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Abstract Nitrogen (N) and Silicon (Si) availability

can affect the vigor and resiliency of plant commu-

nities. The effects of N on plant growth has been

investigated in multiple species and is understood to

promote growth. Though it is generally understood

that Si aids in plant functions such as stem strength

enhancement and herbivory defense, the role Si has

not been explored in many wetland plant species.

Tidal wetland plants are often subjected to high wind

and wave energy, which can cause breakage or

collapse of stems. This body of research investigated

the combined effects of Si and N regimes to reduce the

occurrence of stem collapse through its influence on

stem strength. We investigated the effects of Si and N

concentration on the growth, morphology, and phys-

iology of Schoenoplectus acutus and Schoenoplectus

californicus, two species of macrophytes that are

commonly used in freshwater tidal restoration plant-

ings. Individuals of each species were grown hydro-

ponically in four different nutrient combinations (low

Si and low N, low Si and high N, high Si and low N,

and high Si and high N). Results indicated that

increased N concentrations promoted aboveground

biomass production, whereas increased Si concentra-

tion enhanced stem strength and decreased the

likelihood of stem collapse and herbivory. Plants

receiving a high Si and low N nutrient combination

exhibited the most robust stems. Our findings empha-

size the importance of Si, as well as N, in Schoeno-

plectus spp. growth and highlight the potential

applications for these nutrients in enhancing tidal

marsh management.

Keywords Nutrient regime � Nitrogen � Silicon �
Schoenoplectus � Stem strength � Lodging

Introduction

Plant species’ interactions with the abiotic environ-

ment can influence their distribution and abundance

(Menninger and Palmer 2006; Lambers et al. 2008).

Nutrient and resource availability, in particular, can

influence plant morphology and physiology (Schubert

and Mengel 1989) as well as influence which species

can survive and thrive (Grime 1977, 1979). Plants use

multiple primary macronutrients (i.e., N, P, K),

secondary macronutrients (Ca, Mg, S), essential

micronutrients (Fe, B, Cl, Cu, Mn, Mo, Zn), as well

as elements classified as non-essential micronutrients

(Co, Si, Al, Na, V, Ga) for carbohydrate synthesis,

growth, and other physiological functions (Taiz and

Zeiger 2010). Nitrogen (N), is typically considered to

be the most limiting nutrient in freshwater and

terrestrial ecosystems (Tamm 1991; Vitousek and
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Howarth 1991; Kenk and Fischer 1988; Hooper and

Johnson 1999; Elser et al. 2007; LeBauer and Treseder

2008) indicating that plant growth and net primary

production (NPP) is directly related to the amount of

nitrogen that the plant can access. Nitrogen is gener-

ally understood to enhance plant growth and biomass

production, however excess nitrogen loading can

result in plants with lower root to shoot ratios (Turner

2010; Deegan et al. 2012).

The existing body of literature explains silicon (Si)

is not generally considered an essential element for

most terrestrial higher plants, except for Equisetacae

(Epstein 1994), largely because the role of Si in plant

biology is not well understood (Ahmed and Asif

2012). Silicon is the second most common element on

Earth and is considered ubiquitous in soil in the form

of mineral quartz and clay (Ary and Lujan 1992).

However, its abundance in a bioavailable form (mono-

silicic acid) is more variable, ranging between 0.08

and 0.67 9 10-3 mol SiO2 L
-1 (5–40 mg SiO2 L

-1)

(Dietzel 2002). Themajority of research that addresses

the role of Si in plants has been conducted in oceanic

environments regarding diatoms and eutrophication

(Garnier et al. 2010) and in agricultural crops such as

corn, rice, tomato, cucumber, and tobacco (Adatia and

Besford 1986; Horiguchi 1988; Samuels et al. 1991;

Gao et al. 2005). From the existing body of research,

Si is known to promote plant growth, enhance

photosynthesis, deter herbivory, enhance water loss

efficiency, and strengthen the stem by thickening the

culm wall and size of the vascular bundles (Shi-

moyama 1958; Epstein 1994; Ma and Takahashi 2002;

Massey and Hartley 2006; Gao et al. 2005; Mitani and

Ma 2005; Kamenidou and Cavins 2008). The concen-

tration of Si has even been found to surpass the

concentration of N and P in some plant tissues (Epstein

1994, 1999). However, the actual role and influence of

this nutrient is complex and the role of Si in plant

growth and physiology requires additional research;

especially in wetland ecosystems.

Wetlands are understood to be important in the

biogeochemical cycling of N and P, but there is little

information regarding the role of Si in wetland

ecosystems (Struyf and Conley 2009). Tidal marshes

have been found to accumulate large quantities of

biogenic silica, with some species of vascular plants

(Spartina alterniflora and Juncus roemerianus) con-

taining up to 0.5% biogenic silica by weight (Hackney

et al. 2002). Yet, Si is continuously lost from the soil

due to leaching and depletion by the plant community,

making its concentration variable (Körndorfer and

Lepsch 2001). Agronomists have long understood the

beneficial effects of using a Si amendment to improve

crop yield and resistance to disease and herbivory

(Savant et al. 1997; Alvarez and Datnoff 2001);

however, Si is often omitted from nutrient amend-

ments in restoration scenarios (Epstein 1999).

