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��� ������� %�� ��� ������!� %�� %������� ��� ����� %���  �4��� %�� ����  ����� ��� ���

��%������������$���������������!��%����������!�!�������������!��%�!����M	��MQ�&�-��

�  ���%�� ���������������%���������$��������������$���:����������� ��������������%��

�������������!%������� �����*�������%����������� ��������%������������������������

�������� ��������� �����!������ *� ��� ����������� �4��� ��������� !�����

���%������ �������� %�� ��� ����!������� ����������������� ��MQ�&� 
�!��%�� %�������

���������������������� ����������������� J��������������� ������%��  !�����������

%����������� ��������K� ������ ����  �4��� ��� F���������� �  ���������G� ��� ���

F��������������� ���������G�����������������������������]���!�����$���������������

��$������������  !�������� ��� �������� ����� ���� ���� ����� ����� ���  ��� %��  �����

!%��������:��������������������������������������%�����%���������������������

����!�������� %���� ���� ���������� ���������������� ���� ������ �SS�&� 
�� ��������

 ���������� ������� ���� ����� ���� ��������� !%����� ��� ��� �������� %�� �����������

 �������� ��%� �!�� J������������� %�� ��� %�����!� %��� ������� !%������� %�� %�������

��#��� ��� %�� ��� ������� %�� �����!��� �$��%����� %��� ������� BK&� +����%����� �������

�!�!����������%������������������� ��%�������������������� �� !�%!���*�������������

������� ��� ���� ������*��!������ �����������������������!�����4������� ����������

 ����������%��������$�����������������J��������%���������������K��������$������������

����%�  !����!�������������������%�  !��������������� �4������������� ��%�����������

!��%���� %���� ��� ��������  �������� ��MU�&� 
��� �  ���� %��  ������ ����� ��� ������

�����!��*���������#����%�������� �4��������$����$�������]����%������!� ����������

������ ��� �� ��� %���� ������ ����� %��������� ��%!������� ��� ���� ��!������!��� �N��&�

+����%���� ����  �4��� ���� ��� �������� ���� ��������� H��������� ��!� ��� "�#����

J���������������� %���� ���@�%2�����K�� ���� !�!� ���� !��%�!��� ��� ����� �������� ���

�������� %�� "�#���� ��� %�� ��0��?����� �������� �]� ������ ����� $�������� �����

 !�����������M�&�

))#.#�#2 ��	����
��������
�
		����
�����������5������	��
��
������������������6�


�� %������!� %��� !���#������� ��#������ �� ������� !�!� !��%�!�� *� ���� !�������

!�����������������$��������������������*�������%����������������������%���������

%���������������$����%���������!����������!��������%!�����!���SS���	���L�&�
���

������������%��� ��������  �����������%�� ������ ������!�� J�&�&� '������� (��8���� ���

+�����'���$�!�����!��%�����������%�?������%��H���������%���� ����������%�����2

(������#K���������������O���%����  ����%��F������G������$����2�%���4���������!��%��

%�������������%����������������������%������� ����!��������%��+�����������!�%����

����������������J���29����$�K&�+�����!���������%�����%����������!�%��������������

����� ��� %�������� ���� ����������� ��%!���%����� %��� �  ���� ����� �SS��MS�� ���

�����!�!����������������!�������%����  ���������������� ��*� ��� �����������%�����

%���������%��������������*����%!����!��������������������%�����SQ�&�
�������������%��

���������������%�����������$���!��������������������������  ��� �����������4���

��!���*�%���!������������!���������������%������������%��!�!�!�������SQ�������

 ��!��������������%����  ����%�� �������������������&�0���!������������������  ���%��
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��� %��������� �����!�� ��� ��� ������������ %��� ���������!�� %��$���  �������� ����

��������!�������%�%�����!�����������!�������%�����$���������������QL���P2

��R�&� 
�� %���!��������� ?�������� %��������� ��� "�#����� �����%�� ����� ������ ����

��������%���!�����������!�!�������%���� �^����������������$�����*�������������

%�������������%�����%������������S2�	��&�+����  ��������������������4��������������

����!� *� ��!������� !�������� ������2����� %���  ��$���� ��������� %�� ��������� %���

��������%��$��������������		�&�

-��� !������ !��%�� ��� ��� !����� %�� ��� � ����������  ��������� ��� ���� �� ��%� %��

����  ���� ���%� *� %!������ ������������ %���� �����$��� �������������

��#���!�!������ ���  ����������� ��� ����� %��� ���������!��  ��������� ��#��������

��	L�&� +����%����� ��� ��� ������������� ���� �����!�!� ������ ��� �  ��� %�� ������

��������������������������������������������%������%���������#����������������

�����!�������� �!����� %�� ������� ��!����� ����%����� %���� ������ ����#��&� +��

������������� ������� %���� ����� ������ $���� ������� %�� ��� ����������� %����  ���

�  ��� %��  ����� ����� �������� ����� %����� ������� ��!������� ��!�� �����  ��������

����!����������������������&�


����������� %�� ��������� ��������� ��!�� *� ��� %���������� *� ��������� %�� ��!��������

%�������!�������� ����������  �������� ������#��� ������������ %��� �  ���� %�� �������

�	S��	P�&�,���������������%�  ������%���!�!����������������%����  ����%�����������%�����

������ �!�������� %��� ��������  ����������� *� ��� $���� ���� %�  !����&� '�� ���������

������2�����%�� ��$������$��%��������!��%�!����������������%��  ����*���� ����

������������������ ������������$���!��������������������������������1�!������%���

 �����������������������*����������������������!���%!��J%���#��������������

��� �!��������K� ����1�� ���� ��� %��� �  ���� %�� %��������&� ,��  ����� ��� %���������� %���

%�  !������!��������%��������������%�� ���%������!����������������  ���������&�

(�������!��������������������2!��������%2�������O��*��4���%�!������������������

��������%�� ���� ������������%�� ������%��  �A��� �$����� ���� ����������%�������$����

�  ����%���������NS�&�
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������������������%�����#��������2!�������%������������%��%������!���!�!��  ����!��

%���� ��� ��%�� %�� �������� %�� �������� ,9.8� J,9�����!� .����28������K� �����

	MML� ��� 	MMN� ��� ������#���� ��� ���� ����� ��� !����� %�� ������ ������ %�!��%���

�!�!%����������!��J'�������(��8�����+����������+�����'���$2.��������'���$K&�


*����������!���%������������%����������������������!��*������������!��������������

��� %!�������� ���� ��������� ���������� %�� H��������2��!� J7����� NK� ����� ����

�#��������� ���� ����� %!������� ��� ���� �!���%��� ���� ��� %!�������� ���� ���������

�����!�������������%�������������������&�
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���#%������������������%����!��%��%�����������������������%��!�%���������������
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�!���%���������������$���������������%�� ������ �����  ������������������������

%�  !������ !�������� %���� ��� ��%�� ���!���� %�� %!������������ ��������� %�� ���
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JS&�/����%2>������+��"������(������������=������"��+����=27�������&�H	K�KI����%������!����
��#������ ���  �4�� ��#������� 2� ������ ������� ����� 2� �������� l8���#�������
��������l&�.������������!�%���^8�����������&�NP��&�

NK&� "������ (� H	K�	I� '������� >�$������ :� �����!�������� ��� ����������� %��� ��$������
 ��������%��"�#���� 2�/������  ����� H�������%���Qe�	e	K�	I&��  ����@��������%���
7�4��&����JP���&�

N�&�>�����%�,(� H	KKOI������#������  �������� � ����"�����������%&���������  ������� � ����
"�����������%:��������� �������������%���A��%&�;������ �%�-X:�+0�9�'�$�������&�
��&��O2�SN&�

N	&����(������>��@�����+0��(�$�����,����������+��(�������/'�������&�H	K�JI�>#��%���������
�������0��?����������7���&�(�������JN	:�J	O&�

NJ&�.������=7��(�$�����,��'!�����.7��7����,��"��?���?�(�������&�H	KKSI�8��$����������%^����
������%�����������%^�$���%�����"�#����7��B����&�9/,&���&�OS&�
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NN&����(������>��(�$�����,��+�����������>��6���0�%������,��������%���=�������&� H	KKKI�0��
����#���� � � ����  �������� ������������ ��%� %������#� � � 0��?������  ������ �����%����
������� �����"������(����%&�=������� ���������8�����#��L:�QK�2Q	Q&�

NO&�.�����%�8���7��%��������/���������/=��
���?2"��?���?�"��.�������%��0�������&�H	K�NI�
.�F�%�#� %�������� ���������� � � 0��?���  ����� ��$���%�����#�  ��� ����%�������
��%�����������&�"��$���8�����#���%�����������#&�

NL&����F���.��.���������/0��%��7�������"0��"������=��>�  �����.�������&�H	KKLI�"��$���
$��%������#���������������������&���������J�J:�OQ2L�&�

NP&�X���"��.��F��=��,���������8��/��F������>��Xm���;�������&�H	KKOI�"��$������������ �������
%������#���%� ��������F��A��%��&�=������� �����������#�J	:���KP2���L&�

NQ&�'�����"��H�SSLI�9����%�����0��?����&�'�������������������������� �����/�#���(�����#�
�:������������(��������JO�:�Q	J2QJJ&�

NS&� ������ ,.�� ,��������� 8� H	KK	I� ���� "��$��� 	KK:� '����#� ����������  �� ���$���
�����������&�0������� �����.�������������������%��:��SS2		N&�

OK&����(������>��'������@+0��'���������
��+�����=��(�$�����,�������&�H	KKLI�+����������2������
�������� � � �����#� ���� ������������ ��%�  �������� ������ 0��?����&� @����� NNJ:�
NNN2NNP&�

O�&�7��%��������/��������
��'���������
����F���/��
�A���(
�������&� H	K��I�>�����2%�������
�������#�� ��������� ���������&����������������Q:��KQ�2��KL&�

O	&� 7������ (�� =������� .��� "���� .�� ��F�� �/�� .�������%�� .� 0�� ��� ��&� H	K�OI�
>#��%������������0��?������ �������$����#�����&�@���+������L&�

OJ&�>�����%�,(��"�����27���#�(��>����'�%�����(������>����A��6X�H�SSLI�0�������������
� � F��A��"������� ���$�� ����� ��%� ���� ����� ������� � � ����� %����������%��� ���%�
��?����%������������  ����#���������������� ���������������&�7�����8�����#���%�
.����������QJ:�SS2��L&�

ON&�(��������
��������������/��F��������X�H	KKPI�0���#�����$���������������������  ��� ���
0��?�������%���������� �������������������������������&�=������� �����������#�
JN:��JQQ2�JSS&�

OO&� >�������%� '�� ��� (������ >�� %�� "�������� ==�� +����������� >�� >�  � .� H	K�KI� (�������
�$��%������%����$��������%�%������#�����������%�������� ������������� �$���������
������������������"������&�������OS:�OS	2OSP&�

OL&�'���8��"������0�%����=8��(�$�����,��.������=27��'������@�������&�H	K�NI�0��������������
�������#���������������������#�����������������R�8�����#���%�8���������N:�NL	L2
NLJL&�

OP&� ��� (������ >� H�SSJI� '������� ��� �������� ����  ����� ��� "�#���&� ;����������� ����
@�������%�&:�-������-�������#&�

OQ&� ��� (������ >� H�SSQI� ���� ���� � �  ����� �������#� %����  �� �� @�������� '������%� 0���
(�����#����"�#���&����%������#�T�+�����������P:��NOP2�NQJ&�



�

QO�
�

�9�
9�"/0'>98�

OS&����(������>��>�����%�,(�H	KK�I�+�������������������%������#����%�%����$��������
������������ ��������"�#���&�8�����#�Q	:�J�SP2J	�	&�

LK&� ��� (������ >�� V��%����� "�� ��� (������ >� H	KKKI� 0� ��������#� ����#���� � � ����2������
 ����� �������#� %���� � � ���� "������ (����%&� '����� %������#� ��� "�#���� ;����
�������%�������  ����@��������'������%�0���(�����#������$���(������Q:�JO2
ON&�

L�&�%��"��������=2=�H	KK	I�.���������� ����������!�!������%��"�#���&�0����$����������������
�NS:�J�S2JJP&�

L	&�"��%�6��7�#����6��.������ =7������������ 9��������7�������&� H	K��I����%2��������������
������� � �  ����� ���%������ �#���� ��� ���� "������ (����%&� 9������������ =������ � �
0�����%�8�����$�����������%�"���� ���������J:�JOP2JLP&�

LJ&���%����.�H	KKJI�
�����$�!���������%����������%��$���%������� � ���������#�����&�
+�����������������������%����� �4����#������:�	�S2	JN&�

LN&� >�����%� ,(�� "��%� 6�� �����#� �%�� 7����� '2.�� ,�,���� �'� H	KKPI� +������ ��%�
������������� � � �� ��������  ����� ���%� ���� ��� ���� "������ (����%�� (����� 0�����&�
0.�9�:�0�=������� �����>�����8����������JL:�LL�2LPK&�

LO&�7���#�.��"��?���?�(��"����%�'��"������(��(�$�����,�H	K�	I�-��������������$���������
�%���!� ��� �������� ��#������ :� �������� ���!��� �������������� ������� ������ ���
����������������%������������R�9�:�6��������%���&�

LL&� ;�����F�� /=�� 0�n��� .��� =������ '�� 
�%��� /=�� ;������ =8�� ��� ��&� H	KKOI� +�����������
$���������#:��������������%��������&�,������#���%�%����$���������:�J2	J&�

LP&����������>�H	K�KI�0�%������#�� �$����%���������:���������������������������������A#&�
'��� �&� ,� ������ $���� %������#� ��� ��  �������� � � ������ ��%� ������ %������#&�
8������#�JJ:�	2		&�

LQ&�,�#�(��'��������/��+�������'��7�����.=��
����%��'�������&�H	K�	I�+�������#�������#�
��� ���� ���� � � ������������ ����������� �������� ����#���&� 8���������� .��������� Q	:�
	OP2	PO&�

LS&� ;�����F�� />� H�SLKI� 6���������� � � ���� (��F�#��� ����������� ������ ��%� +��� ����&�
8��������������������JK:�	PS2JJQ&�

PK&� =���� 
� H	KKPI� '����������� %������#� ����� ��%����%���� ������ ��%� $���� ����������&�
8�����#�QQ:�	N	P2	NJS&�

P�&�.�����8��V�����V��>!�������H	K�NI�����,�������������� �(�������#2����%�,������#�
��%����������+�������&�

P	&� '�������� /�� +������� '�� ,�#� (�� (�$����� ,� H	KKJI� +���������#� $��A���� �%��������
�������������%�%������#������������:��A������������ �������������������%���&�
8�����#�QN:�	N	2	O�&�

PJ&�+�������'��'!�������/�H	KKNI�0%%������������������� ���������%������#:���A�%������
������������%���%������%�����#���&���F����KP:�	�O2		�&�
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PN&� 
��%�� /� H�SSLI� (���������� ��%� ������������ � � �������� %������#�� ��%� ��������#� ������
��������������������&���F��:�O2�J&�

PO&�'��������/��+�������'�H	KKPI�0���������������%%������ ���A�F� ����������%������#�
��������������%�$���2%������#�����#���&�=������� �8�����#�SO:�	SN2JKK&�

PL&� 
����%�� '�� +o����� .� H	K�JI� ����� %������#� ��� ���� �������� � � ��������#� %���:�
%����������#����  ����������%������������&�8�����#���������L:�SO�2SLJ&�

PP&� .���?� 7�� +������� '�� /������ �/� H	KKQI� ����� ,������#� ��� (�������#� 9�������� @������
.�%���:�0�@�A�;�#����0������(�������.�������&�����0�������@����������P	:���L2
�	P&�

PQ&�+�������'��������(� H	KKOI�0��������?�%���������2$���%�  ���A�F�  �������2������
�%�������&�8�����#�QL:�Q	Q2QJN&�

PS&�/����%���� =��>�$$���� ('��8�������/(� H	K��I�����-�� ��%�@����������#�� ����%������#�
��%�����������#����0������&����%�����8�����#�T�8���������	L:�JNK2JNQ&�

QK&�>����������"&����������������������`��SOP&���&�N�O2N	�&�

Q�&��������,�H�SQ	I�/�������+�������������%�+�������#�(������&�H.�$2�PI:�'��������
-�������#�'����'���������@=&�

Q	&�>�%���"�H�SLKI�����������������������������������&����������J�:��	S	2�	SP&�

QJ&� +������� =>� H�SPSI� 9@�8/.8,90�82,9(�-/�0@+8� >G'��>8(9(&� (������� 	KN:� �JNO2
�JNO&�

QN&�.������=27��(�$�����,�H	KK�I�����,������#������������/����7�����:�0�6���%������� �����
9�����%�����,����$�����>#��������&�(�������	SN:��PK	2�PKN&�

QO&�>�$$����('�H	KK�I�����-�� ��%�@����������#�� ����%������#���%�����������#`�
�����
(0��>���>(���%����:�'��������-�������#�'���&�NNQ��&�

QL&�"�����,��+������+,������%���.��.������+�H	KKLI�/�������������������%���������#:�����
�����������#��������&�8�����#�
������S:�JSS2NKS&�

QP&� =�$��� 7�� 8������� /(�� +����� =�� H	KKQI� /����������� ������� ��������#� ��%���� ��%�
������������� �������:�����#���%�����������������&���F�����P:��JKQ2�J	K&�

QQ&� '����� ,� H�SSSI� 8��%�� %�� ��� %������!� ��������� %��� !���#�������  �������� ��#�����&�
@���#&��OO��&�

QS&�����������,��������=�H	KKJI�'����������%���������������������������� ������� �7�����
"�����&�/�����7��������7��������H@���#I�OO:�	LK2	P	&�

SK&�.����".��@����X��7�����0>�H	K�	I����%������#���%�����#������������:����������#��%�
�����������&����%�����������#�T�����������	P:��S2	L&�

S�&����������'��' ������0������������@��>��=(��@�F����?�F����������&�H	KKLI�C����� #����
�������%����� ��$��%������#��  ������������#����� �������������%��������&�8�����#�

������S:���NL2��OL&�
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S	&�>�����0���������/� H	KKPI����%������#� ��%�����#���������� �����������#&�@�����NNQ:�
�QQ2�SK&�

SJ&� 8�������� ��� 7��F�� +�� @#��p�� .�� '������� "�� ���������� =�� ��� ��&� H	KKJI� /��������
%������#�� ����#����� �������� ��%� ���������&� 7������� ��� 8�����#� ��%� ����
8�����������:�NQQ2NSN&�

SN&� ,�  #� =8� H	KKQI� ;�#� $��%������#� ��� ��������� ��� ����  ����������� � � ���2A��%�
����#�����&�7����������8�����#���%�����8����������P:�NJP2NNN&�

SO&�@��%���/������ �%�0��+�����?��/��7��������"����/8�������&� H	KKQI�"��$������������ �
����#����� �������� ��%� ������������ ��������&� '����%����� � � ���� @��������
0��%��#�� �(���������KO:�SNSO2SOKK&�

SL&� ��� ;�� V���� /�� ,���� G� H	K�NI� 7���%� �$����%� ������������� $��A���� $��%������#� ��%�
����#����� �����������%����������%�#���������������������������A���%���� ����&�
0���������������OO:��2P&�

SP&�0�%������=��0��A����'/��8����$�%�7���������+,��"��������(�� ��� ��&� H	KKSI� (�������
����������$��A����$��%������#���%����������#��������������������&� =������� �
0�����%�8�����#�NL:�QQQ2QSL&�

SQ&� +���� X.�� (��A� ./�� +������ ,/�� -�%�A��%� 8+�� ,���#� "+� H	KKLI� +�����������
��������� ������#������������&�'
�(������N:��JPS&�

SS&� @������ 8�� .��%�?�� "�� /����?� =�� '����F#� (�� ������� >�� ��� ��&� H	KKSI� .�%������ ���������
����#��������������$��%������#�������������������%��#���%����������%���%��  ��
������%������������&�7����������8�����#���%�����8����������P:�N2��&�

�KK&�"����%��.����?A��%�=��,��!%���(��%���'����>���%��.��%��(��?��.���%��9�������&�H	K�NI�
8���#����� �������� � � ���������� ��%� ������� ��� 0��?������ �������  ����:�
��������� �����%������%����&�
��%������������#�	S:�J��2J	Q&�

�K�&�.�����C� H	K�	I�8����������%��$�������� ���  �4�� �������������%�� :� '����������%���
��������%��� %���� ��� ��%!��������� %�� ��� %����$������ ��������� %�� ��� $�������� ���
"�#���� ��B����&�X����:�-���&�0��������"�#���&��PL��&�

�K	&�(�$�����,��"����%��.��'������.7��"���������=��"�%���.�������&�H�SSPI������� �������
� ����������������?������������� ����������%���������������������#�� ���"�������
���� ����&�'�����8�����#��J�:�Q�2�KQ&�

�KJ&� 7�#����6�� (�$�����,�� '����� ,�� 7�#� �� H	KKJI� ���� �� ������� � � ����� ��� �$��������
����������� ��� ����  ������ � � 7�����"�����:� ���� ������ ������ � � F��A��%��&� /�����
7��������7��B�����OO:�LK2PJ&�

�KN&�.�%�������+��'��������/��6�������"��.������ =7�� (�$�����,����� ��&� H	KKPI�.������#���%�
���������� ��� �� ��A���%� �������� ����  ����� � � 7�����"�����:� �  ����� � � ����� �#���
��%�������������%&�=������� ���������8�����#�	J:�	PP2	QP&�

�KO&�'��������/��,�#�(��(�$�����,� H	KK	I�;�����2����� �������������$��A���� ������������
���������� ��%� �#%��������� ����� ����������:� ��� �������� ��� 7����� "������
�����������%��������������������������������#���&�'�����8�����#��L	:��NJ2�OL&�
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�KL&� +������ 
� H	KKNI� '!%������� %�� �^����������� �#%����� %�� �� ���� ��� ���� ��������
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In this paper two geomorphologicmaps (landform level and landscape level) are presented covering
theFrenchGuianan rainforest (84,000km2) using full-resolutionShuttleRadarTopographyMission
(SRTM) data. The entire country was segmented into 224,000 landform units on the basis of an
original object-oriented approach using a modified counting box algorithm. A Principal
Components Analysis (PCA) followed by k-means clustering (Ward’s method) identified 12
different landform types corresponding to theoretical elementary landforms. The landscape map
was generated by analyzing the spatial distribution of the different landform types. The different
maps and models were compared with topographic field data collected on 92 transects totaling
260 km in length. The object-focused approach is a very efficient method that preserves
geomorphologic consistency and discriminates between landforms using simple descriptors that
are easily understood by non-geomorphologists. Despite major noise in the data, the landform
map proved to be reliable and provided a strong spatial structure for the definition of landscape
units. We recommend using the landform map at scales 1: 100,000–1: 250,000. Landscape map,
used on a 1:1,000,000–1:2,000,000 scale, enabled us to draw bio-geographical limits in this
region and provides exhaustive relief information that usefully supplements the geological map.

