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Abstract There are many different anthropogenic

causes of wetland degradation, such as disturbances

which affect the physical structure of wetlands,

resulting in erosion (altered fire regimes, road and

railway building through wetlands, channelization of

wetlands), pollution, land-cover change, and climate

change. These different types of degradation have

various impacts, depending on the type of wetland,

soils, biochemistry and other factors. We researched a

poorly-studied South African valley-bottom peatland

that is dominated by the ecosystem engineer Palmiet:

Prionium serratum. We ask the question: what is the

impact of degradation by gully erosion, pollution and

alien tree invasion on biochemistry and plant

community composition of palmiet wetlands? In 39

plots from three palmiet wetlands situated approxi-

mately 200 km apart we found that channel erosion,

through a loss of alluvium, has probably resulted in

leached soils with lower soil organic matter and water

content, less able to retain nutrients and cations. Soil

leaching is a possible explanation for the groundwater

of degraded wetlands having higher electrical con-

ductivity and pH than that of pristine wetlands and a

lower soil cation exchange capacity

(21.3 ± 5.80–7.7 ± 4.91 meq/100 g). The loss of

alluvium typically resulted in a completely new plant

community, composed mostly of pioneer species and

several alien species. The increase in base saturation

(17.5 ± 8.46–30.2 ± 17.85%) and soil pH

(4.8 ± 0.51–5.1 ± 0.50) with degradation was

hypothesized to be the result of liming practices.

Once extremely degraded, i.e. all the alluvium is lost,

it is unlikely that these sensitive palmiet wetlands will

recover original vegetation communities and lost

functions, except on long timescales. We recommend

conservation of the few pristine wetlands that remain,

and rehabilitation of those that still retain some of their

original function.
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Introduction

Wetlands make up less than 3% of the area of the

globe, and less than 8.6% of land, and yet half of the

worlds wetlands have been estimated to have been lost

and many more have been degraded (Zedler and

Kercher 2005; Nel et al. 2007; Meli et al. 2014; Rebelo

et al. 2015; Ferreira and Lacerda 2016; Meng et al.

2017). There are many different types of wetland

degradation, and some types of degradation trigger

further impacts. Wetland degradation can be grouped

loosely into four main categories: disturbance of

wetland physical structure, land-cover changes, pol-

lution and climate change (Zedler and Kercher 2005;

Meng et al. 2017). Disturbance affecting the physical

structure of wetlands may include drainage; either by

humans or as a result of other damage (Zedler and

Kercher 2005; Watters and Stanley 2007; Krüger et al.

2015), peat excavation (Nsor 2007; Winde 2011;

Cabezas et al. 2014), erosion (e.g. channel or gully

erosion) (Boardman 2014; Rebelo et al. 2015; de Haan

2016), mechanical disturbance, such as the building of

roads or railways across wetlands, and altered fire

regimes (Zedler and Kercher 2004). Types of land-

cover changes include vegetation changes (Brooks

et al. 2003), alien plant invasion (Zedler and Kercher

2004, 2005) or land conversion, for example to

agriculture (Rebelo et al. 2015; de Haan 2016).

Wetland pollution may be in the form of agricultural

runoff, wetland fertilization, or point source pollution

(Jordan et al. 2003; Zedler and Kercher 2005;

Carpenter and Bennett 2011;Winde 2011). Ultimately

the degradation of wetlands results in a loss of

biodiversity and ecosystem services (Zedler and

Kercher 2005; Meli et al. 2014) which may have

economic consequences for local communities

(Schuyt 2005).

Different types of wetland degradation affect

wetland biochemistry, community composition and

ecosystem functioning differently, however common-

alities exist. Wetland degradation generally increases

soil bulk density and causes a decline in organic

matter/carbon content (Salimin et al. 2010; Huo et al.

2013; Sankura et al. 2014; Krüger et al. 2015). In

contrast, impact on soil pH depends on the system and

type of degradation, in some cases decreasing

(Sankura et al. 2014) and in others increasing with

degradation (Salimin et al. 2010; Aggenbach et al.

2013; Emsens et al. 2015). Wetland drainage of

Northern Hemisphere ecosystems has been cited to

cause a chain reaction of impacts, such as the loss of

biodiversity, peat decomposition leading to the leach-

ing of nutrients into rivers, as well as dust storms

(Zedler and Kercher 2005; Krüger et al. 2015).

Wetland drainage may also cause erosion, dramati-

cally altering wetland form, eventually leading to

channel formation (Watters and Stanley 2007). It is

important to note that gully erosion is hypothesised to

be a natural process that has played a role in shaping

palmiet wetland formation through cut-and-fill pro-

cesses leading to valley-floor planing (Job 2014;

Pulley et al. 2018). However, it is likely that this

natural process has also been accelerated in recent

times by anthropogenic activities (Job 2014; Rebelo

et al. 2017). In South Africa, accelerated channel

erosion has been postulated to be the result of damage

caused by roads bisecting wetlands or the landscape in

general, however the processes behind this degrada-

tion are poorly researched (Boardman 2014; de Haan

2016; Rebelo et al. 2017). Overall wetland degrada-

tion has significant consequences for ecosystem

service provision; for example the loss of soil organic

matter or carbon results in a release of carbon into the

atmosphere (Krüger et al. 2015). Gully erosion, on the

other hand, increases siltation of dams and increases

flood risk to downstream landowners (Job 2014;

Rebelo et al. 2015).

