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Abstract 15 

Logging is widespread in tropical regions with ca. 50% of all humid tropical forests (1.73∙109 ha) are regarded 16 

as production forests. To maintain the ecosystem functions carbon sequestration and timber supply in tropical 17 

production forests over a long term, forest management must be sustainable under changing climate conditions. 18 

Individual-based forest models are useful tools to enhance our understanding about the long-term effects of 19 

harvest and climate change on forest dynamics because they link empirical field data with simulations of 20 

ecological processes. 21 

The objective of this study is to analyze the combined effects of selective logging and climate change on 22 

biomass stocks and timber harvest in a tropical forest in French Guiana. By applying a forest model, we 23 

simulated natural forest dynamics under current climate conditions and compared the results with scenarios of 24 

selective logging under climate change. The analyses revealed how strongly forest dynamics alter under 25 

different scenarios of climate change compared to the baseline scenario of current climate conditions: (1) 26 

Repeated logging within recovery times led to a decrease of forest attributes including biomass and timber 27 

harvest irrespective of the intensity of climate change. (2) With moderate climate change (RCP 2.6) the average 28 

biomass remained constant compared to the baseline scenario over the 21st century (-1%); likewise, with 29 

intensive climate change (RCP 8.5), the average biomass was reduced by 12%. (3) Through combination of 30 
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selective logging and climate change, the likelihood of changes in forest dynamics increased, driven mainly by 31 

rising temperatures. Assuming RCP 8.5, the averaged timber harvest almost halved regardless of the applied 32 

logging rotation cycle.  33 

An application-oriented use of forest models will help to identify possibilities to reduce the effects of unwanted 34 

ecosystem changes in a changing environment. To ensure that ecosystem functions in production forests are 35 

maintained under climate change conditions, this will help to develop appropriate forest management strategies. 36 

Keywords: aboveground biomass, timber harvest, climate change mitigation, forest degradation, 37 

individual-based forest modeling, forest management, tropical forestry, French Guiana, Paracou 38 

Introduction 39 

Tropical forests play an especially essential role in the global carbon cycle (Houghton et al., 2015; Malhi and 40 

Grace, 2000) as they store about half of the Earth’s forest carbon in their living biomass (471 ± 93 Pg C) 41 

(Bonan, 2008; Pan et al., 2013) and thus have a stabilizing effect on the global climate (Friedlingstein et al., 42 

2019; IPCC, 2014a; Pan et al., 2011; Watson et al., 2018). Under the influence of climate change and logging, 43 

however, forest dynamics are changing. Often, forest stand biomass is characterized as aboveground woody 44 

dry biomass of living trees (hereinafter: biomass; Anderson-Teixeira et al., 2016).   45 

Drought, increasing temperature trends, and logging influence the life cycle of trees by altering physiological 46 

processes including productivity and mortality (McDowell et al., 2018). According to climate change scenarios 47 

provided by the 5th IPCC Assessment Report (i.e., representative concentration pathways (RCPs)), average 48 

global annual surface temperatures may continuously increase by 1.5–4.0 °C by the end of the 21st century 49 

(IPCC, 2014a, 2014b). Most regions covered by lowland rainforests will very likely be at least 2–4 °C warmer 50 

by 2100 under the assumptions of all RCP scenarios except RCP 2.6 (IPCC, 2014a, 2014b). Warming 51 

influences the water balance of trees, which plants often compensate by a reduction in the production and 52 

transpiration (Will et al., 2013). In addition, spatial patterns of precipitation will change, leading to more 53 

frequently occurring droughts especially in tropical regions (IPCC, 2014a, 2014b). Hence, water limitation may 54 

reduce the potential for cooling by transpiration and drought-induced defoliation can increase the temperatures 55 
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below the canopy. This has consequences for leaf demography, and thus, for photosynthesis patterns, thereby 56 

affecting biomass distributions and forest dynamics. Climate change affects a forest’s productivity, depending 57 

on tree species composition, water availability, temperature, atmospheric carbon concentration, and geographic 58 

location (Hanberry and Larsen, 2014; Morin et al., 2018), by determining rates of photosynthesis, respiration, 59 

defoliation, or tree mortality (Aubry-Kientz et al., 2015; Bonan, 2008; Hiltner et al., 2016; McDowell et al., 60 

2018b; Phillips and Lewis, 2014; Strobl et al., 2011).  61 

In addition to climate change, forest management also plays a crucial role in changing tropical forest dynamics. 62 

Selective logging events cause abrupt changes in a forest’s carbon budget (Hiltner et al., 2018).  Thus, repeated 63 

logging of commercial tree species within recovery times of important attributes including biomass and 64 

commercial timber volume may lead to a degradation of corresponding ecosystem functions (Knoke, 2016). 65 

To prevent this, sustainable logging techniques with reduced impacts are favored (Ellis et al., 2019; Putz et al., 66 

