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Abstract

Co-occurring tree functional types (TFTs) within forest-savanna transitions may dif-
fer in seedling responses to grass competition and fire in savannas. We performed
a common garden experiment in the Guinea savanna of Ghana to test hypotheses
related to competition effects on growth, allocation to root storage reserves, and sub-
sequent survival responses to dry season fire for savanna-transitional TFT (i.e., spe-
cies occurring both in forest and savanna) and forest TFT. The experiment included
factorial combinations of TFT, comprising four species each of forest versus savanna-
transitional trees, wet season grass competition (grass competition vs. grass no-grass
competition), and dry season fire (burn vs. no-burn). Partly consistent with prediction,
we found that grass competition suppressed tree seedling growth and caused a 17%
reduction in root non-structural carbohydrates concentration [NSC] but had no effect
on direct survival regardless of TFT at the end of the wet season. Post-fire survival
averaged 6% for forest versus 91% for savanna-transitional TFTs across competition
treatments. In contrast to our prediction on how grass competition influences post-
fire seedling survival, a history of grass competition did not result in lower post-fire
survival regardless of TFT, although plant mass, root mass fraction, and root [NSC] at
the end of the dry season were lower for tree seedlings with a history of competition.
Our results demonstrate that grass competition suppresses tree seedling growth and
root storage reserves irrespective of TFT, and that competition alone (without fire)

may not preclude the establishment of forest seedlings in savannas close to forests.
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1 | INTRODUCTION

The co-occurrence of distinct tree functional types (species typical of
savanna, forest, or forest-savanna transitional formations) character-
izes the zone of transition between forest and savanna across much
of tropical Africa (Ametsitsi et al., 2020; Armani et al., 2018; Torello-
Raventos et al., 2013; Veenendaal et al., 2015). Fire is generally con-
sidered a significant bottleneck for the establishment and subsequent
survival and growth of forest tree seedlings in the savanna (Cardoso
et al., 2016; Gignoux et al., 2009; Hoffmann et al., 2004) and seen as
key factor in maintaining the typical mosaic appearance of the forest-
savanna transition (Hopkins, 1974; Swaine et al., 1976; Van Langevelde
et al., 2014). However, other factors may also play important roles di-
rectly, or indirectly by enhancing fire effects.

In tropical savannas, competition between tree seedlings and
herbaceous vegetation may limit establishment success of forest
tree seedlings through competition for water (February et al., 2013;
Kulmatiski et al., 2010) or soil nutrients (Tomlinson et al., 2019; van
der Waal et al., 2009) or for both soil resources and light (Barbosa
et al., 2014; Holl, 1998; Vadigi & Ward, 2013). The suppression of
tree seedling growth due to grass competition is often reported for
savanna tree seedlings (Barbosa et al., 2014; February et al., 2013;
Tomlinson et al., 2019; Vadigi & Ward, 2013; van der Waal et al.,
2009). In very dry areas such as the Sudan or Sahel savannas, the
presence of grass may again facilitate tree seedling establishment
via the amelioration of microclimate (Anthelme & Michalet, 2009).

The chances of surviving drought and/or fire are generally greater
for larger tree seedlings than smaller ones (Cardoso et al., 2016;
Gignoux et al., 2016; Hoffmann et al., 2012) possibly due to differences
in the amounts of stored carbohydrate reserves (Cardoso et al., 2016;
Issifu et al., 2019). Thus, suppression of tree seedling growth in the wet
season (as a result of grass competition) can decrease the chances of
tree seedlings surviving fire in the dry season. Also, by slowing down
seedling growth rates, grass competition may prolong how long it takes
for tree seedlings to reach a “threshold of fire resistance” (Hoffmann
et al., 2012), thereby affecting the dynamics between fire frequency
and seedling recruitment into larger size classes.

Tree seedling-grass interactions which include forest tree spe-
cies may differ from those that include savanna-transitional tree
species as these tree functional types represent distinct strategies
that maximize success in their respective forest and savanna envi-
ronments (Boonman et al., 2019). If grass competition differentially
affects tree functional types (e.g., by making forest species less suc-
cessful than savanna-transitional species), then grass plays a more di-
rect role (aside fuelling fire) in shaping the boundary between forest
and savanna. Surprisingly, few studies have actually explored how,
in forest-savanna transitions, humid savanna tree species common
to both forest and savannas (henceforth, savanna-transitional spe-
cies) may differ from forest tree species in the degree to which they
invest in storage in roots and shoot growth in relation to environ-
mental limitation by shading from grasses and fire (Boonman et al.,
2019). There have been few studies exploring tropical forest tree-
grass interactions, but these have focused on abandoned pastures

and degraded lands within the forest biome (e.g., Celis & Jose, 2011,
Hoffmann & Haridasan, 2008; Holl, 1998; Sun & Dickson, 1996) and
not enough attention has been given to tree seedling-grass compe-
tition for forest-savanna transitional tree species.

Here, we test (1) if survival and growth responses to grass com-
petition differ between forest and savanna-transitional tree func-
tional types in savanna, and (2) if a history of grass competition
influences post-fire tree seedling survival in the dry season for forest
and savanna-transitional tree functional types. We hypothesize that
(1) grass competition during the wet season decreases tree seedling
growth, carbohydrate storage inroots, and seedling survival, with the
effect being larger for the forest than the savanna-transitional tree
functional types, and (2) a history of grass competition decreases
the chances of tree seedlings surviving the dry season fire, with the
effect being larger for the forest than the savanna-transitional tree

functional types.

2 | METHODS

2.1 | Study site and species
The study was performed at the experimental garden on the Nyankpala
Campus of the University for Development Studies, Ghana (9°24'52.0"
N, 0°58'43.6" W). The site lies within the humid part of the Guinea sa-
vanna vegetation zone with an annual rainfall of ~1100 mm/year. The
dry season from November to March follows the April-October wet
season. Mean annual temperature is 28°C. The experimental garden
is a former agricultural land with high herbaceous cover dominated by
the two grass species: Pennisetum pedicellatum Trin. and Andropogon
pseudapricus Stapf. The soil in the garden is sandy loam in texture with
medium to coarse stones. Soils of the general study location are de-
scribed as Plinthustalf, sandy over-clays skeletal phase and classified
by FAOQ as Plinthic Lixisol (FAO, 2001; Serno & van de Weg, 1985).
Eight tree species were used in this study, classified a priori into
species typical of forest (four species) or savanna-transition (four
species) types (Table 1). Of the latter group, Afzelia africana is a tran-
sition/non-selective species (Ametsitsi et al., 2020) occurring both
in savanna and in dry tropical forest. Seeds of the humid savanna
and transitional tree species were collected in the forest-savanna
transition zone at Kogyae Strict Nature Reserve (7°19'1.66" N,
1°05'5.863" W) while those of the forest tree species were col-
lected from dry semi-deciduous forest near Abofour (7°19'1.66"
N, 1°05'5.863" W) between December 2017 and February 2018.
Seedlings were raised in a temporary nursery at the experimental
site and transplanted into the experiment at ~8 weeks old in early
April 2018.