South African wetlands and associated river sys-

tems are in a critical state, with over 65% estimated to

be damaged, and over half destroyed (Nel et al. 2007).

One such threatened wetland type, a unique valley-

bottom peatland, occurs within the Cape Floristic

Region of South Africa. These peatlands are unique

because they are dominated by a wetland species

endemic to southern Africa and listed as declining on

the red list of South African plants: Palmiet (Prionium

serratum). Palmiet is thought to be an ecosystem

engineer (Sieben 2012). Due to its deep, extensive

rooting structure and clonal nature, it is hypothesized

to have stabilized river valleys within the Cape

Floristic Region, creating a local base level and water

ponding, forming unchannelled valley-bottom wet-

lands and allowing the accumulation of peat beds (Job

2014). Palmiet wetlands are highly threatened with

degradation, having declined by almost 31% since the

1940s (Rebelo et al. 2017). The main threats faced by

these wetlands are channel erosion, land-cover change

(wetlands to agriculture), pollution from agricultural
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runoff (potentially both fertilizers and effluent from

liming) and invasion by alien vegetation. These threats

are often operating together and as a result it is very

difficult to select sites which exclusively face only

certain types of degradation and it is equally difficult

to disentangle their effects.

Removal of wetland vegetation for agriculture is

perhaps one of the more extreme changes to palmiet

wetlands and since wetland vegetation is completely

removed and sites are heavily manipulated with

fertilizers, liming and irrigation, these impacts were

not investigated in this study and these sites were

avoided. The second most dramatic impact to these

wetlands is channel erosion, which might be expected

to draw down the water table in adjacent wetland

habitat, resulting in an increase in soil bulk density and

a decline in organic matter/carbon content (Salimin

et al. 2010; Huo et al. 2013; Sankura et al. 2014;

Krüger et al. 2015). This would increase soil oxygen in

the root zone making soil nutrients available, which,

combined with lower organic matter may result in the

release of these nutrients into the groundwater (Zedler

and Kercher 2005; Krüger et al. 2015). The impacts of

alien plant and tree invasion on palmiet wetlands is

difficult to study since in many places alien vegetation

has been removed by restoration programmes such as

Working for Water. Therefore, we did not explicitly

consider these effects in this study. There has been

research on the impacts of invasion by alien Acacias

on riparian systems, which has shown an increase in

nitrogen availability in the soil as well as enhanced

phosphorus mineralization rates (Naudé 2012).

Impacts from agricultural runoff may include an

increase in bioavailable nutrients from fertilizers as

well as an increase in pH due to liming practises

common in agriculture in the Cape Floristic Region

(Beukes et al. 2012). In this study, we ask the question:

what is the cumulative impact of this complex,

multifaceted wetland degradation on soil and ground-

water biochemistry and vegetation community com-

position and chemistry of palmiet wetlands?

Methods

Study region and wetlands

The Cape Floristic Region has a predominantly

mediterranean-type climate characterised by summer

drought and winter rainfall resulting from the passage

of cold fronts (Midgley et al. 2003). The soils of the

Cape Floristic Region are mainly highly leached

dystrophic lithosols associated with the sandstone

mountains of the Cape Supergroup (Midgley et al.

2003). Three palmiet wetlands were selected as study

sites within the Cape Floristic Region: the Theewa-

terskloof and Goukou wetlands (Western Cape) and

the Kromme wetland (Eastern Cape) (Table 1).

Despite being situated as much as 470 km apart; these

wetlands are remarkably similar in vegetation com-

position. They occur on low slopes relative to the

surrounding mountains, and below elevations of

400 m. Mean annual precipitation is highly variable,

highest in the Theewaterskloof catchment and lowest

Table 1 Site information for the three study wetlands

Catchment Theewaterskloof Goukou Kromme

Co-ordinates 33�57040.3200S,
19�10010.0000E

34� 0030.4600S,
21�24059.9700E

33�52024.6900S, 24�
2024.1300E

Elevation (m) 362.4 180.7 353.6

MAP (mm) 1241 645 745

Rainfall 6 months before September 2014

(mm)

644 316 197

Rainfall 6 months before March 2015 (mm) 107 351 148

MAR (mcm) 149.8 52.3 25.4

Rainfall Region/Pattern Winter Winter/coastal zone Bimodal

Peat Depth (m) 0.5–2 3–10 0.5–2.8

MAP mean annual precipitation, MAR mean annual runoff (Nsor 2007; Middleton and Bailey 2008; Sieben 2012; Job 2014; Kotze

2015)
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in the Goukou catchment. Mean annual runoff is also

highest in the Theewaterskloof catchment but lowest

in the Kromme catchment. In the case of the Kromme

and Goukou, most of this runoff occurs over a short

period of time, during flood events (Job 2014; Rebelo

et al. 2015). All three wetlands have accumulated peat

layers between 0.5 and 10 m deep (Table 1). In some

ways, these systems are similar to European bogs, in

that they are highly oligotrophic and have a low pH

(Wheeler and Proctor 2000). On the other hand, they

are also similar to fens in terms of vegetation

composition and hydrology.

