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Abstract
1. Invasive plants are key drivers of global environmental changes leading to the dis-

ruption of ecosystems. Many invasive species engage in novel niche construc-
tion through plant–soil feedbacks that are driven by plant secondary compounds. 
These compounds can persist in the soil even after removing the invader, thus 
creating a legacy effect that inhibits the return of native flora and fauna. The for-
mulation of active intervention strategies that can reverse niche construction is 
therefore critical for the restoration of these invaded ecosystems.

2. We conducted this study in an old-field in Massachusetts, USA, that has been 
invaded by Japanese knotweed (Polygonum cuspidatum) for >20 years. We chose 
knotweed as a model system as it alters soil chemistry and microbial community 
through the input of polyphenols such as tannins that creates a legacy effect. 
Following the removal of knotweed biomass, we investigated the effect of two 
soil carbon (C) amendments (biochar and activated carbon) on the growth and es-
tablishment of newly seeded native and prairie species. We measured the percent 
plant cover and above-ground biomass to assess the establishment of the native 
and prairie species. We also measured soil and microbial characteristics including 
nutrient availability, extracellular enzyme activities and fungal biomass to eluci-
date the effect of C amendments in reversing the legacy effect.

3. Eventhough the native species did not respond positively to C amendments, the 
biomass of the prairie species was 80% higher in activated carbon and biochar 
amended plots than the non-amended control plots. The nitrate content of the  
C amended plots was five times higher than the non-amended plots indicating 
an increased N mineralisation in the C amended plots. This could be potentially 
due to the amelioration of phenolic compounds by activated carbon and biochar-
through sorption. The phenol peroxidase activity also increased in the activated 
carbon and biochar amended plots potentially due to the less inhibition by phenolic 
compounds. With the decrease in polyphenols, the fungal biomass decreased in  
C amended plots that may have resulted in faster nutrient cycling and increased 
availability of soil N.

4. Synthesis and applications. The phenolic compounds from the litter of invasive 
species that persist in soil C fractions can negatively affect the germination and 
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1  | INTRODUC TION

Non-native invasive plant species (NIPS) are key drivers of global en-
vironmental changes as they disrupt the processes and services of 
the ecosystems they invade. The current success of NIPS coupled 
with their potential for range expansion with changing climate (Diez 
et al., 2012; Sorte et al., 2013) makes invasion one of the gravest 
threats to ecosystems in a future world. Apart from reducing the 
biodiversity and causing tremendous economic loss, many invasive 
species are ecosystem engineers that create novel niches through 
changes in the biotic and abiotic properties of the ecosystems. These 
novel niches persist for longer time-scales and often prevent the 
re-establishment of native species even after the removal of NIPS. 
This invader-induced change in ecosystem properties that persist 
even after removing the invasive species is termed as ‘legacy effect’ 
or ‘ghost effect’ (Kulmatiski, Beard, & Stark, 2006; Malcolm, Bush, & 
Rice, 2008; Suseela, Alpert, Nakatsu, Armstrong, & Tharayil, 2016). 
The legacy effect mediated through plant–soil feedbacks often re-
sults in failure of the restoration of invaded habitats (Kulmatiski 
et al., 2006). Although plant–soil feedbacks have been studied exten-
sively from an invasion context, restoration practices that are based 
on a mechanistic understanding of the plant–soil feedbacks are sel-
dom formulated.

The NIPS often create a legacy effect through changes in soil 
properties that would positively feedback to NIPS and negatively 
to native species. Plant–soil feedbacks, widely implied in the suc-
cess of many invasive species (Reinhart & Callaway, 2006), refer 
to those processes by which plants alter the soil biological, chemi-
cal and structural properties (Ehrenfeld, 2003; Miki, 2012). These 
changes would provide NIPS with uncontested access to limiting soil 
resources and thus a competitive advantage over the native species 
(Pringle et al., 2009; Tharayil, Alpert, Bhowmik, & Gerard, 2013). 
Apart from changes in the microbial community and soil nitrogen (N) 
cycling, the NIPS also successfully engage in plant–soil feedbacks by 
altering soil carbon (C) cycling (Tamura, Suseela, Simpson, Powell, 
& Tharayil, 2017). This is often achieved through the input of litter 

which is chemically distinct from that of the native species, which 
further alters the composition and function of microbial communi-
ties and hence the rate of biogeochemical cycling (Elgersma, Yu, Vor, 
& Ehrenfeld, 2012; Farrer & Goldberg, 2009; Miki & Kondoh, 2002). 
For example, the input of labile (low C:N) litter by invasive species 
increased N cycling (Evans, Rimer, Sperry, & Belnap, 2001; Farrer & 
Goldberg, 2009) while the input of recalcitrant litter (high C:N, high 
lignin) decreased N content and altered the seasonality of N cycling 
(Drenovsky & Batten, 2007; Tharayil et al., 2013) to benefit the NIPS 
over their native counterparts.