2.2 | Study approach

The experiment consisted of two phases: a grass/no-grass com-
petition treatment in the wet season, followed by a fire/no fire



ISSIFU ET AL.

TABLE 1 Functional classification of

.
ASSOCIATION FOR

DIOTROPICA i ki,

”f{ AND CONSERVATION

WILEY—

. . Functional
tree species used in the common garden X . X
. L R Species Family Guild type
experiment. Species information was
obtained from Hawthorne (1995), Hall and Khaya senegalensis (Desr.) Meliacaea - Savanna
Swaine (1976), Orwa et al. (2009) A. Juss
Khaya anthotheca (Welw.) Meliacaea Non-pioneer light Forest
C.DC. demander
Khaya ivorensis (Desr.) A. Meliacaea Non-pioneer light Forest
Juss demander
Terminalia superba (Engl. & Combretacae Pioneer Forest
Diels)
Terminalia ivorensis A. Chev. Combretacae Pioneer Forest
Pterocarpus erinaceous Poir. Fabaceae = Savanna
Afzelia africana Sm. ex Pers. Caesalpiniaceae Non-pioneer light Transitional
demander
Daniella oliveri (Rolfe) Hutch. Caesalpiniaceae - Savanna
& Dalziel
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treatment in the dry season (Figure 1) in a full factorial design.
Twelve 48 m? plots were established at the experimental site in
early April, just before the onset of the wet season of 2018. All
herbaceous vegetation was removed in six randomly chosen plots
(i.e., control plots). Vegetation in the other six plots was left intact
(i.e., grass competition plots). If necessary, tufts of Pennisetum pedi-
cellatum Trin. and Andropogon pseudapricus Stapf were transplanted
in the grass plots to ensure a homogeneous sward of herbaceous
vegetation throughout. In each plot, four seedlings each of the
eight species, except Daniella oliveri, were transplanted at a spacing
of 0.7 m x 1.0 m within and between rows (respectively) of seed-
lings at the onset of the rainy season (April, 2018), with D. oliveri
only present in three control and five competition plots because
seedlings of this species were insufficient. We assigned seedlings
at random to planting positions. In total, 360 seedlings were trans-
planted (12 plots x 7 species x 4 seedlings + 3 seedlings x 8 plots
for D. oliveri). All plots received natural precipitation over the seven
months of the wet season. No-grass (control) plots were kept free
of grass by periodic weeding until October 2018, when the rains
ended. At this point, we randomly selected six plots (three each for

grass and no-grass) for destructive harvest to measure the pre-fire
plant performance. The remaining six plots were reserved for the
fire (vs no-fire) treatments.

2.3 | The fire experiment
The percentage grass cover was estimated inthree 1 x 1 m? quadrats
randomly located per plot with standing grass biomass and the maxi-
mum height of the grass determined at the end of the rainy season.
All six plots (three grass competition and three control plots) were
first cleared of all existing vegetation and then prepared for burning
with pre-prepared grass fuel to ensure uniformity in fuel (type, mois-
ture content, and load) for plots to burn. Fuel used consisted of a mix
of grasses, but mainly Pennisetum pedicellatum Trin. and Andropogon
pseudapricus Stapf, harvested from the adjoining savanna and air-
dried for two weeks.

We made fuel beds by covering each plot (entirely) with grass
at a fuel load of 1 kg/m2 of grass. Each plot was burnt separately.
Burning took place, for all plots, between the hours of 15:00 and
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17:00 hours in November 2018. Fire temperature in each plot
was measured using a thermocouple thermometer (Hanna instru-
ments), with the probe cable buried while the full length of the
probe was sticking out. This probe position allowed for the most
accurate ambient temperature in the presence of fire to be de-
termined close to the seedling (Dayamba et al., 2010). After this,
the plots were left untouched until being re-watered on February
1, 2019, to mimic early start of the wet season after four months
of dry season. From then on, each seedling received 1.4 L/day of

water for three weeks after which plants were harvested.

2.4 | Measurements on plants
during the experiment

Three months after the start of the experiment, we measured seed-
ling height and stem basal diameter for all seedlings in all plots.
Census of live or dead was conducted for seedlings in all 12 plots
at the end of the wet season, before the fire/no-fire treatment
(November 2018). We defined dead plants as seedlings with dry
(dead) aboveground parts (stem and leaves), which upon excavation
also had dead roots. Excavation was done after visual inspection of
the aboveground parts. We determined changes in seedling height
and stem basal diameter using data from July 2018 and November
2018 for all 12 plots. Post-fire and/or dry season survival (hence-
forth, post-fire survival) was assessed in each plot (total of six plots)

by counting the number of resprouting seedlings for each species.

2.5 | Plant biomass and trait measurements

We determined seedling start (dry) mass from five random seedlings
(from the seedling pool) per species prior to transplantation. Pre-
fire harvest (in November 2018) was done just before the fire treat-
ment in November by carefully excavating all seedlings in six random
plots (three grass and three control). Seedlings were separated into
leaf, stem, and root parts before oven drying (at 70°C) to constant
weight. Various plant traits (Table 2) were then derived based on
data at this harvest. Leaf mass fraction (LMF) was calculated as leaf
dry weight divided by total plant dry weight; stem mass fractions
(SMF) as stem dry weight divided by total plant dry weight; root mass
fraction (RMF) as root dry weight divided by total plant dry weight;
specific stem length (SSL) as stem length divided by total plant dry
weight; and specific rooting depth (SRD) as rooting depth divided by
total root dry weight. We also calculated average seedling mass gain
as the difference between start plant mass and mass at end of wet
season harvest. RGR was calculated using In-transformed final plant
mass minus mean In-transformed initial mass divided by the growth
period (d = 32 weeks) following Hoffmann and Poorter (2002).