It has been well established that marshes exposed to

increased nitrogen supply can exhibit lower root to

shoot ratios, lower soil strength, and cause marsh loss

(Turner 2010; Deegan et al. 2012). Enhanced nitrogen

loading may also contribute to an increase in stem

lodging (the complete breakage of collapse of the stem

from which it will not recover) (Bertness and Ellison

1987; Neill 1990; Valiela and Rietsma 1995; Wigand

et al. 2013). Previous studies by Crook and Ennos

(1995) investigated the effects of nitrogen on stem

growth and lodging in wheat and found that increased

levels of soil nitrogen resulted in increased height of

stems, thus weakened the stems. We have witnessed

stem lodging of Schoenoplectus acutus (Muhl ex

Bigelow) Á. Löve and D. Löve and S. californicus

(C.A.Mey.) Soják (commonly referred to as tules) at

Liberty Island (38.308359, - 121.686974), an agri-

culturally influenced freshwater tidal marsh restora-

tion site located in the Sacramento-San Joaquin Delta,

California, USA that has historically received nitrogen

fertilizers. Both Schoenoplectus species are widely

distributed (de Lange et al. 1998; Hoag 1998; Vasey

et al. 2012) and are desired to stabilize levees and meet

the goals of many freshwater tidal marsh restoration

efforts (Kimble and Ensminger 1959; Sloey et al.

2015; Hester et al. 2015).

We used a controlled greenhouse study to investi-

gate the effects of N and Si nutrient regimes on S.

acutus and S. californicus growth, morphology, and

physiology. We hypothesized that silicon may func-

tion to strengthen the stems of these relatively tall

plants, making themmore resistant to lodging from the

high wind and wave energy—characteristic of tidally-

influenced ecosystems. Understanding the role of Si

and its interactions with N on marsh species will

improve understanding of nutrient dynamics, species

morphology and physiology, as well as enhance marsh

management in dynamic tidal wetlands.
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Materials and methods

Experimental design

A full-factorial experimental design with randomized

organization of experimental units was implemented

to examine the influence of nutrient regimes on tidal

marsh plant growth and morphology. This factorial

experiment consisted of two species (S. acutus and S.

californicus), two Si treatments (low and high), two N

treatments (low and high), with four replicates of each

combination for a total of 32 experimental units.

Individuals were organized in a randomized fashion in

a greenhouse at the University of Louisiana at

Lafayette’s Ecology Center (30.3041, - 92.0097).

Schoenoplectus acutus and S. californicus rhizomes

were purchased from a native plant nursery in

California, USA, in January 2014 and allowed to

grow in Sta-GreenTM potting soil for 6 months.

Experimental plants were weighed and selected for

similar sized rhizomes. All plants had three stems cut

to 0.25 m in height at the initiation of the experiment.

Plants were rinsed of soil with deionized water. Each

plant was placed in a 3.8 L plastic nursery pot that was

perforated at the bottom. The pot was set inside a

plastic water reservoir. We used glass spheres as an

inert hydroponic growth substrate in order to maintain

upright orientation of plants without influencing the

manipulated nutrient solutions (Audebert 2012; Giur-

giu et al. 2014). Glass did not create any additional

SiO2 whereas using sand, soil, or vermiculite would.

Each plant received the same baseline Hoagland’s

nutrient solution with modified concentrations of N

and Si depending on the treatment combination

(Table 1). All other nutrients, including P, were kept

consistent for the purpose of isolating effects of Si and

N only. Silicon was added in the form of soluble

sodium silicate pentahydrate (Na2SiO3 9 5H2O).

Individuals receiving a low Si treatment received no

Si additive whereas plants receiving the high Si

treatment received a 1.7 mM SiO2 solution. Nitrogen

was added in the form of ammonium nitrate (NH4-

NO3). During our previous work at the Liberty Island

restoration site, we’ve observed that soil ammonium

ranged between 10.3 lg g-1 and 31.0 lg g-1

(0.57–1.71 mM) (Hester et al. 2015). Numerous

nutrient studies have tested plant response to low

nutrient regimes at 1.0 mM concentration of NH4NO3

(Makino et al. 1988; Griffin et al. 1993) to and high N

treatments ranging from 7.0 mM NH4NO3 (Griffin

et al. 1993) to as high as 45 mM NH4NO3 (Jackson

and Caldwell 1989). For this study, low and high N

treatments contained 1 and 10 mM concentrations of

NH4NO3 respectively. The reservoirs holding the

water for each plant were filled to the top with their

respective nutrient solution. Plants were watered with

deionized water every 2 days throughout the experi-

ment and received a fresh nutrient solution every

3 weeks. The experiment ran for a duration of

12 weeks from June to September 2014. Prior to

experiment initiation, the nutrient solutions and

deionized water were tested for water chemistry (Si,

P, N) to ensure that the nutrient concentrations were

held at the correct level. Pore water nitrate-nitrite and

ammonium concentrations were determined using

EPA-approved spectroscopic methods (Parsons 2013).

Table 1 Hoagland’s nutrient solution concentrations for each experimental treatment

Nutrient Low Si and low N High Si and low N Low Si and high N High Si and high N

MgSO4 1.0 mM 1.0 mM 1.0 mM 1.0 mM

KH2PO4 2.0 mM 2.0 mM 2.0 mM 2.0 mM

Ca(Cl)2 2.5 mM 2.5 mM 2.5 mM 2.5 mM

NH4NO3 1.0 mM 1.0 mM 10 mM 10 mM

Fe-EDTA 1.0 ml 1.0 ml 1.0 ml 1.0 ml

Boric acid 23 mM 23 mM 23 mM 23 mM

Molybdic acid (H2MoO4 9 H2O) 0.05 mM 0.05 mM 0.05 mM 0.05 mM

MnCl2 9 4H2O 0.20 mM 0.20 mM 0.20 mM 0.20 mM

ZnSO4 9 7H2O 0.38 mM 0.38 mM 0.38 mM 0.38 mM

CuSO4 9 5H2O 0.16 mM 0.16 mM 0.16 mM 0.16 mM

Na2SiO3 9 5H2O 0 mM 1.7 mM 0 mM 1.7 mM
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Plant analyses