Study design

To capture seasonal variation in wetland properties

and processes, each wetland was sampled twice: once

in September 2014, which was just after winter, and

once in March/April 2015, which was just after the

summer. Rainfall for the 6 months preceding the first

fieldtrip (winter) was average-to-low for all sites

(approximating 50% of the MAP for the Theewater-

skloof and Goukou), as a result of a drought. Rainfall

for the 6 months preceding the second fieldtrip

(summer) was far lower for Theewaterskloof

(Table 1). For Theewaterskloof and the Kromme, the

second campaign represents a drier season, whereas

there is no such difference for the Goukou wetland as

the rainfall regime is influenced by its proximity to the

coast. At each wetland, both a degraded and an

undisturbed (pristine) stretch was sampled, yielding a

total of six sites. Degraded stretches were character-

ized by channelization or erosion with subsequent

drainage, which was typically accompanied by alien

tree or weed invasion (Table 2, Fig. 1). Additionally,

degraded sites were often situated in an agricultural

context, receiving polluted runoff from adjacent fields.

Pristine stretches were selected such that there was no

channelization or alien vegetation in the immediate

vicinity (at least 300 m–1 km away), though it should

be noted that all wetlands are transformed to some

degree, with channelization occurring upstream or

downstream of pristine fragments.

At each site, cross-sectional transects (100–200 m)

were made across the wetland, with six plots

(3 9 3 m) placed between 20 and 50 m apart, yielding

a total of 36 plots across the six sites (Fig. 1).

Transects and plots were chosen in the field to ensure

adequate representation of the main vegetation com-

munities. To this end we included one extra pristine

site in the Goukou wetland, with only three plots,

yielding a final sum of 39 plots. Piezometers (3 m,

PVC) were placed adjacent to every second plot,

yielding a total of 21 piezometers (Fig. 1).

Sampling

Plant community composition and vegetation analysis

In each plot, all plants were identified to species level

where possible and percentage cover was estimated

for each species using the Braun-Blanquet Scale

Table 2 Types of degradation at each of the three degraded palmiet wetland fragments

Wetland Channel erosion Agricultural runoff Alien plant invasion

Theewaterskloof Channel through the

middle of the wetland

fragment

None Acacia mearnsii (tree), Rubus fructicosus (weed)

Goukou Channel along the side of

the wetland fragment

Yes (irrigated

agriculture adjacent to

fragment)

Acacia mearnsii (tree), Briza minor, Conyza bonariensis,

Hypochaeris radicata, Paspalum dilatatum (weeds)

Kromme The entire alluvium of the

fragment has been eroded

Yes (irrigated

agriculture adjacent to

fragment)

Acacia mearnsii, Acacia saligna (trees), Conyza

bonariensis, Hypochaeris radicata, Rubus fruticosus

(weeds)

cFig. 1 The location of the 39 plots (circles) and three study

wetlands within the Cape Floristic Region (green) of South

Africa. Orange borders show wetland fragments that are

degraded (often channelized), whereas green borders indicate

relatively undisturbed fragments. Blue-filled circles indicate the

location of piezometers within the wetlands. See Table A5 for

exact locations of plots. (Color figure online)
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(Mueller-Dombois and Ellenberg 1974). Total

standing vegetation biomass was sampled from three

small, randomly selected subplots of 0.28 9 0.28 m

within each plot. This vegetation was weighed after

oven drying for 48 h at 70 �C and then ground and

homogenised using a mill until it could pass through

a 0.5 mm mesh sieve. Plant total carbon and total

nitrogen contents were determined by total combus-

tion of 5 mg of each sample on a Flash 2000 CN-

analyzer (Thermo Fisher Scientific). Plant total

nitrogen and total phosphorus were determined

using acid digestion and were measured with a

continuous -flow analyzer (CFA) (SKALAR:

SAN??) (Walinga et al. 1989). Plant total K, Ca

and Mg were analyzed by Inductively Coupled

Plasma-emission spectrometry (ICP-OES) (Walinga

et al. 1989) after acid digestion of ± 0.3 g of dried

and finely ground vegetation with H2SO4–

Se-salicylic acid.

Soil sampling and chemical analyses

In each plot, one composite soil sample was taken

from 10 points throughout the plot at a depth of

1–10 cm using a hand-held auger of 1 cm in diameter.