We did the final harvest in March 2019, 16 weeks into the post-
fire regrowth phase (Figure 1). Prior to excavation, we watered all
seedlings for four weeks (to ascertain mortality). Live seedlings were
counted as those with (at least) live belowground buds. After oven

drying, we determined the total mass of new shoot as new stem
mass plus new leaf mass. Total plant mass was determined as mass
of new shoot plus mass of root.

Roots of plants excavated in both harvests (November 2018 and
March 2019) were analyzed for concentrations of simple carbohy-
drates (mainly sugars, hereafter referred to as “soluble sugars”) and
complex carbohydrates (mainly starch). We used the carbohydrate ex-
traction protocol of Duranceau et al. (1999) adapted from Dubois et al.
(1956). Soluble sugars were extracted in 80% ethanol samples, centri-
fuged, and separated in supernatant and pellet. Soluble sugars were
determined in the supernatant and complex carbohydrates (“starch”)
after digestion of the pellet in 6 M HCL. Root non-structural carbohy-
drate (NSC) concentration was then estimated as the sum of soluble
sugars and starch. Total NSC content in roots was estimated as (NSC
concentration x root dry weight). For the November 2018 harvest,
root samples of 6 seedlings x 2 grass treatments x 7 species (three
savanna-transitional tree species and four forest tree species) were an-
alyzed. At the March 2019 harvest, sufficient samples for root carbo-
hydrate analysis were available only for the three savanna-transitional

tree species, due to the very high mortality of the forest species.

2.6 | Environmental measurements

Data on precipitation, temperature, and relative humidity for the
whole experimental period (Figure 1) were obtained from the
Agro-meteorological station of Savanna Agricultural Research
Institute Ghana (within 1 km of our experimental location). We
measured soil moisture (vmc %) within the top 10 cm of the soil
using a theta probe (Spectrum technologies Inc.) in mid-August
(peak wet season of 2018) and then in November (one week into
the dry season). Measurement in August was done at five random
positions in all 12 plots (six each for competition and control) while
the November measurement was done at every seedling position
but in six plots (three each for competition and control). After the
fire treatment, we sampled soil for chemical analysis. Sampling
was done within the top 10 cm soil layer in nine plots, three each
for fire following wet season grass competition, fire without wet
season grass competition, and no-fire without wet season grass
competition. We made composite samples from four locations
within each plot. Soil exchangeable bases (Mg, Ca, K, Na) were
analyzed following extraction with buffered 1.0 M ammonium ac-
etate solution (NH,OAC, pH = 7) (Thomas, 1982). Soil organic C
and total N were determined using dry chemistry (Vario MACRO
Cube). Soil available P was determined as phosphorus soluble in
dilute acid fluoride (Okalebo et al., 1993) using double beam spec-
trophotometer (Biochrom Ltd.).

Light availability to seedlings was measured using a PAR quan-
tum sensor (Skye Instruments) by measuring light reaching the top
canopy leaves of randomly selected seedlings in the grass and no-
grass plots. Light measurements were done under overcast condi-
tions between 11:30 hours and 12 hours. Monthly summaries of
temperature, relative humidity, and rainfall before and after the
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TABLE 2 Overview of functional traits

analyzed in this study Trait

Leaf dry weight
Stem dry weight

Root dry weight

Leaf mass fraction

Stem mass fraction

Root mass fraction

Plant height gain

Stem length

Specific stem length

Rooting depth
Specific rooting depth

Relative growth rate

Plant mass gain

Stem basal diameter

Root total non-structural

carbohydrate
concentration

Root total non-structural
carbohydrate content

Ratio of soluble sugars to

starch

experimental fire are presented in Figure 1, and temperature, rel-
ative humidity, and wind speed on the day of burning were 30°C,
66%, and 0.88 km/hour, respectively.

2.7 | Statistical analysis

We analyzed all data in R (R Development Core Team, 2017) and used
ggplot2 (Wickham, 2009) for data visualization except Figure 1. Soil
moisture content (MC) was tested for differences between grass and
no-grass plots for August and November measurements separately
using linear mixed-effects models (LMMs). This was achieved with
the Imer function in Ime4 package (Bates et al., 2015) together with
ImerTest package (Kuznetsova et al., 2015). In the LMMs, plot was in-
cluded as a random factor. Soil chemical properties were analyzed
(separately) for differences between grass and no-grass plots and be-
tween burnt and unburnt plots using linear models (LM). We tested
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Abbr. (units) Relevance

LDW (g) Light capture/growth

SDW (g) Height growth/light capture/avoiding fire
top-kill

RDW (g) Belowground reserves/fire or drought
survival

LMF (g g’i) Investment in light capture,
photosynthesis, and growth

SMF (gg™) Investment in light capture and
aboveground growth

RMF (g g™} Storage of reserves and/or belowground
foraging

PH (cm) Indication of aboveground growth.
Important for light competition or
avoiding fire top-kill

SL (cm) Light capture/aboveground growth

SSL(cmg ™) Light foraging and growth, avoiding fire
top-kill

RD (cm) Foraging for deeper soil moisture

SRD (cmg ™) Investment in water foraging at depth

RGR Photosynthetic capacity, biomass

(g g’1 week ™) accumulation

PDW (g) Biomass accumulation, growth

SBD (mm) Thicker stem/root, protection of tissues
from fire, indication of root size or
plant growth

[NSC] (%) Allocation of carbon to roots. Indicates
investment in post-disturbance
recovery

NSC content (g) Total carbon available in roots storage.

Indicates total reserves available to
support post-disturbance recovery

Sugars:Starch Concentration of soluble sugars indicates
ratio carbon available to support growth
versus starch which is carbon put in
storage

light intensity for differences between grass and no-grass plots using
an LMM including plot and seedling position as random factors.