The input of relatively recalcitrant litter would also select for 
fungal communities that would lower litter decomposition rate and 
would result in the persistence of several C compounds, which can 
alter soil C cycling. Certain groups of C compounds or microbial 
transformation products of these compounds in plant litter can per-
sist in soils for longer time-scales, which could be highly instrumen-
tal in creating a legacy effect (Suseela et al., 2016). An important 
class of compounds in plant litter that can potentially create a legacy 
effect through changes in soil C chemistry are the plant secondary 
metabolites, particularly the phenolic compounds. Many of these 
phenolic compounds are involved in a wide range of physiological 
functions related to plant survival and fitness (Lattanzio, Kroon, & 
Quideau, 2008). However, these phenolic compounds persist in the 
senesced plant tissues and once they reach the soil, their inherent 
recalcitrance and biological functional activity can create a legacy 
effect by their long-term persistence and by changing the micro-
bial community composition and enzyme activities (Northup, Yu, 
Dahlgren, & Vogt, 1995; Suseela & Tharayil, 2018). Negating the ef-
fect of these C compounds through active intervention methods is 
critical in reversing the legacy effect and restoring invaded habitats.

Currently, most of the efforts for restoring invaded ecosystems are 
focused primarily on selecting native species with traits similar or supe-
rior to invasive species. However, such efforts of restoration of invaded 
habitats reported mixed results (Von Holle & Simberloff, 2004). Also, 
common management practices, such as mechanical removal, herbi-
cide treatments, prescribed burning or native species reintroduction 

growth of the native or non-invasive plant species. The polyphenols such as tannins 
from the litter can complex nitrogenous compounds in soils making the N unavail-
able to the native or non-invasive species. Our results revealed the potential of soil 
C amendments in reversing niche construction and legacy effects of polyphenol- 
rich invasive species and indicated that biochar could be a more economically 
feasible alternative to activated carbon in restoring invaded ecosystems. These  
results also emphasise thatunderstanding the mechanisms through which invasive 
species create a legacy effect is pivotal in formulating suitable knowledge-based 
practices for restoring invaded ecosystems.
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(Glass, 2004; Nsikani, van Wilgen, & Gaertner, 2018), may not be suf-
ficient for effective restoration due to the possibility of persistent im-
pacts from the invader-induced soil legacy effects. In the context of 
reversing soil legacy effects, soil-based management approaches could 
provide necessary tools for restoring invaded sites to conditions that 
favour native species. The intentional application of C amendments to 
the soil is an active management practice involving soil manipulation 
that could reduce the growth of invaders (Corbin & D'Antonio, 2012; 
Kulmatiski et al., 2006). Activated carbon has been used as a restoration 
tool in invaded habitats due to its ability to bind organic compounds 
and mediate plant–soil feedbacks (Kulmatiski, 2011; Nolan, Kulmatiski, 
Beard, & Norton, 2015). However, the effect of activated carbon addi-
tion on reversing soil properties and legacy effect under field conditions 
is seldom investigated. Furthermore, research focusing on comparing 
the efficiency of activated carbon to other similar soil amendments such 
as biochar, which is economically more feasible is much limited.

In this study, we selected Japanese knotweed (Polygonum cuspida-
tum) as a model species to study the effect of active soil intervention 
measures such as activated carbon and biochar to restore the invaded 
habitats. Japanese knotweed is a perennial, herbaceous plant species 
native to eastern Asia and is now problematic in 45 states in the US. 
Japanese knotweed is an ideal species to test these soil amendment 
practices as knotweed input litter rich in recalcitrant compounds that 
decompose slowly compared to the native species or other invaders 
with more labile litters (Tamura & Tharayil, 2014). The input of recal-
citrant knotweed litter results in the accumulation of a dense detritus 
layer in the invaded stands (Maurel et al., 2010) that further altered soil 
C cycling (Tamura et al., 2017), increased fungal biomass and composi-
tion and microbial functional activity (Suseela et al., 2016). Knotweed 
litter (root and shoot) has a high C/N ratio (>140:1) and is abundant 
in lignin and polyphenols including tannins and flavonoids that may 
retard the microbial decomposition (Tamura & Tharayil, 2014). Our 
recent research revealed that soils under knotweed invaded stands 
contained twice as much phenolics as the adjacent non-invaded soils 