Keywords: geomorphology; geodiversity; rainforest; remote-sensing; SRTM; Guiana shield

1. Introduction

Geodiversity, defined byGray (2004) as ‘the natural range of geological, geomorphological and soil

features, (. . .) including their assemblages, relationships, properties, interpretations and systems’ is

one of the key components that explain biodiversity at different scales in both temperate and tropical

areas (Nichols,Killingbeck,&August, 1998; Parks&Mulligan, 2010).Geomorphodiversity, which

is part of this geodiversity, andwas defined by Panizza (2009) as ‘the critical and specific assessment

of the geomorphological features of a territory’ can therefore be used as a biodiversity indicator for

the management of natural areas or for regional planning, in addition to geological data. Geomor-

phology remains underused in tropical countries, mainly because geomorphologicmaps are difficult

to produce at a regional scale due to the extended forest cover, insufficiently accurate geological and

topographical data, cloud cover on satellite images, and poor field accessibility for data collection

# 2013 ONF

∗Corresponding author. Email: stephane.guitet@cirad.fr

Journal of Maps, 2013

http://dx.doi.org/10.1080/17445647.2013.785371

D
o
w

n
lo

ad
ed

 b
y
 [

st
ep

h
an

e 
g
u
it

et
] 

at
 1

3
:3

2
 2

3
 M

ar
ch

 2
0
1
3
 



and validation. This is particularly true in vast forest areas that consist of gently undulating relief

such as the Guiana shield and the Amazon and Congo basins where local and continental geomor-

phologic information is lacking (Sombroek, 2000).

At the request of the French Guiana public forest manager (ONF: Office National des Forêts)

we produced two geomorphologic maps covering the entire country (84,000 km2) using full-res-

olution Shuttle Radar Topography Mission (SRTM 1 arc sec ≏ 30 m) data (see Main Map). The

first, a landform map, considers relief forms at the mesoscale using the Dikau taxonomical hier-

archy (Dikau, 1990), i.e. mesoforms of about 106 m2. The second, a landscape map, considers

relief-form associations at the macrorelief scale in the same taxonomy, i.e macroforms of about

109 m2. The purpose of generating these maps is to evaluate the geodiversity of natural areas

that are potentially threatened by mining activities and require protection by law.

2. Study area

FrenchGuiana is located in the easternGuiana Shield between theOiapoque andMaroni rivers. The

soils on this ancient, heavily eroded Precambrian shield (more than 1.9Gyr old) are highly evolved,

thick and chemically poor (Ferry, Freycon, & Paget, 2004). They have developed on volcanic, plu-

tonic and metamorphic materials of the Paleoproterozoic age that are spatially organized in succes-

sive belts parallel to the Atlantic coast and to the rear of younger coastal sedimentary formations

(Delor et al., 2003). The country’s relief may be described as fairly flat, rarely exceeding 200 m,

slightly tilted to the north-east, and dissected by an extremely dense network of rivers (Filleron,

Le Fol, & Freycon, 2004). This monotonous area nevertheless features some isolated hills and

inselbergs, with both tabular and linear relief. Most of these feature in three mountain chains

that are parallel to the coast and frame three planer areas (see Paget, 1999 in Figure 3): (I) in the

southern Tumuc Humac massif, inselbergs such as Mitaraka Mount reach an altitude of more

than 650 m – detailed accounts of the geomorphology and geology of rock outcrops in this area

are provided by Hurault (1963); (II) in the southern peneplain, rivers flow from the south

through typical ‘demi-orange’ relief (Gruau, Martin, Leveque, Capdevilla, & Marot, 1985;

Teixeira, Taasinari, Cordani, & Kawashita, 1989); (III) the Inini-Camopi Massif corresponds to

the highest (up to 830 m) and is associated with river network deflexion to the east and west;

(IV) the Central Massif (also called the central peneplain) runs from north of the fourth parallel

to theNorthern chain (V) and is associatedwith volcano-sedimentary rock often covered by lateritic

duricrust that protect the highest relief of about 500m (Choubert, 1957); and finally (VI), the coastal

area which is a 15- to 20-km strip of lowland characterized by enlarged flat wetlands between

lowered multiconvex reliefs. Inland areas are covered by almost continuous tropical rainforest

that is one of the last of its kind to be almost undisturbed by recent human activity (Hammond,

2005). Natural habitats show slight variability and high species diversity, including 1600 tree

species according to most recent estimates (Molino et al., 2009). The tree community is conse-

quently complex, often with more than 150–200 species per hectare (Sabatier et al., 1997).

Previous studies of the geomorphology of French Guiana mainly considered the local scale

(Filleron et al., 2004; Paget, 1999). The only regional study (Boyé, Brasseur, Réaud, Cabaussel,

&Menault, 1979) was based on an expert approach and the corresponding report does not provide

any methodological details on the geomorphologic classification employed.

3. Material and methods

3.1. Landform mapping

The landform map was computed from full-resolution SRTM data produced by NASA (Farr et al.,

2007). As forest canopy height shows only small natural variations compared to the vertical

2 S. Guitet et al.
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accuracy of the data (Bourgine & Baghdadi, 2005), we used this derived digital elevation model

(DEM) as a digital terrain model (DTM).

The entire country was segmented into 224,000 landform units using a novel object-focused

approach based upon a modified counting box algorithm. The landform is the central object in

our geomorphologic characterization and is defined as an interfluve bounded by relatively low-

lying areas (thalwegs, passes and saddles) and organized around a more or less salient ridge-

line. These high and low structuring lines are identified by computing local fractal dimensions

(Shen, Zhou, Li, Shen, & Yang, 2001). By applying an appropriate multiplication factor to the

DEM, this method tends to represent a theoretical convex relief as linear patterns in a cube-

liked window, corresponding to a fractal dimension of less than 2, whereas theoretical

concave relief tends toward a fractal value of 3 (Taud & Parraut, 2005). A threshold value

is then calibrated to delineate landform unit boundaries. This calibration is based on previous

manual segmentation (2007–2008) for purposes of a forest management plan. This huge train-

ing area (27,135 km2) enabled us to calibrate the multiplication factor (100) and the fractal

value threshold (2.75) using a map-curve test (Hargrove et al., 2006), a ROC-curve test

(Sing, Sander, Beerenwinkel, & Lengauer, 2005) and a visual comparison. Seventeen topo-

graphic descriptors are computed for each landform unit. These include classical descriptors

such as size, elevation [minimum, maximum, range], slope [mean and standard deviation]

and a wetness index [hydromorphic area rate], but also novel descriptors describing landform

per percentile slices and detailing shape complexity [gravilus coefficient for highest and lowest

slices], vertical shape [elevation between different slices], flattening [ratio of flat area (slope ,

5%) for highest slice], plan shape [area ratio between different slices]. A Principal Components

Analysis (PCA) was performed on the landforms and PCA scores were subjected to k-means

clustering (Ward’s method) to identify 12 different landform types corresponding to the theor-

etical elementary landforms.

3.2. Landscape mapping

The landscape map was generated by analyzing the spatial distribution of the different landform

types. This analysis was conducted in five steps. First, the territory was manually segmented by

an expert, based on the landforms’ spatial distribution, i.e. boundaries were drawn around

regions considered to be homogenous based on repeated patterns or dominant types, and

thus defining relief units, also called regions. In a second step, 3 local indices were computed

from the landforms map on 1.5 × 1.5 km sliding windows: (i) the Shannon-Weaver index indi-

cating local diversity of the landform types; (ii) the contagion index indicating the aggregation

level of the landform types (McGarigal, Cushman, Neel, & Ene, 2002); and (iii) the majority

index indicating the local dominant landform type (O’Neill et al., 1988). Thirdly, each bound-

ary in the manual segmentation was compared with spatial distributions of the 3 indices for

validation. If an inconsistency was noted, the regions’ segmentation was canceled or modified

in accordance with the spatial variability of the indices. Then, another Principal Components

Analysis was performed with 14 variables computed for each region (average Shannon-

Weaver index, average contagion index and relative proportions of the 12 different types).

Based on these results, a Hierarchical Cluster Analysis was used to assign a natural landscape

type to each unit. Finally, permutation tests were used to compare landform type frequencies in

the different landscapes with a neutral hypothesis and considering the relative proportions of all

types in order to highlight significant relations between landscape categories and landform

types.

The entire process has been summarized in a work chart (Figure 1) and an extract of the result-

ing landforms map is shown (Figure 2 and Main Map).
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3.3. Validation

The different maps and models were compared with topographic field data collected on 92 transects

totaling 260 km in length. These data, including natural habitat descriptions, topographic profiles, and

soil types, were collected at 24 sites across FrenchGuiana and thus reflect its geographic and ecologi-

cal variability (Figure 3). Habitat descriptions were used to validate the hydromorphy index. Slope,

elevation and topographic position occurrence measured on the transects were used to interpret land-

forms and landscape classes. AGarmin global positioning system receiver (60CSX)was used to geo-

locate the data. Slope angles and distances were measured using a Vertex laser rangefinder.

4. The geomorphologic map

The object-focused approach is a very efficient method that preserves geomorphologic consist-

ency and discriminates between landforms using simple descriptors that are easily understandable

Figure 1. Work chart.

4 S. Guitet et al.

D
o
w

n
lo

ad
ed

 b
y
 [

st
ep

h
an

e 
g
u
it

et
] 

at
 1

3
:3

2
 2

3
 M

ar
ch

 2
0
1
3
 



Figure 2. The three steps in landform mapping (current map).

Figure 3. Field-site location and main geographic regions from Paget (1999).
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Table 1. Landform type main descriptors (mean + standard deviation) and interpretation.

Type
Size
(km2)

Altitude range
(m)

Altitude base
(m)

Hillside slope
(%)

Uphill flattening
(% area)

Hydromorphic Index
(% area)

Number of
landforms Description of type

1 >0.5 40–60 60–150 10–15 10–30 ,40 23 819 Large-size flattened relief
3 <0.5 <20 0–100 0 60–100 50–100 5 777 Small-size and flat wetland (very

similar to 11)
4 <0.5 40–60 0–100 15–22 <10 ,40 33 223 Small-size rounded hill
5 <0.5 40–60 100–200 12–20 10–30 ,40 35 330 Small-size flattened hill
6 ,0.5 20–35 90–170 7–15 15–45 20–50 18 587 Lowered half-orange
7 >1 100–150 70–200 .20 ,10 ,40 6 458 Large-size and high hill
8 >2 >150 70–200 .20 ,10 ,40 1 101 Very large and high hill to

mountain
9 ,0.5 25–40 40–100 10–15 10–20 20–50 36 195 Half-orange (typical)
11 <0.5 <20 0–100 0 60–100 50–100 2 946 Small-size and flat wetland (very

similar to 3)
12 ,0.5 20–30 0–100 5–9 20–60 40–80 14 078 Wet hillock (low base-level)
13 ,0.5 20–30 100–200 7–12 20–60 20–60 18 673 Wet hillock (high base-level)
14 >0.5 10–40 0–100 0–5 60–100 50–100 4 424 Large-size flattened and wet

relief
15 >0.5 60–90 60–150 15–25 <10 ,40 23 705 Large-size and rounded hill
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by non-geomorphologists: horizontal and vertical dimensions (size and range), landform position

relative to the regional base level (base altitude), vertical profile (mean hillside slope and uphill

flattening) and drainage density (hydromorphic rate).

The main descriptors used for landform interpretation are given in Table 1 and Figure 4.

Despite substantial noise in the data due to the small size of the landform units, discretization

of variables in percentiles and relatively poor accuracy of the DEM, the landforms map obtained

is consistent with previous expert-based descriptions (Boyé et al., 1979; Choubert, 1957). Its

strong spatial structure (Moran index: z-score 123.47 – p-value ,0.001) provided a solid

basis for the definition of landscape units (called regions).

The landform type distribution analysis resulted in the identification of 82 regions. The Hier-

archical Cluster Analysis then classified these into 12 landscape types that were subsequently

grouped into five main categories based on Migon (2009) typology as they predominantly devel-

oped on crystalline rock: plain landscapes (AA, AB, AC); typical multi-convex landscapes (B, I,

J); multi-concave and joint-valley landscapes (C,D); more or less dissected plateaus (E,F,G) and

all-slopes topography (H).

Landform types 7 and 8, which were spatially correlated and frequently associated with type

15, corresponded to the highest relief (.100 m) and fit with landscape type H. These ‘small

mountains’, found on ultra-basic to alkaline vulcanite in the northern part of French Guiana,

are usually capped by lateritic soils on their summits, protecting them from erosion. They also

include the highest chain of inselbergs that runs toward the southern boundary and prolongs

the backbone of the Tumuc-Humac region. Table 2

Very flat landforms (types 11, 14, 3 and 12) are mostly found in the coastal region and along

the main rivers. They include large marshy or swampy areas, and seasonal-flood terraces. They fit

with the old coastal plain landscapes (type AA, AB, AC).

Figure 4. Box-plot of the six main landform descriptors (mean + standard deviation): size, altitude range,
altitude minimum, uphill flattening, hillside slope, hydromorphic area rate.
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Table 2. Landscape descriptions and significant relations with landform type (bipartite permutation-test: ++ p . 0.99, + p . 0.95, – p , 0.01, p , 0.05) in
gray the closest relation (resulting from Discriminant Analysis).

Code Landscapes short description
Landscape type based on Migon

typology (2006)
Significant association with landform types

14 3 11 12 9 4 1 13 6 5 15 7 8

AC Coastal flat plain Plain ++ ++ ++ ++ 22 22 22 22 22 22 22 22 22

AA Coastal plain with low reliefs Plain with residual hills ++ ++ ++ ++ 22 22 22 22 22 22 22 22 22

AB Plain with residual reliefs (back-
coastal)

Plain with residual hills ++ ++ ++ ++ ++ 22 22 22 22 22 22 22

C Low hilly area and large valley (Low) joint-valley landscape 22 ++ ++ ++ ++ ++ 22 2 22 22 22 22

B Complex hilly area Hilly multiconve × landscape ++ + ++ ++ ++ ++ 22 2 22 ++ ++ 22

J Regular pattern hilly area Hilly multiconve × landscape 22 22 22 22 ++ ++ ++ 22 ++ 22 ++ 22 22

I Peneplain with moderate hill Hilly multiconve × landscape 22 22 22 ++ ++ ++ ++ ++ ++ 22 22 22 22

D Inland plain (Close) multiconcav landscape 22 2 ++ 22 22 ++ ++ ++ ++ ++ 22 22 22

E Moderate plateau with inselberg Plateau 22 22 22 22 22 ++ ++ ++ ++ ++ 22 22

F Hilly plateau with inselberg (Dissected) plateau 22 22 22 22 22 22 ++ + ++ ++ ++ ++ 22

G High dissected plateau Dissected plateau 22 22 22 22 ++ ++ 22 22 22 ++ ++ ++ 22

H High hill and ‘mountain’ All-slopes topography 22 22 22 22 22 ++ 22 ++ ++ ++ ++ ++ ++
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Landform type 13, which is slightly undulating, was found to be located inland, especially in

the ‘Waki’ basin, a major network of rivers surrounded by very high relief. It forms a novel region

(type D) corresponding to a rare, multi-concave landscape that has not been described in the past

in French Guiana, and which could indicate the presence of a large eluvial system (i.e. residual

deposit after fine weathering products have been washed away).

Landform types 1 and 15 are fairly common and appear to correspond with large and complex

forms similar to plateaus and large hills, whereas types 4, 5, 6 and 9 are associated with simple and

smaller forms similar to the typical half-orange and resembling a hill shape. Regarding the relative

proportions of these types, different landscape types were distinguished in Guiana’s large central

massif: (a) more or less elevated and dissected plateaus [E, F, G] in the eastern and southern part –

(b) smaller and very dissected multi-convex landscapes [B, I, J] in the western and northern part –

(c) and occasionally joint-valley landscapes [C] corresponding to an intermediate form in contact

with the coastal plain. Spatial and temporal variability in weathering dynamics appears to be a key

factor in explaining this landform grading (Thomas, 2006), but this hypothesis needs validation.

5. Conclusions

Thanks to their special design, these two maps are understandable on different scales by non-geo-

morphologist users, particularly foresters, managers, and other planning stakeholders who need

simple indicators in their efforts to take account of geodiversity. These GIS data can also be

used as an efficient explanatory factor in ecological research, as demonstrated in a companion

study using floristic and faunal data collected on the same field transects (Richard-Hansen

et al., 2010).

Given the noise in the original data (that represent the canopy, not the ground), and given the

additional noise introduced in the various stages of the analysis, we recommend using these land-

form maps at scales in excess of 1: 100,000–1: 250,000, not for local studies (i.e. at scales of 1:

50,000 or less). The landscape map based on the landforms analysis should be used on a

1:1,000,000–1:2,000,000 scale. This has enabled us to draw biogeographic limits in this

region and provide exhaustive relief information that usefully supplements the geological map.

These new data are of considerable value in evaluating the efficiency of the current network of

protected areas in French Guiana, and may also serve to guide ongoing ecological surveys

(ZNIEFF inventories).

Software

Landforms were computed using Esri ArcGIS. The landscape analysis was performed using Frag-

stat v2 (McGarigal et al., 2002) and all statistical analyses were performed using R1.9 (http://

www.r-project.org/).
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a b s t r a c t

Analyses of tree diversity and community composition in tropical rain forests are usually based either on

general herbarium data or on a restricted number of botanical plots. Despite their high taxonomic accu-

racy, both types of data are difficult to extrapolate to landscape scales. Meanwhile, forestry surveys pro-

vide quantitative occurrence data on large areas, and are thus increasingly used for landscape-scale

analyses of tree diversity. However, the reliability of these approaches has been challenged because of

the ambiguity of the common (vernacular) names used by foresters and the complexity of tree taxonomy

in those hyper-diverse communities.

We developed and tested a novel approach to evaluate taxonomic reliability of forestry surveys and to

propagate the resulting uncertainty in the estimates of several diversity indicators (alpha and beta

entropy, Fisher-alpha and Sørensen similarity). Our approach is based on Monte-Carlo processes that

simulate communities by taking into account the expected accuracy and reliability of common names.

We tested this method in French Guiana, on 9 one-hectare plots (4279 trees – DBHP 10 cm) for which

both common names and standardized taxonomic determinations were available. We then applied our

method of community simulation on large forestry inventories (560 ha) at the landscape scale and

compared the diversity indices obtained for 10 sites with those computed from precise botanical

determination situated at the same localities.

We found that taxonomic reliability of forestry inventories varied from 22% (species level) to 83%

(family level) in this Amazonian region. Indices computed directly with raw forestry data resulted in

incorrect values, except for Gini–Simpson beta-diversity. On the contrary, our correction method pro-

vides more accurate diversity estimates, highly correlated with botanical measurements, for almost all

diversity indices at both regional and local scales. We obtained a robust ranking of sites consistent with

those shown by botanical inventories.

These results show that (i) forestry inventories represent a significant part of taxonomic information,

(ii) the relative diversity of regional sites can be successfully ranked using forestry inventory data using

our method and (iii) forestry inventories can valuably contribute to the detection of large-scale diversity

patterns when biases are well-controlled and corrected.

The tools we developed as R-functions are available in supplementary material and can be adapted

with local parameters to be used for forest management and conservation issues in other regional

contexts.

Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction

The conservation of biodiversity is one of the major challenges
in tropical rainforests (Koh and Sodhi, 2010). To progress in this
direction, policy makers and forest managers need practical tools
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to highlight future protected-areas where conservation issues
should have priority. Even though genetic diversity represents a
fundamental component of biodiversity (Moritz and Faith, 1998),
estimating species diversity, i.e., detecting richest or very original
(i.e., dissimilar) communities, remains the most tractable method
to achieve this objective (Myers et al., 2000).

Clearly, a complete census of biodiversity, including different
plants and animals groups, is usually impossible for almost any
operational project especially in mega-diverse regions (Landeiro
et al., 2012). Instead, practical biodiversity indicators have often
been proposed, based on a single group or on a reduced subset of
surrogate study groups (Kessler et al., 2011) or on a simplified
para-taxonomic assessment (Basset et al., 2004). Among these
indicator-groups, tree composition data are widely collected in
tropical forests and as a consequence are frequently used for large
scale diagnostics (e.g., ter Steege et al., 2006, 2013; Stropp et al.,
2009). Moreover, even if tree species communities probably do
not provide the most efficient surrogate for overall biodiversity
(Kessler et al., 2011), most of assessments about biodiversity in
tropical forest are already made with tree species communities,
given their clear linkages with at least some other taxonomic
groups and with important ecosystem functions such as primary
production. . .. Nevertheless, even for tree communities, installing
botanical plots and collecting vouchers in tropical forest requires
fastidious and expensive fieldwork, in addition to the contributions
of a limited number of taxonomists (Baraloto et al., 2013). There-
fore, as well as for the other biological groups, tree communities
data are mostly limited to forest sites intensively monitored for
research purposes and rarely replicated or applied on operational
scales for forest management, i.e., hundreds or thousands of
hectares (Kessler et al., 2011). As a result, practitioners and manag-
ers have to find alternative methods like ‘‘rapid assessments’’
(Higgins and Ruokolainen, 2004), to evaluate tree diversity and
changes in community composition at larger scales.

Large scale forestry surveys based on common names from ver-
nacular sources represent a promising source of data to estimate
trees’ diversity because of their large coverage and low cost (ter
Steege et al., 2000). Forestry surveys have already been used in var-
ious contexts to investigate community originality (beta-diversity)
and local diversity patterns (alpha-diversity) at both continental
and regional scales (e.g., ter Steege, 1998; ter Steege et al., 2006;
Rejou-Mechain et al., 2008; Emilio et al., 2010; Fayolle et al.,
2012; Moscoso et al., 2013). However, the reliability of these
approaches is rarely evaluated, despite the ambiguity of the com-
mon names used by foresters and the complexity of tree taxonomy
in tropical forests (Lacerda and Nimmo, 2010; Gomes et al., 2013).
For example, in Central Africa, the reliability of commercial inven-
tories was estimated to be lower than 62% for species rank and 76%
for family rank (Rejou-Mechain et al., 2011). In Amazonia, to eval-
uate tree diversity and distribution patterns, some authors have
assumed that more than 95% of trees in forestry surveys are
correctly identified to genus rank (ter Steege, 1998; ter Steege
et al., 2006), whereas other authors measured that less than 80%
of trees can correctly be identified at this rank (Hawes et al., 2012).

Throughout the tropics, common names used in forestry sur-
veys mix different local languages and dialects. Whatever their ori-
gin, these vernacular names are generally related to traditional
uses and to physiognomy but rarely to taxonomical criteria
(Oldeman, 1968; Rollet, 1980; Kvist et al., 1995; Wilkie and
Saridan, 1999). Despite this intrinsic heterogeneity, the common
nomenclatures have been empirically and gradually normalized
by local forest services to refine commercial inventories and espe-
cially for national scale surveys facilitated by FAO since the 1970s
(Clément, 1978). Modern forestry surveys therefore include valu-
able taxonomic information to address production issues (com-
mercial volumes, biomass) and to examine floristic composition

(Couteron et al., 2003; Rejou-Mechain et al., 2011). Nevertheless,
errors and biases need to be better understood in order to control
uncertainties associated with these kinds of data. This is especially
true in Amazonia where species are often lumped or, on the con-
trary, split in parataxonomic nomenclatures used by communities
and foresters. For example in Acre only 50% of the common names
are unique to a single taxonomic species (Baraloto et al., 2008). A
simple method that could correct these errors and these biases
would be very useful to improve biodiversity measurement by
integrating forestry inventory data with true taxonomic surveys.

French Guiana is a particularly favorable context to study this
issue for Amazonia and to develop this kind of approach (e.g.,
Aubry-Kientz et al., 2013). The tree flora is quite well-known due
to a high collecting effort (Haripersaud et al., 2010; ter Steege
et al., 2013). Despite this effort, the geographical coverage of exist-
ing botanical plots network remains insufficient to perform a clear
practical mapping of floristic composition. On the other hand,
several broad scale forestry surveys are available to complete this
network (Brunaux and Demenois, 2003). Moreover, forest nomen-
clature in French Guiana shares part of its origins with other
Amazonian nomenclatures (Hammond et al., 1996) and its study
can therefore provide a basis for a larger regional standardization
effort.

Here we integrate large scale forestry and botanical inventory
data with a novel modeling approach to address three questions:
(1) what is the taxonomic reliability of the information contained
in the common nomenclature used by foresters in this Amazonian
region, (2) what are the resulting uncertainty and bias in the
estimates of several diversity indicators using forestry surveys at
different scales and (3) can we correct estimates of tree alpha and
beta diversity from forestry surveys using appropriate statistical
methods?

2. Material and method

2.1. Study area

French Guiana covers 85,000 km2 in the East of the Guiana
Shield, between the Brazilian state of Amapa and Suriname. Alti-
tude generally ranges between 0 and 200 m a.s.l (mean 140 m)
with few mountainous peaks exceeding 800 m. Climate is equato-
rial with annual rainfall ranging from 4000 mm in the Northeast to
2000 mm in South and West, and a mean annual temperature of
about 26 °C. The number of consecutive months with less than
100 mm precipitation (dry season) varies from 2 in the North to
3 in the South with high inter-annual variations. Evergreen rainfor-
est covers more than 90% of the country. The last checklist of trees
species (including palms) of French Guiana reports 1581 species
from 391 genus and 80 families (Molino et al., 2009). Alpha-diver-
sity of tree communities in northern French Guiana is reputed to be
among the highest of the Amazonian region with 10% of all Amazo-
nian species occurring in the 1.3% of surface area represented, and
a Fisher’s alpha value about 180, far above other eastern Amazo-
nian regions (ter Steege et al., 2003; Saatchi et al., 2008).

2.2. Floristic data

Weused four floristic datasets: (i) 30 forestry surveyswith floris-
tic determination according to common names localized on the
whole French Guiana as shown in Fig. 1 and detailed in supplemen-
tary information (Table SI1), (ii) a taxa-abundances table provided
with the checklist of tree species (Molino et al., 2009) and derived
froma largephyto-ecological network scatteredover FrenchGuiana,
(iii) a subset of 29 one-hectare botanical plots (100 m � 100 m)with
taxonomic determination localized close to our forestry surveys
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Fig. 1. Forestry surveys and botanical plots location in the main Guianese landscapes.
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(Fig. 1) and (iv) a subset of 9 one-hectare reference plots
(100 m � 100 m) with both common names and taxonomic deter-
mination for all trees (Fig. 1).

1. Forestry surveys have been collected during 2006–2012 by
ONF’s (French National Agency) fieldworkers whose main activ-
ities are pre-harvesting commercial inventories. Ninety-eight
line-transects (2.5–3 km long per 20 m large) were inventoried
in 30 sites which are homogeneous from a landscape point of
view (Guitet et al., 2013) and representative of environmental
gradients and vegetation diversity, from low-statured white-
sand forests to high-statured terra Firme forests. All trees
(including palms) with diameter at breast height (1.3 m; here-
after DBH) above 17.5 cm have been measured and floristic
determinations have been assigned using common names
(detailed in Supplementary Information – Table SI2). The data-
set encompasses 108,650 trees from a total area of 560 ha and is
used to estimate diversity indicators at a regional scale (i.e., one
site represents about 30 km2). The common nomenclature used
by foresters in French Guiana gathers more than 500 different
vernacular names that derived from two main languages:
‘‘Nengue tongo’’ and ‘‘Créole’’ vernacular (Oldeman, 1968).
The correspondences between names and taxonomy were first
studied fifty years ago, and revealed many synonyms (Bena,
1960). During the 1970s, nomenclature has been simplified
and normalized to analyze large-scale commercial inventories
that required homogeneous data for analyses (Valeix and
Mauperin, 1989). As a result, many rarely used names were
lumped into more generic and common names. Since this time,
common nomenclature continues to change with empirical
practices and botanical observations, sometimes adding new
names relating to species that are deemed easy to recognize,
or pointing out fuzzy and inconsistent relationship especially
in very large and complex families (e.g., Lauraceae, Sapotaceae
and Annonaceae). The current list contains 243 common names.

2. The taxa-abundances table was derived from a phyto-ecological
plot network gathering 75,000 inventoried trees, partly included
in the Amazon Tree Diversity Network (Molino et al., 2009). As it
proved to be one of the most intensive botanical network in the
region and spread over almost the whole territory (ter Steege
et al., 2013), we assumed this abundance table is representative
of our regionalmeta-community. However, as 493 very rare spe-
cies of the checklist had no record (N = 0, i.e., species known
from French Guiana but not recorded in the phyto-ecological
plots), we added them a residual weight (w < 1).

3. The 29 one-hectare dataset was obtained by selecting among
botanical plots (100 m � 100 m and DBHP 10 cm) included in
ATDN for French Guiana, those situated close to our forestry sur-
veys (i.e., <12 km) and on the same landscape type (Supplemen-
tary Information – Table SI1). This subset provided true diversity
measurements to compare with the diversity estimates from
forestry surveys at operational scales on 10 of our study sites.

4. The 9 reference plots dataset come from one-hectare plots
(100 m � 100 m) on seven sites laying in the main forest land-
scapes (Supplementary Information – Table SI1) but localized
in the more accessible Northern region of French Guiana. This
dataset gathers both common and botanical names for 4279
trees with DBHP 10 cm in 100 m � 100 m plots, determined
independently during two separate field-missions, except in
one case (plot PARM). It is used to test the taxonomic reliability
of common names. Five of these plots are located close to large
forestry surveys and are also included in the 29 botanical plots
dataset.

The family and genus classification follows the Angiosperm
Phylogeny Group III findings (APG III, 2009).

2.3. Process to estimate diversity with forestry surveys

Our method is based on the simulation of species occurrence
tables. Using a Monte-Carlo scheme we simulate different types
of determination errors in forestry surveys, taking into account
the taxonomic accuracy of common names. Fig. 2 summarizes
the computation process in four steps: (1) formatting nomencla-
ture used in forestry surveys to define the expected taxonomic
accuracy of common names, (2) computing taxonomic reliability
of the common names taking into account the expected taxonomic
accuracy, (3) propagating uncertainty in diversity estimates
through simulated communities and (4) computing different diver-
sity indices (i.e., alpha and beta entropy, Fisher-alpha and Sørensen
index) and validating the estimates with botanical data.

Step one: formatting nomenclature used in forestry surveys

We based our approach on the most recent reference list (ONF,
2004) updated with recent observations (see Supplementary Infor-
mation – Table SI2). This list contained 243 common names corre-
sponding to one or several botanical species in the French Guiana
checklist. Then we classified common names into four groups (g)
of accuracy, according to their correspondence to botanical taxa
of the French Guiana checklist: 138 names (g = 1) corresponding
to one species, 92 (g = 2) corresponding to multiple species within
a single genus, 12 (g = 3) corresponding to multiple species from
different genus in the same family. Other names without any
precise taxonomic determination (g = 4) are considered as
‘‘unknown’’.

Step two: computing the taxonomic reliability of common
names

We used the 4279 trees sampled on the 9 reference plots data-
set to compute the taxonomic reliability of the common names, i.e.,
the probabilities that the species, genus and family expected from
the common name given by foresters are the ones indicated by the
botanists. We noticed Pt(g) the probabilities of a determination error

at a given taxonomic rank t (1: for species, 2: genus and 3: family)
for each group of common names g and approximated these
probabilities by the corresponding frequencies of each event in
our dataset. This yielded four triplets (P1(g), P2(g), P3(g)) for species,
genus and family ranks respectively, with P1 > P2 > P3. The
taxonomic reliability can then be defined as 1ÿPt(g) according to
taxonomic ranks and accuracy groups.

To highlight factors that could influence the error values, Pt(g)
has also been calculated for different sub-categories of trees
considering their accuracy (groups), their location (plots) and their
DBH class. Differences between sub-categories were investigated
using linear regression models and ANOVA after verifying assump-
tions of normality using Bartlett test.

Step three: propagating uncertainty in diversity estimates
through simulated communities

At this stage, we simulated community samples using the for-
estry surveys as input and applied a Monte-Carlo process taking
into account the expected accuracy and reliability of common
names (Pt(g)). First, for each tree i of the forestry survey, with a
common name included a group gi, we sample pi in a uniform
law U [0, 1] and compare it to the Pt(gi) triplet to simulate a deter-

mination error. Then, once the type of error was determined, we
sampled a random species within the corresponding subset of
the taxa-abundances table, using the relative abundance of each
species (i.e., Nspecie/RNsubset in taxa-abundances table) as species
probability-sampling, as follows:

S. Guitet et al. / Forest Ecology and Management 328 (2014) 270–281 273



– If pi 6 P3(gi) (i.e., error extra-family), we sampled in the
restricted list of species from a different family from what
was expected for the common name of tree i; obviously, in
the particular case when name of tree i was included in group
4 (‘‘unknown’’), we sampled in all the checklist.

– If P3(gi) < pi 6 P2(gi) (i.e., true family but false genus), we sam-
pled in the restricted list of species from the same family but
a different genus from what was expected for the common
name of tree i.

– If P2(gi) < pi 6 P1(gi) (i.e., true genus but false species), we sam-
pled in the restricted list of species that were different from
what was expected for the common name of tree i but in the
same genus.

– If P1(gi) < pi (i.e., true species) then we used the expected species
for the common name of tree i.

In some particular cases, intra-genus error and intra-family
error were actually not computable (species alone in its genus or
genus alone in its family). To simplify the model we decided in
these cases to sample the correct species or the correct genus with
some risk of underestimating the species diversity. We also tested
other more sophisticated models that introduced different types of
extra-family errors (confusion with common and well-known
species vs. confusion with rare and unknown species), but as final
results were highly correlated with previous ones we chose to
apply the simplest one presented here (Supplementary Informa-
tion Table SI3 and Fig. SI2).

2.4. Validation phase: test of robustness and accuracy at different

scales

This process, yielding the taxa abundances table of a simulated
sample, was iterated 999 times to estimate the diversity indicators
and their uncertainty. We computed for each simulated table sev-
eral diversity indices (Table 2) including Fisher’s alpha and the
Sørensen similarity, respectively noted a and b, which are long
and widely-used indices for practical measurements of diversity
(Chao et al., 2005). We also calculated the entropy noted nHs (with
the order n = 0, 1 or 2 and the part s = alpha or beta) which provide
unbiased diversity measures and allow partitioning diversity in a
coherent framework (Marcon et al., 2014). The R script we used
for all the process is available in supplementary material (Supple-
mentary Information SI5).

We first simulated 999 values and verified that means and vari-
ances were stabilized after 99 simulations using bootstrapping in
the 999 simulations. Then we set the number of iterations to 99
in the final script (Supplementary Information – Fig. SI1).

We also tested the robustness of our method by degrading the
quality of the two sets of parameters used in the Monte-Carlo
method: the table of errors Pt(g) and the taxa-abundance table.
First, instead of computing the mean errors probabilities table
(Pmean) with the nine reference-plots, we computed Pt(g) with only
one plot (with the worst error probabilities – noted Pmax).
Secondly, instead of basing our species probability-sampling
on the precise abundances table of the species checklist

Fig. 2. Methodological framework used to estimate diversity indices by simulating species occurrence tables from forestry surveys: grey rectangular boxes indicate original

tables and white rounded boxes indicate deduced parameters used for Monte-Carlo method. Numbers indicate the different steps detailed in the text.
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(i.e., Nspecie/RNsubset in taxa-abundances table noted Nprec), we used
rough abundances classes (i.e., N[w, 50, 51, 52, 53, 54] noted Nclass) to
simulate the case where species abundances are not available and
have to be estimated by an expert (i.e., Nspecie = 625 for the very
abundant species, Nspecie = 125 for abundant ones, Nspecie = 25 for
common ones, Nspecie = 5 for uncommon ones, Nspecie = 1 for rare
ones and Nspecie = w for very rare). Last of all, we tested different
values for w, the residual weight of the very rare species, to simu-
late different degrees of completeness of the botanical data: a low
w value, close to 0, assumes a very complete and representative
database while a high value, close to 1, assumes a quite uncom-
pleted database where scarce species are under-sampled.

Then, we compared the different estimates obtained with com-
mon names on the 9 reference plots (a

0

, b
0

, nH0
s) with actual indices

computed with botanical data (a, b, nH0
s) in order to test the effi-

ciency of our approach for ranking and estimating. Finally, we
applied the tool on 10 validation sites with large forestry invento-
ries to evaluate the method at the operational scale. In order to
compare results (rank and estimates) with actual measures and
considering the low effective of our reference plots that did not
allow testing the normality, we used Spearman rank tests to statis-
tically compare the ranking and regression analysis only to evalu-
ate bias and error of estimates. All analyses were performed in the
R environment (R Development Core Team, 2009) and used pack-
ages vegan (Oksanen et al., 2013) and entropart (Marcon and
Hérault, 2013).

3. Results

3.1. Reliability of the taxonomic information contained in forestry

surveys

Table 3 shows the reliability and determination errors com-
puted on the nine reference plots for groups of common names,
considering expected accuracy; and for taxonomic ranks, for all
trees and for trees with DBHP 17.5 cm (minimum DBH in our for-
estry surveys). Reliabilities per site and per DBH class are shown in
Fig. 3.

The reliability at the most precise taxonomic rank (1ÿPt(g) with
t = g) varies between 65% and 84% for all DBH classes and between
72% and 87% for DBHP 17.5 cm (Table 2). In fact, the reliability
gradually increases with DBH (Fig. 3): from 55% for DBH < 20 cm
to 85% for DBHP 50 cm at the most precise taxonomic rank (taxon
level) and, in the same way, from 74% to 93% at the family level.

We tested the DBH class effect with ANOVA using mean proba-
bility per groups and considering plots as replicates. We selected
data with more than 20 trees to assure the normality of the
observed probabilities and verifying the normality of residues. At
the taxon level and for trees with DBHP 17.5 cm, the results of
ANOVA tests show strong influence of the DBH (df = 3, F = 21.951,
P < 0.001) no groups effect (df = 2, F = 0.694, P = 0.507) but a signif-
icant plot-effect (df = 8, F = 3.985, P = 0.002) mainly due to the plot
where foresters and botanists collected the information at the

Table 1

Proportion of each groups regarding levels of taxonomic accuracy in each dataset: in the list of common names (number of names and percentage in bracket), in the reference

plots and forestry surveys (number of trees and percentage in bracket).

Taxonomic accuracy Species Genus Family Unknown

Reference list (common names) 138 (57%) 92 (38%) 12 (5%) 1a (0%)

Reference plots (trees) 1293 (30%) 2557 (60%) 385 (9%) 44 (1%)

Large forestry surveys (trees) 31755 (29%) 69372 (64%) 6801 (6%) 725 (1%)

a All names without any well-known taxonomic determination are gathered into ‘‘unknown’’(see also Table SI2).

Table 2

Diversity indicators tested in this study – order indicate the type of metrics used in this indices (0 = based on presence, 1 = based on abundance, 2 = based on concentration).

Diversity

indices

Type of

diversity

Interpretation and characteristics References

Fisher’s alpha (a) Alpha Rarefaction indice widely used and theoretically corrected from

sampling bias

Fisher et al. (1943)

Sørensen (b) Beta Similarity indice widely used but sensible to sampling bias Sørensen (1948)

Entropy ðnHsÞ Alpha or beta Order 0 = species richness Marcon et al. (2012, 2014), Marcon and Hérault

(2013)Order 1 = equivalent Shannon diversity

Order 2 = equivalent Gini–Simpson diversity

Table 3

Probabilities of determination error Pt(g) and taxonomic reliability (1ÿPt(g)) computed for the three taxonomic ranks (t) per group of common names’ expected taxonomic

accuracy (g).