We tested growth-related traits (i.e., RGR, gains in total plant mass,
height, and stem basal diameter), root non-structural carbohydrates
(NSCs, both concentration and total reserves), ratio of soluble sugars
to starch, and seedling morphology traits (LMF, SMF, RMF, RD, SRD,
and SSL determined at the end of the competition phase) for fixed ef-
fects of tree functional type (TFT) x grass treatment. Plot was included
as a random factor. Where necessary, traits (e.g., root NSC and SRD)
were In-transformed prior to analyses to meet assumptions of normal-
ity and residual variances. We estimated the effect size of competi-
tion for growth-related traits using Hedges' g, where a g of 1 indicates
that the two treatment groups differ by 1 standard deviation, a g of 2
indicates a difference of 2 standard deviations, and so on (Hedges &
Olkin, 1985). On whether effect sizes are “small” or “large”, we used
Cohen's rule-of-thumb interpretation as follows: a g of 0.2 is “small,”
0.5 is “medium,” and 0.8 is “large” (Cohen, 1977). In separate models
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(for each TFT), we tested fixed effects of species x grass treatment
including random plot effect. We separated significant species effects
(or interaction effects) using Tukey's post hoc contrasts achieved with
the emmeans package (Lenth et al., 2019).

We analyzed seedling survival in a generalized linear mixed model
(GLMM) with the binary data using binomial error (with logit link func-
tion). For this, we used the glmer function in Ime4 package. We analyzed
survival for fixed effects of TFT xgrass treatment and then for species
xgrass treatment separately for each TFT, including random plot effect
in each separate model. Post-fire seedling survival (also binary data)
was analyzed in GLMMs to test competition and TFT effects, includ-
ing random plot effect following the same procedure as described for
survival due to grass competition. Within the forest TFT, we analyzed
survival of K. anthotheca and K. ivorensis together (as there were no
survivors of the two Terminalia species) for fixed effect of species x
grass treatment, including random plot effect. Then, we tested post-
fire growth among savanna-transitional species for species x grass
treatment effect in an LMM that included random plot effect. Also,
among the savanna-transition species, we assessed the relationship
of post-fire survival to pre-fire seedling size (plant height) in a GLMM.
Correlations among traits were performed separately for seedlings in

grass and no-grass treatments using Pearson's product-moment.

3 | RESULTS

3.1 | Environmental variables

Total rainfall received within the wet season was 1053.8 mm with
peak rainfall recorded in August (Figure 1). Soil moisture content
(% vol.) varied between 26.4 + 2.6% in August and 12.4 £ 2.2% in
November. In both measurement months, soil moisture content was
higher in the grass than no-grass treatment (Table 3). Grass domi-

nated the herbaceous layer in the grass plots (>75% vs 5-12% cover

for herbs). Mass of herbaceous vegetation averaged 0.76 kg/m? +
0.15 kg/m?, with a maximum height of 2.26 m + 0.29 m.

Light intensity recorded in grass plots averaged 10.9 + 5.0%,
which was lower (F1, 33 =467, p <0.001) than intensity recorded in the
no-grass plots at 90.5 + 5.9% of full light levels. The amount of light
reaching the seedling crowns varied between 75 and 100% of above
canopy height, and correlated (p = -0.25, t = -2.80, df =14, p = 0.015)
with seedling height in the no-grass treatment. In the grass treatment,
the amount varied between 10% and 27%, but has no correlation (8 =
-0.015, t = -0.15, df =16, p = 0.886) with seedling height (Figure S1).

Height of the fuel bed made in the fire experiment averaged
0.23 £ 0.1 m, yielding a fuel bulk density of 1.1 kg/m3. Mean moisture
content of grass (calculated on a dry weight basis) used as fuel for the
experimental burn was 3.0 £ 1.1%, and mean ambient temperature
recorded in the presence of fire was 535 + 157°C. Soil chemical prop-
erties of samples at the end of the experiment did not differ between
grass treatments or between burnt and unburnt plots (Table S1).

3.2 | Tree seedling survival and growth during the
wet season

Seedling survival proportion at the end of the wet season averaged
0.93 + 0.14 across treatments (Table 4). There were no effects of tree
functional type (TFT) or competition treatment or their interaction on
tree seedling survival proportion at the end of the wet season (Table 5).

Relative growth rate (RGR) was lower for tree seedlings in
competition (at 0.03 + 0.03 g/g/week) compared to control at
0.06 + 0.05 g/g/week across TFTs (Table 5; Figure 2a). TFT or its in-
teraction with competition had no effect on seedling RGR (Table 5).
As a result, Hedge's effect size estimated for competition effect on
RGR was large, but similar, for both TFTs (g = -0.89). Plant mass gain
was lower for seedlings in competition (1.14 + 1.70 g) compared
to control (6.20 + 6.70 g) across TFTs (Table 5; Figure 2b). TFT or

TABLE 3 ANOVA from linear mixed-effects models on differences in soil moisture content between competition and no-competition
(control) plots in August (peak wet season) and November (start of dry season) in a common garden in the humid Guinea savanna of Ghana

Mean (VMC % + sd)

Grass No-grass F-value df p-value
August MC 28.2+2.73 24.5+2.81 10.1 1 0.009
November MC 13.2+2.57 11.6 +1.84 17.3 1 0.015

TABLE 4 Seedling survival proportion (+ standard deviation) at the end of the wet season (October 2018) and end of dry season (March
2019) in a common garden in the guinea savanna of Ghana. Statistical comparisons were done with binomial model (with logit link function)
between tree functional types (TFT) and grass competition treatments. Significant (p < 0.05) effects from GLMM are indicated by different
letters

Wet season census Dry season (post-fire) census

Grass No-Grass Grass No-Grass
Forest TFT 0.91+0.16 0.90+0.16 0.02 +0.08% 0.08 £ 0.16%
Savanna-transitional TFT 0.96 +0.13 0.95+0.10 0.89 +0.18° 0.92 +0.18°
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TABLE 5 ANOVA Table from GLMM on seedling survival proportions and LMM on growth-related parameters measured at the end of
the wet season. Detailed descriptions of (abbreviated) traits are found in Table 2

Seedling survival RGR Plant mass gain Plant height gain
Source of
variation F df p-value F df p-value F df p-value F df p-value
TFT 0.91 1 0.341 2.15 1,148 0.145 0.38 1,148 0.539 28.8 1,307 <0.001
Grass 0.28 1 0.600 16.1 1,4 0.014 8.71 1,4 0.041 21.3 1,10 <0.001
TFT x Grass 0.33 1 0.564 0.09 1,148 0.770 0.12 1,148 0.725 1.53 1,307 0.217
FIGURE 2 Plant growth parameters (a) 601 (c)
in the wet season as influenced by grass 0.151
competition among seedlings of forest b b =
o S 401
and savanna-transitional (S-T) tree - 0.107 r bt
functional types in a common garden 3 ‘®
. . . 0 | a a | % 20 c
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its interaction with competition had no effect on plant mass gain.
Again, Hedge's effect sizes for competition effect on plant mass gain
were large, but similar, for both TFTs (g = -1.03 for forest and -1.02
for savanna-transitional TFT).