Plants were monitored for stem density (number of

stems per plant), and stem height. Observed herbivory

damage fromgrasshoppers and cutwormswasmeasured

at the conclusion of the experiment by enumerating the

stems in each plant that had evidence of herbivore

damage. Stems were visually determined to be live or

dead based on presence of green photosynthetic mate-

rial, and dead stems showed no greenmaterial. A subset

of two undamaged stems was collected from each plant

and analyzed for stem strength and cross sectional

formation of aerenchyma. Stem strength was deter-

mined by hanging a series of increasing weights from a

fixed point on the freshly cut stem,whichwas secured to

a platform with the majority of the stem overhanging,

and measuring the deflection to obtain the modulus of

elasticity, or E (Albert et al. 2013). As E increases, it is

assumed that the stem is stronger, more rigid, and less

likely to be deformed with the stress of weight.

Measurements from the tip, middle, and base sections

of the stem were averaged to obtain a representative

reading for each stem. To analyze aerenchyma forma-

tion, cross-sections were collected from the middle

section of two representative stems from each plant and

analyzed less than 12 h after collection. Cross-sections

were dyedwithTolluidineBlue and photographed using

a dissecting microscope. Images were analyzed for

percent area of aerenchyma (open conduits) compared

to plant tissue using Image JTM (Schneider et al. 2012).

We also looked at the effect of wind on stem

lodging using a 1998 Robicheaux airboat (Chevy 350

V8 motor) to control wind exposure. The plants were

placed on a 1 m tall table located 5 m behind an

airboat which was parked on a trailer. The planted pots

were secured upright on the table using cinderblocks.

Different wind speeds were generated by adjusting the

rpms of the boat engine and the resulting wind speeds

were measured using an anemometer (Kestrel 1000

Pocket Anemometer, Neilsen-Kellerman, Pennsylva-

nia) placed adjacent to the plant. Ambient wind was 0

kmph during the testing period and did not register on

the anemometer. Each plant was subjected to incre-

mental wind trials of increasing speed (8, 16, 24, 40,

80, and 120 kmph) for 30 s. After each wind trial, the

number of lodged stems was enumerated. Data was

analyzed using an ANOVA assuming that stems that

break at lower wind speeds would have also broken as

wind speed became incrementally faster.

Aboveground, belowground, and inflorescence tis-

sues were collected at the conclusion of the experi-

ment and total live weights were obtained.

Inflorescences were only produced in S. acutus.

Inflorescences are distinct structures from the stems

which were removed, dried, and weighed separately.

Aboveground material was dried in a convection oven

at 65 �C to a constant weight for biomass determina-

tion. Dried stems were ground in a Wiley mill

(Thomas Scientific, #3383L10, New Jersey) and

analyzed for total C, N, and fiber (lignin and cellulose)

at the Ecosystems Analysis Laboratory at the Univer-

sity of Nebraska at Lincoln. A subset of ten live roots

was collected from each plant and analyzed for root

morphology (percent root length at different root

diameter size classes after Reinhardt and Miller

(1990):\ 0.1 mm (very fine fibrous), 0.1–0.2 mm

(fine fibrous), 0.2–0.5 mm (fibrous), 0.5–1.0 mm

(coarse fibrous), 1.0–2.0 mm (fine root),

and[ 2.0 mm (coarse root) using WIN Rhizo Image

Analysis program. Various root diameter size classes

were analyzed to understand the effects of nutrient

regime on root architecture, as root architecture can

mediate the adaptation of plants to soils in which

nutrient availability is limited by increasing the total

absorptive surface of the root system (López-Bucio

et al. 2003). All belowground tissue was then dried in a

convection oven at 65 �C to a constant weight for

biomass determination.

The effects of species, N concentration, and Si

concentration on above- and belowground plant

metrics and porewater chemical analyses were com-

pared using a 3-way analysis of variance (ANOVA) in

JMP 11.0 (SAS Institute Inc. Carey, NC) with Tukey

post hoc comparisons. Since stem production signif-

icantly differed between species, species were ana-

lyzed separately to determine the effect of N and Si on

the percentage of stems with herbivore damage.

Results

Cellulose concentrations were higher in S. californicus

individuals compared to S. acutus and percent lignin

was significantly higher in plants receiving a high Si

nutrient regime for all species (Fig. 1; Appendix 1).

Total percent Si in plant tissue was significantly higher

in plants receiving a high Si nutrient concentration,

especially in plants receiving a high Si and low N
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combination (Fig. 1). Percent total carbon in plant tissue

tended to be higher in S. californicus compared to S.

acutus and also tended to be higher in plants receiving a

highNnutrient regime (Fig. 1).Analysis of total percent

nitrogen in plant tissue revealed that total nitrogen was

higher in plants receiving a high N concentration.

ATukey-post hoc comparison revealed that in S. acutus,

%N in tissue was highest in plants receiving a Low Si

andHighNcombination (Fig. 1). Porewater analysesof

NH4 showed concentrations being one to two orders of

magnitude higher in pore water extracted from low Si

and high N treatment combinations compared to other

treatments for both species (Fig. 2). Pore water

concentration of NO3 revealed significant interactions

between N and species and between Si and N (Fig. 2).