Selected trees Taxonomic accuracy

group (g)

N

trees

P1(g) (error of

species)

P2(g) (error of

genus)

P3(g) (error of

family)

1ÿPt(g = t) (reliability at the most

precise rank)

All Species (1) 1293 0.35 0.25 0.14 0.65

Genus (2) 2557 1 0.34 0.23 0.66

Family (3) 385 1 1 0.16 0.84

None (4) 44 1 1 1 0

P17.5 cm Species (1) 762 0.24 0.14 0.08 0.76

Genus (2) 1235 1 0.28 0.18 0.72

Family (3) 209 1 1 0.13 0.87

None (4) 19 1 1 1 0

P17.5 cm Without plot

PARM

Species (1) 662 0.26 0.15 0.08 0.74

Genus (2) 1072 1 0.30 0.20 0.70

Family (3) 184 1 1 0.14 0.86

None (4) 18 1 1 1 0
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same time (plot PARM – df = 7, F = 2.928, P = 0.0221 when this plot
is excluded). The same tests performed at the family rank show
significant effects for all factors (respectively df = 2, F = 8.79,
P < 0.001 for groups, df = 3, F = 9.195, P < 0.001 for DBH and
df = 8, F = 5.121, P < 0.001 for plots) with still lower plot-effect
when PARM is excluded from analysis (df = 7, F = 4.257,
P = 0.0032).

Thereafter, we applied the probabilities computed without the
site PARM (Table 2 – last rows), when applying to the large forestry
surveys. As a result, the mean reliability estimated for forestry sur-
veys taking into account the relative abundances of the groups of
accuracy (Table 1 last row) and computed with these statistics is
estimatedat 83% for family level; 70% for genus level; 22%at the spe-
cies level; and 74% at the most precise expected taxonomic level.

3.2. Test at the local scale on the one-hectare reference plots

The estimated diversity values obtained with the different set-
tings (Pmean/Pmax, Nprec/Nclass, w) showed high and significant corre-
lation in all cases (r2 > 0.90 – p < 0.001 for all possible pair of
results). Estimated ranks are thus well-conserved whatever the
parameters we used. However, the most degraded settings (Pmax,
Nclass,w = 0.5) led to increased estimated values (i.e., a higher alpha
diversity for all plots and a higher similarity between plots – Fig. 4).

Accordingly, we used in all further analyses the parameters
w = 0.00001, P = Pmean and N = Nprec. The correlation tests between
the simulated estimates and actual values are detailed in Table 4.

The table also shows the results that would have been obtained
without our correction method (i.e., directly with the common
names).

In all cases, the correlation tests with unadjusted estimates
were weak (p < 0.05) or not significant except for 2Hb (p < 0.001).
Most of the correlation tests were greatly improved after using
the correction method:

– Spearman rank-test was still not significant for 1Hb, weakly sig-
nificant (p < 0.05) for a and 0Hb, but highly significant for all
other indices (p < 0.001) such that ranks are well estimated
for a majority of diversity measures after correction.

– R2 are high (>0.80) and highly significant (p < 0.001 or p < 0.01)
for all Ha and 2Hb whereas they are lower (<0.60) and less
significant (p < 0.05 or p < 0.01) for 0Hb, a, b.

However, the absolute values for Ha, a, b are still over-
estimated (i.e., positive biases) whereas they are under-estimated
for all Hb (i.e., negative biases). The relative mean errors are partic-
ularly important for a, b (respectively 55% and 48%). They show
opposite patterns between Hb and Ha: higher but decreasing with
the order for Hb (from 38% at order 2 to 15% at order 0), and lower
but increasing with the order for Ha (from 1% at order 2 to 21% at
order 0). The error is particularly strong for one plot (TORT1 – see
Fig. 5), for which the common names are the least accurate (we
have only family information for 17% of the trees vs. less than
10% on all other plots). The correlations are largely improved for

Fig. 3. Taxonomic reliability of forestry surveys using common names (a) at the family rank (reliability is defined as 1ÿP3(g)) and (b) at the most precise taxonomic level

(reliability is defined as 1ÿPt(g) with g = t) per DBH class and for the 9 reference plots.

Fig. 4. Correlation between estimates obtained with precise settings (w = 0.0001, P = Pmean and N = Nprec) and with degraded settings (w = 0.5, P = Pmax and N = Nclass)

– examples for Fisher-alpha (a) and for Sørensen per pairs of plots (b). Solid line indicate 1:1 relation.
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0Hb and a when this outsider is removed (respectively: adjusted
R2 = 0.77–p < 0.01; adjusted R2 = 0.92ÿp < 0.001).

3.3. Validation at the operational scale on 10 sites with large forestry

surveys and multiple botanical plots

Because botanical and forestry surveys have different extent
and sampling effort at this scale, we only considered the
correlation tests and did not pay attention to biases and absolute

error (Table 5). Despite the sampling differences, all diversity indi-
ces, except 0H, showed strong correlation between the botanical
measures and the values estimated from forestry surveys after
applying the correction method, whereas only 1Hb,

2Hb and b were
successful without correction. Similarly to the plot scale, the Spear-
man rank-test was not significant for 1Hb, and weakly significant
for a, whereas highly significant for all other indices, excepted
0H. As a consequence, site ranks were globally well preserved for
a majority of estimated diversity indices after correction. R2 were

Table 4

Correlation tests between diversity values estimated from common names and measured from botanical data in the one-hectare reference plots, using Spearman’s rank-tests for

ranking and linear regression tests for predictions. The first two columns give results for unadjusted estimates (directly with inventory tables) and the last ones give result after

using our correction method:

Indice DF Without correction After correction

Spearman’s rank-test Adjusted R2 with F test Spearman’s rank-test Adjusted R2 with F test Bias Mean absolute% error

0Ha 7 S = 24* 0.44* S = 23** 0.86*** 22.668 21
1Ha 7 S = 24* 0.55* S = 14** 0.88** 0.269 6
2Ha 7 S = 22* 0.65** S = 4*** 0.85*** 0.007 1
0Hb 7 S = 62ns 0.13ns S = 32* 0.49* ÿ53.611 15
1Hb 7 S = 70ns 0.28ns S = 56ns 0.81*** ÿ0.301 26
2Hb 7 S = 8*** 0.79*** S = 2*** 0.82*** ÿ0.007 38

a 7 S = 70ns 0.32ns S = 28* 0.55* 41.325 55

b 34 S = 4741* 0.17* S = 3321*** 0.24** 0.111 48

� p < 0.05, �� p < 0.01, ��� p < 0.001, ns Not significant.

Fig. 5. Correlation between the different diversity indices computed from common names and actual values measured from botanical data on reference plots – solid line

indicate 1:1 relation and dashed line indicate fitted regression: for a (a) and 0Ha (b) the correlation is greatly improved once the outlying plot (TORT1 marked with #) is

removed. No outliers for 2Ha (c) and 2Hb (d).
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high (>0.75) and significant (p < 0.001) for all Ha and Hb at order 1
and 2 whereas they were lower for a (R2 = 0.63, p < 0.01) and b

(R2 = 0.66, p < 0.001).
Finally, when the method was applied across the whole forestry

surveys dataset (Fig. 5), significant differences among sites were
detected, especially for alpha and beta entropies of order 2 which
had smaller uncertainty (Fig. 6b) than for classical Fisher-alpha
and Sørensen indices (Fig. 6a). In both cases, we observed similar
patterns relatively to the landscapes classes: all mountainous sites
(noted M), exhibited high alpha and low beta diversities, whereas
flat lowland sites (noted F) exhibited a higher beta-diversity than
other landscapes and a relatively lower alpha-diversity.

4. Discussion

Even if the concept of habitat complementarity has replaced the
sole richness-rankings in the current literature on conservation
planning, this long-history approach is still widely used in practice
to prioritize areas for conservation (e.g., Gotelli and Colwell 2001;
Martini et al., 2007). In this paper, we propose a rigorous way to
deal with taxonomic problems inherent to the use of forest inven-
tory data for conservation planning. The script developed in the R
environment, which is free and widely used in ecological analyses,
is provided in supplementary information and contains all neces-
sary functions to apply the correction method to improve the
diversity estimates. This method proved to give relevant results
compared with botanical data and has the potential to greatly
improve the diversity mapping in tropical forest.

4.1. Forestry surveys of tropical forests provide relevant taxonomic

information

In French Guiana, common names provide genus-level informa-
tion with taxonomic reliability of about 70%, which is quite compa-
rable to other published studies. In Central Africa, Rejou-Mechain
et al. (2011) found that agreement between forestry surveys and
1107 0.5-ha botanical plots varies between 32% and 67% at the
genus level according to the DBH and site conditions. Using 17
0.1-ha plots in central Amazonia, Hawes et al. (2012) reported a
similar expected taxonomic resolution as ours for local nomencla-
ture (i.e., 18.4% for species and 59.8% for genus, to be compared to
29% and 64% respectively in our study), but obtained a better reli-
ability for this small sample (i.e., 78.1% for genus level and 97.6%
for family vs. 70% and 83% respectively in our study). At the species
level, these performances can be compared to the morpho-species
classification, commonly employed by botanists with sterile
vouchers, whose reliability is evaluated between 52% and 67%
(Gomes et al., 2013). Considering these results obtained with
well-trained field-workers and precedent references (Baraloto

et al. 2008), we think that the high reliability attributed to some
Amazonian forestry surveys, i.e., 95% at the genus level and about
100% for family level (ter Steege, 1998; ter Steege et al., 2006), are
overestimated and should be more precisely tested with several
reference plots as in our study.

4.2. Alpha and beta diversity can be accurately estimated from forestry

surveys using our correction method

As common names often represent multiple species, diversity
indices computed directly from forestry surveys are obviously

Table 5

Correlation tests between diversity values estimated from common names on large forestry surveys using our correction method and actual values measured on multiple

botanical plots at the same sites, using Spearman’s rank-tests and adjusted R2.

Indice DF Without correction After correction

Spearman’s rank-test Adjusted R2 with F test Spearman’s rank-test Adjusted R2 with F test

0Ha 8 S = 102ns 0.39* S = 62ns 0.31ns

1Ha 8 S = 92ns 0.31ns S = 28** 0.77***

2Ha 8 S = 98ns 0.06ns S = 24** 0.75***

0Hb 8 S = 212ns 0.12ns S = 162ns 0.08ns

1Hb 8 S = 48* 0.78*** S = 60ns 0.75***

2Hb 8 S = 74** 0.62** S = 16*** 0.84**

a 8 S = 128ns 0.23ns S = 28* 0.63**

b 44 S = 3376*** 0.69*** S = 4020*** 0.66***

* p < 0.05.
** p < 0.01.
*** p < 0.001.
ns Not significant.

Fig. 6. Comparison of the estimated diversity values obtained from forestry surveys

using correction method for alpha and beta entropy at order 2 (b) and for classical

alpha-Fisher and Sørensen indices (a) – bars indicate uncertainties – labels indicate

dominant landscape on each site (M = Mountains, C = Hills, F = Plains, P = Plateaus,

V = Valleys). Mountains show higher alpha diversity values whereas plains express

lower alpha diversity but higher beta diversity, especially the site on White sand

marked by #.
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poorly correlated with actual diversity measures as shown by the
correlation tests at the one-hectare plot scale (Table 4). However,
raw forestry surveys data can directly provide quite correct esti-
mates of Gini–Simpson beta-diversity at both local and regional
scales. In fact abundant species, which have more weight in this
order 2 metric (Pelissier and Couteron, 2007; Marcon et al.,
2012), are also well-known by foresters. However using the pro-
posed model to simulate communities improves the reliability at
this order and allows for better estimates of alpha-diversities and
a complete partitioning of diversity with a correct approach.

The proposed model also provides better diversity estimates
and a robust ranking of sites, highly consistent with botanical mea-
surements for almost all diversity indices at regional scale. Despite
the mismatch between botanical plots and forestry surveys in
extent and location (up to 12 km), we obtained strong correlations
between true measures and estimated diversity values after cor-
rection (Table 5). The mean values obtained for a at this scale
(between 130 and 180) are in accordance with the previous refer-
ences for French Guiana, i.e., a about180 for DBH > 10 cm at the
species rank (ter Steege et al., 2003; Saatchi et al., 2008) and about
80 at the genus rank for DBH > 30 cm (Stropp et al., 2009). Interest-
ingly, corrected forestry survey estimates showed variation in
diversity among sites, congruent with those shown by botanical
inventories. For example the highest alpha-diversity values were
found in sites situated on low mountains (up to 450 m) in accor-
dance with the ‘‘mid-altitude bulge’’ effect suggested by several
authors for rainforests (Eisenlohr et al., 2013; Sanchez et al.,
2013). At the opposite, sites on lowlands present lower alpha-
diversity values and higher dissimilarity values (beta-diversity).
This is especially true for the SABL site on white sands. These
highly resources-constrained soils constitute a strong environmen-
tal filter, resulting in low diversity and high endemism levels (Fine
et al., 2010; Stropp et al., 2011).

Our results confirm that large forestry surveys are best suited to
detect large-scale patterns of floristic variation, using metrics that
give more weight to abundant species, i.e., Gini–Simpson and all
other order 2 metrics (Rejou-Mechain et al., 2011). We also dem-
onstrate that these data can provide valuable estimates, after cor-
rection, for other diversity indices which are widely used by
ecologists and practitioners (Fig. 5). The same method could also
be coupled with functional-traits databases (Ollivier et al., 2007)
or with phylogenetic trees (Baraloto et al., 2012) available for
French Guiana in order to get an initial estimate of the regional
variability from a functional or phylogenetic perspective (ter
Steege et al., 2006).

4.3. Model implementation improvement and terms of use

The simple method presented here allows estimating forest tree
community diversity on operational scales (i.e., areas of thousands
hectares) using forestry surveys with reduced bias. Whereas 1 ha-
plots require about 25 person days to be established and invento-
ried (Baraloto et al., 2013), considerably greater areas can be sur-
veyed during the same duration with forestry workers. As a
result, this rapid assessment method may be efficient for prioritiz-
ing conservation areas within which more comprehensive botani-
cal sampling could be scheduled.

As common forestry nomenclatures share quite similar struc-
tures all over the tropics, we propose that this method could be
used in other contexts. Scripts available in the supplementary
information can be adapted with local parameters but should be
used with caution as several conditions have to be controlled to
assure the consistency of the results: (i) biogeographic conditions
have to be relatively homogeneous and the fragmentation of the
study area has to be limited, to ensure working on the same
meta-community, (ii) a sufficiently complete checklist and

quantitative botanical inventories of the local flora should be avail-
able to determine the relative frequency of the most common spe-
cies (at least with coarse abundance classes), (iii) foresters and
botanists should have sufficient exchanges in the field to get a clear
view on the usual relationship between common names and tax-
onomy and (iv) common reference plots must be surveyed inde-
pendently by foresters and botanists in order to quantify the
reliability of the forestry surveys regarding taxonomic information.
We believe that these conditions exist in many areas, especially in
Amazonia where RADAMBrasil surveys provide abundant and
precise data that could complete the geographic coverage of tree
diversity plots (ter Steege et al., 2006, 2013; Emilio et al., 2010;
Moscoso et al., 2013). Such data also exist in forestry concessions
adopting certification processes for reduced impact logging (RIL)
that require the establishment of permanent monitoring plots
(Pokorny et al., 2005). A notable example occurs in Central Africa
where large forestry surveys are frequent in certified private
concessions (Fayolle et al., 2012).

Our results confirm that forestry surveys can provide tremen-
dous and valuable datasets for improving regional forest manage-
ment plans and conservation priorities. Moreover it also underlines
the complementary nature of forestry surveys and precise botani-
cal sampling. Nevertheless, the absolute values of diversity esti-
mated from forestry surveys are clearly biased, even when using
our corrections, especially at the plot scale (i.e., over-estimation
for alpha-diversity and under-estimation for beta-diversity
indices). Indeed, we did not take into account the spatial auto-
correlation due to limited dispersion which causes a local similar-
ity in composition (Condit et al., 2000) at both tree neighborhood
and local scales.

Therefore, we believe further improvements could be achieved
in several ways. First, additional botanical inventories would not
only augment species abundance data, but more interestingly
would permit the definition of regional communities, instead of a
single meta-community, to adapt the sampling process to each
locality. Second, this increase in botanical effort could also provide
aggregation indicators in order to reduce biases introduced by
spatial auto-correlation. For example, the Monte-Carlo process
could be modified using a maximum density indicator for each
species, such that random species sampling depends on the
precedent samplings. Third, additional reference plots could allow
reliability estimates for each common name instead of groups of
common names as we were restricted to implement. Continued
sampling of tropical forest diversity remains an urgent priority
(Feeley and Silman, 2011), and we call for continued collaboration
between forestry professionals, botanists and ecologists in this
endeavor.
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Selected 

trees 
Taxonomic 

accuracy (group i) 

N 
trees�

taxonomic reliability

P1i 
(error of 
species) 

P2i 
 (error of 
genus) 

P3i  
(error of 
family) 

1-Pij with i=j 
(correct 

determination) 
�17.5cm species (1) 483 0.33 0.15 0.08 0.77 

orphan species (1’) 279 0.13 0.13 0.06 0.87 

genus  (2) 1206 1 0.30 0.18 0.70 
orphan genus (2’) 29 1 0.21 0.21 0.79 

family  (3) 209 1 1 0.13 0.87 
none  (4) 19 1 1 1 0 
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(group i) 

N 
trees�

taxonomic reliability

P1i 
(error of 
species) 

P2i 
 (error of 
genus) 

P3i’  
(error of family 
but well-known 

species) 

P4i  

(error with  

unknown 

species) 

�17.5cm species (1) 762 0.24 0.14 0.06 0.02 

genus  (2) 1235 1 0.28 0.14 0.04 

family  (3) 209 1 1 0.11 0.04 

none  (4) 19 1 1 1 0.47 
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Abstract Geomorphic landscape features have been suggested as indicators of forest

diversity. However, their explanatory power has not yet been explicitly tested at a regional

scale in tropical rainforest. We used forest inventories conducted according to a stratified

sampling design (3,132 plots in 111 transects at 33 sites) and holistic multi-scale geo-

morphological mapping derived from a Shuttle Radar Topography Mission digital eleva-

tion model to describe and explain spatial patterns in floristic composition across French

Guiana (80,000 km2). We measured and identified 123,906 trees with DBH C20 cm and

used constrained and unconstrained ordinations to analyze variations in the abundance of

221 taxa and 51 families. Variance partitioning and variograms were used to detect spatial

patterns in species composition, compare the explanatory power of spatial and environ-

mental factors, and select the variables that best explain forest composition. Strong floristic

patterns corresponded to a major latitudinal gradient and significant sub-regional floristic

structure. Geomorphological landscapes shaped by historic climate fluctuations and major

geological events successfully captured these patterns and explained the variation in

abundance of 80 taxa, corresponding to 65 % of the inventoried trees. Our findings suggest
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that long-term forest dynamics are under substantial ‘‘geomorphographic control’’. A

geomorphological perspective on landscapes that incorporates current and past environ-

mental filters and historical biogeographical processes could thus be used more system-

atically in tropical regions for regional planning and forest conservation.

Keywords Tree community � Landscapes � Geodiversity � Species distribution �

Geomorphology

Introduction

Despite recent progress in the analysis and modeling of species diversity (Elith et al. 2011;

Pavoine and Bonsall 2010; Rosindell et al. 2011), spatial patterns in the tree community

composition of hyper-diverse rainforests are still poorly understood. Spatio-temporal

processes that are supposed to explain them are partly theorized in niche (species habitat

preferences) and neutral (population dispersal dynamics) models (Leibold et al. 2004). To

disentangle these mechanisms, empirical ecological studies often infer ecological pro-

cesses from an analysis of spatial patterns (McIntire and Fajardo 2009). One can, for

instance, relate the spatial variation in species diversity to that in environmental deter-

minants (e.g. soil, climate), while some spatial descriptors (e.g. geographical position,

distance) can be used as surrogates for uncovering the scales of action of unmeasured or

unmeasurable ecological processes (Dray et al. 2012). Among the environmental deter-

minants, geodiversity (or geomorphodiversity) has often been mentioned (Thomas 2012;

Tricart 1965) because the variations in background material directly influence soil prop-

erties and thus habitat suitability (Gray 2004; Parks and Mulligan 2010). It is also

hypothesized that geomorphodiversity arise from paleo-environmental transformations that

have potentially influenced migration routes by creating barriers and corridors (Santucci

2005). Geomorphodiversity, which results from interactions between many environmental

processes over geological ages (climate change, erosion dynamics, tectonic movements,

etc.), can thus shed light on biogeographical processes (Thomas 2011).

Several studies support the notion that modern Amazonian forest communities are

marked by the imprint of major global environmental changes that occurred in pre-

Pleistocene times (Ribas et al. 2012; Silva and Oren 1996). Paleo-climatic stability

(inferred from latitude) and bedrock age are useful in explaining current alpha-diversity,

whereas current climatic conditions are not (Stropp et al. 2009). The role of history

suggests that new variables, which could account for past environmental filters, may help

explain regional patterns of forest diversity. Landscape features shaped by diastrophic

geological activities, have already been suggested as possible indicators of Amazonian

beta-diversity (Hammond 2005; Sombroek 2000). However the explanatory power of this

‘‘geomorphic control’’ (as defined by Hammond in Hammond 2005) has never been tested

explicitly.

French Guiana in Northeast Amazonia has fairly weak geological and altitudinal gra-

dients but shows substantial geomorphodiversity resulting from differences in the sus-

ceptibility to erosion of its granitic substrates (Filleron et al. 2004). This has led the

weathering mantle to diversify into contrasted landforms and soil covers (Sabatier et al.

1997), and these are thought to have influenced the long-term evolution of the forest.