Soil pH-H2O was measured after adding distilled

water to a 10 g soil sample and shaking it for an hour.

Additionally, in each plot one bulk density sample was

taken of the topsoil using a 100 cm3 metal Kopecky

ring. Samples were weighed after oven drying for 48 h

at 70 �C and values are expressed as g/cm3. Soil

moisture was calculated gravimetrically by weigh-

ing ± 20 g of fresh soil before and after drying for

24 h at 105 �C. Soil organic matter content was

determined by loss on ignition (4 h at 550 �C). Total
phosphorus and nitrogen were analyzed on a CFA.

Soft extractions were done on fresh soil to determine

NO3
-–N, NH4

?–N and PO4
3-–N; samples were

extracted and preserved for later analysis on a CFA

using AA-EDTA (ammonium acetate–ethylenedi-

aminetetraacetic acid) for PO4
3-–P and AA-KCl

(ammonium acetate–potassium chloride) for NO3
-–

N and NH4
?–N respectively (Houba et al. 1989).

Nutrient pools were calculated by multiplying nutrient

concentrations by bulk density measurements. Total

soil K, Ca andMgwere analyzed on the ICP-OES after

acid digestion of ± 0.3 g of dried and finely ground

soil with H2SO4–Se-salicylic acid (Walinga et al.

1989).

Cation exchange capacity was determined using the

method of Brown (1943) by weighing ± 8 g of soil

before and after air drying in an incubator at 40 �C for

48 h. Samples were then sieved through a 2 mm sieve,

25 ml ammonium acetate solution (1 M) was added to

2.5 g of soil and samples were shaken for 1 h. Soil pH

was measured and samples were filtered through a

0.45 lm filter before being analyzed for H, Ca, K, Mg,

Na, Al, Fe, Mn ions on an ICP-OES. CEC is calculated

as the sum of all the ions, and base saturation is

calculated as the percentage of base cations (Ca, K,

Mg, Na) per CEC. Soil microbial biomass carbon was

measured as a proxy for microbial activity in the soil at

each site. We used the chloroform fumigation direct

extraction protocol for microbial biomass carbon

(Martens 1995; Beck et al. 1997).

Groundwater sampling and chemical analyses

Depth to the water table was measured in each

piezometer using a sounding device, and the standing

water was emptied using a bailer. Once fresh water

had refilled the piezometer, a sample was taken for a

pH and conductivity reading. Six water samples were

taken and filtered (0.45 lm) to test for water quality

parameters. The concentration of phosphate (PO4
3-–

P), ammonium (NH4
?–N), total phosphorus (P-tot),

and total Kjeldahl nitrogen (Kj-N) were measured on a

CFA. Concentrations of sodium, magnesium and

calcium were measured on the ICP-OES.

Data analysis

We performed an ANOSIM and SIMPER analysis in

R, using the ‘Vegan’ package for community ecology

(Warton et al. 2012). We used analysis of similarity

(ANOSIM) to determine whether vegetation commu-

nities from degraded and pristine wetland fragments

were separable or not, using the Bray–Curtis dissim-

ilarity index. Next, we performed a similarity per-

centage analysis (SIMPER) to determine which

species characterised degraded and pristine fragments,

as well as different wetlands.

To test the effect of degradation and wetland

(Theewaterskloof, Goukou, Kromme) on soil, ground-

water and vegetation parameters, we fitted linear

mixed models taking season into account (2014, 2015)

using the lme4 package in R (Bates et al. 2015). Plots

were entered as a random effect to account for the
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dependence between observations from within the

same plot. Wetland, degradation, season and the

interaction between wetland and degradation were

entered as fixed effects. First, the significance of the

interaction was tested by comparing the fit of this

model to a reduced model with only the three main

effects. Where the interaction term was significant, we

split the dataset by wetland and tested for the effect of

degradation in all three wetlands separately. Where

the interaction term was not significant, we excluded it

from the model and tested the significance of the main

effect: degradation. Significance was tested using an

F-test with Kenward-Roger correction for degrees of

freedom, as implemented in the ‘‘pbKRtest’’ package

of R. All variables, except pH and ratios, were

log(x ? 1) transformed to fulfill assumptions of

normality and homoscedasticity of linear mixed

models.

Lastly a Detrended Correspondence Analysis

(DCA) was performed on species abundance data,

using the ‘‘vegan’’ package in R. Each season was

analyzed separately (2014, 2015). Soil and vegetation

parameters that differed significantly between

degraded and pristine wetland fragments were corre-

lated to the first and second axes, and overlain on the

plot.