2008; Roopsind et al., 2018). Introducing selective logging in a primary forest stand usually results in a decrease 67 

in stand biomass and harvestable timber volume after the first cut (Knoke, 2016; Putz et al., 2012). In this 68 

context, sustainability means that the volume of timber remains constant during subsequent cuts, which depends 69 

largely on the rotation cycle (Knoke, 2016). A shorter rotation cycle leads to a stronger reduction of forest 70 

biomass. 71 

However, the impacts of forest management on the future development of tropical production forests are 72 

unknown under climate change conditions. A challenge is to understand the combined effects of different 73 

climate drivers (e.g., temperature increase) and repeated harvesting with different logging rotation cycles on 74 

forest dynamics (Houghton et al., 2015; Werger et al., 2011). Since forest dynamics are quite slow (e.g., decades 75 

to centuries), it  requires long time until they adapt to climatic changes (Sakschewski et al., 2016). Therefore, 76 

besides empirical fiel studies, scientific methods are needed that can provide robust estimates of long-term 77 

forest management and climate change impacts.  78 

The aim of this study is to explore the impacts of climate change and selective logging on forest dynamics. By 79 

using dynamic, individual-based forest modeling, it is possible to simulate the impacts of different logging 80 

rotation cycles under climate change conditions over longer periods of time (Fischer et al., 2016; Gutiérrez et 81 
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al., 2009; Hiltner et al., 2018; Shugart et al., 2018). Furthermore, changes in forest structure (i.e., tree size 82 

distribution) and the dynamics of forest attributes influencing important ecosystem functions (i.e., timber 83 

supply and carbon sequestration in living biomass) can be analyzed. We addressed the following research 84 

questions in detail:  85 

1. How do different rates of temperature and precipitation changes affect the long-term aboveground biomass 86 

dynamics of neotropical forests? 87 

2. What are the combined impacts of selective logging and climate change on forest attributes? 88 

Here, we applied the individual-based forest growth model FORMIND including a management module and 89 

newly implemented soil water and temperature modules (Fischer et al., 2016; Hiltner et al., 2018) to a 90 

neotropical lowland forest north of the Amazon Basin. We investigated the combined effects of climate change 91 

(i.e., the effects of temperature and precipitation) and selective logging on the long-term trajectories of several 92 

forest attributes, including abovegournd biomass, timber harvest, and quadratic mean stem diameter.  93 

Methods 94 

The Study area 95 

 Paracou is located in French Guiana (location: 5°16’28’’N, 52°55’25’’W) north of the Amazon Basin. The 96 

forests are humid lowland Terra Firme rainforests on acrisols of sandy clay (Gourlet-Fleury et al., 2004; 97 

Hammond, 2005). The climate of French Guiana is equatorial, with an average annual precipitation of 3,102 ± 98 

70 mm and an average annual temperature of 25.7 ± 0.1 °C (2004–2014) (Aguilos et al., 2018). The IPCC AR5 99 

model (IPCC, 2014b, 2014a) and a study of Magrin et al. (2014) predicted an overall increase in mean annual 100 

temperatures and a slight decrease in annual precipitation sums, accompanied by more frequently occurring 101 

heavy rainfall events,  in the surroundings of the Paracou site for most RCPs (see Appendix A, Figure A1). 102 

These climatic changes will be accompanied by an increase in extreme weather events such as storms, floods, 103 

and droughts until 2100 (IPCC, 2014b, 2014a; Magrin et al., 2014). 104 

Paracou is directly adjacent to a permanent forest estate, which extends over 2.4∙106 ha in French Guiana and 105 

is mainly managed by the National Forest Service. National Forest Service’s management strategies follow 106 
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selective logging techniques that require intensive pre-planning. In French Guiana, an official 65-year logging 107 

rotation cycle applies, and commercially exploitable trees (see Appendix C, Tab. C1) with a minimum stem 108 

diameter at breast height between 50–60 cm are harvested at a cutting rate of up to 25 m3 ha-1 or 3–5 trees ha-1. 109 

 The forest model FORMIND 110 

Model description  111 

In this study, we used the forest model FORMIND in combination with other submodules including soil water, 112 

temperature, and management modules (Fischer et al., 2016; Hiltner et al., 2018) to analyze the forest dynamics 113 

at Paracou under selective logging and climate change conditions. FORMIND is a process- and individual-114 

based gap model designed to simulate species-rich forests. It describes the vertical and horizontal forest 115 

structure and forest dynamics in 20 m x 20 m patches (Fischer et al., 2016). The simulation area can vary from 116 

one hectare to multiple km2 (here: 16 ha) and consists of multiple patches interacting by tree falling.   117 

In each simulated time step, the core processes of growth, mortality, establishment and competition are 118 

calculated on tree level and then summed up on ecosystem level. Light irradiation, temperature, and soil water 119 

content affects a tree’s biomass increase (eq. 4). The distribution of seeds takes place stochastically throughout 120 

the forest floor of a patch. If the light conditions at the forest floor are suitable, new seedlings can establish. 121 

Competition between the trees of a patch occurs for light due to shading effects and for space due to crown 122 

expansion. Tree mortality increases when the space for crown expansion is limited (self-thinning by crowding), 123 

when tree growth is reduced (growth-dependent), and when large trees die damaging surrounding trees (gap 124 

formation). In addition, each tree is subject to a stochastic basic mortality. The simulated time steps are one 125 

year for forest development and one day for temperature and soil water modules. 126 

The tree species are grouped into plant functional types (PFTs) depending on species-specific properties, such 127 

as maximum growth rates, mean wood densities, and maximum tree heights (Hiltner et al., 2018). In this study 128 

we simulated the behavior of 8 PFTs grouped into three classes of successional types: light-demanding pioneer 129 

species, species of intermediate light demand, and shade-tolerant climax species (see Table A4). The geometry 130 

of a tree is simplified assuming cylindrical stems and canopies. The allometric relationships are PFT-specific 131 

and depend on the current diameter at breast height (dbh) (see Table A5).  132 
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Implementation of selective logging 133 

To simulate selective logging, we implemented a forest management module in which all trees meeting certain 134 

criteria are removed from the simulation area (Hiltner et al., 2018; Huth et al., 2004; Kammesheidt et al., 2002, 135 