Percent live material was lowest in units that

received a nutrient combination of low N and low Si

(Fig. 3a; Appendix 2;). Stem density was greater in S.

acutus individuals, producing more stems than S.

californicus, and high N nutrient treatments resulted in

greater stem production in S. acutus (Fig. 3b, c). Stem

height was significantly higher in S. californicus than

S. acutus and an interaction between N and Si

indicated that stem height was greater in S. californi-

cus individuals receiving a high Si and high N nutrient

solutions (Fig. 3d).

Fig. 1 Percent chemical composition of plant tissue

(mean ± SE) of S. acutus and S. californicus subjected to

different nutrient regimes. Means within the same element or

compound (C, N, Cellulose, Lignin, Si) marked by the same

letter are not significantly different (a = 0.05)

Fig. 2 Concentration (lM) of NH4 and NO3 (mean ± SE) in pore water collected from individuals subjected to different nutrient

regimes. Means marked by the same letter are not significantly different (a = 0.05)
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Fig. 3 Plant growth metrics (photosynthetic aboveground

biomass, stem density, stem height, herbivory damage, stem

strength) of S. acutus and S. californicus (mean ± SE)

individuals subjected to different nutrient regimes. Means

within the same metric marked by the same letter are not

significantly different a = 0.05)
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There was no effect of nutrient regime on herbivory

in S. californicus. However, for S. acutus, higher Si

concentrations did have a significant effect on reduc-

ing herbivory (Appendix 2; Fig. 3e). Total above-

ground biomass production was greater in S. acutus

individuals receiving a high N treatment and in S.

californicus individuals receiving a combination of

high N and high Si (Fig. 4; Appendix 2). Inflorescence

biomass was higher in S. acutus compared to S.

californicus (P\ 0.0001), because the duration of the

experiment did not include the S. californicus

flowering period. Within S. acutus, inflorescence

biomass production was 2–6 six times greater in

plants receiving a high N & high Si nutrient combi-

nation than in other treatments. In general, N had a

significant positive effect on total belowground

biomass revealed a significant positive effect of N

(Fig. 4; Appendix 2).

Image analyses of root morphology showed signifi-

cantly greater root length in S. californicus than S. acutus

(Fig. 5; Appendix 3). There was a significant interaction

between species, N, and Si in root diameter size classes

Fig. 4 Total mass (g) of inflorescences, above-, and below-

ground biomass (mean ± SE) of S. acutus and S. californicus

individuals subjected to different nutrient regimes. Means

within species marked by the same letter are not significantly

different (a = 0.05). Numbers above each bar represent average

aboveground-to-belowground biomass ratio

Fig. 5 Root morphology of S. acutus and S. californicus individuals subjected to various nutrient solutions as indicated by total root

length at different root diameter size classes (mean ± SE)
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up to 0.2 mm and the[2.0 mm diameter size class

(Appendix 3). Nitrogen had a significant effect on root

length in 0–0.5, 0.5–1.0, and 1.0–2.0 mm diameter size

classes. In these root diameter size classes, plants

receiving low N treatments, generally had longer roots

(Fig. 5; Appendix 3). We saw a similar distribution of

root diameter sizes between nutrient treatments within

each species, however S. californicus roots tended to

have a greater proportion of fine roots (0–0.5 mm root

diameter size classes) whereas S. acutus had the largest

proportion of roots within the 0.50–1.00 mm root

diameter size class (Fig. 5; Appendix 3).

Our tests of stem strength using the modulus of

elasticity showed the highest stem strength in plants

receiving a high Si and low N nutrient combination

(Fig. 3f; Appendix 2). Our analyses of aerenchyma

formation revealed no significant trends between

species or nutrient treatment. The wind exposure trials

revealed important differences between species and

nutrient treatments (Appendix 4). N had a significant

effect on stem lodging at all wind speeds (Appendix 4)

as the greatest wind damage was observed in plants

receiving the high N solution (Fig. 6). At wind speeds

16 kmph or higher, species showed a significant effect

on stem lodging, as a greater percentage of S.

californicus stems broke with increasing wind speeds.

A significant interaction between Si and Nwas evident

at the majority of wind speeds (16, 24, 80, and

120 kmph) and plants receiving a high Si and low N

nutrient combination exhibited the least stem lodging

with increasing wind speed.

Discussion

Our research highlights some important considera-

tions for wetland restoration practitioners and further

scientific inquiry. First, the role of soil nutrient

balances, specifically N and Si, deserve greater

consideration in the context of wetland restoration.

Many of the world’s tidal wetlands are impacted by

excess N and nutrient loading due to anthropogenic

actions (Boesch et al. 2001; Deegan et al. 2012).

Former agricultural systems tend to be characteristi-

cally low in bioavailable Si after years of depletion by

crops or weathering of the soil (Datnoff et al. 2001). In

areas of high nutrient loading, or in post-agricultural

reclamation wetland restoration sites, the availability

of bioavailable Si in relation to N should be assessed

prior to restoration to determine if soil nutrient

amelioration could benefit plant growth, performance,

and resistance to pests while minimizing the potential

for stem lodging. Additionally, strengthened stems are

particularly important for wetland vegetation, such as

Schoenoplectus spp., that may be implemented for the

purpose of wave attenuation and stabilization of

earthen levees. Houser et al. (2015) found that blade/

stem rigidity is relative to the drag and energy

dissipation created by submerged and emergent veg-

etation. Vegetation that easily lodges, or is highly

flexible, provides minimal shoreline protection

(Houser et al. 2015), therefore Si availability, as well

as species morphology, should be important consid-

erations for species selection in shoreline protection

Fig. 6 Percentage of total stems lodged (mean ± SE) with increasing wind speed
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and restoration efforts. When stems from our exper-

imental plants did break in the wind trial experiment,

the majority broke at the base, which could create

greater negative consequences for shoreline protection

as opposed to stems that break at the top of the plant.