Irrespective of TFT, plant height gain was lower for seedlings in
competition (at 1.80 = 5.46 cm) compared to control (at 9.9 + 10.7 cm).
Also, irrespective of grass treatment, seedling height gain was
greater for forest (at 8.0 + 10.9 cm) than savanna-transitional TFT
(at 3.2 + 6.4 cm, Table 5; Figure 2). Hedge's effect size estimated for
competition effect on plant height gain was larger for the savanna-
transitional TFT (g = -1.26 vs g = -0.91 for forest TFT). We found
that stem basal diameter (SBD) differed greatly between both TFT
and competition treatments, but there was also an interaction effect
(Fy, 302 = 5.7, p = 0.017) of TFT x grass competition treatment on SBD
(Figure 2d). SBD increment was greater for forest TFT (at 4.2 + 3.1 mm)
than savanna-transitional TFT (at 2.7 £ 2.5 mm) seedlings without
grass competition, but SBD increment did not differ between TFTs
for seedlings with grass competition (Figure 2d). As a result, the effect
of grass competition on SBD increment was larger for the forest TFT
(g = -1.56) than the savanna-transitional TFT (g = -0.95).

We have included, as supplementary information, species-
specific survival (Tables S2 and S3) and growth responses (Figure S2,
Table S3) to competition for each tree functional type.

3.3 | Storage of non-structural carbohydrates in
roots during the wet season

Non-structural carbohydrate concentration [NSC] in roots was
lower (F1,80 =196, p < 0.001) for the forest (at 11.60 + 3.6%) than
the savanna-transitional TFT (at 27.0 £ 6.3%) irrespective of grass
competition treatment (Figure 3a). Also, irrespective of TFT, root
[NSC] was lower (Fl, 4 = 10.5, p = 0.033) for seedlings in grass
competition (at 17.3 + 5.4%) relative to control (at 20.8 + 4.5%).
There was no effect of TFT xcompetition treatment interaction
on root [NSC]. Total root non-structural carbohydrates (total NSC
reserves) were lower (Fl, 50 = 76.4, p < 0.001) for the forest TFT
(at 26.7 = 31 g) than the savanna-transitional TFT (at 106 = 77 g).
Also, irrespective of TFT, total NSC reserves was lower (F1,4 =40,
p = 0.003) for seedlings in competition (at 29.8 + 28 g) relative to
control (at 101 + 80 g) (Figure 3b). There was no TFT x competition
treatment interaction effect on total NSC reserves.

Ratio of soluble sugars to starch (sugars:starch ratio) in roots was
higher (F1, g3 = 43.2, p < 0.001) for the forest TFT (2.9 £ 1.9) than
the savanna-transitional TFT (0.83 + 0.76) (Figure 3c). There was no
effect of grass treatment at 2.1 + 1.7 for competition compared to
control at 1.8 + 1.9. There was also no effect of species x grass treat-

ment interaction on sugars:starch ratio.
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FIGURE 3 (a) Root non-structural carbohydrate concentration
[NSC], (b) Root total non-structural carbohydrate content and

(c) ratio of soluble sugars to starch in roots among seedlings of
forest and savanna-transitional (S-T) tree functional types in
grass competition versus control at the end of the wet season

in a common garden experiment in the Guinea savanna of
Ghana. Letters compare TFTs and grass competition treatments
pairwise (Tukey's contrasts)

3.4 | Seedling morphology traits at the end of the
wet season

Leaf mass fraction (LMF) averaged 0.19 + 0.11 g/g for seedlings in
competition, which was lower compared to control at 0.28 +0.14 g/g
(Table 6, Figure S3a,d). There was a trend of higher (although at
borderline significance) LMF for forest TFT (0.34 + 0.12 g/g) than
savanna-transitional TFT (0.23 + 0.15 g/g) in control, but no appar-
ent TFT difference in competition (Table 6). Forest tree seedlings
had higher stem mass fraction (SMF) at 0.43 + 0.10 g/g than savanna-
transitional tree seedlings at 0.19 + 0.09 g/g (Table 6; Figure S3b,e)
irrespective of grass treatment. Also, savanna-transitional tree seed-
lings had higher RMF (at 0.62 + 0.18) than forest (at 0.29 + 0.10) tree
seedlings irrespective of grass treatment (at 0.47 + 0.21 g/g for con-
trol and 0.43 + 0.22 g/g for grass treatment) (Table 6; Figure S3c,f).

TABLE 6 ANOVA tables from separate LMMs for seedling morphology traits. Detailed descriptions of (abbreviated) traits are found in Table 2

SRD

RD

SSL

RMF

SMF

LMF

Source of

p-value

df

F

p-value

df

F

p-value

F df

p-value

F df

p-value

F df

p-value

df

variation

1,143 <0.001

51.7
21.6

0.003 25.5 1,142 <0.001

1,143

8.93

<0.001

286 1,148 <0.001 197 1,151
1,151
1,151

<0.001
<0.001

1,151
1,151

1,151

15.0

TFT

0.009

1,4
1,143

0.173
0.529

1,4

1,142

0.006 2.74
0.39

1,4
1,143

27.0

0.140
0.849

1,4 0.025 2.20
0.04

1,148

11.4

20.1

Grass

0.944

0.005

0.182

1.80

0.059

3.60

0.056

3.70

TFT x Grass
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We found that specific stem length (SSL) was higher for the
savanna-transitional TFT (at 37.1 + 24.0 cm/g) than the forest TFT
(at 28.2 £ 19.8 cm/g) irrespective of grass treatment. SSL was also
higher (F1,4 = 27.0, p = 0.006) in competition at 44.3 + 22.1 cm/g
compared to control at 21.2 + 15.8 cm/g (Table 6; Figure S4a.e).
Seedlings of the savanna-transitional TFT also had greater rooting
depth (at 21.3 £ 6.7 cm) than the forest TFT (at 16.2 + 6.1 cm) irre-
spective of competition treatment (Table 6; Figure S4c,g). Specific
rooting depth (SRD) was higher for the forest TFT than savanna TFT
irrespective of grass treatment (Table 6). Also, irrespective of TFT,
SRD was higher in competition (at 29.8 + 29.2 cm/g) than in control
(at 16.8 + 21.2 cm/g).