2001; Köhler and Huth, 2004; Rüger et al., 2007). Depending on a minimum dbh of the lower cutting threshold 136 

of commercial trees (dbhmin), all exploitable trees meeting the dbhmin of at least 55 cm are felled. The intensity 137 

of a logging scenario is set through the rotation cycle. Trees of the remnant forest stand can be damaged by tree 138 

falling as well as by the construction of skid trails. Skid trails cover a specific proportion of the forest area and 139 

they remain ungrown until a defined number of years after each logging event (here: proportion of total area = 140 

5%, ungrown = 10 a). New skid trails were created for each logging event. The management module is fully 141 

described in (Hiltner et al., 2018; Huth et al., 2004). 142 

Impacts of soil water availability and temperature on tree growth 143 

In the forest model, the precipitation level controls the soil water content in the upper soil layer (here: 2.5 m 144 

depth). As a function of the soil water content, the drought-stress-induced reduction factor reduces the 145 

photosynthesis rate (i.e., gross primary production, GPP) of the trees (eq. 1; Fischer et al., 2014).  146 

𝑅𝐹𝑊 =  {

0                      ∶ 𝑆𝑊 < 𝑆𝑊𝑝𝑤𝑝

      
𝑆𝑊− 𝑆𝑊𝑝𝑤𝑝

𝑆𝑊𝑚𝑠𝑤− 𝑆𝑊𝑝𝑤𝑝
              ∶  𝑆𝑊𝑝𝑤𝑝 < 𝑆𝑊 <  𝑆𝑊𝑚𝑠𝑤

1                       ∶ 𝑆𝑊 >  𝑆𝑊𝑚𝑠𝑤

 (1),  147 

where 𝑅𝐹𝑊 is the reduction factor of tree photosynthesis due to soil water limitation (SW), with SWpwp as the 148 

potential wilting point, and SWmsw as the minimum soil water content for potential GPP of each tree. 149 

The temperature dependencies of tree photosynthesis and meaintenance respiration were adapted from the LPJ-150 

model (Rödig et al., 2017; Sitch et al., 2003) and calibrated with eddy covariance data (see Appendix A, data 151 

sources and calibration of submodules). A temperature-dependent reduction factor negatively affects the 152 

assimilation (eq. 2) and maintenance respiration of trees (eq. 3) if the given temperature differs from the 153 

optimum temperature (here: Topt = 26.5 °C) for the potential GPP.  154 
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𝑅𝐹𝑇 = 𝑒
−(

𝑇−𝑇𝑜𝑝𝑡

𝑇𝑠𝑖𝑔
)

2

 (2),  155 

with 𝑅𝐹𝑇 as reduction factor for temperature T with opt for optimum temperature for potential GPP, and sig 156 

for temperature vaiance. 157 

𝐹𝑀 =  𝑄10

     
𝑇−𝑇𝑟𝑒𝑓

10  (3),  158 

where 𝐹𝑀 is the factor for maintenance respiration, Q10 a constant for temperature-dependent respiration, and 159 

Tref the reference temperature (here: mean annual temperature at Paracou). Thus, the increment of the 160 

aboveground biomass of a tree t (Δ𝐵𝑡 [tODM ha-1]; ODM: organic dry matter) is: 161 

𝛥𝐵𝑡 = (1 −  𝑅𝑔,𝑡) ∙ (𝐺𝑃𝑃𝑡  ∙ (𝐿) ∙ 𝑅𝐹𝑊,𝑡 ∙ 𝑅𝐹𝑇,𝑡 − 𝑅𝑚,𝑡 ∙ 𝐹𝑀,𝑡)  (4),  162 

where GPP [tODM ha-1] is the gross primary production, L is the light climate for a tree t, Rg [0; 1] is the 163 

proportion of growth respiration, and Rm [0; 1] is the proportion of maintenance respiration of a tree. The 164 

increment of forest stand biomass 𝛥𝐵 is the sum of changes in tree biomass Δ𝐵𝑡: 165 

𝛥𝐵 = ∑ 𝛥𝐵𝑡
𝑡=𝑛
𝑡=1   (5). 166 

Biomass increment of a tree 𝛥𝐵𝑡  is translated into stem diameter increment using allometric relationships 167 

(Table A5). Stem diameter D [m] is estimated using a relationship between aboveground biomass and stem 168 

volume: 169 

𝐵𝑡 =
𝜋

4
∙ 𝐷𝑡

2 ∙ 𝐻𝑡 ∙ 𝐹𝑡 ∙
𝜌𝑡

𝜎𝑡
  (6), 170 

where H is the tree height [m], F the form factor [-], 𝜌 the wood density [tODM m-3], and 𝜎  the fraction of 171 

aboveground biomass attributed to the stem [-]. The stem diameter D is used to calculate the species-specific 172 

tree geometry (e.g., tree height, crown extension; see Hiltner et al. (2018). 173 

Establishment of seedings is not directly dependent on precipitation and temperature variability but results from 174 

forest dynamics and changes in competition between trees within a forest stand. If the biomass gain of a tree is 175 

reduced due to temperature variations, the growth-dependent mortality increases. Higher tree mortality also 176 

leads to a more open forest, which promotes the establishment of light-demanding pioneer tree species. 177 

Parameter descriptions, values, and references of the temperature and soil water modules are listed in Table 178 
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A1. For a full model description, please, see Fischer et al., (2016); for the download of FORMIND, please, see 179 

www.formind.org. 180 

Model parameterization approach 181 

The parameterization of the forest model including the management module for the Paracou site is fully based 182 

on Hiltner et al. (2018). In this study, we implemented the soil water and temperature modules. The 183 

parameterization of the soil water module relied on information from literature concerning the physical 184 

properties of the dominant soil type at the Paracou site, which  are acrisols of sandy clay (Fischer et al., 2014; 185 