Results

The effect of degradation on abiotic parameters

Degraded wetland fragments had a significantly higher

soil pH and significantly lower soil water content than

their pristine counterparts (Table 3). Degraded wet-

land fragments also tended to have higher bulk

densities and lower soil organic matter contents,

though these differences were not significant for the

Theewaterskloof wetland. In terms of nutrients,

pristine wetland soils had higher nutrient (phosphorus

and nitrogen) concentrations overall, as well as

available nutrients (PO4–P, NH4–N) relative to

degraded wetland soils. However, pools of total and

available nutrients varied inconsistently among sites

and among wetlands with the exception of the NO3–N

pool, being significantly higher on degraded wetland

fragments. Potassium concentration was significantly

higher in pristine wetland soils. Cation exchange

capacity was higher, and the base saturation lower in

pristine wetland soils, though not significantly so for

the Theewaterskloof wetland. Base cations, total soil

Ca2? and Mg2? concentrations, therefore follow the

same trend as cation exchange capacity, as do cations

in general, having higher concentrations in pristine

relative to degraded soils.

For all groundwater parameters, the interaction

effects between the three wetlands were not signifi-

cant; therefore, only results for pristine and degraded

wetlands are shown (Table 4). Relative groundwater

depth fluctuated substantially between sampling ses-

sions in pristine wetland fragments (average fluctua-

tions of 0.85–2.08 m), and to a lesser degree in

degraded fragments (0.33–0.96 m). However, there

was no detectable difference in relative groundwater

depth between degraded and pristine sites (Table 4).

The groundwater of degraded wetland fragments had a

significantly higher pH and conductivity than pristine

wetland fragments. There were no significant differ-

ences in nutrient levels (total or available) in the

groundwater of degraded and pristine wetland frag-

ments, except for biologically available nitrogen

(NH4–N) which was significantly higher at degraded

sites. Cations (Na?, Ca2? and Mg2?) were signifi-

cantly higher in the groundwater of degraded wetland

fragments relative to pristine ones.

Vegetation on degraded wetland fragments had a

significantly higher phosphorus concentration and a

lower N/P ratio in their tissues relative to vegetation on

pristine fragments (Table 5). For the Theewaterskloof

and Goukou wetlands, total nitrogen followed the

same trend; however, there was no difference for the

Kromme (Table 5). The relative increase in total

nitrogen and phosphorus was greatest in Theewater-

skloof. Results of potassium concentrations in plant

tissues were conflicting, in some cases higher for

degraded wetland fragments (Goukou), in other cases

higher for pristine (Kromme). Vegetation on degraded

wetland fragments had a higher concentration of base

cations (higher Mg2?, significantly higher Ca2?) in

their tissues relative to pristine fragments.

The effect of degradation on wetland community

composition

Degradation results in a change in vegetation com-

munities in South African palmiet wetlands; results of

the SIMPER analysis revealed 82% dissimilarity

between degraded and pristine fragments. Pristine
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palmiet wetland fragments were characterized by

patches of two main shrub-dominated vegetation

communities: Palmiet (Prionium serratum) commu-

nities (mean: 81–86% cover) and those dominated by a

mix of other fynbos wetland species. Several species

were able to co-exist withP. serratum, albeit at a lower

density, and these differentially characterized pristine

palmiet wetland patches at each of the three study

wetlands. Key species were: Psoralea aphylla, Restio

paniculatus, Wachendorfia thyrsiflora (Theewater-

skloof), R. paniculatus, Todea barbara (Goukou)

and Cliffortia odorata and Helichrysum odoratissi-

mum (Kromme). Fynbos communities in pristine

wetland fragments were typically more diverse than

Palmiet communities and species more evenly dis-

tributed. Some key species characterizing these com-

munities were: Pteridium aquilinum and Isolepis

prolifera (Theewaterskloof), and P. aquilinum, R.

paniculatus, C. strobilifera, and Epischoenus gracilis

(Goukou).

Vegetation communities of degraded palmiet wet-

land fragments, unlike pristine ones, were highly

dissimilar among the three study wetlands, and were

typically characterized by pioneer and alien vegetation

(lower percentage cover of shrubs, increased trees and

graminoids), except where small patches of P.

serratum communities persisted (Table 6). Therefore,

degraded wetland fragments tended to be more

species-rich than pristine fragments. In each of the

three wetlands, the key species characterizing

degraded fragments were: P. aquilinum, I. prolifera,

R. fruticosus, C. strobilifera, Carpha glomerata,

Psoralea pinnata, and Laurembergia repens (Thee-

waterskloof), C. strobilifera, A. mearnsii and W.

thyrsiflora (Goukou), and Pennisetum macrourum,

C. strobilifera, H. odoratissimum, R. fruticosus, J.

lomatophyllus, and I. prolifera (Kromme). Microbial

biomass was significantly higher in the pristine

wetland soils of the Goukou and Kromme relative to

degraded soils, though not significantly so for Thee-

waterskloof wetland.