Sloey et al. (2015) found that S. acutus and S.

californicus survival is significantly reduced when

stems are overtopped by water, therefore stems broken

at the base of the plant in flooded environments may

result in plant mortality. Silica amendments have been

used in agricultural settings (Savant et al. 1997;

Alvarez and Datnoff 2001), and the results from this

greenhouse study suggests that a Si amendment could

be beneficial for wetland restoration and shoreline

protection field settings as well.

Our findings also illuminate subtle differences

between S. acutus and S. californicus species.

Schoenoplectus acutus and S. californicus fill similar

ecological niches, except for their variation in toler-

ance to flooding regime (Sloey et al. 2015, 2016), and

are commonly referred to as a tule association

(Billings 1945). The differences in plant response to

nutrient regime may further separate the two species

ecologically. Increased concentrations of Si possibly

provided greater herbivore resistance as the silicifica-

tion of vascular tissue and epidermal cell walls

restricts chewing or rasping herbivores (Reynolds

et al. 2009). Higher concentrations of N optimized S.

acutus growth and biomass production, whereas S.

californicus growth was only significantly greater in

treatments that received both elevated N and Si.

Therefore, nutrient availability may partition species

by impacting survival and competition dynamics.

Drawing on principles from Keddy’s centrifugal

organization theory (Keddy 1990; Wisheu and Keddy

1992), which explain changes in species composition

and abundance along environmental gradients, we can

conclude that S. acutus growth and expansion may be

favored in high nutrient environments, whereas S.

californicus would be a dominant competitor in more

stressful, nutrient poor environments. In an inclusive

fundamental niche, all species within the niche are

expected to exhibit optimal performance on the same

end of a gradient (Colwell and Fuentes 1975), whereas

the realized niche represents differences in species

tolerances and performance abilities along a stress or

resource gradient. Differences in plant performance

under different nutrient regimes partitions the realized

niches of S. acutus and S. californicus.

This research has application for constructed wet-

land wastewater assimilation scenarios. Shallow

rooted emergent macrophytes are ideal in constructed

wetlands as they provide attachment surface for

microbes and assimilate nutrients into organic plant

material (Brix 1987). Brisson and Chazarenc (2009)

conducted an overview of macrophyte species used in

constructed wetlands and found that Schoenoplectus

spp. were commonly implemented. Unfortunately,

few studies compare the differential efficiencies

between species for nutrient assimilation and uptake.

However, the existing studies do emphasize the

importance of healthy plants in functioning to remove

nitrates (Tanner 2001). Because constructed wetlands

are constantly exposed to high levels of N, Si additions

may help improve plant health, thus facilitating more

functional constructed wetlands.

This study also illustrates the importance of Si as a

beneficial plant nutrient despite its status as a non-

essential nutrient (Ahmed and Asif 2012). Access to Si

reduced herbivory in S. acutus, and increased stem

strength, decreased stem lodging in response to wind

force, and increased concentration of lignin in plant

tissue in both species. Transport of Si occurs strictly

within the xylem in the form of silicic acid (Jones and

Handreck 1967) and is deposited in outer epidermal

cells (Parry and Smithson 1964; Savant et al. 1997).

Silicon has been observed to occur in association with

lignin- or phenol-moiety of the lignin-carbohydrate

complexes (LCC) in the cell wall of plants (Inanaga

et al. 1995). It is believed to play an essential role for

lignin synthesis (Epstein 1994) and maintaining the

structural integrity of the xylem and cell walls

(Mengel et al. 2001; Taiz and Zeiger 2010), which

supports our observations that plants grown in condi-

tions with higher concentrations of bioavailable Si

exhibited stronger stems and increased lignin

concentration.

A nutrient is considered limiting if depletion of that

nutrient restricts plant growth or distribution (Smith

and Smith 2009). Generally, N is considered a limiting

nutrient for net primary production throughout terres-

trial ecosystems of the world (LeBauer and Treseder

2008). Our findings support that N plays a crucial role

in growth of the species investigated. Higher concen-

trations of N in the nutrient solution were reflected in

plant tissue total % N. In both species, greater

aboveground biomass production and stem height

corresponded with high N treatments, but was greatest
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in plants receiving a high N and high Si combination.

Liebig’s law of the minimum (Liebig 1855) explains

that plant growth is controlled by the amount of the

scarcest resource, in this case Si. Plants receiving

lower concentrations of N also exhibited greater

aboveground-to-belowground biomass ratios and

longer average root lengths in the small root diameter

size classes. It has been well established that biomass

allocation, specifically aboveground-to-belowground

biomass ratios are affected by soil nitrogen availabil-

ity, except in plants that are capable of nitrogen

fixation (Markham and Zekveld 2007), and higher

concentrations of bioavailable soil nitrogen results in

higher aboveground-to-belowground biomass ratios.

Due to the inherent patchiness of nutrient availability

in soils, plants generally respond to heterogeneity by

localized proliferation of roots. Although the number

or roots may be greater when encountering a nutrient-

rich patch (Hodge 2004), the length of roots may be

shorter. A study on 13 species of co-occurring pasture

grasses found that when total N influx capacity

decreased, an increase in root area was observed

(Maire et al. 2009). The relatively longer roots in our

experimental plants treated with low concentrations of

N may indicate that Schoenoplectus spp. ‘forage’ for

nutrients when in low supply.