Gourlet-Fleury et al., 2004; Larcher, 1994; Maidment, 1993). The parameterization of the temperature module 186 

was derived from measurements of the microclimate along with eddy covariance data from Paracou between 187 

the years 2004–2015. A baseline climate scenario was also derived from this data set. For detailed descriptions 188 

of all data sources as well as the determined model parameters and their derived values see Appendix A: Data 189 

sources, Calibration of the submodules, Tables A1, A2, and A3.  190 

The simulation settings 191 

The simulation of forest dynamics began on a treeless (empty) area of 16 ha. A period of 1,400 years was 192 

simulated with an annual time step for the model output. Simulation results for the spin-up time of 449 years 193 

were excluded from further analysis. Logging events with different logging rotation cycles took place from the 194 

500th simulation year on. This first logging event was then assigned to the year 2000, in which the simulation 195 

of climate change began.   196 

We analyzed three different climatic phases: (i) The time interval [450; 500] corresponded to the pre-climate-197 

change phase and the pre-logging phase (assigned to years 1950–2000). This interval reflected a baseline 198 

scenario of a mature forest stand in equilibrium without logging. (ii) The time interval [501; 600] represented 199 

the phase of climate change (assigned to years 2001–2100), from which periodically recurring logging events 200 

with varying rotation cycles were simulated. (iii) The time interval [601; 1,400] represented a hypothetical 201 

phase after climate change, for which we assumed constant climate conditions and continued logging.  202 

In total, three different types of simulation experiments were undertaken: (E1. “climate change”) Simulations 203 

of four future climate change scenarios were compared with one simulation under current climate conditions 204 
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at the Paracou site. (E2. “Climate change + selective logging”) Eleven scenarios of selective logging with 205 

varying logging rotation cycles were simulated under the aforementioned five climate scenarios (Table 1).  (E3. 206 

“general climate sensitivity”) The general influence of changes in temperature and precipitation on the biomass 207 

dynamics at the Paracou site were investigated in a sensitivity analysis using six scenarios per climate variable. 208 

The implementation of these three types of simulation experiments will be described in the following 209 

subsections: 210 

E1: The climate change scenarios 211 

We implemented climate change scenarios on the basis of four RCP scenarios (RCP 2.6, 4.5, 6.0, 8.5; data 212 

source see Table A3) described in the IPCC AR5 (IPCC, 2014a, 2014b) and a baseline scenario called RCP 213 

0.0.   214 

For RCP 0.0, we repeated 10 years of daily recorded (2004–2014) climate data 140 times to get a time series 215 

over 1,400 years. Averaged over the entire simulation time, the annual temperature is 25.7 ± 0.1 °C and the 216 

annual precipitation is 3,102 ± 70 mm a-1. In order to construct RCP-based climate change scenarios (containing 217 

1,400 years of daily values), we used daily values of temperature and precipitation of the RCPs for the 21st 218 

century (see Figure A1) and extended them according to the following procedures:  219 

 For the pre-climate-change phase (simulated years 0–500), data from ten years (2004–2014) of 220 

daily meteorological measurement series for temperature and precipitation from the Paracou site 221 

were repeated 50 times.  222 

 For the climate-change phase spanning the years 2001–2100, the RCP (2.6, 4.5, 6.0, and 8.5) data 223 

followed (simulated years 501–600).  224 

 To model the hypothetical post-climate change phase, temperature and precipitation values of the 225 

last two years of the RCP data were repeated 400 times (simulated years 601–1,400) assuming the 226 

climate at the end of the 21st century was continued.  227 

Please note that our approach to implementing climate change (RCP 2.6–RCP 8.5) considers extreme 228 

events and long-term climate trends in the pre-climate-change phase as well as in the climate-change phase. 229 

But in the post-climate-change phase, extreme weather events (e.g., heavy rainfall, seasonality) were 230 
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smoothed. Depending on the RCP, temperatures will increase by about 0.6–3 °C for the investigated study 231 

region; annual precipitation will decrease by approximately 0–10% while contrasts between dry and rainy 232 

seasons will intensify (see Figure A1; IPCC, 2014a). 233 

E2: The selective logging scenarios 234 

We simulated different logging scenarios where the rotation cycles were varied between 10–100 years, in 10 235 

year-steps (Table 1). In this set of logging scenarios, the direction of fall of logged trees was assumed to be 236 

random and new skid trails were created for each logging operation. All selective logging scenarios (Table 1) 237 

were simulated across the five climate scenarios as described above. 238 

We defined an additional scenario called “moderate logging” which corresponds to the official rotation cycle 239 

of French Guiana, where logging is repeated every 65 years. This scencario represents the treatment of 240 

Paracou’s T1-plots where 36 m3 ha-1 (or 10 trees ha-1) were felled during a logging operation.  241 

E3. Scenarios for the general climate sensitivity analyses 242 

To analyze the general sensitivity of forest dynamics to climate variables, we developed two sets of climate 243 

scenarios (Set T and Set P), each based on the baseline climate scenario RCP 0.0 (see E1). The amount of 244 

variation in temperature in Set T and precipitation in Set P were added or subtracted from the daily values of 245 

the RCP 0.0 climate scenario (Table 2), which means that each variable value was equally influenced 246 

throughout the time series. These climate scenarios were used to simulate both natural forest dynamics without 247 

logging and the moderate logging scenario. We then compared the averaged biomass, GPP, respiration, and 248 

mortality of the simulated years 601–1,400.  249 

Analysis of the simulation scenarios 250 

In order to assess the quality of the model, we compared the simulation results of the moderate logging scenario 251 

with that derived form the forest inventory data of Paracou’s logged plots (T1-plots). We compared stem 252 

numbers and timber volumes of the harvested trees as well as the loss of the mean aboveground forest biomass. 253 