and the composition of phenolics also differed between the invaded 
and non-invaded stands (Suseela et al., 2016). The formation of micro-
bial transformation products of plant heteropolymers such as lignin 
also contributes to the persistence of recalcitrant phenolic compounds 
in soils under knotweed invaded stands (Suseela et al., 2016; Tamura 
et al., 2017). These phenolic compounds tend to persist and accumu-
late in soils long after the removal of the invasive species and can neg-
atively affect the germination and growth of native species and can 
lead tofailure in the restoration of invaded habitats. Active restoration 
practices can help in the reversal of soil legacy effect compared to pas-
sive restoration which relies on natural succession after the removal 
of the invader. We hypothesised that management practices that can 
reverse the soil nutrient and microbial characteristics in the invaded 
ecosystems could facilitate the rapid restoration of the invaded sites. 
We predicted that adding soil C amendments could alter the soil micro-
bial composition, functional activity and nutrient cycling facilitating the 
growth of native or non-invasive species.

2  | MATERIAL S AND METHODS

2.1 | Study site and study species

The study site was selected in Amherst, Massachusetts (42°24'N, 
72°31'W) as this site has been under knotweed invasion for more than 
20 years (Barney, Tharayil, & DiTommaso, 2006; Suseela et al., 2016; 
Tharayil et al., 2013; Figure 1A). Previous research conducted at the 
same study site has compared the quantity and chemical composition 
of litter inputs between knotweed invaded and adjacent non-invaded 
sites (Tamura & Tharayil, 2014). Specifically, the shoot biomass of litter 
inputs in the knotweed-invaded site was three times higher than that 
in the adjacent non-invaded site. Moreover, the abundance of phenolic 
compounds detected in knotweed litter was higher than that of the 
native species in the adjacent non-invaded site (Suseela et al., 2016). 

F I G U R E  1   Japanese knotweed 
(Polygonum cuspidatum) in the study site 
(A), preparation of the study site for the 
restoration experiment (B, C) and cross 
section of a knotweed rhizome from the 
cleared area (D)

(A)

(D)

(B)

(C)
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Particularly, the tannins could hardly be detected in native species, 
while it accounted for ~10% of knotweed litter biomass (Tharayil 
et al., 2013). Previous research conducted at the same study site has 
thus revealed that the input of a disproportionate quantity of knot-
weed biomass with contrasting litter chemistry than the native species 
creates an N deficiency that affects the growth of the native species 
(Tharayil et al., 2013), changes the quantity and composition of soil C 
and microbial community and functional activity under the invaded 
sites (Tamura et al., 2017; Tamura & Tharayil, 2014) ultimately leading 
to a legacy effect that prevents the re-establishment of the native spe-
cies (Suseela et al., 2016).

2.2 | Experimental design

The study site for the restoration experiment was prepared in fall 
2011 by first clearing the above-ground biomass of knotweed and the 
decomposing stems from the site (Figure 1). Rhizomes of knotweed 
were then removed to a depth of 30–35 cm by spot digging, and the 
holes were filled with the same soil to avoid extensive disturbance. In 
the cleared site, we demarcated 36 plots of 2 m × 2 m and assigned 
the treatments in a randomised block design (three soil amendment 
treatments × two plant species mixtures × six replicates). Plots were 
separated from each other by a 40-cm buffer strip. Wooden planks 
were laid along the buffer strip of six blocks to access the individual 
plots. The treatments included two soil C amendments (activated 
carbon and biochar) and control plots devoid of any amendment and 
each treatment had six replicates. Biochar was obtained from south-
ern yellow pine wood chips that were pyrolysed at a temperature 
between 550 and 700°C. The biochar had an internal absorption 
ratio of 250 cm2/cm3. The activated carbon type was DARCO G-60 
with 100-mesh particle size and a surface area of 600 m2/g (ACROS 
Organics, Fisher Scientific, USA). Activated carbon and biochar were 
applied at a rate (2% of soil volume) of 400 and 350 g/m2, respec-
tively, and were mixed with the top 5-cm soil. The control plots were 
raked to have a similar disturbance as that of the C amended plots. 
We added a mixture of native seeds consisting of Anemone virginiana 
(1 g/m2), Desmodium canadense (4 g/m2), Lespedeza capitata (2.5 g/m2), 
Aster ericoides (0.5 g/m2) and Andropogon gerardii (1 g/m2) to 18 plots. 
As prairie restoration is increasingly being advocated as a successful 
practice to reduce invasive species abundance (Blumenthal, Jordan, 
& Svenson, 2005; Larson et al., 2013), we added a mixture of prai-
rie seeds consisting of Trifolium pratense (5.5 g/m2), Dactylis glomerata 
(7 g/m2), Lolium perenne (5.5 g/m2) and Vicia villosa (20 g/m2) to the 
other 18 plots.