French Guiana may thus be viewed as an ideal case study to test the extent to which
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geomorphodiversity can explain tree beta-diversity (i.e. variation in floristic composition).

Should geomorphodiversity prove to be a strong predictor of beta-diversity, multi-scale

geomorphological analyses could be an efficient tool for forest management planning.

The specific aims of our study are thus: (i) to identify spatial patterns in the floristic

composition of French Guiana forest at local and regional scales, and (ii) to identify the

relative and absolute contributions of geomorphological and other geographical factors in

explaining these spatial patterns (i.e. facets, landforms, landscapes). We use a holistic

geomorphological stratification (i.e. at facet, landform, landscape scales) and an extensive

forest inventory to assess multi-scale environmental variations across French Guiana. We

analyze the data using multivariate partitioning methods based on Simpson’s metric of

species diversity. Finally, we discuss the implication of our findings in terms of ecological

insights that could help forest managers and conservation practitioners to prioritize their

efforts both in French Guiana and throughout Amazonia.

Materials and methods

Study area

As part of the Guiana shield in Northern Amazonia, French Guiana (4°130N, 52°590W)

covers about 85,000 km2 and has a mean altitude of about 140 m above sea level with few

mountainous peaks exceeding 800 m. Its climate is equatorial with a mean annual tem-

perature of about 26 °C and rainfall ranging from 4,000 mm/year in the northeast to

2,000 mm/year in the south and west. The number of consecutive months with less than

100 mm precipitation (dry season) varies from two in the north to three in the south, with

marked inter-annual variations. Fully 95 % of French Guiana is located on a

2.2–1.9 G year plutonic and volcanic basement. This substrate corresponds to the oldest

and most homogeneous part of the Guiana Shield (Delor et al. 2003) and mainly supports

ferralsols and acrisols (see Table 1). The few sedimentary rocks found in the country

correspond to Quaternary deposits in the coastal lowlands, rare Precambrian sandstone, and

conglomerates and quartzite formations in a narrow northern belt, supporting more varied

soil types (see Table 1). Savannas and mangroves are found only in the coastal sedi-

mentary plain, and rainforest covers more than 90 % of the territory. Timber harvesting

and agriculture are restricted to sub-coastal areas currently covering less than 500,000 ha,

close to the largest towns and main roads.

Collection of forest inventory data

Plot sampling design

We selected 33 sites to represent the country’s main geomorphological features and

geological substrates, and to cover the forest extending outside the most disturbed coastal

areas (see Fig. 1). Given the logistic constraints stemming from difficulties with accessi-

bility, we made special efforts to sample the less documented southern part of French

Guiana that is a National Park and is only reachable by river and helicopter after special

authorization. To sample local environmental variability, we established two to four

transects at each site, about 2.5–3 km long (total = 111 transects) in different directions.

Each 20-m wide transect was divided into 100-m segments such that our 3,132 basic

sampling units were 0.2-ha plots, nested within transects themselves nested within sites.
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Table 1 Description of the 10 geomorphological landscape types defined from landforms distribution and classified into five larger categories (plains and valleys, multi-

concave relief, multi-convex relief, plateaus, mountains)

Geomorphological

landscape types and main

categories (in italic)

Dominant landforms and main characteristics Dominant soils

Landform types*

(% of area in the

landscape)

Mean

altitude

(m)

Mean

altitude

range (m)

Mean

hillslope

(%)

Flatness index

(% upper areas

with slope\5 %)

Wetness

index (%

wet areas)

Plains and valleys

A Coastal plains with residual reliefs 14 (47 %) 12 (35 %) \100 \40 \10 [60 50\ Arenosol, acrisol, gleysols

C Low joint-valleys 1 (31 %) 9 (30 %) 50–150 20–60 10–15 10–30 20–50 Acrisols dominant

Multi-concave relief

D Multiconcave inland landscape 1 (37 %) 13 (24 %) 100–200 20–60 10–15 10–60 20–60 Arenosols dominant

Multi-convex relief

B Complex multiconvex landscape 15 (26 %) 1 (21 %) 50–150 40–90 10–25 \30 \40 Acrisols and ferralsols

J Regular multiconvex landscape 4 (36 %) 15 (19 %) \150 40–90 15–25 \10 \40 Acrisols dominant

I Low multiconvex landscape 1 (42 %) 9 (13 %) 50–150 40–60 10–15 10–30 \40 Acrisols and arenosols

Plateaus

E Low plateau with inselbergs 1 (35 %) 5 (26 %) 50–200 40–60 10–20 10–30 \40 Ferralsols dominant

F Dissected plateau with inselbergs 5 (33 %) 15 (32 %) 50–200 40–90 10–25 \30 \40 Ferralsols dominant

G High plateau 15 (48 %) 7 (30 %) 50–200 60–150 15–25 \10 \40 Ferralsols dominant

All-slope relief

H Mountains 8 (41 %) 7 (30 %) 50–200 [150 [20 \10 \40 Ferralsols and plinthosols

Dominant soil cover was characterized on the basis of 490 samples (depth 1.20 m)

* Landform types: 1 large flattened relief, 4 small rounded hill, 5 small flattened hill, 7 large, high hill, 8 very massive hill (small mountains), 9 half-orange, 12 wet hillock

with low base-level, 13 wet hillock with high base-level, 14 large flattened, wet relief, 15 large, rounded hill (see supplementary material and Guitet et al. 2013)
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The field campaign was conducted from 2006 to 2013. This nested sampling design had the

advantage of allowing us to control scale-dependence effects by accounting for the

appropriate spatial instrumental variables (sampling units) in analyses and by selecting the

appropriate exchangeable units in Monte Carlo randomization tests of statistical signifi-

cance (see ‘‘Data analysis’’ section).

Topographic description and soil sampling

All the plots were georeferenced using a Garmin 76CSx GPS receiver (Garmin Ltd.,

Southampton, UK) and delineated in the field using a Vertex laser clinometer (Haglöf

Sweden AB, Langsele, Sweden). Each plot was classified by field operators based on a nine

category toposequence position index (from riverside to hilltop). This classification was

used to supplement the geomorphological descriptors (see Table 1). We also measured plot

slope, length and elevation to correct surface areas and crosscheck the DEM-derived

variables. Soil samples were also collected from 490 plots selected to represent the dif-

ferent topographical positions along each transect. These samples were analyzed for their

Fig. 1 Study area and sampling design a location of the different sites (circles) on geomorphological

landscapes map (from Guitet et al. 2013—see table 1 for details); b example of sampling design within a

site (transects in black); c elevation map from SRTM d geomorphological landforms (from Guitet et al.

2013); e expert-based biogeographic map (from Paget 1999); f vegetation types based on remote-sensing

approach (from Gond et al. 2011)

Biodivers Conserv

123

Author's personal copy



structure and chemical content (unpublished data) to assist with ecological interpretations,

but were not directly included in the study analyses.

Tree sampling

All trees (including palms) greater than 20 cm in diameter at breast height (DBH at 1.3 m

or above the buttresses) were identified by an experienced team of 13 ‘‘tree-plotters’’ who

employed a standardized vernacular nomenclature refined to correspond either to botanical

species, genera or families (Guitet et al. 2014). A total of 123,906 trees were sampled. Of

these, 29 % were identified to species, 64 % to genus and 6 % to family level. This

nomenclature proved to be 83 % accurate at the family level and 74 % accurate at the level

of the most precise botanical equivalent of our vernacular names (i.e. the species, genus or

family level) depending on the precision reached by the tree-plotters (Guitet et al. 2014).

Only 810 trees were unidentified and these were grouped into a single category. In the

following text, we use the generic term of taxa to refer to the most precise botanical

equivalents of the vernacular names. The sampled trees belonged to 221 taxa of 51 fam-

ilies. As the Leguminosae family accounted for 23.8 % of all the trees, it was split into

Mimosoideae, Papilionoideae and Caesalpinioideae sub-families (The Legume Phylogeny

Working Group 2013).

Geomorphological stratification

We used the 30-m spatial resolution digital elevation model (DEM) provided by NASA’s

Shuttle Radar Topography Mission (Farr et al. 2007) to produce a regional multi-scale

characterization of geomorphodiversity. We first selected four local parameters derived

from the DEM: elevation considered as a good proxy for altitude above sea level, mean

slope (over eight neighboring pixels), catchment area (log-transformed) considered as a

basic wetness index, and Height Above the Nearest Drainage [HAND; Renno et al. (2008)]

as a proxy for local soil water conditions.

We also included geomorphological landform and landscape classifications resulting

from a previous object-oriented analysis of medium-scale variations in micro-relief (Guitet

et al. 2013). This previous analysis defined 224,000 landform units (\1 km2) that we

further classified into 13 different types based on elevation, vertical profile, horizontal

shape, wetness, slope, and area parameters (Fig. SI1). As the landforms showed a spatially

structured distribution at the regional scale (Fig. 1d), a segmentation algorithm using

dominance, diversity and aggregation indices was used to delineate 82 homogeneous

geomorphological landscapes (100–5,000 km2), which we subsequently classified into ten

different landscape types (Table 1; Fig. 1c, Fig. SI2). This multi-scale analysis allowed us

to capture landforms and landscape diversity without defining the scale of perception a

priori. The geomorphological landform and landscape classifications were further cross-

validated based on topographical data collected at the study sites during field work.

Data analysis

Our general approach was based on multivariate multi-scale analyses (Dray et al. 2012) of

the forest inventory and environmental data described above. These analyses can be

summarized as four steps. First, we identified the most significant patterns of variation in

floristic composition (beta-diversity patterns) using Non-Symmetric Correspondence
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Analysis (NSCA, Gimaret Carpentier et al. 1998) of both the family-by-plot and taxa-by-

plot abundance tables, then attempted to explain these patterns by introducing the seven

geomorphological variables (Table 2) as explanatory variables in constraint NSCA. Sec-

ondly, we characterized and tested the spatial patterns displayed along the main con-

strained and unconstrained NSCA axes using a variogram-based approach (Couteron and

Ollier 2005). Thirdly, we used Moran’s Eigenvector Maps (MEM; Dray et al. 2012) to

explicitly introduce spatial components into the constrained model and to partition the

determinants of beta-diversity between environmental, instrumental (i.e. sampling) and

spatial effects (Borcard et al. 1992). We then built the most parsimonious ANOVA-like

model that accounted for the most significant environmental and spatial effects, and

designed Monte Carlo randomizations to test these effects while taking to account of scale-

dependent effects. Finally, this model was compared to alternative models routinely used

in French Guiana for operational planning and based on either more conventional envi-

ronmental variables (geology, rainfall, etc.) or expert-based, remote-sensing forest clas-

sifications (see Table 2).

All statistical analyses were performed using R software version 3.0 (R Development

Core Team 2009) and the add-on packages ‘‘ade4’’ (Dray and Dufour 2007), ‘‘vegan’’

(Oksanen et al. 2007) and personal routines available at http://pelissier.free.fr/Diversity.html.

Step 1: Analysis of floristic composition using constraint and unconstraint ordinations

To detect beta-diversity patterns (i.e. patterns of variation in floristic composition), we first

analyzed our forest inventory data using NSCA, an analytical approach that relies on

Simpson’s metric of species diversity (Gimaret Carpentier et al. 1998) and is thus insen-

sitive to the low frequencies of rare species (Pelissier and Couteron 2007). NSCA therefore

Table 2 Variables tested to explain diversity patterns and spatial patterns in floristic composition of French

Guiana forest at multiple scales

Variables Sources Modalities Scales

Geomorphological variables

Mean elevation SRTM validated by field

measurements (R2
= 0.98)

27–822 m 30 m

Mean slope SRTM validated by maximum slope

measured on field (R2
= 0.40)

0–142 % 30 m

Wetness SRTM—log of catchment area 0–5.4 30 m

HAND SRTM—Height Above Nearest

Drainage from Renno et al. (2008)

0–241 30 m

Topographic position Field measurement 9 categories 100 m

Landform types SRTM—Guitet et al. (2013) 13 categories [200 m

Landscape types SRTM—Guitet et al. (2013) 10 categories [5 km

Other explanatory variables

Geology BRGM map—Delor et al. (2003) 8 categories [200 m

Rainfall TRMM—Huffman et al. (2007) 2,388–3,211 mm/year 8 km

Dry season length TRMM—Huffman et al. (2007) 1–3 months 8 km

Biogeographical domains Expertise—Paget (1999) 5 categories [8 km

Vegetation type SPOT-vegetation—Gond et al. (2011) 5 categories 1 km
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places emphasis on the most common species that are also the most accurately identified by

forest-plotters. It thus shows variations in main floristic background instead of highlighting

the most peculiar situations, as does for instance classical Correspondence Analysis

(Couteron et al. 2003; Rejou-Mechain et al. 2008). In fact, Simpson’s diversity computed

from forest inventory data shows very good correlations with precise botanical data from

the same sites (Guitet et al. 2014).

The effect of environmental variables on beta-diversity patterns was then investigated

by NSCA on Instrumental Variables (NSCAIV) and partial NSCAIV (pNSCAIV). These

analyses amount to applying to NSCA the classical principles of canonical and partial

canonical analyses sensu Legendre and Legendre (1998). NSCAIV and pNSCAIV can be

used to detect beta-diversity patterns that are (or are not) explained by environmental

variables. Comparing the variance of the floristic tables obtained by NSCA with that

obtained by NSCAIV (or pNSCAIV), partitions the diversity into fractions that are

explained (or unexplained) by the explanatory variables (Pelissier et al. 2003). The cor-

relation of the explanatory variables and their contribution to the main axes also helps to

quantify their relative influence on floristic variations.

We used as explanatory environmental variables the seven geomorphological variables

derived from the DEM and our geomorphological stratification (Table 2), introduced one

by one or all together.

Step 2: Detection and characterization of spatial patterns using variograms

Floristic spatial structures (i.e. spatial patterns) were characterized and tested against

spatial randomness using variogram-like functions that partition beta-diversity between

pairs of plots with respect to their inter-plot geographical distances. The method was

applied both to the complete abundance tables with beta-diversity measured in Simpson’s

metric or to the fraction of (Simpson’s) beta-diversity displayed along the NSCA axes in

the framework of the Multi-Scale Ordination (MSO; Couteron and Ollier 2005). MSO

applies to constrained (NSCAIV) and residual (pNSCAIV) ordination axes so that com-

paring the variogram-like functions derived from NSCA, NSCAIV and pNSCAIV can

indicate whether the explanatory variables account for the main spatial patterns observed in

the data. Monte Carlo randomization procedures were used to test the statistical signifi-

cance of the deviations of the variogram-like functions, with the null hypothesis being the

absence of any spatial structure. These procedures were used to determine whether the

floristic composition of two plots located a given distance apart was on average more or

less similar (i.e. had higher or lower Simpson’s beta-diversity values) than expected for

spatially independent plots.

Step 3: Partitioning the environmental and spatial effects in a global model

Environmental and spatial effects were disentangled by introduced MEM as explanatory

variables in NSCAIV and pNSCAIV (Dray et al. 2012). MEMs are orthogonal eigen-

vectors derived from a neighborhood matrix of the sampled locations that yield spatial

correlation templates ranked from large- to fine-scale spatial structures (i.e. from highest to

lowest Moran’s I values, independently of the plots’ floristic composition). We applied a

forward selection procedure (Dray et al. 2012) in order to retain in the spatial matrix only

the most significant MEMs (i.e. with p\ 0.05), and used these MEMs as explanatory

variables, in NSCAIV and pNSCAIV, to highlight spatially structured beta-diversity
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patterns. With reference to Borcard’s et al. (1992) variance partitioning procedure, we then

used the above spatial matrix and the environmental matrix to estimate:

(i) the fraction of beta-diversity explained by the environmental variables once the

effect of the spatial variables had been removed, i.e. the spatially unstructured

environmental component or ‘‘pure environmental effect’’ (fraction a in Borcard

et al. 1992);

(ii) the fraction explained by the spatial variables once the effect of the environmental

variables had been removed, i.e. the ‘‘pure spatial effect’’ (fraction c in Borcard

et al. 1992);

(iii) the fraction of the environmental effect that is spatially structured, called

hereinafter the ‘‘mixed effect’’ (fraction d in Borcard et al. 1992).

This framework allowed us to select the environmental variables accounting for the

largest proportion of the ‘‘pure environmental effect’’ (variable E) and the largest pro-

portion of the ‘‘mixed effect’’ (variable M). Introducing sampling compartments (transects

and sites) as instrumental variables in the same framework allowed us to determine the

most appropriate sampling level (S) accounting for the ‘‘pure spatial effect’’.

In order to test to what extent geomorphological variables can explain beta-diversity

patterns while avoiding spatial dependence effects and pseudo-replication bias, we used

restricted randomization procedures based on ANOVA-like pseudo-F ratios (Pelissier and

Couteron 2007). We tested the effect of the environmental variable that showed the

greatest ‘‘mixed effect’’ (M) by randomizing the appropriated exchangeable sampling

compartments (S) between the categories of M. Likewise, we tested the effect of the

environmental variable that showed the greatest ‘‘pure environmental effect’’ (E) by ran-

domizing the elementary sampling units (i.e. the plots) between the categories of E

restricted within the sampling compartments (S). This meant that variable M, which

approximated the ‘‘mixed effect’’, was tested while minimizing pseudo-replication bias due

to distance-dependence from the pure spatial effect, and variable E, which approximated

the ‘‘pure environmental effect’’, was tested while taking the largest part of spatial

structures into account (see for instance Anderson and Braak 2003).

Step 4: Comparison with conventional approaches

In order to compare the efficiency of our geomorphology-based approach with that of

more conventional approaches we ran the same analyses with environmental explanatory

variables such as climate and geology that are generally considered as the main factors

influencing tropical beta-diversity (Higgins et al. 2011) and are often used to defined

ecoregions (Bailey 2004). Data on dry season length and annual rainfall were provided

by TRMM (Huffman et al. 2007) and geology data were extracted from the map in Delor

et al. (2003). We also introduced two layers commonly used as references for practical

forest management and conservation planning in French Guiana: Paget’s (1999) classi-

fication into five latitudinal biogeographical domains based on an expert-based approach

combining climate, geology and expert phytogeographical knowledge (Fig. 1e), and the

five forest types identified by Gond et al. (2011) from remote-sensing data derived from

SPOT-vegetation satellite images, and which showed a broad-scale north–south orga-

nization partly consistent with the main rainfall gradient and the biogeographical

domains (Fig. 1f).
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Results

Floristic analyses revealed marked broad-scale beta-diversity patterns

The NSCA at the family level showed three prominent axes accounting for 55 % of total

between-plot diversity and exhibiting significant spatial patterns (Fig. 2): (i) along axis 1

(24 % of total between-plot diversity), a decreasing abundance of Burseraceae and Mi-

mosoideae anti-correlated with an increasing abundance of Lecythidaceae and Caesalpi-

nioideae, resulting in a regular regional gradient from southeast to northwest French

Guiana; (ii) along axis 2 (17 % of total between-plot diversity), two anti-correlated gra-

dients in abundances of Lecythidaceae and Caesalpinioideae showing a marked spatial

pattern for inter-plot distances of less than 150 km resulting in sub-regional patches

dominated by Lecythidaceae mainly in the north-east and patches dominated by Cae-

salpinioideae in the east, south-west and north-west; (iii) along axis 3 (14 % of total

between-plot diversity), a gradient of increasing abundance of both Chrysobalanaceae and

Sapotaceae showing a marked local auto-correlation below 10 km resulting in sparse

clusters dominated by these two families.

The same NSCA at the taxa level (i.e. on the 221 most precise botanical equivalents)

showed two prominent axes accounting for 26 % of total between-plot diversity (Fig. 3).

This analysis appeared to be very consistent with the family-level NSCA and supported the

observations made at the family level: (i) axis 1 (15 % of total between-plot diversity) was

Fig. 2 Central panel projection of plot (points) and family scores (circles) on the 3 main axes of the NSCA

with the family-by-plot abundance table—circle size is proportional to abundance and grey levels indicate

family position on axis 3—only the families with the greatest contributions are indicated. Left column MSO

variograms of axes 1–3 with dotted lines indicating 95 % confidence intervals of the null hypothesis

(significant points in white and non-significant in black). Right column mean per site of plot scores along

axes 1–3, projected on maps
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dominated on its positive side by Protium spp. (the most abundant Burseraceae genus) and

Inga spp. (the most abundant Mimosoideae genus), while the negative side was dominated

by Eperua falcata (the most abundant Caesalpinioideae species) along with the two most

abundant Lecythidaceae genera (Lecythis spp. and Eschweilera spp.), and corresponded to

the marked north–south regional gradient also detected at the family level; (ii) axis 2 (11 %

of total between-plot diversity) was correlated on the positive side with Licania spp. (the

most abundant Chrysobalanaceae genus), Pouteria spp. (the most abundant Sapotaceae

genus) and Dicorynia guianensis, (the second most common Caesalpinioideae species),

whereas Inga spp. and the group including E. falcata, Lecythis spp. and Eschweilera spp.

were located on the negative side. This axis showed significant spatial dependence over

short distances (ca. 50 km) that featured two northern clusters (corresponding to high

abundances of Licania spp., Pouteria spp. and D. guianensis) separated by a central strip.