Correlations among growth and morphology traits are included
in supplementary information (Table S5a,b for forest and savanna-

transitional TFTs, respectively).

3.5 | Seedling survival, regrowth, and root [NSC]
after the dry season fire

Proportion of seedlings that survived the dry season with fire (i.e.,
post-fire survival proportion) was lower (F = 62.2, p < 0.001) for the
forest TFT (at 0.06 + 0.12) than the savanna-transitional TFT (at
0.91 + 0.18) across grass competition treatments (Table 4). There
was no effect of competition and TFT x competition interaction was
also not significant (F = 0.33, p = 0.555).

All plants were top-killed by the fire (and/or the dry season). We
analyzed post-fire seedling regrowth only for the savanna-transitional
TFT, as recovery was too low for the forest TFT at this stage. We
observed that across all three savanna-transitional species, root mass
constituted 97 + 6.7% of total plant mass for seedlings harvested post-
fire (Figure S5b), and was lower (F2‘ sg = 32.7, p = 0.005) for seedlings
in prior competition (at 1.48 + 1.07 g) than control (at 5.71 + 3.61 g).

— A. africana

— K. senegalensis

025 T ~ P erinaceus

- Species average

Survival probability

0.00+

10 20 30 40 50
Plant height (cm)

FIGURE 4 Dry season survival probability as predicted by wet
season plant height (in a GLMM) for three savanna-transitional
tree species (which survived the dry season with fire) in a common
garden in the Guinea savanna of Ghana. Gray-shaded area is 95%
confidence interval for species average (black curve)
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Thus, new shoot mass post-fire averaged only 0.16 + 0.4 g and did
not differ between grass competition treatments. There was an in-
teraction effect of species xgrass treatment (F2‘ 50 = 8.22, p < 0.001)
on post-fire total plant mass. Total plant mass at the end of the dry
season was lower in prior competition relative to control for K. sene-
galensis and P. erinaceus, but not A. africana (Figure S5a).

Across all three savanna-transitional species analyzed for post-
fire recovery, the chances of a seedling surviving fire were signifi-
cantly related (p = 0.27, z = 2.03, p = 0.043) to pre-fire seedling
height (Figure 4). Root non-structural carbohydrate concentration
[NSC] was higher (Fz, 2 = 14.5, p < 0.001) for both A. africana (at
29.1 + 10.5%) and P. erinaceus (at 21.1 + 6.0%) than K. senegalensis
(at 14.5 + 4.3%) seedlings irrespective of prior competition treat-
ment (Figure Séa). There was no effect of species xgrass treatment
interaction on [NSC]. However, there was an effect (F2’ 2 = 17.1,
p < 0.001) of species x grass treatment interaction on total NSC
reserves, which was lower in the prior grass treatment relative
to control for both P. erinaceus and K. senegalensis, but not A. af-
ricana (Figure Sé6b). K. senegalensis maintained a higher (Fz, 2 = 6.1,
p = 0.007) soluble sugar to starch ratio (at 10.8 + 13.7) than both P.
erinaceus (at 0.57 £ 0.25) and A. africana (at 0.63 £ 0.40), irrespective
of prior grass competition.

4 | DISCUSSION

In this study, we tested for competition effects on tree seedling
performance and storage of carbohydrates during the wet season,
and whether these effects were larger for the forest than savanna-
transitional tree functional types. We also determined whether a
history of wet season grass competition influenced the chances of
tree seedlings surviving dry season fire, and whether such an effect
was also dependent on tree functional type. Overall, we found dif-
ferences in seedling performance and root carbohydrate reserves in
the face of grass competition, which were related to differences in
trait responses, mainly to shading by grasses, of the two tree func-
tional types. Although we did not find evidence that a history of
grass competition resulted in lower post-fire seedling survival, we
observed that at the end of the dry season with fire, seedlings with
a history of grass competition were smaller and had less carbohy-
drate reserves in roots. There was also a large difference in post-fire
seedling survival between the two tree functional types. Here, we
discuss these findings and their overall implications for the mainte-

nance of the forest-savanna mosaic.

4.1 | Grass competition during the wet season
decreases tree seedling growth and NSC storage
similarly for forest and savanna-transitional tree
functional types

We hypothesized that competition between tree seedlings
and grasses reduces tree seedling growth, root non-structural
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carbohydrates (NSC), and seedling survival. We also predicted
greater adverse effect of competition for the forest than savanna-
transitional tree functional type. The latter prediction was based on
known differences in trait syndromes resulting from differences in
selection pressures that shaped the evolution of forest and savanna
species (Boonman et al., 2019; Oliveras & Malhi, 2016).

We found that all growth-related parameters were significantly
lower in grass competition, consistent with prediction and in line
with other studies reporting on growth suppression of savanna tree
seedlings due to grass competition (Barbosa et al., 2014; Riginos,
2009; Sankaran et al., 2004; Scholes & Archer, 1997; Tomlinson
et al.,, 2019). Differences in seedling growth rates are, in semi-arid to
mesic savannas, mostly attributed to competition for soil moisture
(February et al., 2013; Kulmatiski et al., 2010), soil nutrients (Riginos,
2009; Tomlinson etal., 2019; van der Waal et al., 2009), a combination
of moisture and nutrients, or light (Barbosa et al., 2014; Holl, 1998;
Vadigi & Ward, 2013). In our plots representing humid savannas, soil
moisture content was unlikely to be the reason for the lower growth
observed for tree seedlings in competition with grass because top-
soil moisture content was generally high in all plots. Soil moisture was
even slightly higher in competition plots and, therefore, likely suffi-
cient for ample water uptake by tree seedlings (Veenendaal, Swaine,
Agyeman, et al., 1996). Light intensity was, however, much lower in
competition plots (Figure S1), where tree seedling growth was also
lower, suggesting that light competition may present a stronger po-
tential mechanism for tree seedling suppression in productive humid
tall grass savannas. Relative light levels of 11% in the grass compe-
tition plots (while this was about 90% in control) indicate consider-
able shading of tree seedlings by grasses. Although some forest tree
species (the shade bearers in this study) may still maintain consider-
able growth or even attain maximum growth (Agyeman et al., 1999;
Veenendaal, Swaine, Lecha, et al., 1996), such relatively low light
levels pose growth limitations to the forest pioneers (Veenendaal,
Swaine, Lecha, et al, 1996) and the savanna-transitional species
(Gignoux et al., 2016; Ratnam et al., 2011). The low light levels in
competition plots also make competition for soil nutrients less likely
because tree seedlings do not respond strongly to nutrient limita-
tion in shaded environments (Tomlinson et al., 2012; Vadigi & Ward,
2013, but see Veenendaal, Swaine, Lecha, et al., 1996).