Relationship between vegetation composition

and abiotic parameters

The results of the DCA, based on vegetation commu-

nity structure from September 2014, show some

degree of separation between degraded and pristine

wetland sites and to some extent a grouping of sites

from the same wetlands (Fig. 2). The results from

2015 showed similar trends and are displayed in

Fig. A1. The degree of separation is noticeably much

Table 4 The difference in groundwater parameters between degraded and pristine wetland fragments of South African palmiet

wetlands

Pristine Degraded Statistics

Physical

pH 5.7 ± 0.39 6.1 ± 0.37 F = 7.30, ddf = 1, ndf = 16, p = 0.016*

Conductivity (uS/cm) 119.4 ± 45.57 377.5 ± 352.96 F = 39.93, ddf = 1, ndf = 16, p = 0.000***

Rel. groundwater depth (m) 0.8 ± 0.95 1.1 ± 0.63 NS

Nutrients

Kjeldahl nitrogen (mg/l) 2.7 ± 3.07 4.2 ± 4.58 NS

NH4–N (mg/l) 0.1 ± 0.17 2.6 ± 4.13 F = 13.12, ddf = 1, ndf = 16, p = 0.002**

Ptot (mg/l) 0.2 ± 0.23 0.1 ± 0.09 NS

PO4–P (mg/l) 0.0 ± 0.04 0.1 ± 0.03 NS

Ions

Na (mg/l) 12.3 ± 5.81 45.7 ± 37.02 F = 34.03, ddf = 1, ndf = 16, p = 0.000***

Ca (mg/l) 3.9 ± 2.71 12.4 ± 16.58 F = 8.05, ddf = 1, ndf = 16, p = 0.012*

Mg (mg/l) 1.6 ± 0.92 12.5 ± 19.03 F = 20.66, ddf = 1, ndf = 16, p = 0.000***

K (mg/l) 4.7 ± 4.14 3.7 ± 3.60 NS

Values given are mean ± standard deviation

NS not significant

Significance is displayed: *p\ 0.05, **p\ 0.01, ***p\ 0.001
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greater (especially in Fig. A1) for the Kromme

wetland than for Goukou and Theewaterskloof wet-

lands. Degraded wetland sites tend to occupy the upper

right quadrant, and pristine sites the lower left

quadrant. However, three of the degraded Goukou

wetland plots were more similar in community

structure to pristine wetlands (plots were sampled in

surviving patches of P. serratum), though their soil

and groundwater characteristics were closer to those

of degraded plots. In general, the first axis may

represent a gradient from annuals (graminoids) and

small herbaceous plants (P. decipens, L. repens etc.)

on the right to longer-lived perennials on the left (T.

barbara, P. serratum etc.). This axis seems to be

explained (though not significantly) by soil pH,

calcium and NH4-N. The second axis seems to capture

some element of alien/weedy plant invasion, with

weedy species (T. capensis, R. fructicosus) and alien

trees (A. mearnsii) at the top of the plot, corresponding

with degraded plots. Soil magnesium concentration

(r2 = 0.4535, p = 0.001), water content (r2 = 0.3426,

p = 0.001), and total vegetation phosphorus

(r2 = 0.4660, p = 0.001) correlated weakly with the

second axis. Vegetation N/P ratio was strongly

positively correlated with many soil parameters: soil

water content, potassium, magnesium, calcium and

sodium concentration, cation exchange capacity, and

soil organic matter. Vegetation tissue calcium and

total phosphorus concentrations were positively cor-

related with soil bulk density, base saturation and

nitrate pool.

Discussion

All three selected fragments of degraded palmiet

wetlands were degraded by some degree of channel

erosion, and all had some level of invasion of alien

plants and trees. However only the Goukou and

Kromme wetlands were situated in an agricultural

context, and therefore were potentially impacted by

agricultural effluent. These differences are important

to consider, given that results are suggestive that these

different types of degradation have had differing

impacts on wetland biochemistry.
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Possible influence of channel erosion on wetland

biochemistry and community composition

Some key soil, groundwater and vegetation parame-

ters differed between degraded and pristine palmiet

wetland fragments, regardless of the specific wetland.

Therefore, the site (wetland) effect was not significant,

despite these wetlands being located far from each

other (as much as 470 km apart). Since the main type

of degradation that these three wetlands had in

common was channel erosion, with concomitant or

resultant invasion by alien vegetation; it can be

inferred that these universal differences between

degraded and pristine wetland patches are mainly

attributable to channel erosion. Channel erosion

impacts palmiet wetlands through the physical loss

of soil, or alluvium during high flow/flood events

(Rebelo et al. 2015; de Haan 2016; Rebelo et al. 2017).

Under extreme channel erosion, the entire valley floor

is removed, leaving only coarse sand behind (e.g.

sections of the Kromme wetland) (Rebelo et al. 2017).

In earlier stages of degradation by channel erosion,

either patches of palmiet wetland vegetation may

persist within the degraded fragment, retaining the

alluvium within that patch (e.g. the degraded Goukou

wetland), or the channel has only cut down through the

alluvium in one area, leaving the wetland vegetation in

the majority of the wetland fragment more-or-less

intact (e.g. the degraded Theewaterskloof wetland).

However, despite this gradient in degradation,

degradation resulting from channel erosion had some

clear impacts on palmiet wetland biochemistry.