Beta-diversity and spatial patterns are clearly related to geomorphological variables

When the seven geomorphological variables were used to approximate the floristic table by

NSCAIV they explained 19 and 20 % of the family and taxa beta-diversity patterns,

respectively. At the family level (Fig. 4), the first NSCAIV axis (35 % of NSCAIV inertia)

was negatively correlated with the first NSCA axis and was mainly determined by

opposition between multi-concave landscapes (D) and multi-convex landscapes (B, I, J).

The second NSCAIV axis (17 % of NSCAIV inertia), which was closely correlated with

the second NSCA axis, was mainly formed by opposition between mountainous landscapes

(H) and plateaus with inselbergs (E, F). The other geomorphological variables appeared to

be less important except height above nearest drainage (HAND) and also elevation and

landform type 8 (very massive hills) which, as expected, were correlated with mountainous

landscapes (H). Landform 9 (half-orange) and slope were also associated with multi-

convex landscapes (B, J) on axis 1. Landform 12 (wet hillocks on low base-level) and

valley landscapes (C) were negatively correlated with axis 2.

Fig. 3 Central panel projection of plot (grey points) and taxa (black circles) scores on the 2 main axes of

the NSCA on the taxa-by-plot abundance table—circle size is proportional to taxa abundance. Left panel

variograms of MSO on axes 1 and 2 with dotted lines indicating 95 % confidence intervals of the null

hypothesis (significant points in white and non-significant in black). Right panel mean per site of plot scores

along axes 1 and 2, projected on maps
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Fig. 4 Upper panel correlation circle for the first 2 axes of NSCAIV performed on the family abundance

table with respect to geomorphological explanatory variables (letters in brackets refer to landscape codes

while numbers refer to landform codes explained in Table 1—topographical positions are noted in bold and

other variables are underlined—only the most contributing variables are indicated). Lower panel projection

of plots on NSCAIV factorial plan 1–2 clustered by landscape types (letters and ellipses) that can be

grouped into five main categories (dotted lines)
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Consistent results were obtained at the taxa level. A strong correlation was observed

between NSCAIV and NSCA axes, and a prominent contribution was made by landscape

types (Fig. 5). Mountains (H) and multi-concave landscapes (D) were opposed to valleys

(C) and multi-convex landscapes (B, I, J) on the first axis (52 % of NSCAIV inertia); and

type E plateaus were opposed to multi-concave landscapes (D) and valleys (C) on axis 2

(18 % of NSCAIV inertia). However, we noted that other variables made a greater con-

tribution at the taxon than the family level, especially topographical position on axis 2 that

shaped a gradient from the upper topographical positions on the positive side (flat hill-top,

upper-slope and ridge) to the lower topographical positions on the negative side (terrace,

large talweg and narrow talweg). As expected, these lower topographical positions were

also correlated with the smallest landform types 12, 13 (wet hillocks), with type 14 (large

flattened and wet relief) and with the wetness index.

In order to represent the spatially structured components of the floristic gradients, we

selected 124 and 113 significant MEMs (p\ 0.05) for the family and taxa abundances

tables, respectively, and introduced these into the corresponding NSCAIV. Though slightly

different in the two cases, the selected MEMs represented only very broad-scale structures

(i.e. high Moran’s values). The MEMs explained 36 and 33 % of family and taxa between-

plot diversity, respectively, indicating that the beta-diversity patterns were strongly

structured on a broad scale.

We then used the geomorphological variables to approximate the fitted and residual

tables resulting from the NSCAIV constrained by the MEMs. This led us to partition

between-plot diversity into a pure environmental component, a pure spatial component and

a mixed component corresponding to the spatially structured environmental effect (Fig. 6).

The pure environmental component was weak at both family and taxa levels (1.3 and

2.6 %, respectively) whereas the mixed component and pure spatial component corre-

sponded to larger and fairly equivalent parts of between-plot diversity (respectively 17.5

and 17 % for ‘‘mixed effect’’ and 18.4 and 16 % for ‘‘pure space effect’’). Regarding the

geomorphological variables, geomorphological landscapes explained the largest fraction of

the spatially structured between-plot diversity (‘‘mixed effects’’) at both family (13 %) and

taxa (12 %) levels, while the other geomorphological variables explained no more than

1–6 %. Topography was the geomorphological factor that showed the highest ‘‘pure

environmental effect’’, accounting for 1.4 and 0.5 % of between-plot diversity at the family

and taxa levels, respectively.

The same partitioning procedure based on conventional environmental variables

(geology and climate) explained less than 10 % of between-plot diversity, while biogeo-

graphical domains and remotely-sensed vegetation types customarily used by managers to

approximate forest types led to even lower explanatory power (3–8 %) at both family and

taxa levels (Fig. 6).

Variance partitioning using the sampling compartments as explanatory variables

showed that the site effect accounted for more than two-thirds of the spatial effects,

explaining 27 and 26 % of between-plot diversity at family and taxa levels, respectively,

while the transect effect accounted for almost all the spatial effects, i.e. 33 and 30.5 % of

between-plot diversity at the family and taxa levels, respectively (Fig. 6).

Geomorphological landscapes are sufficient to account for the main broad-scale

variations in floristic composition

Based on the results presented above, we tested to what extent the geomorphological

landscapes effect could explain the main taxa abundances, using transects as exchangeable
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Fig. 5 Upper panel correlation circle for the first 2 axes of NSCAIV performed on the taxa abundance table

with respect to geomorphological explanatory variables (letters in brackets refer to landscape codes while

numbers refer to landform codes explained in Table 1—topographical positions are noted in bold and other

variables are underlined—only the most contributing variables are indicated). Lower panel projection of

plots on NSCAIV factorial plan 1–2 grouped by topographical position (lower panel) showing a variation in

composition from lower to upper positions
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Fig. 6 Variance partitioning in relation to different instrumental variables (given on the vertical axis) and

spatial variables (defined by the MEMs). Percentages indicate the ratio between explained variance obtained

with NSCAIV and total diversity obtained with original NSCA. Explanatory factors are geomorphological

variables used as environmental variables one by one and all together in the first part, combination of

different forest descriptors as explanatory variables in the second part, and sampling compartments as

instrumental variables in the last part
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sampling units in our permutation tests (considering their efficiency to include almost all

the spatial dependence effects). This showed that geomorphological landscapes signifi-

cantly accounted for the abundance variations of 80 taxa and 20 families (p\ 0.005),

corresponding to 65 and 77 % of the trees (see Supplementary Information Table SI3). In

contrast, the topography effect, locally tested by permuting the plots between topograph-

ical categories within each transect, accounted for the abundance variations of 21 taxa and

7 families (p\ 0.005), corresponding to 37 and 43 % of the trees.

The geomorphological landscape effect also explained the main spatial structures seen

when introduced in MSO and applied to the total family-by-transect and taxa-by-transect

tables, though slight autocorrelation was still seen below 50 km (Fig. 7).The same analyses

using geology and climate as predictors showed significant scale-dependence effects below

100 km and above 150 km (not shown).

Discussion

Regional beta-diversity patterns nested in continental gradients

Our multivariate analyses demonstrated that the rainforest of French Guiana is subject to

complex, significant floristic variations, with regional patterns that include a marked

Fig. 7 Multi-Scale Ordination (MSO) performed on the family-by-transect table (on the left) and the taxa-

by-transect table (on the right). Full points correspond to the MSO on total tables. Empty points correspond

to the MSO after removal of the geomorphological landscape effect. Dotted lines represent the 95 %

bilateral intervals computed from 99 permutations between the sampling units
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latitudinal gradient. Variance partitioning showed that these broad-scale patterns are not

closely related to geology or climate, as is commonly assumed by previous hypotheses, but

are more comprehensively explained by geomorphological landscapes that express

regional geomorphodiversity. It was no surprise that these patterns on a regional scale fit

within the continental patterns previously described across Amazonia.

The Guiana shield differs from the Amazonia basin by its high level of endemism (Da

Silva et al. 2005; Lopez-Osorio and Miranda-Esquivel 2010) and an unusual species

composition (ter Steege et al. 2003). This particularity stems from a marked continental-

scale family gradient of increasing Leguminosae abundance from southwest to northeast

Amazonia (ter Steege et al. 2006) and secondary gradients of increasing Burseraceae at

both genus (Emilio et al. 2010) and family (ter Steege et al. 2006) levels from northwest to

southeast. On our regional scale, the most prominent pattern was also a marked latitudinal

northwest to southeast gradient closely related to an increasing abundance of Burseraceae

and a decreasing abundance of Lecythidaceae. This gradient also partly correlated with

variations in the abundances of the principal Leguminosae sub-families corresponding to a

shift between Caesalpinioideae and Mimosoideae from north to south. The same pattern

has previously been detected in nearby Guyana with far more Lecythidaceae and E. falcata

(the most abundant Caesalpinioideae) in the central and northern parts of the country (ter

Steege 1998). These matches between regional and more continental gradients suggest that

the regional broad-scale patterns detected at both family and taxa levels are partly nested

within a larger continental framework and could be explained by similar large-scale

structuring processes.

Rainfall, dry season intensity and geology were the main factors proposed in recent

studies to explain these forest diversity patterns in Amazonia (Albernaz et al. 2012; Emilio

et al. 2010; Stropp et al. 2009). These factors do indeed vary greatly on the continental

scale (Sombroek 2000): from 1,200 mm/y to 6,400 mm/y for rainfall, from 0 to 6 months

for dry season length and, for geology, from old crystalline bedrock from the Proterozoic

([2500 Ma) to recent sediments originating from Andean orogeny during the Cenozoic

(\66 Ma) resulting in very different soil fertilities. They are consequently proposed as

surrogates in the selection of reserve areas and for sampling Amazonian species diversity

(Schulman et al. 2007). However, on our scale, these factors are more homogeneous and in

our study explained less than 10 % of the variations in floristic composition.

In fact, even though French Guiana has a significant rainfall gradient, the fairly sub-

stantial total rainfall it receives (far above the 1,500 mm/y threshold that marks the

transition between evergreen and semi-deciduous forest), and the short dry season

(1–3 months with temporally well distributed rains even in its driest area), combine to

reduce the impact of climate on vegetation in this region. Moreover, a series of ice-ages

and episodic ENSO events may also have drastically modified spatio-temporal rainfall

patterns over the past millennium in this region (Hammond 2005) such that present

meteorological data (over a fairly short period of a few decades) may not reflect the

average conditions that tree communities have experienced during their assembly. For all

these reasons, we assume that the weakness of the climatic effect is not due to a lack of

accuracy or precision of the tested data but rather to a lack of representativeness of the

short period available for the climatic data in comparison with the ecosystem’s life-time.

Because of its influence on soil, geology often has a significant impact on tropical forest

vegetation, particularly when geological substrates with very dissimilar ages or properties

are compared (Fayolle et al. 2012; Phillips et al. 2003). Beyond the direct effect of soil

chemical properties on species composition, geology is sometimes recognized as influ-

ential on long-term forest dynamics: forests are more dynamic on rich than on poor soils,
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such that speciation rates and evolutionary processes may differ (Stropp et al. 2009). The

conventional distinction between nutrient-rich floodplains on quaternary sediment (‘‘var-

zea’’) and less productive drained uplands on older terrains (‘‘terra firme’’) is a common

illustration of this effect on forest composition in the Amazonian basin (Clark et al. 1999;

Sollins 1998). A rather similar effect has been put forward in Guyana to explain variations

in composition between north and central Guyana on Berbice sedimentary formation and

southern forests on crystalline substrate (ter Steege 1998). However, this effect has little

relevance in French Guiana where (i) Precambrian crystalline rocks are very dominant over

sedimentary rock, (ii) the very old, deep soil cover seems to have masked potential dif-

ferences between soils developed from the alteration of various types of granites that are

nevertheless chemically different, and (iii) soil weathering sequences are organized more

locally along short catenas that vary according to geomorphological stages (Sabatier et al.

1997). As a result, even though similar patterns are detected in French Guiana, suggesting

that similar ecological mechanisms affect forest composition on continental and regional

scales, the same surrogates cannot be used to represent them. In particular, geology and

climate are not reliable factors when considering conservation issues on this regional scale,

as demonstrated herein.

Using geomorphological landscapes to approximate forest types

Our results demonstrate that a stratification based on regional geomorphodiversity,

expressed by geomorphological landscapes, significantly explains beta-diversity patterns in

French Guiana. We also show that a forest stratification based on this surrogate more

efficiently captures variations in composition than expert- or remote sensing-based

approaches as it explains a larger proportion of floristic variations and especially the

distribution of many important taxa.

Previous botanical studies identified two forest types in French Guiana, a Caesalpi-

nioideae-dominated forest assumed to be in the north, and a Burseraceae-dominated forest

assumed to cover the south (Sabatier and Prévost 1990). The new insight provided herein

by geomorphological landscapes expands on this distinction for taxa corresponding to

more than 65 % of all individuals, including well-distributed taxa (e.g. E. falcata, Licania

spp., Lauraceae—see Table SI4) and some rare and/or threatened species (e.g. Vouacapoua

americana—see Table SI4). Based on these results we were able to define at least five main

forest types defined by major landscape categories (i.e. plains & valleys, plateaus,

mountains, multi-concave relief, multiconvex relief—see Fig. 4) coupled with dominant

families (Tab. SI3): (i) forests dominated by Lecythidaceae covering the coastal plains and

large valleys; (ii) Lecythidaceae mixed with Caesalpinioideae, and especially E. falcata, in

multi-convex (hilly) landscapes that are common in the north; (iii) forests on plateaus,

more common in central Guiana, associating Caesalpinioideae and especially D. guian-

ensis that can be locally very abundant, with Burseraceae; (iv) Burseraceae becoming

significantly more dominant on multi-concave landscapes (locally called ‘‘peneplains’’)

that are mainly situated in southern French Guiana, also including very abundant Vo-

chysiaceae, Simaroubaceae and Mimosoideae; (v) Mimosoideae reaching their maximum

abundance in the mountains that were seen to harbor greater local richness (Guitet et al.

2014) than other landscapes with far more diversified families and taxa including many

Lauraceae. More subtle forest sub-types can also be documented based on the 10 landscape

features identified in Fig. 1.

Our results, which underline the usefulness of geomorphological features as surrogates

of forest composition, are consistent with those of a recent study that used monocotyledons
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as subset taxa in central Amazonia and showed broad landform features as drivers of

floristic patterns (Figueiredo et al. 2014). Our results also support the hypothesis that long-

term forest dynamics are under ‘‘geomorphographic control’’, as previously proposed for

the Guiana shield (Hammond 2005), but which had not been formally verified before our

study. Ecological conditions and geomorphological landscapes are of course closely

related, such that relations between geomorphodiversity and biodiversity can be partly

interpreted as a habitat filter (e.g. generally higher rainfall and lower temperatures with

altitude in mountain landscapes, more intense waterlogging in plains and valleys, etc.).

Moreover, soil type seems to be partly linked to landscape features, as observed with the

soil samples collected during the same field work (see Table 1) and as previously dem-

onstrated across Amazonia (Quesada et al. 2010). However, except in sporadic cases (such

as small white-sand patches or duricrust), the major soil types encountered in French

Guiana (i.e. ferralsols and acrisols) show few chemical or structural differences (Quesada

et al. 2009). Consequently, we assume that beyond this direct but weak niche effect,

geomorphological landscapes principally include the imprint of past environmental filters

and historical biogeographical processes that underlie differences in forest composition. In

fact, the process of landforms formation is driven by tectonic, climatic and marine events

that mark the geomorphological landscapes (Thomas 2011). These long-lasting events can

also modify floral and faunal dynamics (Haffer 2008; Stehli and Webb 2002) and influence

survival and migration processes, which seem to be relatively slow in tropical rainforests

(Malcolm et al. 2006). We therefore assume that geomorphological landscapes are relevant

proxies for forest long-term history. Geomorphological landscapes may therefore be

viewed as an integrative marker of an ecological trajectory leading to major divergences in

habitats and vegetation.

When geomorphology reveals divergent forest dynamics

Several factors point to regional tectonic background processes and recent climate changes

being linked to observed geomorphological landscapes and their specific forest composi-

tion. For instance, the accumulation of sediments carried by Amazonian waters along the

Guianan coasts has resulted in slight subsidence of the continental shelf (Warne et al.

2002) in front of the Guiana Shield. A consecutive 40-m upheaval over the last

300,000 years has also been detected in inland north-western French Guiana (Palvadeau

1998) due to crustal deformations. The sinking of the river network subsequent to this

uplifting probably enhanced superficial erosion, which would explain the dominance of

multiconvex landscapes and rejuvenated thin soils in this part of French Guiana (Beaudet

and Coque 1994; Boulet et al. 1979). In fact, the original plateaus and their deep weathered

ferralsols, which are still dominant in the stable south-eastern part of the territory, are

gradually being replaced by a more dissected topography, with thinner soils and more

superficial drainage that is shaping northwestern multi-convex landscapes. This long-

evolving process may in turn have modified tree population dynamics and the composition

equilibrium, especially for Eperua falacta which colonizes hillslopes in this northern

landscape whereas it preferably occupies downhill and hydromorphic soils in plateau

landscapes (Sabatier et al. 1997). Recent molecular phylogeographic analyses of E. falcata

corroborate a still ongoing colonization dynamic accompanied by genetic differentiation

(Audigeos et al. 2013). Thus, the multi-convex landscapes of French Guiana comprise

forest with rapid dynamics resulting from a recent environmental imbalance, whereas

plateau landscapes, on the contrary, indicate sustained stability which is conducive to

slower evolution.

Biodivers Conserv

123

personal copy



The case of mountainous landscapes (mainly between 300 and 500 m) also illustrates

the strong relationship between long-term forest dynamics and geomorphology. Indeed,

Guianan mountains show richer forest composition than lower elevations and therefore

support the ‘‘mid-altitude bulge’’ effect which has also been detected in other tropical

forests (Eisenlohr et al. 2013; Lomolino 2001). This effect is sometimes explained by the

optimal soil temperature and intermediate fertility found at mid-altitude (Sanchez et al.

2013), which are assumed to reduce both competition and environmental constraints on

vegetation. However, these zones could also have benefited from a ‘‘refugia’’ effect (Haffer

2008) that may explain the generally greater richness of the mountainous forests in both the

north and south of the country (Guitet et al. 2014). In fact, a large body of evidence from

palynology, sedimentology and anthracology suggests that regional forests were frag-

mented during Quaternary dry periods, corresponding to the series of ice ages and pre-

cession cycles (Duputie et al. 2009; Haffer 2008; van der Hammen and Absy 1994). But

the deep, ancient and well-drained ferralsols that cover these high reliefs prove that they

did not experience these recent dry phases because long periods of humidity are essential to

ferralsols that need deep weathering with slow superficial erosion (Ferry et al. 2003;

Sombroek 2000). In any case, this particular geomorphological landscape appears to be an

efficient indicator of a specific ecological trajectory that leads to high alpha-diversity.

Systematic geomorphological approach: an efficient tool for conservation planning

Several recent studies conducted on a continental scale have concluded that pre-quaternary

tectonic and climate modifications have had major effects on landscape and biodiversity

changes in Amazonia (Cheng et al. 2013; Hoorn et al. 2010). Modern forests have been

markedly influenced by climate fluctuations, fault reactivations and changes in the

dynamics of water flows in several Amazonian localities (Rossetti et al. 2012). Therefore,

an expansion of the geomorphological landscape mapping presented here for French

Guiana could be useful for modeling beta-diversity patterns across Amazonia.

Several studies have underlined that geodiversity should be taken into consideration

when drawing up global-scale biodiversity maps or identifying biodiversity hotspots as

guides to conservation strategies (Parks and Mulligan 2010; Sombroek 2000; Thomas

2012). However, the practical application of this idea generally reduces the approach to

local DEM variations or focuses on geological variability as the sole geodiversity approach

(e.g. Schulman et al. 2007). In fact, geomorphodiversity is rarely evaluated on a large scale

in tropical forests. But, thanks to recent remote-sensing products, particularly RADAR and

LiDAR, and dedicated software developed for GIS, it is now easier to create objective and

accurate geomorphological segmentations at all scales (e.g. Camargo et al. 2012). We

therefore suggest that geomorphodiversity should be used more systematically for con-

servation planning, in addition to conventional environmental factors or multi-spectral

remote-sensing images. The approach we describe in this study could be reproduced in

other hyper-diverse tropical forests where environmental gradients are fairly smooth (e.g.