The benefits of increased Si concentrations were

most apparent in plants that received a high Si and low

N nutrient combination, which suggests that Si may be

limiting in the presence of plentiful N. Interestingly,

the pore water analyses showed significantly higher

concentrations of NH4 and NO3 remaining in the pore

water of plants receiving a high N and low Si nutrient

combination compared to other treatments. A build-up

of NH4 and NO3 in the hydroponic nutrient solution

may suggest that the plants in the high N and low Si

treatment combinations were not uptaking as much N.

However, further research is required to better under-

stand the mechanisms by which the absence of Si

resulted in reduced uptake of NH4 and NO3. Although

Si has not been proven to be an essential element for

higher plants, previous studies have shown it has

beneficial effects on the growth of a variety of

terrestrial crop species including rice, wheat, barley,

cucumber, and corn by strengthening stems and

enhancing resistance to herbivory (Wallace 1989;

Ma et al. 2001). Our results show that this also holds

true for the wetland plant species investigated in this

study. Our study, like many before us, demands further

research on the role of Si in plants, suggests applica-

tion for creating robust shorelines, and gives impetus

to reconsider historic classification of Si as a non-

essential plant nutrient.
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Appendix 2

See Table 3.

Table 3 Results of 3-way ANOVA testing the effects of nitrogen, silicon, and species on a variety of plant parameters

Effects Photosynthetic AGBM (%) Stem density Stem height

df F P df F P df F P

Nitrogen 1.24 11.40 0.0023 1.24 115.46 \ 0.0001 1.24 3.29 0.0821

Silicon 1.24 43.56 \ 0.0001 1.24 2.56 0.1226 1.24 4.07 0.0550

Species 1.24 3.98 0.0575 1.24 586.07 \ 0.0001 1.24 171.06 \ 0.0001

Nitrogen 9 silicon 1.24 20.74 0.0001 1.24 0.28 0.5986 1.24 14.62 0.0008

Nitrogen 9 species 1.24 2.52 0.1257 1.24 93.67 \ 0.0001 1.24 0.18 0.6750

Silicon 9 species 1.24 0.04 0.8398 1.24 2.10 0.1606 1.24 3.72 0.0658

Nitrogen 9 silicon 9 species 1.24 0.51 0.4807 1.24 1.08 0.3080 1.24 2.57 0.1222

Effects Herbivory (%) S. acutus Herbivory (%) S. californicus

df F P df F P

Nitrogen 1.12 2.55 0.1363 1.12 0.93 0.3701

Silicon 1.12 11.21 0.0058 1.12 0.05 0.9616

Species – – – – – –

Nitrogen 9 silicon 1.12 1.99 0.1833 1.12 0.02 0.9864

Nitrogen 9 species – – – – – –

Silicon 9 species – – – – – –

Nitrogen 9 silicon 9 species – – – – – –

Effects Aboveground biomass Inflorescence biomass Belowground

biomass

Stem strength

df F P df F P df F P df F P

Nitrogen 1.24 83.52 \ 0.0001 1.24 1.66 0.2099 1.24 6.30 0.0192 1.64 30.52 \ 0.0001

Silicon 1.24 7.82 0.0100 1.24 1.09 0.3073 1.24 0.08 0.7780 1.64 5.90 0.0180

Species 1.24 0.76 0.3914 1.24 33.97 \ 0.0001 1.24 2.95 0.0988 1.64 2.11 0.1513

Nitrogen 9 silicon 1.24 21.55 0.0001 1.24 14.94 0.0007 1.24 1.02 0.3225 1.64 0.98 0.3251

Nitrogen 9 species 1.24 7.99 0.0093 1.24 1.66 0.2099 1.24 1.24 0.2773 1.64 0.03 0.8680

silicon 9 species 1.24 1.81 0.1912 1.24 1.09 0.3073 1.24 2.25 0.1470 1.64 1.52 0.2224

Nitrogen 9 silicon 9 species 1.24 3.24 0.0845 1.24 14.94 0.0007 1.24 1.67 0.2091 1.64 1.12
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Appendix 3

See Table 4.

Appendix 4

See Table 5.

Table 4 Results of a 3-way ANOVA testing the effects of nitrogen, silicon, and species on root length

Effects Root size

0.0–0.05 mm

Root size

0.05–0.10 mm

Root size

0.10–0.20 mm

Root size

0.20–0.50 mm

df F P df F P df F P df F P

Nitrogen 1.24 10.94 0.0030 1.24 3.57 0.0710 1,24 0.18 0.6752 1.24 0.42 0.5244

Silicon 1.24 2.27 0.1447 1.24 0.86 0.3643 1,24 0.02 0.8964 1.24 0.83 0.3719

Species 1.24 15.26 0.0007 1.24 34.27 \ 0.0001 1,24 80.17 \ 0.0001 1.24 29.38 \ 0.0001

Nitrogen 9 silicon 1.24 0.04 0.8460 1.24 1.55 0.2245 1,24 1.89 0.1823 1.24 0.00 0.9681

Nitrogen 9 species 1.24 3.81 0.0628 1.24 5.61 0.0262 1,24 0.00 0.9867 1.24 0.96 0.3381

Silicon 9 species 1.24 0.24 0.6300 1.24 0.79 0.3838 1,24 0.11 0.7448 1.24 0.62 0.4398

Nitrogen 9 silicon 9 species 1.24 6.08 0.0212 1.24 5.36 0.0295 1,24 5.72 0.0250 1.24 1.11 0.3036