2.3 | Measurements

2.3.1 | Percent cover and biomass

To assess the establishment of native and prairie species in dif-
ferent treatments, we measured the percent plant cover and 

above-ground biomass production in the 36 plots. The measure-
ments were taken in June 2012 and 2013 when the above-ground 
growth was at or near the maximum. In each plot, measurements 
were taken from two spots using a quadrat of 0.5 m × 0.5 m. The 
biomass within the quadrat was cut at ground level and dried 
at 70°C for 48 hr and weighed. For biomass measurements, we 
avoided plots where native seeds were sown as the germination 
rate and growth of the native species were very low. In each 
plot, we also measured the number of knotweed shoot emer-
gence and the emerging shoots were cut periodically from all the 
treatments.

2.3.2 | Soil sampling

In June 2013, we collected soils from the 18 plots where prairie 
seeds were added. From each plot, after removing the surface litter 
layer, four soil cores were collected to a depth of 0–10 cm. The four 
soil cores were composited to form a single representative sample 
from each plot and placed in a plastic bag on dry ice and shipped im-
mediately to Clemson University. Upon receiving, the samples were 
stored at −20°C until analysis. The soils were subjected to the fol-
lowing analyses.

2.3.3 | Ergosterol (fungal biomass indicator)

Ergosterol is widely used as a fungal biomarker as it is the major 
sterol in fungi. Ergosterol in the soils was quantified as per Gessner 
and Schmitt (1996). We measured fungal biomass as opposed to 
total microbial biomass since our previous studies from the same 
study site and multiple knotweed invaded sites across the eastern 
US have indicated that knotweed invasion increased the abundance 
and composition of soil fungi and reduced the biomass of bacte-
ria due to the high content of recalcitrant phenolic compounds 
(Suseela et al., 2016; Tamura & Tharayil, 2014). Ergosterol was ex-
tracted by refluxing 5 g of soil with 10 ml of 0.14 M methanoic-KOH 
at 80°C in glass tubes lined with Teflon screw caps for 40 min. The 
supernatant was acidified to a pH < 2 using 0.75 M HCl. The tubes 
were centrifuged at 2,500 g for 10 min. The supernatant was ex-
tracted with 1 ml of hexane at 4°C. The hexane phase was collected 
into glass vials and dried under N2. The dried content was further 
reconstituted in 100 µl of 0.1 M KOH in isopropyl alcohol and 
transferred into glass vials with 250 µl inserts. The amount of er-
gosterol was quantified using high-pressure liquid chromatography 
(HPLC). The samples were analysed with a Shimadzu quaternary 
pump UFLC system equipped with an auto-sampler, inline degas-
ser and UV visible diode array detector. Separation of ergosterol 
compounds was performed on an Onyx C18 column (monolithic 
silica, 130°A; 100 mm 4.6 mm I.D.; Phenomenex). The ergosterol 
was separated by an isocratic elution of 99% methanol. The identi-
fication of ergosterol is based on the absorbance of the conjugated 
double bond at 282 nm. The quantification of ergosterol was based 
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on the comparison of retention time and UV spectra to those of an 
authentic standard.

2.3.4 | Soil enzyme activity

We measured the potential activity of the hydrolytic enzyme 
N-acetyl-β-d-glucosaminidase (NAG) that degrades chitin and the 
oxidative enzyme phenol peroxidase, which helps in the degrada-
tion of lignin (Saiya-Cork, Sinsabaugh, & Zak, 2002). See Supporting 
Information for detailed methods.

2.3.5 | Soil nitrate

Soil nitrate was extracted by shaking 5 g dry soil with 35 ml of 1 M 
KCl solution for 2 hr on a rotary shaker at 60 rpm. The solution was 
then centrifuged at 1,050 g for 10 min. The supernatant was filtered 
through Whatman #1 filter paper and analysed on a flow segmented 
analyser (Astoria-2; Astoria-Pacific Solution).