Brazilian shield, west and central Africa or southern India) but also in more contrasted

ecological contexts where geomorphological landscape features could provide richer sur-

rogates of past environmental filters and long-term species migrations than the conven-

tional, unsophisticated descriptors commonly used (i.e. latitude, longitude or age of

geological substrate). Moreover, beyond their direct effects on flora, geomorphological

features also appear to influence faunal communities as demonstrated by concurrent ver-

tebrate inventories conducted along the same forest transects described in this study

(Richard-Hansen et al. submitted). As a consequence, new geomorphological maps
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provided by satellite imagery could be very widely used in tropical regions to direct

regional planning and forest conservation. Such approaches might more efficiently link

geomorphodiversity and biodiversity, and also provide new insights to guide future

surveys.
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+ ����������� ��,�� ������ ��� ��� ��� ��� �� ��� �� ��� �� ���
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��������&;����� �#�����������	� #��������� ��0'�� ������ ��� �� �� �� �� ��� ��� �� ��� ��
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, . ,/0% 1 2 + ��������� �& 22/ �2 2 ,/2 .1, 13� 234 +/31 �,3� ,31 ,. .35 /3� /3� /3, /3, /31 232 535 ,2

� �. ,/0% 1 2 + ��������� �& 25, 25 6 ,2/ 121 134 13� +/37 ,.3� /35 ,4 �3� / /3, / / /3� 73. ,736 2

2 .. ,/0% . 7 + ��������� �& 175 ,1 / 46 12/ 137 13� +/31 736 /3. ,1 ,3, / /3, / / /3� 735 ,134 �

1 ,// 63.0% . 7 237/������� �& .67 ,. � 6. 22� 137 132 +/31 .3� /31 ,1 /35 / /3, / / /3� 234 736 .

. ,1/ 63.0% 7 7 23//������� �& .4. ,/ � .6 21. 136 131 +/31 .36 /31 ,. /35 /3� /3� / / /31 13, 6 ,/

, . ,/0% . 2 + ��������� �& 2,/ 25 5 41 ..4 131 235 +/3. �131 ,3. ,7 .32 /3, /3� /3, /3, /37 235 ,�37 ,1

� �. ,/0% . 1 + ��������� �& 1,7 66 �� ,/5 267 134 13� +/37 ,.31 , ,. ,34 /3, /32 /3, /3, /31 637 ,432 7

2 7. 63.0% . 7 237/������� �& .64 11 5 65 �5, 135 132 +/37 737 /3. ,1 /36 /3, /3� / /3, /31 737 ,,31 6

1 ,/. .0% . 7 63�/������� �& .4� 6� ,/ 72 �61 .31 135 +/3. 13, /32 ,1 /3. /31 /3. /3, /3, , 135 431 �,

. ,2/ .0% . 7 63�/������� �& .66 ,/2 5 11 �76 .34 .32 +/3. 23. /3� ,1 /31 /36 /3. /3, /3, ,32 13, 63, 2�

, . ,/0% 2 1 + ��������� �& �,1 �. ,/ 57 7.. 13, 237 +/37 ��37 ,31 ,7 �37 /3� /3� /3, /3, /37 .35 �631 ,,

� ,. ,/0% 1 7 + ��������� �& �17 2/ ,. ,/5 7// 135 132 +/37 ,/32 /34 ,1 �31 /3, /3, / /3, /3� 231 ,237 7

2 2/ 63.0% 1 7 13./������� �& �76 �4 2� ,�7 .17 136 132 +/31 63. /3. ,1 �3, / / / / /3, �37 537 .

1 ./ 63.0% . 7 237/������� �& 224 2. ,7 ,/5 ./2 137 13� +/31 734 /3. ,1 ,3. / /3, / / /3� 237 ,/36 1

. 5/ .0% 1 7 53//������� �& 1/6 41 �2 ,/� 242 137 132 +/32 235 /32 ,. ,32 / / / / /3, �34 6 1

7 ,1/ �3.0% 1 7 ,23./����� �& 21. ,47 14 5/ 22, 136 131 +/3� � /3, ,7 , / / / / /3, 232 537 1

, . ,/0% 1 1 + ��������� �& 2�4 21 �, ,6. 11� 131 235 +/37 �636 � ,1 �& /3, /3� /3, /3, /3. 632 ��3, 6

� ,. ,/0% . . + ��������� �& 1/7 2, �/ ,64 27. 135 13, +/34 ,.34 ,3� ,2 �& /3, /3, /3, / /32 .3, ,�3. 7
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1 6. .0% . 7 63�/������� �& .21 ,4 ,4 ,., �4/ .3, 132 +/34 .3. /31 ,2 �& /3, /3, /3, / /3� 2 .37 4

. ,�/ .0% . 6 431/������� �& .�4 �/ �2 ,.. �61 .3� 137 +/37 235 /32 ,2 �& / / /3, / /3, �35 .3. 1

, /+. ,/0% 1 1 + ��������� �& �5. 7. �7 ,.. 1.5 137 13, +/3. �,31 ,37 ,2 ,31 /3, /3, /3, /3, /31 731 �,3. .

� �.+,/ ,/0% . 1 + ��������� �& 22, ,,. 21 ,25 24/ 136 13� +/3. ,. ,3� ,2 , /3, /3, /3, / /32 7 ,4 1
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1 ,,/ 63.0% 1 7 13./������� �& .4. ,1� 45 27 ,14 137 .3, ��� 5 /37 ,1 /32 / / / / /3, 137 635 �

. ,.. .0% 1 7 53//������� �& 2,2 75 ,�6 �56 ,52 . .34 ��� 737 /31 ,. /32 /3, / / / /3, �37 432 .

, . ,/0% 1 1 + ��������� �& 7�� 14 / 11 �46 137 235 +/36 263, �36 ,1 ,3� /3, /3� /3, /3, /3. 537 ,.3. .

� ,/ ,/0% . 7 + ��������� �& 747 71 / 2. �,6 13. 13, +/31 �,31 ,36 ,2 /35 / /3, /3, /3, /3� 632 ,/37 2

2 �. ,/0% . 4 + ��������� �& 6�, 75 / 2� ,65 134 132 +/3. ,23, , ,2 /34 / / / / /3, .35 43� �

1 1. 63.0% . 4 134/������� �& 67/ 14 / �7 ,74 134 131 +/31 436 /36 ,2 /36 / /3, / / /3, . 73. 2

. 6/ 63.0% . 4 134/������� �& 4/6 �4 / �7 ,17 . 136 +/32 .3� /31 ,� /36 / /3, / / /3� 1 135 1

. 5/ .0% . 4 537/������� �& 4/� �/ ,2 �/ ,1. . 134 +/3� 13. /31 ,� /36 / /3, / / /3� 237 13. 1

. ,�/ .0% . 4 537/������� �& 4�. ,, � ,5 ,11 . 134 +/3� 137 /31 ,2 /37 /3, /3, / / /3� 13� .3, 1

, . ,/0% 1 1 + ��������� �& 771 ,64 ,4 .2 47 132 235 +/32 7� 13� ,. /31 /3� /32 /3� /3, /36 134 632 ,.

� �. ,/0% . 7 + ��������� �& 646 42 4 ., 6, 13. 13� +/32 2,37 �3� ,1 /3� /3, /3, /3, /3, /32 ,53� �131 �

2 ./ 63.0% . 7 237/������� �& 41, ./ �/ 24 ., 135 131 +/31 ,635 ,32 ,1 /3, /3� /3, /3, /3, /31 ,231 ,.35 2

1 4/ 63.0% . 4 134/������� �& 416 75 ,2 26 21 . 134 +/3� ,,31 /34 ,1 /3, /3, /3, / / /3� 536 ,,3. �

. ,,. 63.0% . 4 134/������� �& 6/, ,75 11 22 .2 .3� .3. /3� 631 /3. ,. /35 /3, / / / /3� 736 53. 2

7 ,.. .0% . 4 537/������� �& 77, ,16 ,7 25 ,27 .3, .37 /37 7 /31 ,6 /35 /3, / / / /3, .31 43� �

, /+. 63.0% 1 7 13./������� �& 7.. 5, ,5 22 �/� 134 132 +/3. 263. 231 ,, ,32 ,3. /37 /3, /3, �32 ,/3. ,7 ��

� ,/ 63.0% . 7 237/������� �& .�. �71 25 �4 ,11 135 13. +/31 �,37 � ,, /35 /3� /32 /3, /3, /37 432 ,.34 6

2 2/ 63.0% . 4 134/������� �& 645 45 ,/ ,5 52 .3, .3, ��� ,/3� , ,/ /35 /3, /32 / /3, /3. 73� 635 4

1 4/ 63.0% . 4 134/������� �& 4�2 .6 ,1 ,7 5/ . .37 ��� 13. /3. 5 /34 /3, /3� /3, / /31 132 .3� 5

. ,1/ 63.0% . 4 134/������� �& 66� 5, �7 �4 41 .3, .34 ��� �3. /32 5 ,32 /3, /32 /3, / /3. 13� .31 ,�

, . ,/0% . 1 + ��������� �& .7, 14 �/ 66 �5. 131 234 +/37 1,37 �36 ,. ,37 /3, /32 /3, /3, /37 537 ,63, 7

� ,/ ,/0% . 7 + ��������� �& .54 12 ,� 74 �64 137 13� +/3. �1 ,36 ,1 ,3, / /3, /3, /3, /32 631 ,�31 2

2 �. ,/0% 7 7 + ��������� �& 772 11 ,. .7 ��� 134 13� +/37 43, /36 ,� , / /3, / /3, /3� 73� 531 2

1 4/ 63.0% 7 4 13//������� �& 65. �. 4 25 ,22 134 132 +/31 ,�35 /35 ,. , / / / / /3, .34 632 �

. ,2. .0% 7 4 43//������� �& 4�1 26 6 �. ,/6 136 13. +/3� 73, /3. ,� /35 / / / / /3, 134 .34 �

, . ,/0% 23. � + ��������� ,44 747 7/ ,� 42 ,.5 134 236 +,3, 2,35 553� 734 ,. /36 /34 /32 /3, ,34 2/34 1134 7

, ,. ,/0% . 1 + ��������� 65� 771 65 ,6 7/ ,4, . 13� +/34 �,3. 1.3. 23, ,. /3, /3, /3, / /31 ,735 �.31 2

� 1/ 63.0% . 4 134/������� 174 4/1 .2 , 14 51 135 136 +/3� ,43, �132 ,3. ,7 /3, /3, / / /3� ,/36 ,23� �

2 7/ ,/0% 7 4 + ��������� �75 4,7 ., ,2 12 67 .3, 135 +/3� ,53� ,63, , ,7 /3, /3, / / /3� ,/ ,�32 �

2 5/ ,/0% 7 4 + ��������� 2.� 66� 5� �7 21 6. .3. .31 +/3, ,532 ,1 /34 ,4 /3, /3, /3, / /32 632 531 2

, /+. ,/0% 1 7 + ��������� 21 6�6 4. , .5 ,�4 131 234 +/37 �, 153. 236 ,2 /3� /32 /3� /3, /36 �, �435 2

� ,. ,/0% . 4 + ��������� ,42 67, 7. 2 .. ,,7 136 13, +/3. ,731 22 �31 ,1 /3� /3, /3, /3, /3. ,235 ,43� 2

2 1/ 63.0% . 4 134/������� ,4, 65. 14 5 16 ,/, 136 131 +/31 ,7 �/3, ,32 ,. /3, /3, /3, /3, /32 ,/37 ,232 �

1 7. 63.0% . 7 237/������� ,/, 652 7, 7 25 ,// . 137 +/31 ,7 ,236 /35 ,. /3, /3, / /3, /3� 53, ,,3. �

. ,// 63.0% . 7 237/������� �6/ 641 57 2 �1 52 .3, .32 /3� ,73. 535 /3. ,5 /3, / / / /3� 732 4 2

����� 8��#��"�������	�*�
+,



. ,2/ .0% . 7 63�/������� 1/6 6/� ,24 ,/ 21 ,,. . .3. /3. ,.32 631 /31 �, /3, / / / /3� 136 736 2

, . ,/0% 1 2 + ��������� 6 ,�. 14 51 1/1 2�5 131 2 +,31 �2 ,31 ,6 ,34 /32 /3� /3, /3, /36 . 2537 ,1

� �/ ,/0% . 1 + ��������� 54 ,�1 .6 4. 2.6 266 135 132 +/37 .36 /31 ,1 ,32 /3, / / / /3� �3, ,736 5

1 7/ �3.0% . 7 ,/34/����� 5 ,.1 �12 45 �14 �76 .3� 134 +/31 13� /3� �5 /34 /3� / / / /3� /36 132 �5

. ,// ,/% . 4 ,53�/����� 1 25 �65 ,72 �.. �71 .3� 13. +/34 /3. / .5 ,36 /3� / / / /3� �3� .63, 4

, . ,/0% . 7 + ��������� �& �.6 2, �7 22/ 2.7 136 13, +/36 ,535 ,31 ,1 �& /3, /3� /3� / /37 131 ,63� ,2

� ,. ,/0% . 1 + ��������� �& �4, 27 �5 22� 2�� . 13� +/35 ,,36 /36 ,7 �& /3, /3� /3� / /3. 23. ,�31 ,2

1 2/ ,/0% . 4 + ��������� �& �5/ 24 �4 �54 217 .31 131 +,3, 531 /37 ,. �& /3, /3, /3� / /31 �36 532 ,.

7 .. 63.0% . 7 237/������� �& 275 6, 2, �17 �41 .37 135 +/37 73. /3. ,. �& /3, /3, /3, / /32 23. 53. ,/

6 4/ �3.0% 1 7 ,23./����� �& 1,7 ,�1 14 ,71 �14 .3� 135 +/32 136 /32 ,1 �& /3, /3, /3� / /32 �3. 7 ,2

4 ,1/ ,/% 23. 7 �/3.6����� �& �6� �// 4� ,1, 2/. .3. 132 +,3� �32 /3, ,5 �& /3, /3, /3� / /3. �31 434 ,5

, . 63.0% 1 � ,3./������� �& ,16 1. 1� 26, 25. 13� 237 +/37 �131 ,37 ,. �& /3� /32 /3, / /37 736 1.35 4

� ,/ 63.0% . 2 ,34/������� �& ,2� 21 2, 2�. 164 . 235 +,3, ,436 ,32 ,. �& /32 /3� / / /37 .32 1/ ,,

2 �. ,/0% . 7 + ��������� �& �/5 12 27 2/. 1/7 134 132 +/3. 4 /37 ,1 �& / /3, / / /3� 13� �/ 1

1 1. 63.0% . 4 134/������� �& �62 .4 2. �47 216 . 131 +/37 13, /32 ,. �& / /3, / / /3, 237 ,2 1

. 7. �3.0% . 4 ,131/����� �& 2,5 ,., 11 ,47 2// . 13. +/37 �3. /3, ,6 �& / /3, / / /3, 13� ,2 2

. ,2/ �3.0% 1 7 ,23./����� �& ,62 �/6 72 ,7/ 257 .3� 132 +/35 ,3, /3, �/ �& / /3, / / /3, 232 ,53, 1

, . ,/0% 2 2 + ��������� �& ,�7 21 �5 2,4 152 134 236 +,3, 635 �537 ,35 ,7 /32 /3. /3, /3, /35 7 1635 ,.

� ,. ,/0% 1 1 + ��������� �& ,,6 27 21 274 11. 134 13, +/36 1 5 /36 ,2 / /3, / / /3� �37 ��3, 6

2 2/ ,/0% . 4 + ��������� �& ,6/ 22 22 2,/ 1.2 .3� 132 +, 1 131 /32 ,1 / /3, / / /3, 23� ,436 1

1 .. 63.0% 7 4 13//������� �& 2,2 ,./ 12 ��7 �74 . 13� +/34 735 131 /32 ,7 / /3, / / /3, 13� ,23. 2

.9#�� 4. ,/0% 2 1 + ��������� �& �47 ��5 16 ,4. �.2 . 13, +/35 635 �32 /3� ,1 / / / / /3, 1 ,13, �

.'
�� ,,/ ,/% 1 4 �13//����� �& ,7� ��. 4, ,47 217 135 13� +/36 632 ,37 /3, �7 /3, /3, / / /3� �35 ,43, 1

.:��� ,2/ �3.0 4 2 ,3,2�+������ �& ,55 �.7 16 ,6� 2�7 134 1 +/34 63. ,3, /3, ,7 / /3, / / /3, 232 ,736 6

, . �3.0 1 1 23//�+������ 141 �4/ 27 1 ,,. .71 137 13, +/3. �,37 ,37 ,2 /34 /3� /32 /3, /3, /37 .36 �/32 ,/

� 2. �3.0 . 1 �31/�+������ 141 2,/ .� . 5/ .12 . 136 +/31 436 /36 ,2 /31 /3, /3, / / /3� �35 532 6

2 7/ ,/0% 1 7 + ��������� �2 116 61 ,7 61 244 .3� .31 /3� .37 /32 ,6 /31 /3, /3, / /3, /3� �36 73, 4

1 ,,/ ,/0% . 7 + ��������� �.6 267 ,.2 2/ 75 26� .3� .3. /32 �37 /3, �� /31 /3� / / / /3� � .31 5

, . �3.0 2 2 23//�+������ �,� ,15 5 ,/ 4� 6./ 13� 234 +/3. �634 ,36 ,7 ,34 /32 /32 /3, /3, /34 63, 163. ,,

� �. �3.0 1 1 23//�+������ .7, ��6 14 ,5 ,4/ .�. 134 132 +/31 ,,3, /34 ,1 /34 /3� /3, / / /32 23. ,.3. 4

2 6. ,/0% . 1 + ��������� 16/ 2,. 21 ,4 ,7� 16� 135 137 +/31 137 /31 ,2 /37 /3, / / / /3� 2 53. 7

1 ,2/ 63.0% . 7 237/������� 616 244 11 �7 ,7, 24� .3� 136 +/31 232 /3� ,. /37 /3, / / / /3� �3� .34 5

, . ,/0% 2 2 + ��������� / .75 �12 ,1 1. ,�5 1 237 +/32 .�3, 13. ,� �& /3� /36 /3, /3, ,3, ,23. �234 4

� ,/ �3.0 7 1 �3//�+������ .65 .57 ��4 ,7 1� ,,4 132 235 +/32 �432 �37 ,, �& /3, /3� /3, /3, /3. 532 ,.36 .

2 1/ �3.0 6 1 ,36,�+������ 46 266 .., ,4 �/ 21 135 13� +/36 .3� /36 4 �& / /3, / / /3, 2 4 1

1 6/ �3.0 4 1 ,3./�+������ .7 ,/. 42/ 26 ,1 ,1 . 13� +/34 /37 /3� 2 �& /3, / / / /3, ,37 ,135 5

. ,2/ �3.0 4 � /36.�+������ / 61 44, 2� ,� , . 13, +/34 /3� / ,2 �& / /3, / / /3, ,35 �. 7

. ,,/ �3.0 . / + ��������� / 4. �,/ ,6 12 711 136 13. +/32 /35 /3, ,, �& / / / / /3, /36 43, 5

, . ,/0% 2 , + ��������� �& 7, ,/ / 27 452 131 �35 +,3. 4531 131 �, 232 ,35 ,3, /3� /3, 23� ,73, �7.35 �/

� ,. ,/0% . � + ��������� �& �1 4 2 66 444 132 2 +,32 ,.34 /34 �/ ,3� /3, /3, / / /32 �35 ,,436 5

2 2/ ,/0% 6 � + ��������� �& �, 6 6 ,6. 65/ 136 231 +,31 �32 /3, ,7 , / / / / /3, ,3, .,3� 4

1 6/ ,/0% 4 � + ��������� �& ,5 2 / ,�4 4./ .3. 132 +,3� /3� / 7 /35 / / / / /3, /31 ,434 ,6

. ,,/ ,/0% 4 , + ��������� �& �, 2 4 ,4� 646 .36 131 +,31 /3, / �& , / / / / /3, /3� 63� 1.

. ,./ ,/0% 4 , + ��������� �& / / 2� ,5, 666 .36 135 +/35 /3, / �& /36 / / / / /3, /3. �& ,�

, . 63.0% 2 � �3//������� �& ,/7 �, �5 225 ./. 134 234 +, 634 2/ �3, ,1 /31 /37 /3, /3, ,3� �37 �136 11

� ,. �3.0 1 1 23//�+������ �& 5. 2, �2 275 142 135 13� +/36 23� ,34 /3, ,1 / /3, / / /3� 23� 2237 7

2 2/ �3.0 7 2 ,3./�+������ �& ,�, 12 �4 212 177 . 132 +/37 �3. �36 /3� ,� / / / / /3, �34 �232 2

1 7/ �3.0 7 2 ,3./�+������ �& ,61 54 1. �1/ 11, 135 13� +/34 13� �3. /3� ,. / /3, / / /3, 4 173, ,

. ,// ,/0 4 , ,3./�+������ �& ,,7 ,.2 .5 ,.5 .,� 134 13, +/34 136 /34 /3, ,1 / /3, / / /3, 734 .5 �

, . 63.0% . � ,3�/������� 6 14 2, 6, 216 ./1 13. 23� +,32 ,63� /35 ,5 �36 /3� /32 /3, /3, /37 13� 4434 ,1

, �. ,/0% 4 � + ��������� ,/ , 27 ,�� 22. ./6 .3� 237 +,36 237 /32 ,1 ,37 /3, / / / /3� /3. 7// 2.

