference and explosives contaminated plots.

Treatment Species
Reference RDX TNT Comp B Reference
Reference - -
RDX 0.0013 - 0.5425
TNT 0.0003 0.0822 -- 0.3363
Composition B 0.0014 0.0011 0.0074 - 0.6403

Functional Type

RDX

0.2741

0.2840

Comp B

0.6207 --

Bold text indicates the presence of a significant difference (p < 0.05).

Table 4. Mean and standard error of species count in each treatment for various functional types for reference and explosives

contaminated plots.

Functional Trait Reference RDX

Life History Annual 0.90 £0.23° 2.56 +0.30°
Biennial 1.80+0.33 1.33+0.24

Multiannual 8.90 £ 0.67 6.56 £ 0.58

Perennial 7.10+0.57 5.20 + 0.55

Dispersal Mechanism Zoochory 5.70 +0.73 3.56+0.15°
Ballochory 0.20+0.13 0.22+0.15

Hydrochery - 0.11+0.11

Anemochory 3.90+0.43 5.22+0.32

Dicot 7.90+0.77 6.11 +0.46

Cotyledon Monocot 1.80 +0.30* 3.00 +0.46°

Fern 0.10+0.10 -

Forb 0.60 +0.22 1.00+0.17

Vegetation Type Graminoid 1.70 £ 0.26* 3.00 +0.24°
Herbaceous 2.70+0.50 2.22+0.15

Tree 2.63 £0.26* 1.80 +0.33*"

Vine 2.63 £0.18° 3.00 +0.57°

Seed Size Small Seed 140+0.34 1.40+0.24
Medium Seed 5.70 £+ 0.54 6.20 +0.43

Large Seed 2.70+0.50 144 +041

Native Status Native 7.80+0.68 7.22+0.52
Invasive 2.00+0.26 1.89+0.35

Growth Habit Erect 5.60 + 0.56 6.44 +0.60
Prostrate 0.80£0.45 0.89£0.20

Trailing 3.40 + 0.40° 1.78 £0.47°

Root Structure Taproot 6.60 +0.72 5.78 +0.34
Fibrous 3.20+0.36 3.33+0.33

TNT
1.78 +0.22°
1.33+0.17
6.44 £ 0.67
5.11+0.56

3.78 +0.57*"

4.44 +0.41
6.56 +0.71
1.67 +0.17°
1.33+0.37
1.67 +0.17°
2.00 £0.24
1.78 +0.28°
1.11 £0.35%
1.22 +0.67
5.44 +0.67
1.55+0.41
7.20 £0.56
1.22+0.22
5.40 +0.56
0.67 +0.17
2.11 £ 0.39*
5.89 +0.56
2.33+0.29

Comp B
1.38 £0.26*"
1.00 £0.27
7.75+0.82
6.75 + 0.56
4,75 + 0.45*°
0.13£0.13
4.25+0.37
7.25 % 0.59
1.75 £ 0.37°
0.13£0.13
0.50 £ 0.19
1.75 £ 0.37°
1.63£0.50
1.11£0.20°
2.11+0.35%"
1.75£0.53
5.00 £ 0.50
2.38+0.18
6.75 £ 0.70
2.38+0.18
5.75%0.75
0.50 £ 0.27
2.88+0.13%"
6.25 % 0.68
2.88+0.48

Letter codes designate statistical grouping. Rows lacking letter codes have no significant differences present. Bold text signifies a significant differ-

ence from reference values.
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Community weighted means (CWM) revealed significant differences across treatments for several functional
traits. CWM for species native status exhibited significant reductions (F = 3.59, p = 0.02) for TNT relative to
RDX (p = 0.03) and reference (p = 0.04) plots. A similar trend was observed for life history (F = 3.78, p = 0.02)
as values for TNT plots were significantly lower than those of RDX (p = 0.04) and reference (p = 0.03) ones.
TNT plots also exhibited significantly higher CWM values for photosynthetic mechanism (F = 4.76, p = 0.01)
compared to RDX (p = 0.01) and reference (p = 0.03). Despite these differences cluster analysis was unable to
produce any distinctive pattern and the MRPP was unable to define the preexisting grouping scheme (A =
—0.004, p = 0.48).

4. Discussion

Due to the inherent risk of injury at many locations where unexploded ordnance (UXOs) are present, field mon-
itoring of vegetative responses is rare; legacy community level information is even more so. As such, the objec-
tive of our study was to investigate and quantify long term impacts of explosives soil contamination on a vegeta-
tive community. Our initial hypotheses were that 1) community richness and diversity in contaminated areas
would not exhibit change from reference plots as species would fill in vacant niches, 2) species composition
would differ from reference plots as the presence of contaminants filtered out intolerant species, and 3) species
functional traits would differ in contaminated plots relative to those of reference. Based on the results presented
here all three hypotheses were supported.