2.4 | Statistical analysis

The effect of soil C amendments on plant and soil measurements 
was analysed using a linear mixed-effects model (LMM) under 
the restricted maximum likelihood (REML) estimation, with soil C 
amendments treated as a fixed effect and the block treated as a ran-
dom effect. The percent cover data were analysed using the above 
mixed model with soil amendments and species mixture (prairie vs. 
native) as the fixed factors and block as the random effect. The dif-
ferences among treatments were compared using post hoc Tukey's 
HSD multiple comparison test. Statistical tests were considered sig-
nificant at the p < 0.05 level. All statistical analyses were performed 
using SAS version 9.4 (SAS Institute, Inc.) and graphs were prepared 
using Sigmaplot (v14; Systat Software, Inc.).

3  | RESULTS

3.1 | Above-ground biomass and percent cover

In June 2012, the first year after the treatment application, the soils 
that were amended with activated carbon had higher a percent cover 
of prairie species (>90%) than both the control and biochar treated 
plots (Figure 2A). However, during the second year (June 2013), the 
biochar amended soils had similar percent cover (Figures 2B and 
3A,B) and biomass production as that of the activated carbon treated 
plots (p > 0.05; Figure 4A) and were significantly higher than the 
control plots (p < 0.001; Figure 4A). The germination percent of na-
tive species was very less and hence had significantly lower percent 
cover in both years compared to that of the prairie species (p < 0.001; 
Figure 2). During the second year, plots amended with activated 

carbon had the highest biomass production followed by the biochar 
amended plots (Figure 4A). The control plots had 75% and 66% less 
biomass compared to the activated carbon and biochar amended 
plots respectively. In the C amended plots, the emergence of knot-
weed was lower compared to the control plots (p < 0.001; Figure 4B).

3.2 | Soil fungal biomass (ergosterol)

Soil fungal biomass as indicated by ergosterol was significantly 
higher in the control plots compared to plots amended with biochar 
or activated carbon (p = 0.001; Figure 5).

3.3 | Soil enzyme activity

The activity of NAG, an enzyme that catalyses the degradation of chitin 
from fungal cell walls was higher in control plots compared to that in 
the activated carbon and biochar amended plots (p < 0.001; Figure 6A). 

F I G U R E  2   Percent cover in the carbon amended and the 
control plots after one year (A) and two years (B) of the application 
of treatments. Values represent M ± SE (n = 6) with different 
lowercase letters indicating difference (Tukey's HSD) among 
treatments
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However, the trend was opposite in the activity of phenol peroxidase, 
one of the enzymes that catalyse the degradation of phenolic com-
pounds. The phenol peroxidase activity was markedly lower in control 
plots compared to the C amended plots (p < 0.01; Figure 6B).

F I G U R E  3   Picture showing the percent cover in the carbon 
amended and the control plots after two years of treatment 
application in spring (A) and summer (B). After treatment 
application, these plots were seeded with prairie seeds

(A)

(B)

F I G U R E  4   Biomass of the prairie species (A) and emergence of 
knotweed shoots (B) in the carbon amended and the control plots 
after two years of the application of treatments. Values represent 
M ± SE (n = 6) with different lowercase letters indicating difference 
(Tukey's HSD) among treatments

F I G U R E  5   The content of ergosterol in the carbon amended and 
the control plots after two years of the application of treatments. 
Values represent M ± SE (n = 6) with different lowercase letters 
indicating difference (Tukey's HSD) among treatments

F I G U R E  6   The activity of (A) N-acetyl glucosaminidase and (B) 
phenol peroxidase in the carbon amended and the control plots 
after two years of the application of treatments. Values represent 
M ± SE (n = 5) with different lowercase letters indicating difference 
(Tukey's HSD) among treatments
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3.4 | Soil nitrate

Soil nitrate also followed the trend of phenol peroxidase activity 
where the concentration of soil nitrate was five times lower in con-
trol plots compared to the activated carbon and biochar amended 
plots (p = 0.01; Figure 7).