Effects Root size 0.50–1.00 mm Root size 1.00–2.00 mm Root size[ 2.00 mm

df F P df F P df F P

Nitrogen 1.24 10.04 0.0041 1.24 9.38 0.0053 1.24 0.02 0.8939

Silicon 1.24 2.79 0.1081 1.24 1.48 0.2350 1.24 0.02 0.8887

Species 1.24 32.12 \ 0.0001 1.24 84.02 \ 0.0001 1.24 24.56 \ 0.0001

Nitrogen 9 silicon 1.24 0.06 0.8042 1.24 0.17 0.6869 1.24 5.03 0.0344

Nitrogen 9 species 1.24 0.01 0.9313 1.24 0.03 0.8638 1.24 0.02 0.8939

Silicon 9 species 1.24 1.47 0.2366 1.24 0.04 0.8516 1.24 0.02 0.8887

Nitrogen 9 silicon 9 species 1.24 0.00 0.9835 1.24 0.65 0.4294 1.24 5.03 0.0344

Table 5 Results of a 3-way ANOVA testing the effects of nitrogen, silicon, and species on stem lodging after exposure to wind at

differing speeds

Effects Original stem broken by

own weight

Stems broken by

8 kmph wind

Stems broken by

16 kmph wind

Stems broken by

24 kmph wind

df F P df F P df F P df F P

Nitrogen 1.24 11.26 0.0026 1.24 6.35 0.0188 1.24 7.41 0.0119 1.24 15.47 0.0006

Silicon 1.24 5.49 0.0278 1.24 2.57 0.1218 1.24 0.65 0.4269 1.24 2.50 0.1269

Species 1.24 3.53 0.0726 1.24 4.12 0.0535 1.24 6.96 0.0144 1.24 10.77 0.0031

Nitrogen 9 silicon 1.24 4.58 0.0426 1.24 2.02 0.1678 1.24 5.08 0.0336 1.24 4.84 0.0377

Nitrogen 9 species 1.24 0.12 0.7329 1.24 0.00 0.9831 1.24 0.44 0.5122 1.24 1.90 0.1809

Silicon 9 species 1.24 4.27 0.0498 1.24 2.35 0.1383 1.24 0.30 0.5861 1.24 1.79 0.1930

Nitrogen 9 Silicon 9 species 1.24 0.05 0.8272 1.24 0.28 0.5990 1.24 0.01 0.9380 1.24 0.41 0.5289

Wetlands Ecol Manage (2018) 26:459–474 471

123

Author's personal copy



References

Adatia MH, Besford RT (1986) The effects of silicon on

cucumber plants grown in recirculating nutrient solution.

Ann Bot 58:343–351

Ahmed M, Asif M (2012) Goyal A (2012) Silicon the non-

essential beneficial plant nutrient to enhanced drought

tolerance in wheat. In Tech, Rijeka

Albert DA, Cox DT, Lemein T, Yoon HD (2013) Characteri-

zation of Schoenoplectus pungens in a Great Lakes Coastal

Wetland and a Pacific Northwestern Estuary. Wetlands

33(3):445–458

Alvarez J, Datnoff LE (2001) The economic potential of silicon

for integratedmanagement and sustainable rice production.

Crop Prot 20:43–48

Ary TS, LujanM Jr (1992) Crystalline silica primer: staff branch

of industrial minerals. U.S. Department of the Interior, U.S.

Bureau of Mines, Washington

Audebert A (2012) Root system sstructure. 2nd Global Rice

Phenotyping Network Workshop. IRRI 22–24, November

2012

Bertness MD, Ellison AM (1987) Determinants of pattern in a

New England salt marsh plant community. Ecol Monogr

57:129–147

Billings WD (1945) The plant associations of the Carson Desert

region, western Nevada. Butl Univ Bot Stud 7:89–123

Boesch DF, Brinsfield RB,Magnien RE (2001) Chesapeake Bay

eutrophication. J Environ Qual 30:303–320

Brisson J, Chazarenc F (2009) Maximizing pollutant removal in

constructed wetlands: should we pay more attention to

macrophyte species selection? Sci Total Environ

407(13):3923–3930

Brix H (1987) Treatment of wastewater in the rhizosphere of

wetland plants-the root-zone method. Water Sci Tech

19:107–118

Colwell RK, Fuentes ER (1975) Experimental studies of the

niche. Annu Rev Ecol Syst 6:281–310

Crook MJ, Ennos AR (1995) The effect of nitrogen and growth

regulators on stem and root characteristics associated with

lodging in two cultivars of winter wheat. J Exp Bot

46:931–938

Datnoff LE, Snyder GH, Korndörfer GH (2001) Silicon in

agriculture, vol 8. Elsevier Publishing, Amsterdam

de Lange PJ, Gardner RO, Champion PD, Tanner CC (1998)

Schoenoplectus californicus in New Zealand. NZ J Bot

36:319–327

Deegan L, Johnson DS, Warren RS, Peterson BJ, Fleeger JW,

Fagherazzi S, Wollheim WM (2012) Coastal eutrophica-

tion as a driver of salt marsh loss. Nature 490:388–392

Dietzel M (2002) Interaction of polysilicic and monosilicic acid

with mineral surfaces. Water-Rock Interact 40:207–235

Elser JJ, Bracken MES, Cleland EE, Gruner DS, Harpole WS,

Hillebrand H, Ngai JT, Seabloom EW, Shurin JB, Smith JE

(2007) Global analysis of nitrogen and phosphorus limi-

tation of primary producers in freshwater, marine, and

terrestrial ecosystems. Ecol Lett. https://doi.org/10.1111/j.