For each climate scenario, we evaluated the biomass of the overall forest stand, of the PFTs grouped by 254 

successional type (see Table A4), as well as the development of the means and cumulative sums of harvested-255 

timber volumes. We also analyzed the quadratic mean stem diameter (QMD [m]) both for all trees of the forest 256 
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stand and of a subset of the total stand. The subset contained only the large, potentially harvestable trees with 257 

a dbh ≥ 0.55 m. The development of the standing timber volume of the total forest stand was quantified for the 258 

post-climate-change phase. The timber volume (TV [m3]) refers to the usable stem volume of the commercial 259 

tree species of the Paracou Forest. A cylindrical stem multiplied by a form factor f is assumed, indicating that 260 

a tree’s stem is not exactly cylindrical. TV was calculated as follows: 261 

𝑇𝑉 =  ∑ π 4⁄ ∙ 𝐷2 ∙ ℎ(𝐷) ∙ 𝑓(𝐷)𝑛
𝑖=1   (7), 262 

where D ist the dbh [m] of the ith tree per simulated hectare and h is the tree height [m] (see Table A5). Software 263 

used for analysis of this study is listed in Appendix B. 264 

Results 265 

Forest dynamics before and after a moderate logging event 266 

We compared the simulated and observed biomass per functional species group (Figure 1). The model can 267 

reproduce the dynamics and species composition of a logged forest. Simulated total biomass matches well with 268 

the observed values before and after logging (R2 = 0.82, RMSE = 8.92 tODM ha-1; ODM: organic dry matter) 269 

and also the number of commercial trees was consistent (simulated: 10 trees ha-1, 36 m3 ha-1, observed: 10 trees 270 

ha-1, 33 m3 ha-1). Minor deviations were found between the simulated and observed biomass of climax species 271 

and species with intermediate light requirements before felling. For the simulations of forest dynamics after the 272 

logging event, the model slightly underestimated the forest biomass development (up to 38 tODM ha-1), which 273 

seems to be mainly due to pioneer species. Overall, the deviations between observed and simulated biomass 274 

values were smaller than the observed standard deviation (sdobs = 67 tODM ha-1).  275 

Sensitivity of stand biomass to climate variables 276 

Under current climate conditions the simulated forest had a biomass of 418 tODM ha-1 (baseline scenario). Results 277 

of the sensitivity analyses of temperature and precipitation (experiment E3 “general climate sensitivity”) show 278 

different responses to the forest (Figure 2). We found a unimodal curve with its maximum at a temperature of 279 

26.5 °C (Figure 2.a), and an ascending curve when precipitation was below 2,300 mm a-1 (Figure 2.b). The 280 

reduction of biomass occurred due to a decline in GPP and an increase in respiration (see Figure A3). Our 281 

results showed that under current climatic conditions, the forest has already reached the maximum of biomass. 282 
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For moderate logging we obtained the same general patterns, but with lower biomass values compared to the 283 

scenario without logging (Set P = -46 tODM ha-1 and Set T = -62 tODM ha-1). Further results on the sensitivity of 284 

forest attributes (i.e., maintenance respiration, GPP, and mortality) to climatic drivers can be found in Figure 285 

A3.  286 

Impacts of climate change on biomass dynamics 287 

When simulating impacts of climate change (E1 “climate change”), the biomass dynamics changed just a little 288 

(Figure 3.a). The development of forest biomass was rather similar in the baseline (RCP 0.0: no climate change) 289 

and the RCP 2.6 scenarios (mean biomassRCP2.6 = biomassRCP0.0 +5 tODM ha-1; Figure 3.a). Only in the RCP 8.5 290 

scenario, the forest biomass decreased by 50 tODM ha-1 after 2100 compared to the baseline value of RCP 0.0 291 

(Figure 3.a). After 2100, it took another 100 years for the forest stand to reach a new biomass equilibrium, but 292 

at a lower level. Main driver of this biomass depletion was the temperature increase, which was on average 3 293 

°C warmer per year after 2100 (see Figure A1). This caused changes in the biomass distribution across tree size 294 

classes of the forest (Figure A4, unlogged). The aboveground biomass of trees with dbh between 0.2 m–0.9 m 295 

decreased due to a decline in GPP and an increase in maintenance respiration; and also, slightly more small 296 

pioneer species (dbh < 0.2 m) became recruited (Figures A2, A4). 297 

Impacts of selective logging under climate change on forest dynamics 298 

Here, we evaluate the simultaneous influences of different levels of climatic changes and selective logging on 299 

biomass, timber provision, and forest structure in Paracou’s forests (experiment E2 "climate change + selective 300 

logging”). In the moderate logging scenario and no climate change (RCP 0.0), all commercial trees were 301 

harvested (Figure 3.b), which resulted in a logged stem volume of on average 36 m3 ha-1 during the first logging 302 

(Figure A7), however, it averaged 27 m3 ha-1 spanning the years after 2100. Our results show that under 303 

intensive climate change as represented in RCP 8.5 scenario, biomass degrades more rapidly when timber is 304 

felled. The forest stand biomass did not recover after the first logging event at a rotation cycle of 65 a (Figure 305 

3.b). However, the extent of the biomass change depended on the climate scenario: For RCP 8.5, the stand 306 

biomass rcovered faster after the first logging due to a stronger ingrowth of pioneer species and tree species of 307 

intermediate shade-tolerance, whereas the biomass decreased by an average of about 103 tODM ha-1 after 2100 308 

compared to the baseline from before 2000 (Figure 3.b). In RCP 2.6, biomass decreased by 43 tODM ha-1 309 
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compared to the baseline (Figure 3.b); However, biomass increased slightly in RCP 2.6 after 2000 compared 310 

to the baseline (Figure 3.b). The results for RCP 4.5 and RCP 6.0 can be found in Figures A2, A4, A5, and A6. 311 