Presence or absence of explosives compounds was unable to differentiate treatment groups from one another
using standard species diversity metrics (S, H’, D;). Woch et al. (2016) [7] found a similar response along a
heavy metal gradient and suggested that similarity was due to less tolerant species being removed and more to-
lerant species coming in and establishing in the newly formed gaps and this trend had also been observed re-
peatedly in systems under natural disturbance regimes [57]-[61]. This idea is further supported by the significant
increase in annual and monocot species presence in RDX plots as well as the increase in annuals CWM in TNT
plots. Such shifts are common on disturbed sites and thought to have increased tolerance for contaminant pres-
ence [62]-[66]. There were shifts towards graminoid dominance in RDX plots. Graminoid species are highly re-
silient to RDX presence [67], however, graminoids are sensitive to TNT and other explosive mixtures [67] [68].
TNT plots showed a novel shift in functional dominance, via CWM values, with the significant increase in C,4
plant presence. This dominance of C, species in TNT plots is particularly interesting as TNT induces significant
impacts to photosynthetic mechanisms yet C, species appear to be more tolerant overall to presence of explosive
compounds, and may have led to this shift [69].

Simpson’s index of similarity showed that species composition was ~60% or less similar for all treatment
groups when all species were considered. Given the proximity of the plots (5 - 50 m) and the homogeneity of
both soil and terrain the logical cause of this difference was the presence of contaminants. Observed similarities
in community composition appeared to be largely driven by herbaceous species as there was little change in in-
dex values when woody species were removed from the analysis. In contrast woody species composition exhi-
bited high variance in similarity across groups with values being as low as 14% and as high as 43%. Reduced
species similarity and alterations to dominant functional groups among plots in conjunction with a lack of
change for species richness and diversity suggest that compositionally plots were also different across treatment
groups. It appeared that the field plots exhibited an altered successional trajectory emphasizing the need to in-
vestigate broad scale effects of anthropogenic activities on natural systems.

Community composition produced the clearest differentiation of plots with three distinct groups 1) reference,
2) single contaminant, and 3) multiple contaminant plots. Functionally differences were observed for TNT and
RDX in terms of representative species count (Figure 4) and CWM values, yet there were no significant impacts
for Comp B plots. Similar response patterns have been observed at the individual scale for both morphological
and physiological characteristics [70]. TNT appears to influence belowground structures and photosynthetic op-
eration while RDX impacts aboveground structures as well as photosynthetic operation [70]-[72]. Unlike the
two constituent compounds, Comp B tends to produce reduced impacts, requiring larger concentrations to in-
duce the same level of impairment at the species level. Differences were present for CWM values denoting
shifts in dominant traits between treatment groups [73] and potentially altering ecosystem processes [74] [75].

Small scale impacts of disturbance can have significant direct and indirect influences on larger scale processes
[76]. At the individual level explosives have an array of morphological and physiological impacts on vegetation
[3] which can influence success and fecundity of colonizing species [6]. By limiting intolerant species and pro-
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Figure 4. Graphical representation of community shifts across
treatment area.

viding niches for tolerant ones contaminants act the same way that environmental filters do [1]. Considerable
effort has been put into understanding short term impacts of anthropogenic contaminants on vegetative health,
but more work is needed investigating long term impacts of exotoxins.

Species diversity and composition cannot fully explain ecosystem level impacts of a disturbance. By quanti-
fying functional traits and composition of a community a much more complete understanding of disturbance ef-
fects and influences on recolonization trends can be gained [15] [77]-[81]. From a functional trait perspective
there was less distinction among treatment groups, with most shifts occurring in RDX contaminated areas. RDX
plots had far more annuals, monocots, graminoids and vines, as well as fewer animal dispersed species. Increas-
es in annuals and graminoids have been observed in the presence of contaminants [62] [63] [66]. Compositional
changes away from zoochorous species has been connected with harsh habitats; particularly young or disturbed
ones [7] [82]. Functional richness and divergence have often been linked to community assembly processes
[83]-[85] or ecosystem functioning [86]-[88].

Our results suggest that long-term impacts of explosives contamination affect community composition and
functional traits from chronic leaching of point source toxic compounds over nearly two decades. The dummy
mines were designed and placed in the field to closely mimic anti-personnel landmines allowing for direct com-
parisons to locations with UXO presence. Given the global distribution of UXOs and the continued use of land-
mines [3] understanding the ecological impacts of these devices is of great importance. Concentration of UXOs
at the field site is relatively small suggesting that vegetative community condition on contaminated systems
(military training grounds, past and current warzones, industrial landscapes, etc.) may exhibit more significant
responses. While UXOs have devastating impacts to human life and health they also pose a serious ecological
risk both from physical damage via explosive potential and from toxic compounds that may enter the soil.

Legacy community level impacts of explosive compounds are capable of being identified using various spe-
cies and functional trait metrics. Presence of explosive compounds had impacts on community species and func-
tional composition yet elicited no response in standard species diversity metrics. RDX and TNT contaminated
plots had shifts in dominant functional traits, suggesting an influx of more tolerant species. RDX possessed the
most unique combination of functional traits relative to reference and other treatment groups. Comp B had no
significant impact on any metric which agreed with findings in recent literature. More long term broad scale in-
vestigation of contaminants and disturbance are needed to fully understand anthropogenic impacts on natural
systems.
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