1461-0248.2007.01113.x

Epstein E (1994) The anomaly of silicon in plant biology. Proc

Natl Acad Sci USA 91:11–17

Epstein E (1999) Silicon. Annu Rev Plant Physiol 50:641–664

Gao X, Zou C, Wang L, Zhang F (2005) Silicon improves water

use efficiency in maize plants. J Plant Nutr 27:1457–1470

Garnier J, Beusen A, Thieu V, Billen G, Bouwman L (2010)

N:P: Si nutrient export ratios and ecological consequences

in coastal seas evaluated by the ICEP approach. Global

Biogeochem Cycles. https://doi.org/10.1029/

2009GB003583

Giurgiu RM, Morar GA, Dumitras A, Boanca P, Duda BM,

Moldovan C (2014) Study regarding the suitability of

cultivating medicinal plants in hydroponic systems in

controlled environment. Res J Agric Sci 46(2):84–92

Griffin KL, Thomas RB, Strain BR (1993) Effects of nitrogen

supply and elevated carbon dioxide on construction cost in

leaves of Pinus taeda (L.) seedlings. Oecologia

95:575–580

Grime JP (1977) Evidence for the existence of three primary

strategies in plants and its relevance to ecological and

evolutionary theory. Am Nat 11:1169–1194

Grime JP (1979) Plant strategies and vegetation processes.

Wiley, New York

Hackney CT, Cahoon LB, Preziosi C, Norris A (2002) Silicon is

the link between tidal marshes and estuarine fisheries: a

Table 5 continued

Effects Stems broken by 40 kmph

wind

Stems broken by 80 kmph

wind

Stems broken by 120 kmph

wind

df F P df F P df F P

Nitrogen 1.24 17.78 0.0003 1.24 37.18 \ 0.0001 1.24 37.91 \ 0.0001

Silicon 1.24 1.94 0.1763 1.24 3.06 0.0931 1.24 1.35 0.2562

Species 1.24 17.54 0.0003 1.24 52.71 \ 0.0001 1.24 43.47 \ 0.0001

Nitrogen 9 silicon 1.24 4.01 0.0567 1.24 7.74 0.0104 1.24 4.97 0.0353

Nitrogen 9 species 1.24 3.60 0.0697 1.24 7.93 0.0096 1.24 0.04 0.8486

Silicon 9 species 1.24 2.27 0.1448 1.24 4.44 0.0458 1.24 3.85 0.0615

Nitrogen 9 Silicon 9 species 1.24 0.25 0.6207 1.24 0.11 0.7414 1.24 2.23 0.1481

472 Wetlands Ecol Manage (2018) 26:459–474

123

Author's personal copy

https://doi.org/10.1111/j.1461-0248.2007.01113.x
https://doi.org/10.1111/j.1461-0248.2007.01113.x
https://doi.org/10.1029/2009GB003583
https://doi.org/10.1029/2009GB003583


new paradigm. Concepts Controv Tidal Marsh Ecol

543–552

Hester MW, Willis JM, Sloey TM (2015) Field assessment of

environmental factors constraining the development and

expansion of Schoenoplectus californicus marsh at a Cal-

ifornia tidal freshwater restoration site. Wetl Ecol Manage

24(1):33–44

Hoag CJ (1998) Wetland plant fact sheet. Interagency riparian/

wetland project. USDA-NRCS Plant Materials Center,

Aberdeen

Hodge A (2004) The plastic plant: root response to heteroge-

neous supplies of nutrients. New Phytol 162:9–24

Hooper DU, Johnson L (1999) Nitrogen limitation in dryland

ecosystems: responses to geographical and temporal vari-

ation in precipitation. Biogeochemistry 46:247

Horiguchi T (1988) Mechanism of manganese toxicity and

tolerance of plants: IV. Effects of silicon on alleviation of

manganese toxicity of rice plants. Soil Sci Plant Nutr

34:65–73

Houser C, Trimble S, Morales B (2015) Influence of blade

flexibility on the drag coefficient of aquatic vegetation.

Estuaries Coasts 38:569–577

Inanaga S, Okasaka A, Tanaka S (1995) Does Silicon exist in

association with organic compounds in rice plant? Soil Sci

Plant Nutr 41:111–117

Jackson RB, Caldwell MM (1989) The timing and degree of root

proliferation in fertile-soil microsites for three cold-desert

perennials. Oecologia 81:149–153

Jones LHP, Handreck KA (1967) Silica in soils, plants, and

animals. Adv Agron 19:107–149

Kamenidou S, Cavins TJ (2008) Silicon supplements affect

horticultural traits of greenhouse-produced ornamental

sunflowers. Hortic Sci 43:236–239

Keddy PA (1990) Competitive hierarchies and centrifugal

organization in plant communities. In: Grace JB, Tilman D

(eds) Perspectives on plant competition. Academic Press,

Inc., San Diego

Kenk G, Fischer H (1988) Evidence from nitrogen fertilization

in the forests of Germany. Environ Pollut 54:199–218

Kimble RB, Ensminger A (1959) Duck food habits in South-

western Louisiana marshes following a hurricane. J Wildl

Manag 23:453–455

Körndorfer GH, Lepsch I (2001) Effect of silicon on plant

growth and crop yield. Stud Plant Sci 8:133–147

Lambers H, Chapin FS, Pons TL (2008) Plant physiological

ecology, 2nd edn. Springer Science & Business Media,

LLC, New York

LeBauer DS, Treseder KK (2008) Nitrogen limitation of net

primary productivity in terrestrial ecosystems is globally

distributed. Ecology 89:371–379

Liebig JV (1855) Principles of Agricultural chemistry with

special reference to the late researches made in England.

17–34. Reprinted in: Cycles of essential elements.

Benchmark papers in Ecology Vol.1, L.R. Pomeroy. 1974.

Dowden, Hutchinson & Ross Inc., Stroudsburg, Pennsyl-

vania, 11–28
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