Timber provision 312 

Overall, the harvest volumes at repeated logging under RCP 0.0 and RCP 2.6 are similar (Figures 4.b, 4.c). 313 

Mean timber volumes per harvest rises with increasing length of the logging rotation cycle (Figure 4.b). For 314 

rotation cycles longer than 70 years, harvested timber volumes came to saturation. At a rotation cycle of 70 315 

years, an average timber volume of 25 m3 ha-1 or 8 trees ha-1 per event could be harvested in the long term. 316 

Regarding the cumulative timber harvest volume, rotation cycles at 50–60 years provided an optimum total 317 

timber harvest volume (Figure 4.c). In the climate change scenarios RCP 0.0 and RCP 2.6, the shorter the 318 

rotation cycles were, the slightly higher the harvest. The official rotation cycle of 65 years is therefore 319 

sustainable under these climate scenarios (Figure A7: RCP 0.0 and RCP 2.6). 320 

Compared to the climate scenarios RCP 0.0 and RCP 2.6, the average volume of timber per harvest decreased 321 

by 40% under RCP 8.5 (Figure 4.b; TVRCP2.6 = 25.5 m3 ha-1 or 8.23 trees ha-1, TVRCP8.5 = 15.2 m3 ha-1 or 5.18 322 

trees ha-1). In this case, the official rotation cycle of French Guiana of 65 years caused a reduction of timber 323 

volume, whereas a logging rotation cycle of 100 years is sustainable (Figure 4.a). Harvest failures occurred for 324 

some logging events in a 10-year rotation cycle (Figure 4.a). For RCP 8.5, cumulative timber volume was 325 

maximized at logging rotation cycles between 50 and 60 years (Figure 4.c).  326 

Forest structure and harvest potential 327 

In this study, we used the quadratic mean stem diameter (QMD) to evaluate the forest structure, i.e., the 328 

distribution of tree sizes in the forest across different logging and climate scenarios. QMD increases with longer 329 

logging rotation cycles, while stronger changes in climate led to lower values. Compared to the baseline 330 

scenario (QMDBL = 21.2 cm, no logging), the QMD for short logging rotation cycles dropped to 18.3 cm and 331 

17.2 cm for RCP 2.6 and RCP 8.5, respectively (Figure 5.a). The stand biomass (Figure 5.b) and the biomass 332 

of commercially exploitable trees in the stand (Figure 5.c) decreased consistently with stronger climate change 333 

and linearly with shorter rotation cycles. The effects of logging damages in the remaining stand reduced the 334 

biomass stocks of potential crop trees (Figure 5.c). 335 
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Discussion 336 

Impacts of climate change on forest dynamics and forest structure 337 

We simulated the forest dynamics of the Paracou forest for the 21st century using an individual-based forest 338 

model in which demographic processes are explicit and tree species diversity is described using functional 339 

species groups (PFTs). For the RCP 8.5 scenario, biomass production decreased compared to the baseline. Our 340 

analyses of the model sensitivity identified rising temperatures as strong climate drivers of this behavior. 341 

It is likely that temperatures will rise in the future in many tropical regions (IPCC, 2014a), exposing rainforests 342 

to novel temperature regimes. In particular, the Amazon Basin has already been affected by a warming trend 343 

of 0.63 °C over the 20th century (Victoria et al., 1998). Under climate change coditions, precipitation in the 344 

Amazon varied more strongly regionally and seasonally (IPCC, 2014a; Marengo et al., 2009). The period 1950–345 

1970 was wet in the northern Amazon but since 1977 this region has become drier (IPCC, 2014a; Marengo et 346 

al., 2009). General circulation models project a regional temperature increase of 2–4 °C by 2100 and a decrease 347 

in precipitation specifically during dry seasons (IPCC, 2014a; 2014b). The IPCC’s special report (IPCC, 2018) 348 

assumed that functions of different terrestrial ecosystems are likely to show only minor changes if the global 349 

average temperature increase remains below 1.5 °C. This holds true for simulation results of Paracou’s forests 350 

for the RCP 2.6 scenario, in which the forest biomass remaind rather stable until 2100. Even under assumptions 351 

of the RCP 8.5 climate scenario (+ 3.0 °C), the forests of Paracou were able to buffer changes in temperature 352 

and precipitation without occurance of tipping points. The forest stand biomass decreased by 25%, as warming 353 

caused reductions in the trees’ GPP as well as an increase in respiration and growth-dependent tree mortality. 354 

Aubry-Kientz et al. (2019) simulated the effects of climate change on forest growth at Paracou. They estimated 355 

a decline in the forests’ average stem diameter growth rates of 36% (RCP 8.5) until 2100. A reduction of 356 

biomass production would have negative long-term effects on carbon sequestration and timber supply (de Groot 357 

et al., 2002).   358 

Mean annual precipitation in French Guiana is expected to change only slightly until 2100. Thus, variations of 359 

mean annual precipitation levels are less relevant for forest dynamics than those of temperature. In our study, 360 

species composition was negatively affected in RCP 8.5, resulting in a decline in the gross primary production 361 
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of shade-tolerant slow-growing species. Large commercial trees with a dbh greater than 0.9 m will be largely 362 

replaced by small and fast-growing tree species. The shift in species composition is caused by a change in the 363 

competitive situation within the forest. Pioneer species establish more quickly in forest gaps. Cheesman and 364 