Firstly, channel erosion appears to have caused a

decrease in soil water content, which may be a result of

loss of organic matter (soil water content and organic

matter are well correlated; Table A4) and/or wetland

drainage. However, water table draw-down was not

found to be significant in this study due to considerable

seasonal fluctuations. The bulk density of the soil also

increased and soil organic matter decreased with

degradation, though not significantly for the Theewa-

terskloof wetland, which is likely due to the earlier

stage of degradation relative to the other two wetlands.

For example, plots furthest from the channel in the

degraded fragment of the Theewaterskloof wetland

are impacted by lower soil water content, but the

alluvium is not yet lost over the entire valley floor and

therefore bulk density and organic matter content has

not yet significantly changed. A decline in soil organic

matter or carbon with degradation has been found in

many wetland studies (Salimin et al. 2010; Huo et al.

2013). Cation exchange capacity and total soil nitro-

gen (concentration and pools) may also have

decreased as a result of the loss of soil organic matter

(Table A4). Overall degradation increased soil pH,

though, again, these differences in the Theewater-

skloof wetland were slight. Conversely, in studies of

other wetland systems: restoration was found to

increase soil pH of northern temperate fens (Aggen-

bach et al. 2013; Emsens et al. 2015) and wetland

Table 6 Community composition for degraded and pristine wetland fragments from three South African palmiet wetlands

Theewaterskloof Goukou Kromme

Pristine Degraded Pristine Degraded Pristine Degraded

#Species recorded 6.8 – 1.75
(23)

6.3 – 2.18 (20) 7.2 – 3.06
(26)

7.7 – 4.19 (28) 6.1 – 4.29 (23) 12.3 – 5.37 (42)

#Alien species 0 0.4 – 0.67 (2)** 0 0.9 – 1.51 (4)** 0.2 – 0.39 (1) 1.3 – 1.15 (5)**

%Cover by

dominant

72.1 ± 21.05 56.7 ± 18.26 68.1 ± 19.34 75.0 ± 17.19 87.9 ± 23.01 45.8 ± 28.53*

Microbial carbon 0.4 ± 0.27 0.2 ± 0.16 1.0 ± 0.45 0.1 ± 0.03*** 0.4 ± 0.29 0.0 ± 0.03**

Totals are given in brackets for: number of species and number of alien species. Microbial biomass carbon is an index for microbial

abundance

Parameters in bold are those where the effect was the same regardless of location (wetland effect not significant)

Values given are mean ± standard deviation

The significance of the difference between degraded and pristine wetlands is displayed: *p\ 0.05, **p\ 0.01, ***p\ 0.001; F and

p values are given in Table A3
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conversion to cropland or plantations in Ethiopia

decreased soil pH (Sankura et al. 2014).

Probably as a result of the increased leaching of the

topsoil, the groundwater of degraded wetlands had

more base cations (Ca2?, Mg2?, Na?), higher ammo-

nium, higher electrical conductivity and also a higher

pH. However, the same trend is not seen for potassium,

possibly because it is limiting. The legacy effects of

this degradation can also be seen in the vegetation

community, with vegetation on degraded fragments

having almost double the total phosphorus and total

nitrogen than that of pristine fragments as well as a

lower N/P ratio. The reason that this may be most

pronounced at the Goukou and especially the Thee-

waterskloof wetland may be a result of the early stage

of channel erosion compared to the Kromme wetland

where the alluvium has already been washed away at

the degraded site. It is possible that in this earlier stage

of wetland erosion, decomposition makes nutrients,

especially nitrates, available for plant uptake before

they are leached into the groundwater or washed away.

Higher soil pH has been shown to result in an

increase of phosphorus uptake in vegetation in acid

soils (Beukes et al. 2012), in this case driving a

vegetation community that is less phosphorus limited.

This is evidenced by decreasing vegetation N/P ratio

and visibly by the higher incidence of alien weeds and

competitive tree species such as Acacia mearnsii and

Acacia saligna on degraded fragments (Zedler and

Kercher 2004). Alien species exploiting an increase in

Fig. 2 Detrended Correspondence Analysis (DCA) of the

vegetation communities on pristine and degraded wetland

fragments of three South African palmiet wetlands sampled in

September 2014. Degraded sites are in red, pristine in green.