Also, consistent with prediction, grass competition decreased
both the concentration and total reserves of tree seedling root non-
structural carbohydrates (NSC), possibly reflecting lower photo-
synthetic carbon assimilation and storage by tree seedlings under
tall grasses. Lower root mass of seedlings in competition explains
the lower total NSC reserves in roots of seedlings in competition.
These findings suggest that the strategy of tree seedlings was not
to increase storage of resources in roots in the face shading by tall
grasses, as might be the case when belowground competition is in-
volved. Rather, seedlings attempted a more rapid growth response
as indicated by a general pattern of higher (albeit non-significant in
this study) ratio of soluble sugars to starch (Cruz, & Moreno, 2001;
Liu et al., 2018) for seedlings in competition (Figure 3c).

In contrast to the second part of our prediction, we did not find
evidence that competition effect was greater for forest compared
to savanna-transitional tree functional type, particularly for seedling
relative growth rates, mass gain, and root NSC. Competition effect
on plant height was, however, higher for the savanna-transitional
than forest tree functional type mainly because the former invested
much less in height growth, particularly for seedlings in compe-
tition with grass, than the latter tree functional type. The forest
tree functional type (mainly the species in genus Terminalia) on
the other hand, invested more in height growth, with their height
in competition being comparable with height attained by savanna-
transitional seedlings without competition (Figure S2b,f). This dif-
ferential investment in height growth reflects known differences in
growth strategies between the forest tree functional type (which
is more competitive for light on one hand) and savanna-transitional
tree functional type (which is more competitive for belowground
resources on the other hand) (Boonman et al., 2019; Hoffmann &
Franco, 2003; Issifu et al., 2019). Rather, we found that responses
to grass competition differed among species across tree functional
types. T. superba and T. ivorensis (both forest species), and K. senega-
lensis and P. erinaceus (both savanna-transitional species) responded
more strongly (with greater growth declines) to grass competition
(Figure S2). Interestingly, species which did not show growth declines
to competition; K. ivorensis, K. anthotheca (forest), and A. africana, D.
oliveri (savanna-transitional species) were slow growing even in the
absence of grass competition (Figure S2). The response of this latter
group of species is in line with a conservative resource-use strategy
(Boonman et al., 2019) and consistent with findings in greenhouse
experiments (e.g., Tomlinson et al., 2019) that grass competition has
a greater effect on faster-growing species. We thus conclude that
grass competition prevents fast-growing species from attaining their
full growth potential, but under competition, these species have a
similar growth performance to slow-growing species.

We did not find evidence for direct competition effect on
seedling survival, corroborating findings of Barbosa et al. (2014)
and Vadigi and Ward (2013), but contrasting with other studies
(e.gMidgley & Bond, 2001; van der Waal et al., 2009; Ward & Elser,
2011). These contrasting reports can be explained by the higher
soil moisture in our plots as opposed to studies in drier savan-
nas (e.g., Midgley & Bond, 2001; van der Waal et al., 2009). Both
Barbosa et al. (2014) and Vadigi and Ward (2013) also explained
their findings as the effects of a more favorable soil moisture dis-
tribution. Also, our plots were unlikely to be nutrient-limited, and
the levels of plant-available nutrients found were similar for both
competition and no-competition plots (Table S1). Light intensity
differed between grass treatments, but the forest pioneers and
savanna species, which survival should be affected by lower light,
could survive the light intensities in grass competition plots (albeit
with reduced growth as discussed earlier). These findings demon-
strate that grass competition alone does not directly preclude
the establishment of tree seedlings irrespective of tree func-

tional type. Findings also explain why forest species are capable
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of establishing in humid savannas (adjacent to forests) under fire
exclusion (Charter & Key, 1960; Louppe et al., 1995; Veenendaal
et al., 2015).

4.2 | Post-fire seedling survival differs
between tree functional types, and a history of
grass competition influences post-fire regrowth
but not survival

We hypothesized that the suppression of tree seedling growth and
storage of carbohydrates by grasses during the wet season reduces
the chances of tree seedlings surviving the dry season fire. We pre-
dicted that any such adverse effect is greater for the forest than
savanna-transitional tree functional types, again linked to trait dif-
ferences between the two tree functional types. We found that the
forest tree functional type was more strongly affected by fire, illus-
trated by a 15-fold lower survival after fire compared to the savanna-
transitional tree functional type (Table 4). Our finding is in line with
other studies across forest-savanna boundaries (Gignoux et al., 2009,
2016; Hoffmann et al., 2004, 2012; Issifu et al., 2019) and reflects
higher sensitivity of forest tree seedlings to fire. The coupling of fire
with the dry season possibly enhanced the effect of fire on forest
tree seedlings observed in our study (Cardoso et al., 2016; Hoffmann
et al., 2011). Differences in root allocation (and root carbohydrate
reserves) prior to the fire event explain the lower post-fire seedling
survival of the forest than savanna-transitional tree functional types
(Cardoso et al., 2016; Hoffmann et al., 2004; Issifu et al., 2019).

Among savanna-transitional tree seedlings, the probability of
a tree seedling surviving fire was related to its height at burning
(Figure 4). Such a relationship among savanna juveniles is often at-
tributed to the benefit of growing above flame height, although it
may generally take several years before seedlings escape the fire
trap (Higgins et al., 2000; Hoffmann et al., 2012; Issifu et al., 2019).
It is likely that other strong correlates of seedling height such as root
mass (Table S5a,b), and hence non-structural carbohydrate reserves,
could explain the higher survival of taller individuals in line with other
studies which report higher survival to be dependent on root allo-
cation and carbohydrate storage (Hoffmann et al., 2004; Issifu et al.,
2019). The savanna-transitional seedlings survived while nearly all
seedlings of the forest tree functional type died. The few forest
seedlings that survived the fire were from the Khaya genus (partic-
ularly K. anthotheca), which seedlings also had least growth during
the wet season (Table S2; Figure S2). Thus, for some forest species,
being more resource conservative (at least, until enough carbohy-
drate reserves have been built) ensures a higher survival during the
dry season in the savanna, in line with the growth-survival trade-off
hypothesis (Boonman et al., 2019; Wright et al., 2004).