4  | DISCUSSION

The negative impacts of NIPS on invaded habitats may not dimin-
ish even after their complete removal (Green et al., 2011; Le Roux 
et al., 2018; Nsikani et al., 2018), since NIPS can engage in novel 
niche construction and create a legacy effect through changes in 
soil C chemistry, nutrient cycling and soil microbial community and 
functional activity. The influence of soil legacy effect on the con-
tinuous suppression of the growth of native species due to the 
residual allelochemicals from invaders has been widely reported 
in previous studies (Fisher, Loneragan, & Dixon, 2009; Grove, 
Haubensak, & Parker, 2012; Kaur, Callaway, & Inderjit, 2014). 
Although active soil management practices have been demon-
strated to be necessary and effective for native plant restoration 
(Kulmatiski, 2011; Nolan et al., 2015), it remains unclear whether 
soil C amendments could facilitate native plant restoration in in-
vaded ecosystems through reversing the invader-induced legacy 
effects. Consistent with this expectation, our results revealed a 
positive effect of activated carbon and biochar amendments on 
the percent cover and biomass of prairie species in a Japanese 
knotweed-invaded ecosystem. More specifically, two years after 
the application of soil C amendments, soils amended with acti-
vated carbon or biochar had 60%–70% more percent cover and 
biomass of prairie species while had significantly lower emer-
gence of knotweed than the non-amended plots (Figures 2–4). 

Meanwhile, increased soil N availability and altered microbial ac-
tivities and fungal biomass in the C amended plots (Figures 5–7) 
further indicated that C-amendment practices (i.e. activated car-
bon and biochar) could facilitate the successful reestablishment of 
the prairie species via reversing the soil legacy effects induced by 
knotweed invasion.

Introduced, invasive plants can alter soil microbial communities; 
therefore, native plant restorations could be ultimately considered 
successful only when the microbial and plant communities are re-
stored to the pre-invasion stages (Pickett, Maltz, & Aronson, 2018). 
Soil fungal communities play a considerable role in the success of 
invasive species (Wang et al., 2018; Xiao, Feng, & Schaefer, 2014). 
In the present study, higher ergosterol (fungal biomass indicator; 
Figure 5) content was observed in the non-amended soils relative 
to the soils with C amendments. This result was consistent with the 
reported fungal-dominated community in the knotweed invaded 
soils compared to the adjacent non-invaded soils in previous studies 
from the same site (Suseela et al., 2016; Tamura & Tharayil, 2014). 
A recent meta-analysis also summarised that the invasion of woody 
plants increased the biomass of fungi by 77% (Zhang, Li, Wu, & 
Hu, 2019). The higher fungal biomass in the non-amended soil could 
be potentially due to the higher abundance of plant secondary 
metabolites (e.g. phenolic compounds) that remained in the knot-
weed invaded soil. A higher abundance of monophenolics and fla-
vonoids including tannins was detected in the knotweed-invaded 
stands from the same site (Suseela et al., 2016; Tharayil et al., 2013). 
Complex polyphenolic compounds could favour fungi over bacteria 
in soil since fungi can synthesise oxidoreductase enzymes for the 
biotic degradation of polyphenols (Winder, Lamarche, Constabel, & 
Hamelin, 2013). However, the C amended plots had reduced fun-
gal biomass (ergosterol) compared with the control potentially due 
to the sorption of phenolic compounds by biochar and activated 
carbon thus lowering the substrate availability to fungi. It has been 
widely reported that both activated carbon and biochar could 
alter the soil microbial community composition, and abundance 
(Domene, Mattana, Hanley, Enders, & Lehmann, 2014; Lehmann 
et al., 2011). For example, the biochar amendment lowered fungi to 
bacteria ratio in soils after 12 months of application (Gomez, Denef, 
& Stewart, 2014). Similarly, the application of activated carbon in 
invaded stands decreased the fungal abundance by 58% and cre-
ated a soil microbial condition favouring the growth of native plants 
(Kulmatiski, 2011). While activated carbon and biochar themselves 
contain a minor fraction of bioavailable C, which may impact soil 
micro-organisms (Jones, Haynes, & Phillips, 2010), the high surface 
area, sorption properties and the shared nature of these two C mate-
rials after production make them an ideal surface for the sorption of 
various aromatic and hydrophobic organic compounds (Bornemann, 
Kookana, & Welp, 2007; Nolan et al., 2015).