Symbols: filled triangle indicates Theewaterskloof, filled square

indicates Goukou, filled circle indicates Kromme. Species

names are given in black, and ? indicates species with a lower

abundance that would have masked by other labels. Abiotic

parameters that were interesting or significantly different (bold)

between pristine and degraded wetland fragments were overlain

and are indicated by the arrows. Soil parameters are in brown,

vegetation chemical composition in green. NSp number of

species,MBCmicrobial biomass carbon, BS base saturation, BD

bulk density. Stippled circles encompass sites from pristine and

degraded wetland fragments. For full species names see

supplementary material. (Color figure online)

123

1168 Wetlands Ecol Manage (2018) 26:1157–1171



nutrient availability have been observed in other

aquatic ecosystems (Siemann and Rogers 2007; Li

et al. 2011). It is probable that productivity (though not

standing biomass) is higher on degraded sites due to

the higher incidence of annuals, though we did not

measure this. The results of the DCA are conflicting:

the fact that no variable significantly correlated with

the first axis suggests that either the main driver of

vegetation community structure is not measured, or

that the story is too complex to be untangled by

correspondence analysis. One reason for this is that

vegetation communities and wetland biochemistry

may be out of sync, such that vegetation structure may

in some cases still reflect more ‘pristine’ conditions,

whereas the soil and groundwater reflect its degraded

state. For example, localized channel erosion through

a palmiet wetland (in the early stages) may draw down

the water table locally, resulting in aerobic soil

conditions which may increase decomposition and a

change in plant nutrient and water availability. The

vegetation community would probably remain the

same at this early stage, but would be a legacy of the

past soil conditions. With time, these species may be

out-competed by other, better-adapted species, or may

be eroded out as the gully erosion increases in severity.

Possible influence of agricultural effluent

on wetland biochemistry and community

composition

Although the impacts of degradation by channel

erosion on palmiet wetland soil, groundwater and

vegetation seem clear, some factors differed between

wetlands, suggesting other explanations account for

the patterns emerging. Several soil parameters differed

significantly between degraded and pristine wetland

fragments, but only for the Goukou and Kromme

wetlands, and not for the Theewaterskloof wetland.

We hypothesize that these differences are linked to the

impacts of agricultural runoff. We did not measure

this, however it is known that fertilizers and lime

(usually dolomitic lime) are commonly applied to

agricultural fields in the Cape Floristic Region of

South Africa, particularly irrigated fields, to increase

the pH and nutrient availability of extremely acidic

and oligotrophic soils (Beukes et al. 2012). Both the

Goukou and Kromme catchments have intensive

irrigated agriculture adjacent to degraded palmiet

wetlands.

Degradation as a result of pollution by agricultural

runoff is one plausible explanation for the increased

pH on degraded fragments of the Goukou and

Kromme wetlands, as increased pH cannot be

explained by the mechanisms around channel erosion

alone. A characteristic of degradation by pollution of

agricultural effluent may be the observed increased

base saturation. We hypothesize that this is a result of

base cations and hydrogen carbonates from the

dolomitic lime leaching into the wetland soils from

adjacent irrigated fields, resulting in the increase of

base cations (Ca2?, Mg2?, Na?) that are evident in

degraded palmiet wetland topsoils. We did not mea-

sure soils deeper than 10 cm and therefore it is

possible that nutrient availability may differ in deeper

soil layers. Although carbonates were not measured,

we hypothesize that the carbonates from the dolomitic

lime applied to agricultural fields also entered the

wetland soils, possibly being the mechanism behind

the observed increase in pH. It should be noted that

these shifts in vegetation communities are less

dramatic than those that occur with the loss of the

entire alluvium as a result of channel erosion. It is

unclear from this study what impact agricultural

practices adjacent to palmiet wetlands are having on

wetland biochemistry in terms of fertilizing/liming,

and this should be investigated further.

Conclusion

There appear to be two major, compound types of

degradation in palmiet wetlands. Channel erosion,

often accompanied by invasion of alien plant species,

causes a loss of alluvium and in extreme cases, the

alluvium and accompanying vegetation of the entire

wetland basin is washed away. Remaining soil has

higher rates of decomposition as a result of the

lowered water table and resultant aerobic conditions,

which results in lower organic matter accumulation. A

reduction in organic matter is hypothesized to cause a

decrease in soil water content and cation exchange

capacity, resulting in soil which is highly leached and

less able to retain nutrients and cations. We hypoth-

esize that as a result, groundwater had higher conduc-

tivity and pH in degraded wetlands. This channel

erosion and resultant biochemical changes are associ-

ated with a completely new plant community, com-

posed mostly of pioneer species, with patches of the
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original Prionium serratum wetland vegetation per-

sisting–depending on the severity of degradation. The

second type of degradation discussed here, pollution

by agricultural effluent, may increase base saturation,

possibly as a result of liming practices in agriculture.

Loss of soil organic matter implies a release of CO2

into the atmosphere, loss of alluvium implies a

decrease in flood attenuation [through the loss of peat

and all the vegetation biomass on this peat, both of

which would play a significant role in dissipating the

force of floods (Rebelo et al. 2015)] and a reduction in

cation exchange capacity and bulk density would

imply a reduction in the water purification capacity of

palmiet wetlands. This suggests a marked reduction in

ecosystem service provision with palmiet wetland

degradation. Once the pristine wetland soils and

vegetation communities are lost, it would take

tremendous effort and long timescales to restore these

palmiet wetlands. This makes a case for the protection

and conservation of remaining pristine patches of this

unique South African valley-bottom wetland system.
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