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Abstract

Acid mine drainage (AMD), characterized by low pH and high dissolved metal concentrations, contaminates streams and
impairs ecological recovery of impacted watersheds. We evaluated whether water collected from a passive remediation
system supports improved plant growth. In a greenhouse experiment, saplings of five native Pennsylvania tree species
were irrigated with untreated AMD entering a passive system, partially treated AMD exiting the system, or tap water.
Growth was reduced in all species exposed to untreated AMD, whereas growth of saplings receiving partially treated
water did not differ from controls. These results indicate that partial treatment of AMD reduces phytotoxicity, improving
growth.
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Figure 1. Growth of native saplings exposed to untreated AMD entering the passive system (pre-passive system),
partially treated water exiting the final north standpipe in the passive system (post-passive system), or tap water
control in a greenhouse experiment:

A. Change in sapling height across species and treatments (two-way ANCOVA). The species X treatment interaction was
not significant. B. Watering treatment significantly affected growth (F; 167 = 48.46, p < 0.001); saplings in the AMD
water grew less than those in the partially treated water or the control (Tukey-adjusted p < 0.001 indicated by *); growth
in the partially treated water did not differ from the control (Tukey-adjusted p = 0.070). Bars in A and B are raw means
(1 SE). C. ANCOVA-adjusted mean growth (+ 1 SE) by species. Regardless of watering treatment, growth differed
among species (F4 162 = 5.25, p < 0.001); this was driven primarily by the slower growth of tulip poplar (Tukey-adjusted
comparisons). Bars sharing a letter do not differ (Tukey-adjusted p > 0.05).

Description

Acid mine drainage (AMD), generated primarily by pyrite oxidation, produces acidic waters enriched in dissolved metals
(Rose and Cravotta 1998). In streams affected by mine drainage, low pH, metal toxicity, and iron and aluminum hydroxide
precipitates degrade aquatic habitat and reduce the abundance and diversity of macroinvertebrates and fish, often
eliminating sensitive taxa (Cherry et al. 2001; Hogsden and Harding 2012). These impacts can extend into adjacent
riparian habitats where reduced emergence of aquatic insects limits food resources for terrestrial species, such as spiders
(Paetzold et al. 2011; Schmidt et al. 2013). More broadly, coal surface mining can alter terrestrial ecosystems by limiting
forest establishment and recovery (Zipper et al. 2011).

Passive treatment systems are constructed features, such as aerobic wetlands, limestone drains, and vertical flow wetlands,
that improve water quality using gravity flow and natural chemical and biological processes rather than continuous
chemical additions (Skousen et al. 2017). The passive system examined here consists of an aerobic wetland followed by
three vertical flow wetlands (McGuire et al. 2025). In the aerobic wetland, iron oxidizes and settles out as iron
oxyhydroxides. In vertical flow wetlands, water passes through an organic layer (often spent mushroom compost) that
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consumes oxygen and supports sulfate-reducing bacteria, and then through underlying limestone, which adds alkalinity,
raises pH, and causes aluminum to precipitate (Skousen et al. 2017). Treatment success is typically judged by changes in
pH, alkalinity, and dissolved metals (McGuire et al. 2025). Studies that use biological indicators of water quality often
focus on benthic macroinvertebrates, measuring changes in taxon richness, abundance, or the return of metal-sensitive
taxa (e.g. Kotalik et al. 2023; Dean et al. 2025), while plant responses are less frequently measured (but see Wu et al.
2022). Because reforestation is critical for long-term watershed recovery, tree growth offers a direct test of whether treated
water can support vegetation.

Our study site is located in the Shamokin Creek watershed, which lies within the Western Middle Anthracite coalfield of
Pennsylvania, where numerous abandoned mine discharges affect water quality (Cravotta and Kirby 2003). The region of
the watershed where this passive system is located is primarily forested, with little agricultural land (Cravotta and Kirby
2003). At the study site, a portion of the AMD discharge is diverted through the treatment system before entering the
creek, allowing us to collect both untreated influent and partially treated water exiting the system.

We compared growth of five native Pennsylvania tree species irrigated with untreated AMD, partially treated water from
the system, or tap water under greenhouse conditions. Species were selected to represent common native hardwoods with
varying tolerance to AMD-associated conditions (see Ashby and Kolar 1998; Groninger et al. 2006; Evans et al. 2013;
Nkongolo et al. 2017; Zhang et al. 2022), with black locust commonly used in reclamation efforts (Ashby et al. 1985). We
hypothesized that untreated AMD water would reduce sapling growth relative to partially treated and control water.

Sapling growth responded strongly to watering treatment, with no evidence of a species x treatment interaction (Fig. 1A;
Fg 162 = 1.02, p = 0.422), indicating a consistent response across species. Growth differed significantly among watering
treatments (Fig. 1B; Fp1ep = 48.46, p < 0.001), with saplings irrigated with untreated AMD (pre-passive system)
exhibiting reduced growth relative to those receiving partially treated water (post-passive system) or tap water (Tukey-
adjusted p < 0.001). Growth in the post-passive treatment did not differ from the control (Tukey-adjusted p = 0.070),
indicating that partial treatment largely removed the growth reduction caused by untreated AMD. Across species, growth
also varied (Fig. 1C; Fy4 162 = 5.25, p < 0.001), driven mainly by reduced growth in tulip poplar relative to black locust
(Tukey-adjusted p = 0.017) and pin oak (Tukey-adjusted p < 0.001). Initial height was a significant covariate (Fq 162 =
9.61, p = 0.002): taller saplings grew slightly less, and this relationship did not differ among species (species x initial
height: F4,156 =0.75, p = 0.561).