Apart from decreasing the fungal biomass, the C amended plots 
had altered microbial enzyme activities compared with the control. 
The potential activity of NAG which degrades chitin from fungal 
cell walls decreased in the C amended plots consistent with the de-
crease in fungal biomass in these treatments. However, this trend 

F I G U R E  7   The concentration of nitrate in the carbon 
amended and the control plots after two years of the application 
of treatments. Values represent M ± SE (n = 4) with different 
lowercase letters indicating difference (Tukey's HSD) among 
treatments
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reversed with phenol peroxidase where the activity of phenol per-
oxidase was higher in the C amended plots compared with the con-
trol. Considering the increased activity of phenol peroxidase in soils 
treated with both C amendments compared to the non-amended 
soils (Figure 6A), it is plausible to suggest that one of the most likely 
explanations for the altered microbial activities after C amendments 
is the high sorption of phenolic compounds to biochar and activated 
carbon (Braghiroli, Bouafif, Hamza, Neculita, & Koubaa, 2018; Hall 
et al., 2014; Michailof, Stavropoulos, & Panayiotou, 2007). The sorp-
tion of phenolic compounds made them unavailable to fungi and 
meanwhile relieved the deactivation of specific microbial enzymes 
(DeLuca, MacKenzie, Gundale, & Holben, 2006; Suseela et al., 2016). 
For example, our previous study from the same site indicated that 
phenol peroxidase activity was negatively affected by flavonoids 
in knotweed invaded sites (Suseela et al., 2016) and the potential 
sorption of these phenolic compounds by biochar and activated car-
bon may have increased the activity of phenol peroxidase. We val-
idated the sorption potential of activated carbon and biochar used 
in this study using a lab experiment, which revealed that both acti-
vated carbon and biochar reduced the concentration of an authentic 
standard comprised of mixtures of different phenolic compounds  
(Z. Zhang, unpubl.).

Alteration of soil nutrient availability is considered one of many 
key factors affecting the invasibility of habitat and the success of in-
vasive species (Dawson, Rohr, van Kleunen, & Fischer, 2012; Zhou & 
Staver, 2019). Along with the restoration of soil microbial community, 
effective ecological restoration also requires improved nutrient con-
ditions similar to the pre-invasion level (Roy, Martin, & Irwin, 2010). 
The nitrate content in C amended soils was five times higher than 
the non-amended soils indicating that N mineralisation was reduced 
by knotweed invasion and remained low even two years after com-
pletely removing the knotweed, which was consistent with the in-
hibition of N mineralisation in the same invaded ecosystem in the 
previous study (Tharayil et al., 2013) and other knotweed invaded 
sites (Dassonville, Guillaumaud, Piola, Meerts, & Poly, 2011). In con-
trast to some invaded sites generally featuring higher quantity and 
quality (e.g. lower C:N and lignin:N ratios) of litter inputs and thus 
having enhanced soil N cycling (Liao et al., 2008; Sardans et al., 2017; 
Zhou & Staver, 2019), stands invaded by species (e.g. knotweed in this 
study) with litter rich in polyphenols such as tannins have been char-
acterised by decreased soil N cycling and lower N availability com-
pared to the native counterparts (Drenovsky & Batten, 2007; Tharayil 
et al., 2013). In the latter case, higher polyphenols persisted in the in-
vaded soil has been considered the main explanation for the reduced 
N cycling (Suseela et al., 2016; Tharayil et al., 2013). Polyphenols can 
complex with proteins and N-containing SOM, slowing N cycling 
over longer time-scales (Kraus, Dahlgren, & Zasoski, 2003; Madritch 
& Lindroth, 2015). Polyphenol–protein complexes are resistant to 
most decomposing organisms, leaving a large portion of N locked 
within the complexes, which may not be accessible to plants. N min-
eralisation rates have been demonstrated to decrease substantially 
with the increasing protein complexing capacity of polyphenols 
(Hattenschwiler & Vitousek, 2000). The increase in N mineralisation 

upon the addition of both soil C amendments could be due to the 
significant sorption of polyphenols to biochar and activated carbon 
that made them unavailable. The unavailability of these recalcitrant 
phenolic compounds by such active interventions may block the pro-
tein complexation chain, reactivate microbial enzyme activity and 
accelerate the conversion of organic N to inorganic forms (Gundale, 
Sverker, & Albrectsen, 2010; Kraus et al., 2003). Besides altering en-
zyme-mediated transformation of soil organic N, sorption of phenolic 
compounds by activated carbon and biochar may reduce the pres-
ence of factors inhibitory to nitrification in the soil environment that 
further allows nitrification to proceed (White, 1994) since phenolics 
generally have a negative effect on nitrifying bacteria (Berglund, 
DeLuca, & Zackrisson, 2004; White, 1994). Many studies have re-
ported increased nitrification or abundance of ammonia-oxidising 
bacteria, a microbial functional group that mediates nitrification, after 
treatment with both activated carbon and biochar (Ball, MacKenzie, 
DeLuca, & Montana, 2010; DeLuca et al., 2006; Dempster, Gleeson, 
Solaiman, Jones, & Murphy, 2012). Although several mechanisms may 
operate simultaneously to increase the N availability, our study pro-
vides direct evidence that soil C amendments (i.e. activated carbon 
and biochar) could be an effective tool to reverse the invader-created 
legacy effect on soil N availability and hence the successful growth of 
non-invasive species. Our study thus emphasises the need to employ 
active interventions to facilitate the ecological restoration of invaded 
ecosystems.