Winter (2013) studied the negative effects of strong warming (e.g., RCP 8.5) on the growth of juvenile plants 365 

in tropical forests. While non-pioneer species showed a significant decrease in growth rates under intense 366 

warming, the growth of pioneer species was only slightly reduced. Moreover, pioneer species were able to 367 

adapt to thermal conditions faster than non-pioneer species. 368 

The strength of the present study is that climate effects (at daily resolutions) were modeled at the individual 369 

tree level and then analyzed at the ecosystem level. We focused on long-term consequences of climate change 370 

and logging. This is a major advantage of forest modeling approaches compared to empirical experiments, 371 

which can explore only short time periods (Fischer et al., 2016).  372 

Impacts of selective logging under climate change 373 

Climate change poses challenges for management pre-planning, as it will affect the dynamics and structures of 374 

tropical forests. When pre-planning logging, it it can become important to consider long-term climate change 375 

effects to facitlitate sustainable forest management. Our study suggests that the combination of two forcing 376 

factors (logging and climate change) had stronger negative impacts on biomass stocks, standing timber supply, 377 

and timber harvest than the individual factors alone (logging or climate change). Carbon sequestration in living 378 

biomass of forests depends strongly on management parameters such as the cutting rate, damage to the 379 

remaining stand, and rotation cycles (Hiltner et al., 2018; Knoke, 2016). Another study on Paracou’s forests 380 

showed that in once-felled forests, about 78% of the biomass can remain in the stand and biomass recovered to 381 

pre-harvest values after ca. 80 years (Hiltner et al., 2018). In our study, we demonstrated a negative effect of 382 

repeated harvesting during the recovery time on stand biomass, QMD, and timber volume. A reduction of 383 

harvest volumes after the first logging has been discussed with regard to sustainable timber production (Knoke, 384 

2016; Putz et al., 2012; Roopsind et al., 2018). Harvest reduction depends on details of the applied forest 385 

management strategy, such as the logging rotation cycle, cutting rate, damage to the remaining stand, and 386 

overexploitation of a particular commercial tree species (Huth and Ditzer, 2001; Knoke, 2016; Putz et al., 2012; 387 

Roopsind et al., 2018).  388 
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Repeated logging may also affect the abundance of commercial tree species. If, for example, the same tree 389 

species is harvested in a second logging as in the first harvest, the yield can be reduced by as much as 60% (for 390 

a 40-year rotation cycle; Knoke, 2016; Putz et al., 2012). In our moderate logging scenario, the harvested timber 391 

volume after the first logging remained stable for rotation cycles longer than 65 years for RCP 2.6. Under the 392 

RCP 8.5 scenario, the rotation cycle needed to be expanded to 100 years to avoid timber volume degradation.  393 

Tropical forest management is currently confronted with developing diversification strategies for commercially 394 

used species (Knoke, 2016). This requires more flexibility in species selection, i.e., harvesting from a larger 395 

pool of tree species rather than targeting the same species at each logging event (Knoke, 2016; Putz et al., 396 

2012). In French Guiana, logging mainly concentrated on only four commercial species (Piponiot et al., 2016) 397 

(Dicorynia guianensis: 67%, Qualea rosea, Ruitzenaria albiflora: 12%, Sextonia rubra: 9%) despite of a much 398 

larger pool of economically viable species (e.g., 74 tree species at Paracou; see our Appendix C). Hence, the 399 

relative abundance of these commercial species for the next logging event is inevitably lower (Piponiot et al., 400 

2018) and after a few harvest cycles their proportion maybe turn so small that their use would not be 401 

economically viable anymore. The smaller the pool of commercial species, the greater the depletion (Piponiot 402 

et al., 2019). We showed that the regenerative capacity of the forest will decline under climate change 403 

conditions. Thus, diversifying the pool of harvested species can reduce the pressure on the currently limited 404 

pool of target species.  405 

Limitations and perspectives of the approach  406 

Our results show that even in the RCP 8.5 scenario, the forest was able to buffer the consequences with no 407 

tipping points. Please note that we do not consider disturbance events caused by climate change in this study. 408 

Extreme, abrupt disturbance events such as flooding, or storms, could cause also larger changes in forest 409 

dynamics and are prevalent natural stressors in the Amazon Basin (Barlow et al., 2003; Espírito-Santo et al., 410 

2010; Esquivel-Muelbert et al., 2020; Magnabosco Marra et al., 2018; Negrón-Juárez et al., 2018, 2010; 411 

Rowland et al., 2015). This holds also for Paracou, where the number of fallen trees is higher in the wettest 412 

years (Aubry-Kientz et al., 2015). The trees uproot more easily when the soil is saturated with water. Therefore, 413 

the total stand biomass had decreased after such events, mainly because of tree mortality (Aubry-Kientz et al., 414 

2015).  415 
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In our model, existing ecological consequences of climate change on the growth of trees were taken into account 416 

via different reduction factors (eq. 1). This approach involves some limitations due to simplified assumptions. 417 

For example, we consider a simplified approach to determine at which specific temperature the CO2 418 

assimilation of trees stops when temperatures deviate strongly from the optimal temperature for photosynthesis. 419 

Beside the CO2 assimilation, also tree respiration depends on temperature. Based on the Q10-law, we can 420 

reproduce well the dependence of maintenance respiration on temperature (Bohn et al., 2014; Prentice et al., 421 