We did not find that seedlings with a history of grass competition
survived less after fire, which was partly inconsistent with our pre-
dictions. If the amount of stored carbohydrates influences post-fire
resprout capacity (Hoffmann et al., 2004; Issifu et al., 2019), then re-
duced growth and carbohydrate storage during the wet season, as a
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result of grass competition, should lead to reduced post-fire seedling
survival. However, this was not the outcome of our study, possibly
because carbohydrate reserves in roots, although lower in compe-
tition, were still sufficient to guarantee resprouting after fire espe-
cially for the savanna-transitional seedlings. Gignoux et al. (2016)
observed that savanna tree seedlings can still survive fire at very
small sizes. A seedling height of slightly greater than 20 cm appears
to guarantee complete post-fire survival for the savanna-transitional
seedlings (Figure 4). For forest seedlings with a history of grass com-
petition, we observed a fourfold lower survival after fire, but the
interaction term of tree functional type x competition in our statis-
tical model produced non-significant results, possibly due to too few
survivors at the end for the forest tree functional type. The legacy
effect of competition on tree functional type seedling survival after
fire needs to be explored in further studies manipulating different
fire intensities.

Although seedling sizes and the amounts of storage reserves
prior to fire were apparently sufficient to guarantee survival after
fire for the savanna-transitional seedlings, sizes attained (i.e., total
plant mass) by seedlings at the end of the dry season (following the
post-fire recovery phase) were smaller for seedlings with a history
of grass competition. This adverse competition effect was mainly
evident in root mass (Figure S5a,b), and therefore, in the total root
carbohydrate reserves (Figure Sé6). Thus, an important outcome of
grass competition in the savanna is that it reduces the rate (or ex-
tent) of regrowth of burnt tree seedlings and thus contributes to
keeping tree recruits only as small plants in pyrogenic humid savan-
nas (Freeman et al., 2017; Hoffmann et al., 2009).

4.3 | Seedling trait responses to grass competition
suggest an important role for light competition
during the wet season

We observed adjustments in some tree seedling biomass alloca-
tion and foraging traits in response to grass competition (Figure
S4). Seedlings in grass plots (irrespective of tree functional type)
had higher specific stem length (indicating thinner stems), which
is often associated with shade avoidance (Schmitt et al., 1999).
Seedlings also had higher specific rooting depth under competi-
tion, which is needed for foraging for deeper water (Tomlinson
et al., 2012). However, seedlings in grass competition did not root
more deeply compared to control. Thus, there was no evidence
for (the nearly elusive) root niche separation for water uptake be-
tween roots of tree seedlings and grasses as proposed for drier
savannas (Kulmatiski et al., 2010; Sankaran et al., 2004; Walter,
1971). Irrespective of grass treatment, seedlings of the savanna-
transitional TFT rooted more deeply than forest seedlings, reflect-
ing the need for species from dryer environments to forage more
deeply for water compared to those from moister environments
(Tilman, 1988).

We observed that patterns of larger investment in foraging
traits were mainly by T. superba and T. ivorensis, which increased
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investment in aboveground traits in competition to avoid shading,
typical of forest pioneers (Veenendaal, Swaine, Lecha, et al., 1996).
Both species had greater rooting depth, perhaps, only because they
were bigger (Figure S4a). Their bigger sizes may also explain why
specific rooting depth was lower in the absence of grass. Thicker
roots, which also have additional storage function (Boonman et al.,
2019; Issifu et al., 2019), tend to yield lower specific rooting depth
values (Tomlinson et al., 2013). Among savanna-transitional species,
specific stem length was higher for open-woodland species (P. er-
inaceus and D. oliveri) than closed-woodland types (K. senegalensis
and A. africana) (Figure S4e) which suggests differences in shade tol-
erances even among savanna-transitional tree species (Issifu et al.,
2019). Savanna-transitional seedlings increased root mass fraction
in competition, but forest species did not. Forest pioneers in grass
competition, instead, invested more in stems than leaves or roots
in competition, also suggesting an attempt to escape shading at the
expense of root allocation.

4.4 | Conclusion and overall implications for the
maintenance of the forest-savanna mosaic

Our results show that grass competition suppresses tree seedling
growth and root non-structural carbohydrate reserves during the
wet season for both forest and savanna-transitional tree func-
tional types, partly consistent with prediction. Contrary to predic-
tion, a history of grass competition does not decrease post-fire tree
seedling survival, but does decrease growth and storage of carbo-
hydrates reserves in roots of surviving tree seedlings. Due to dif-
ferences in fire survival traits, savanna-transitional tree seedlings
survive fire far better than forest tree seedlings. Responses of tree
seedling morphology traits to grass competition suggest shading by
grasses is an important bottleneck to tree seedlings transitioning to
bigger size classes.

Overall, these findings have important implications for the
maintenance of the forest-savanna mosaic. Regardless of tree
functional type, poor growth performance and a lower allocation
to root storage represent the fate of tree seedlings in tall grass
savanna. This is particularly true for savanna patches within the
forest-savanna mosaic, where biomass and cover abundances of
herbaceous vegetation are high (Ametsitsi et al., 2020; Issifu et al.,
2019; Torello-Raventos et al., 2013). By constituting a demographic
bottleneck (Freeman et al., 2017), grass competition contributes
to keeping savanna patches open and thereby creating a posi-
tive feedback loop that allows for the dominance of grasses (Van
Langevelde et al., 2003). Fire tolerance traits (e.g., higher root mass
fraction and root NSC) make savanna-transitional tree seedlings
more likely, compared to forest tree seedlings, to persist in savanna
patches (Issifu et al., 2019). Our findings also show that grass com-
petition alone (without fire) does not preclude the establishment
of seedlings of forest tree species in the savanna. Instances of for-
est seedling recruitment in savanna have often been suggested to
result from an abatement of fire (Gignoux et al., 2016; Oliveras &

Malhi, 2016, Mitchard & Flintrop, 2013), but grass competition en-
hances this effect of fire.
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