Biochar was reported to have a relatively weak sorption capac-
ity compared to activated carbon (Hale, Hanley, & Lehmann, 2011), 
which is partly evident from the non-significant effect on the per-
cent cover of prairie species one year after treatment application 
(Figure 2). However, the present results demonstrated that, in 
year two, both C amendments exhibited similar positive effects 
on reversing the legacy effect created by knotweed invasion. In 
addition, from an overall economic and environmental perspec-
tive, biochar could be a preferable alternative to activated car-
bon in restoring invaded ecosystems. Specifically, the large-scale 
application of activated carbon of invaded lands could become 
prohibitively expensive, with the cost of using activated carbon 
in the present study being approximately $23.36/m2. By contrast, 
the source material and production process for biochar were less 
expensive ($0.77/m2). Meanwhile, biochar applied once could be 
active for longer periods negating the need for repeated applica-
tion and would be to a lesser extent influenced by soil structure 
or harsh ageing, compared to activated carbon (Hale et al., 2011). 
Also, soil amended with biochar could provide additional benefits 
such as to sequester C, ameliorate soil properties, reduce nutrient 
leaching and improve soil fertility (Glaser, Lehmann, & Zech, 2002; 
Lehmann et al., 2011), which might be expected to accelerate the 
natural recovery of ecosystems in the invaded sites that are resil-
ient to reinvasion. Furthermore, the application of activated carbon 
could result in an overall negative environmental effect when con-
sidering the full life cycle assessment (Arena, Lee, & Clift, 2016). 
However, caution should be exercised when extending the results 
of this work to other restoration practices using biochar, as the 
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outcome of biochar sorption may depend on inherent biochar 
properties (e.g. pyrolysis temperature), addition rate and plant 
species (Lehmann et al., 2011). Moreover, as different invaders are 
characterised with distinct litter chemistry (labile vs. recalcitrant; 
Tamura & Tharayil, 2014), the effects of these soil C amendments 
on niche reconstruction and ecological restoration might be con-
text-dependent, which warrants coordinated research networks 
across a broad range of invaded ecosystems in the future. Also, 
due to the inherent properties of these C amendments, applying 
them into the soil will improve soil quality by enhancing porosity, 
water holding capacity and cation exchange capacity (Atkinson, 
Fitzgerald, & Hipps, 2010). The effects of these soil amendments 
on soil structure and functions have been extensively elucidated 
in many previous studies (Hussain et al., 2017; Kulmatiski, 2011; 
Lehmann et al., 2011). In our study, the soil was disturbed to a lim-
ited extent during the removal of knotweed rhizomes. Alternatively, 
various chemical and cultural control measures (Jones et al., 2018) 
could be initally employed to manage knotweed before the applica-
tion of C amendments as part of the restoration efforts.

5  | CONCLUSIONS

The main focus of our study was to formulate restoration practices 
that would ameliorate the legacy effect in sites that have been sub-
jected to prolonged invasion by Japanese knotweed . The results of 
our study support the hypothesis that amending invaded soil with 
activated carbon and biochar could reverse the niche construction 
and legacy effect by stimulating soil N mineralisation and alter-
ing microbial activities and community structure which promoted 
the growth of the non-invasive species. The comparison of the ef-
ficiency between two soil C amendments employed in this study 
indicated that biochar could be a more economically feasible alter-
native to activated carbon in the restoration of invaded ecosystems. 
Further studies, however, are still required to elucidate the specific 
mechanisms by which C amendments impact abiotic reactions and 
microbial transformations that contribute to the reversal of invader-
induced legacy effect. Our findings also emphasise that under-
standing the mechanisms through which invasive species engage in 
niche construction is vital in formulating suitable knowledge-based 
restoration practices for invaded ecosystems.
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