Water chemistry data collected by McGuire et al. (2025) at the same site in November 2023 compare influent (pre-passive
treatment) to water exiting the final north standpipe (post-passive treatment), providing context for growth responses in
our study. Water collected from the final standpipe had a higher pH (4.1 to 5.8) and substantially lower dissolved
aluminum (Al; 2.54 to 0.11 mg/L), a metal whose solubility and phytotoxicity are enhanced under acidic conditions (Ur
Rahman et al. 2024). Aluminum is known to inhibit root elongation, shoot growth, and nutrient uptake (Kochian 1995; Ur
Rahman et al. 2024); its reduction in post-passive treatment water may have alleviated a key limitation on plant growth.
Dissolved iron (Fe) concentrations were also reduced following treatment (14.72 to 3.20 mg/L), which may have further
contributed to improved growth by decreasing metal stress and limiting iron precipitation on root surfaces. Concentrations
of nickel (Ni) and cobalt (Co) were only partially reduced (83.0 to 46.9 pg/L and 55.1 to 33.1 pg/L, respectively), zinc
(Zn) declined only modestly (106 to 90 pg/L), and manganese (Mn) increased slightly (2.53 to 2.84 mg/L). The
improvement in growth following passive treatment was consistent with the reduced acidity and dissolved aluminum
concentrations reported at this site, although water chemistry was not measured during the greenhouse experiment.

Together, these results indicate that partial treatment primarily improves plant performance by mitigating some of the
chemical stressors associated with AMD, particularly low pH and elevated aluminum. Remaining metals did not
detectably limit plant growth during the timeframe of this study. This finding suggests that passive treatment can reduce
the adverse effects of AMD on the growth of native tree saplings, although responses may vary with water chemistry,
plant species, and exposure duration.

Methods

Water used in the greenhouse experiment was collected in Coal Township, PA, from Scarlift site 15 (Corbin Water Level
Drift; Latitude 40.780712, Longitude -76.515436). Site 15 discharges AMD directly into Shamokin Creek. A flow splitter
diverts a portion of this untreated AMD through the passive treatment system, which was constructed by the Shamokin
Creek Restoration Alliance (SCRA) and the Northumberland County Conservation District in 2006 (Shamokin Creek
Restoration Alliance, n.d.). The system consists of an aerobic wetland followed by three vertical flow wetlands (VFW).
Beneath each VFW is a mushroom compost layer (~ 2 ft) on top of a limestone base (~ 2-2.5 ft). Standpipes in the
limestone layer of VFWs discharge water from pond to pond, and spillways connecting the ponds allow for overflow (see
McGuire et al. 2025 for schematic).

For this experiment, untreated water was collected from the pipe delivering AMD from the flow splitter into the passive
treatment facility (“pre-passive system” treatment). Partially treated water was collected from the north standpipe that
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delivered water from the mushroom compost/limestone layer of the final VFW of the passive treatment system to the final
collection point where it combined with spillover from the final pond to form the effluent that then returned to the creek
(“post-passive system” treatment). Water was collected in 5 gallon buckets each week for use in the greenhouse
experiment.

Native tree species tested included black locust (Robinia pseudoacacia), Eastern cottonwood (Populus deltoides), pin oak
(Quercus palustris), silver maple (Acer saccharinum), and tulip poplar (Liriodendron tulipifera)—all fast-growing
hardwoods native to Pennsylvania (Burns and Honkala 1990). Saplings (approximately 2-3 years old) were obtained from
Ecotone’s Native Plant Nursery (Ecotone Ecological Restoration, Inc., Forest Hill, MD, USA) in October 2022. They
were grown in a mixture of two parts pine bark to one part sand (Hollins Organic Products, Inc.) in tree pots (9”tall, 3”x3”
square at top of pot with slight taper towards bottom). Pots were randomized in the greenhouse. Initial sapling height was
measured on 7 November 2022. For approximately two months they were allowed to grow and acclimate in the
greenhouse at the Center for Environmental Education and Research (CEER) at Susquehanna University. Tap water was
provided as needed during this period.

On 23 January 2023, all saplings were measured and randomly assigned to pre-passive system, post-passive system, or tap
water control treatments. Plants were watered weekly with 100 mL of water according to their treatment group. Each
species x treatment combination included 12 saplings, except black locust in the post-passive treatment (n = 10), because
only 34 black locust saplings were available at the start of treatments. Final measurements of height were recorded on 6
March 2023, giving a 42-day treatment period.

Sapling growth, characterized as change in height between 23 January and 6 March 2023, was analyzed using a two-way
ANCOVA in jamovi (version 2.6.45.0; The jamovi project 2025), with species, treatment (pre-passive system, post-
passive system, control), and their interaction as fixed effects and height at the start of treatments (23 January) as a
covariate. Homogeneity of regression slopes was confirmed by testing species x initial height and treatment x initial
height interactions, which were not significant (p > 0.05) and were removed from the final model. Pairwise comparisons
of estimated marginal means were Tukey-adjusted.
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