1993). Moreover, CO2 assimilation of trees in the model is limited by water scarcity (Fischer et al., 2014). So 422 

far, the effects of soil water supersaturation ar not included. We aim to integrate these effects into our future 423 

work.  424 

Individual-based forest models have the advantage that the simulation results can be compared one-to-one with 425 

data from forest inventories. Simulation results can be analyzed at the ecosystem level, which is crucial for 426 

projecting the long-term ecological impacts of climate change and forest management on the growth variability 427 

of tropical forest stands. The results from such model simulations can be used to determine whether current 428 

forest management activities will be sustainable even under future climate change conditions (Aubry-Kientz et 429 

al., 2019; Huth and Ditzer, 2000; Piponiot et al., 2019; Sist and Ferreira, 2007). In this context, forest models 430 

offer excellent possibilities, as they allow a comprehensive assessment and complement empirical analyses. 431 

Futhermore, their methodology is generic enough to be transferred to other forest locations as climate change 432 

scenarios for new locations can be extracted from available global climate models. Furthermore, different forest 433 

management strategies can be directly integrated into the model, such as conventional logging, reduced-impact 434 

logging, and thinning of potential crop trees. In future, more and more forest inventories and remote sensing 435 

data will become available that can be used for the parameterization of dynamic forest models and the validation 436 

of their simulation results (Hansen et al., 2013; Knapp et al., 2018; Lausch et al., 2018b, 2018a; Piponiot et al., 437 

2019, 2018). This will help to enhance forest models. 438 

Internationally, action programs have been established to reduce the negative impacts of deforestation on 439 

forests. The climate change mitigation program REDD+ (Danielsen et al., 2011; Dourdain and Hérault, 2015) 440 

and certification schemes such as FSC and PEFC (Clark and Kozar, 2011) are exemplary. Programs like these 441 
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create incentives encouraging forest transformation through compensation payments or certification of 442 

sustainably produced timber products (Long, 2013). If timber and carbon stocks do not recover from damage 443 

through harvesting within sufficiently extended rotation cycles, tropical production forests may degrade. To 444 

develop sustainable strategies for tropical forest management, simulation studies are a useful tool. The 445 

advantage of simulation studies is the investigation of the long-term effects of timber use under different 446 

climatic conditions; such investigations are not possible with empirical studies. By combining empirical data, 447 

climate change projections and forest modes, we can derive recommendations on whether proposed strategies 448 

are sustainable in terms of carbon sequestration and timber supply. With moderate logging and moderate 449 

climate change conditions, we recommend keeping the official rotation cycle of 65 years for the forests around 450 

Paracou (for maintaining a sustainable harvest). The rotation cycle would have to be extended to 100 years 451 

under severe climate change conditions. This extended cycle ensures the regrowth of commercial trees and thus 452 

sustainable use. 453 

Conclusions 454 

Main goal of this study was to assess the impacts of climate change on a neotropical forest in combination with 455 

forest management. We were able to (i) develop a parameterization for a forest model including management 456 

as well as soil water and temperature modules, and (ii) to evaluate important forest attributes (i.e., biomass, 457 

timber volume, and QMD) with a high degree of detail. 458 

Our simulation results support the conclusions of the IPCC for the specific case of a forest in French Guiana 459 

(IPCC, 2018). With moderate climate change (RCP 2.6: null anthropogenic CO2-emissions until 2100), the 460 

biomass and harvested timber volume remained almost constant compared to current climate conditions. Under 461 

current climate or RCP 2.6, we recommend limiting logging intensity to 3–5 commercial trees ha-1, with a 462 

minimum cutting threshold of at least 55 cm dbh and a minimum logging rotation cycle of 65 years. Such a 463 

strategy would help to prevent forest degradation in the long term (i.e., over several centuries). Moreover, we 464 

were successful in demonstrating the extent to which the volume of timber dropped from the second harvest 465 

onwards. Assuming intensive climate change (RCP 8.5), timber harvests decreased by approximately 40% on 466 

average over the next centuries, irrespective of the rotation cycle. For the RCP 8.5 scenario, we were not able 467 
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to identify a strategy to prevent the long-term degradation of biomass and timber harvests. Forest degradation 468 

was even accelerated when short logging rotation cycles were assumed. This implies, logging damages should 469 

generally be reduced as much as possible in order to maintain the carbon storage capacities of forests. 470 

The forests studied here are characteristic of the Guiana Shield (Guitet et al., 2018), an ancient geological 471 

formation in the northern part of South America. These are often dense and grow on very poor soils (Grau et 472 

al., 2017). This results in low tree growth, mortality, and recruitement rates (Piponiot et al., 2016). Simulation 473 

studies like this may help to facilitate decision-making processes, for instance, for REDD+ or certification 474 

systems. Thus, the innovative use of forest models will contribute to the development of economically and 475 

ecologically feasible forest management strategies in the context of climate change. 476 
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Tables 

Table 1: Overview about the simulation settings of the model parameters varied to develop 

the selective logging scenarios. Each single logging scenario was paired with all five climate 

scenarios developed. dbhmin: minimum stem diameter at breast height of the lower cutting 

threshold of commercial trees. 

Variable Unit Value 

Moderate logging:  

Rotation cycle a 65 

dbhmin cm 55 

Damages to the forest by falling trees - controlled 

Other logging scenarios based on moderate logging:  

Rotation cycle a {10, 20, 30, …, 100} 

Damages to the forest by falling trees - un-controlled 

 

Table 2: Overview about the simulation settings for the sensitivity analysis of temperature (T) 

and precipitation (P) altering climate factors individually. The amount of variation in T and P 

was added or subtracted from the daily values of the RCP 0.0 climate scenario. 

Variable Unit Amount of variation 

Set T 

ΔT °C 
{-1.0, -2.0, -4.0, 

1.0, 2.0, 4.0} 

Forest management - 
{moderate logging, 

unlogged} 

Set P 

ΔP  mm a-1 
{-25%, -50%, -75%, 

25%, 50%, 75%} 

Forest management - 
{moderate logging, 

unlogged} 
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