� 7. ,/0% 4 � + ��������� �61 , �6 74 2�/ .4. 134 132 +/3. /3� / �5 ,3. /3, / / / /3, /3� ,.234 6/

2 6/ ,/0% 1 1 + ��������� 44 �, 22 65 26� 157 134 13, +/36 23, /3, �� /36 /3� / / / /3� ,3� .53. ,5

1 4. ,/0% 7 7 + ��������� ,24 ,. �7 7, 2/4 .45 .3, 137 +/37 ,3. /3, 2� /3. /3, / / / /3� /36 16 �1

, . ,/0% 1 2 + ��������� / ,4. 1/ �2 ,.4 .51 131 13, +/32 �/37 ,31 ,. �31 /3, /3, /3, /3, /31 236 131 535

� �. ,/0% . � + ��������� / ,.6 2, 1� ,12 7�4 13. 13� +/32 ,,3. /35 ,1 �3� /3, /3, / / /32 73. 63, ,�3,

2 7/ 63.0% . 4 134/������� 17, �42 ., �1 ,5� 1./ 132 13� +/3, 13. /31 ,2 , /3, / / / /3, 735 632 .3�

1 4. 63.0% . 4 134/������� / 21/ 45 �4 ,�6 1,7 135 136 +/3� �3. /3� ,2 ,3� /3� / / / /3� 234 235 735

. ,2/ �3.0% 1 4 ,43//����� / �.� �1� 42 ,,5 2/1 �& �& �& �& �& �& �& �& �& �& �& �& �& �& �&

, ,/ ,/0% 1 1 + ��������� / ,/6 �1 ,5 ,6� 764 13� 235 +/32 ,,36 /34 ,. 231 /3, /3, / / /32 �35 �63, ,,3,

� 2/ ,/0% 1 1 + ��������� / ,/4 �. ,� ,21 6�, 132 13� +/3, 235 /32 ,� ,37 /3, / / / /3, ,3. ,231 434

2 .. ,/0% . 4 + ��������� / ,76 �, ,6 ,.1 71� 131 13� +/3� ,35 /3� ,, , /3, /3, / / /3� ,34 ,/34 53.

1 4. ,/0% . 4 + ��������� / �1/ �/ ,1 ,,1 7,� 131 13, +/32 ,35 /3� ,� /37 /3, / / / /3� �31 ,/ 632

. ,,/ ,/0% . 4 + ��������� / �67 21 ,/ 45 .5/ 131 13� +/3� ,3� /3, 5 /34 /3� / / /3, /32 �37 531 ,�3�

7 ,1/ ,/0% 7 4 + ��������� / 2.� ,,7 �1 14 17/ �& �& �& �& �& �& �& �& �& �& �& �& �& �& �&
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Author article Study area 

class (in the 

corresponding article) 

SOC1m 

t.C.ha
-1

Schwartz & Namri 2002 Congo soil unit 4,1 122.1 
Schwartz & Namri 2002 Congo soil unit 4,2 98.2 
Schwartz & Namri 2002 Congo soil unit 5,1 136.4 
Schwartz & Namri 2002 Congo soil unit 7,1 97.1 
Schwartz & Namri 2002 Congo soil unit 7,2 118.5 
Schwartz & Namri 2002 Congo soil unit 7,3 107.2 
Schwartz & Namri 2002 Congo soil unit 7,7 93.3 
Schwartz & Namri 2002 Congo soil unit 7,8 69.3 

Silver et al. 2000 Tapajos Sandy soils 81 
Silver et al. 2000 Tapajos Clayic soils 80 

Sommer et al. 1997 Para old growth forest 90 

Koutika et al. 1997 Para old growth forest 116 

Ceddia et al. 2015 Amazona MU1 60.3 
Ceddia et al. 2015 Amazona MU2 78.2 
Ceddia et al. 2015 Amazona MU3 74 
Ceddia et al. 2015 Amazona MU4 87.3 
Ceddia et al. 2015 Amazona MU5 79 
Ceddia et al. 2015 Amazona MU6 80.2 
Ceddia et al. 2015 Amazona MU7 50.1 

Batjes 2005 in Ceddia tropical forest 82.5 

Cerri 2000 in Ceddia tropical foret 78.6 

Batjes &Dijkshoorn 1999 in Grimm 2008 cambisol 95.3 
Batjes &Dijkshoorn 1999 in Grimm 2008 ferralsol 101.6 

Post 1982 in Grimm 2008 tropical moist forest 115 

Batjes 1996 in Grimm 2008 ferralsol 107 
Batjes 1996 in Grimm 2008 cambisol 96 

Jabbagy & Jackson 2000 in Grimm 2008 evergreen forest 186 

Brown et al  1993 in Grimm 2008 tropical forest 148 

Henry et al 2009 RDC total stock / national area 101 
Henry et al 2009 Gabon total stock / national area 111 
Henry et al 2009 Cameroun total stock / national area 116 
Henry et al 2009 Congo total stock / national area 292 
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��������	#���-��	������	����F��	���	����F���	���	������������)	�-��	��	���������	���	 ���������	���	

�����������	2	����������	���	�	�������	���	��	����	���	����� ������	�--��������	���	������������	

����	����������	��	���	�������������	��	����*	

��% +	�,������,���������������

:��	��������	�������0�����,���	����	���������	���	��	�����������	��	+�G�H	2	>����������	��	���	

������������	����	�������	��	δ'1+	����	�� ����	��	�����������	�5G�	��	5����	��� ���	���	�L���	

����������	,��	���(	��������	���	�*	�������	����	���	����	��	������	
JP��MG*	

:��	��������	������������,���	��	 ��	 �����	 -���	��	 ���	�������	��	 ��	����.��	������,��	���	���	

�--�������	 ���	 ������	 ���	 -�����*	 :��	 ��������	 ��	 ��	 ��	 ������	 ��������	 �����,���	 #������(�	

�$��������	��������	�����()	���	���	���������	���	���	-�����	%	��	C	���������*	

:$�������	δ'1+	�	���	��������	���	��	-����	'	���,������*	

� �
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) -�����������
��������	��
:��	������������	���	C	-�����	���������	���	��	�������	����	�����������	����(�	'*	

:��	���������	���	��������	�������0�����,���	����	������������	��	����(�	%*	

)�� .,	��&���
����	�,����
��������#���

:��	,�����	������	�������	����������	���������	�������������	�������	=	

	 J��	�������	2	��������	��������	I	

	 J�	���	2	���������	-�����	2	�������	��������,��	���������	��	���0���������	I	

	 J�	����F��	 ���������	�����(	 ���	���	����F���	 ��-�������	����	 ��������	��	��--�������	

�������	I	

	 H��	������	�$�������������	����	���	����F���	����������	��E��	��-�������	I	

	 :�	��������	��	,����F	��E��	��	����������		���	���������	����	 ���	 -�����	'	��	C	����	

��.�	���������	����	��������	����F���	���	-�����	%	��	1	I	

:��	-�����	��	�����������	���	����	 ��������	��	��������	��	���������	�$���������	��	�$���������	���	

������	�$������������	����	 ��	���-���	 ��	 ������	���	������	�����������	 ��	��������	 ��	������	��	 ��	

���-������	���	����F���	��������	#���	�����()	����	��	���-���	�$���������	��	�$����F��	����	��	

���-���	# ���	���*	C	��	3	��	����(�	')*	

)���� /,
�������������
������	�������"�

:$�����������	��	���	���-���	������	���������������	��	��	��������	��	�4������0�����	����	��	

�����	������	��	���-����	��	��	�$����� �����	�$���	������������	���,���	������	���	��(����	2	

���������	�����������	��������	#������	3)*	

• H���	��	���-��	'	�����	��	������	���	��������	����	���	���	���,���	��	�������	��(	

����F���	��	���-���	Q&01&��R*	:�	�����	��	���-��	���	�(����	��	�S����*	+����	

������������	��	���-���	��	����-����	�����	���	��	��������	��	�4������0�����	�������	

�$���	 ������	��	�4������0����	����	���	��	�L��	�� ����	��	,��	���-����	��	������.��	���	

���������	��	��	���	������	���	��(����	��������*	

• H���	��	���-��	C	�����	���	-�����	�����	����	��	������	���������	��	�������	

�$������������	������T�	��	���������	��	���-������	�����	,��	�$����F��	��	���-���	Q&0

1&��R	��	���	�(����*	J�	����F��	�������(	2	������	��	'%&	��*	�����	,��	�$���	�$� ����	

-���������	��	��	���-���	��S��	2	��	-�����	�����	��	2	��	��(����	���������	����	������	�����	

����	��������	����	��	������	��-�������	��	���-��	��	�����	��	�����	�������	��	

���-������*	:��	�������(	�������	,����F��(	�	�;������	���	�S����	��	�������	�����	

����,����	���	������������	��	-��*	

• H���	��	���-��	%	�����	���	��	������	����	��	������	��-������	��	�������	�$������������	

���	�����������*	:$��������	���������	����������	���	-�����	��	,����F	��	��	���������,���	

 ��������	������T�	2	������	��	73��	��������	��	�����������	��	�$���	��	-� �������	��	

����������	��	�$���	����	���	73	��������	��*	:2	������	���	�4������0�����	����	�;������	

���	�4������0�����	�������	����,����	���	-����	���������	��	�$����F��	�������������	

Q13073��R	���������	��	����������	����������,���	����	3&@	��	���	 �����*	

• A�-��	����	��	���-��	1	�����	���	���	��������	,���,���	�.����	��0������	�$���	���,���	

�$������������	��	����-����	���	���	�S����	��	������������	��0������	��	73��	

��(,������	����.����	���	�S����	��	��������������	����	��	����F��	����������	��������	

��0�������	��	73��*	J��	�����	�$���	������	���	��������	2	'%&��	#���������	���	

�����������	4��,�$2	�����	�$'�	����	��	�$�� ������)*	�	�$�� �����	���	�4������0�����	����	

����*	
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:$���������	��	�$������������	��	��	���-������	��������	����	��� ��	���	���������	��������	��	

���� ���*	:�	�������	���	�4������0�����	������	����	������	����	2	�$���������	��	�$������������	

��	���-���	�����	��-�������	���	��	�����	=	

• H���	 ��	 ������	 ��-������	 ��	 ������	 #,��	 ��	 �������	 ���	 	 1&�	 ��	 ���� ���)�	

�$������������	 ���	 ������������	 �	 �������	 ����	 ���	 ����F���	 �����-������	 ����	 �����(*	

H���	��	���	��	���-��	%�	��	-���	�$����F���	��.�	���	�����(	2	������	��	1&��	��	�$�������	

��	 ������	 �$����������	 ��	 �$���	 ���	 �������	 ����	 ������������	 ,��	  ������������*	 :��	

�4������0�����	����	�������(	 	��	 4�����	 ��	�;��	��	�����������	����	��	�����	�--������	

�����	�$����������	��	����	����������*	H���	��	���	��	���-��	1�	���	����F���	��-�������	����	

����	�����(	����	�$���	��	��������	�$���	�����	���	���-����	��	-���������	,��	���������	2	

�$�����������	����������	���	����F���	��	���-���*	

• H���	 ��	������	����������	��	�������	 �$������������	��	���-���	��	��	����-����	,�$��	

�������	��	�����	��	�������T�	�.�	,�$���	-�����	�����	#30'3@)	���	�����������*	����	,��	

��	 ���������	���	����F���	 ��������������	 ��	 ��������	 ���	 �(�������������	 �$����������	

 �������	 ��	 �$���	 ������	 ����--�����*	 A�	 ���	 ��	 ���.��	 ������	 �$����������	 �������	 ���	

��--�����	����	� �����	�$���	��	���-���	����	�$���L���	���	���	����������	��������� �	

��	 �$���	 ��	 ���-������	 #���	 ��	 ���-��	 C)*	 A�	 �$�������	 ��	 ������	 �$���	 �$������	

���-��������������	 ����	 ���	 �4������0�����	 ��	 ���������	 ���������	 ����	 �$����F��	 ��	

���-���*	

)���� ;���	�����������������	�����	��"�

:��	���-���	����������	���(	�����	�$��������	���������	����	�$���������	������ �	���	��.�	

 �������	�����	��	��	����	���	���-���*	

:��	��� ����	��	,����F	����	�������	��	���-��	'	��	����	��	������	I	���	����	�������(	2	������	��	

9&��	 ����	 ��	 ���-��	 C	 ���	 �����	 -�����	 ����	 ��	 ������	 ���������	 ��	 ������	I	 ���	 ����	 ���	

�������(	����	 ��	���-��	%	�����	��	���	����	���	��	�$������������	,�$2	������	��	6&��	I	���	 ��	

���-��	1	������	��	��	���,���	���	-������	��	���	���������	2	'%&��	��	���-�������	�������������	2	

��	 �� ���	 ��	 �����������	 �$���	 �����*	 ���	 ,���,���	 ��� �����	 ��	 ,����F	 ���	 ������	 ����������	

�$������	 �������(	 ����	 #-��������	<)	 ��	 ������	 ����	 ��������	 ������	 2	 ���	 ����������	

-�����������*	H�	���	����	��������	������ �	��	����	-����	���������	���	���������	 ���	��������	

� ���	 ���	 �������	 ����������	 ��	 ��	 ���	 ��� ����	 �$��	 ���;�	 ���� ��������	 ����	 ����;�	 ��	 ��	

�������������	 ��	 ��	 �����0�.��	 ��	 ������	 ���	 ������	 #������(�	 ���������	 ����4��������	


�����������,��)*	

:��	����������	����	���	�������(	��	��	���������	2	��	��	���������,���	����	��	���-��	'	I	���	����	

�������	��	���-��	C	���	�����	-�����	��	��	���-��	1	������	��	��	���,��	I	���	����	�����0����������	

�����	1&��	��	73��	��	���-������	����	��	���-��	%	��	��������	�������������*	:���	-����	���	

�����	��	��.�	������.��*	M�	���� �	��������	���	����������	�������	���	���	��(	������	�	�������	

����	�$����F��	��	���-��	%	�U	���	����	���	����	����������*	

H���	��	���-��	%	�����	Q1&07&��R	��	����	��	���-��	'	�����	Q''&	0'%&��R�	 ���	��������	���������	

�����������	���	V�����	����W	#����F���	2	-����	�������������)*	
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����������2�����	��������5��

:�	 -��������	 ��	 V�����	 ����W	 ����	 � ���	 ��--�������	 ��������	=	 ���	 ��������	 �������,����	 ���	

����������	������,����	���	-��������	����������	#:����	��	��*�	'66&)*		:�	V�����	����W	��	���-��	

%�	�����	��	���	��	����0��,������	���	���������	�(����� �����	��	����������	#�������	�����)	�����	

,��	�����	�������	���	:����	��	����.����	#'66&)	2	3�	��	���-������	����	��	������	��	>�����	���	

��	 ���0�������	 #������	 9)*	 H���	 ��	 ����	 ���	 �������	 ����� ���	 ���	 V�����	 ����W	 ��	 �����	 ��	

-��������	 ��	 ����	 �$��	 -����	 ��	 �������������	 �������������	 2	 ��	 ������	 ��	 ��	 F���	 ��	

�����������	=	���	�����������	��	-������	��	���-������	���	�����-��������	��	�$��������	����	���	

����������	-� �������	#����������	������	�������	��	�.����)	��	�$����������	2	�$�����-���	�����	

����F���	 ��-�������	 ��������	 ��	 ����F��	 ���������	 ����	 �������	 ����	 ��	 �$��-��������	

��������,��	��	���*	

H���	 �����	 ����	 ��	 V�����	 ����W	 �������	 ��	 �����	 ���-�����	 ���	 �����������	 ��	 �S����	

#������������	 ������)	 ����	 �����	 ����F��	 ����04�����	 ��	 ����������	 ����������	 ���	 �������	

-�������	��	���	�������	�$���	����� �*		:�	V�����	����W	������	�����������	���	��	����F��	4����	

�������	��	����	��������	���������*	+����	V�����	����W	�$���	���	������ ��	����	��	���-��	1	�����	2	

��	 ����	 ��	 ��	 ������,�����*	 ��	 ������	 ����	 ,��	 �$��	 ����	 ��	 ��������	 �$���	 V�����	 ����W	

����������	��4����$���	������	��	 ���	���������	 �����	,�$����� ��	���	:����	��	 ����.����	���	 ��	

F���	��	 ������	=	���.�	���	������	�������	��	-��������	�������	���	�������	�������	����	���	

V�����	 ����W	 �������	 2	 -�����	 ���-�������	 ���	����-�������	 ���	 ����������	 �����������,���	 #X	

������)	�	 -���	�$��-�����	 	 ��	 -����	��	�����������*	:��	�S����	������������	 �������	��	��������	
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���	�����	2	��	���������	��	-��������	#���	��	���������	�����	����������	�������	��	�S����)	����	

���,��������	 �$���� �����	 �$���	 ��� ����	 �����	 ��	 �����������	 �$����,����	 �����	 2	 �����	 ��(	

�����������	���������	���������	� ��	�$������������	��	���-���	����� ��*	:�	-�����	���-������	��	

�$���������	 ��	 ��	 V�����	 ����W	 ������	 ������	 ,��	 �$�������	 ��	 -��������	 ���	 ����������	 ���	 ����	

������	����	��--��������	����	����	���������	���	,�������	�����-����� �	��	�����������	����	����	

������	��	��� �	�$���	�����	����� �	��--��������	-����	����	�������	�����	�����	��	���-���*	
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:$������������	 ���	 �����-�	 �����	 �����	 ���������	 �����������	 ������	 ���������	 �����	 �����.��	

������.��*	A�	 �--���	 ��	 ������������	���	������	��������	30'3@	������	���,���	���	 ��������	

������	��	'7&�	��	������	��	'8&�*		:�	��������	�������������	�����	'7&	��	'8&��	������	�����	��	

���	 ������	 ���	 ���,���	 ��	 ��	�� ���	���������	���	��������	 ��������	 ������������	 ��	�� ���	��	

�������������	���	����������	#������	7)*	

:�	��������	�$���	V�����	����W	,����F����	����� ��	����	���-��������	���	��	���-��	1	��	�$���	
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Ce site a tous les atouts pour la mise en place d’un dispositif de suivi et d’analyse des impacts des 
changements climatiques sur la forêt. Son accès par la crique facilite l’entretien des infrastructures 
(DZ et carbet) et autorise l’organisation de missions peu coûteuses (pour peu qu’on s’autorise un délai 
de transport de 2 ou 3 jours). L’installation de placettes permanentes de suivi de la dynamique 
forestière peut donc s’envisager assez facilement. 

Cette opportunité pourrait être examinée par le Parc Amazonien si l’Etablissement confirme sa volonté 
d’investir dans le monitoring environnemental et de participer aux réseaux scientifiques forestiers 
existants (GUYAFOR). 
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Landscape patterns influence communities of 
medium- to large-bodied vertebrates in 
undisturbed terra firme forests of French Guiana 

Cécile Richard-Hansen 1*, Gaëlle Jaouen 2, Thomas Denis 1, Olivier Brunaux 3, Eric 
Marcon 2 and Stéphane Guitet 4 

Abstract 

Whereas broad-scale Amazonian forest types have been shown to influence the structure of the communities of medium- 
to large-bodied vertebrates, their natural heterogeneity at smaller scale or within the terra firme forests remains poorly 
described and understood. Diversity indices of such communities and the relative abundance of the 21 most commonly 
observed species were compared from standardized line-transect data across 25 study sites distributed in undisturbed 
forests in French Guiana. We first assessed the relevance of a forest typology based on geomorphological landscapes to 
explain the observed heterogeneity. As previously found for tree beta-diversity patterns, this new typology proved to be a 
non-negligible factor underlying the beta diversity of the communities of medium- to large bodied vertebrates in French 
Guianan terra firme forests. Although the species studied are almost ubiquitous across the region, they exhibited habitat 
preferences through significant variation in abundance and in their association index with the different landscape types. As 
terra firme forests represent more than 90% of the Amazon basin, characterizing their heterogeneity – including faunal 
communities – is a major challenge in neotropical forest ecology. 
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Introduction 

Although they are often iconic and well known to forest 
dwellers, precise information is lacking on the distribu-
tion and ecological preferences of most vertebrate spe-
cies in neotropical forests. In central Amazonia, previous 
studies revealed that the structure of communities of 
medium- to large-bodied vertebrates varies according to 

the two major forest types: seasonally inundated forests 
(várzea) and terra firme forests (Haugaasen & Peres 
2005a, b, 2008). According to these studies, seasonally 
inundated forests appeared to be less diverse but carry 
higher densities and biomass of primates compared to 
the well-drained uplands (terra firme). However, at finer 
geographical scale (i.e. within each category), the inher-
ent heterogeneity of these faunal communities remains 
poorly documented, with the exception of some mainly 
descriptive studies focused on primate communities 
(Buchanan-Smith et al. 2000, Freese et al. 1982, Hey-
mann et al. 2002, Sussman & Phillips-Conroy 1995), 
and a more recent and detailed analysis in western Ama-
zonia (Palminteri et al. 2011). According to these au-
thors, although hunting pressure and/or human impact 
are often the best predictors of primate community struc-
ture, biogeographic and environmental factors also drive 
community structure. The main descriptive parameter for 
forest types was still flooded vs. unflooded areas, but this 
parameter was refined as gradient. The same authors also 
pointed out that the drivers may be more a combination 
of environmental factors rather than any one factor. 

In French Guiana, the whole territory was until re-
cently considered as apparently homogeneous terra firme 
forest. However, recent research demonstrated the exist-
ence of several types of terra firme forest across Amazo-
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nia (Anderson et al. 2009) or within the Guiana Shield 
(Fayad et al. 2014, Gond et al. 2011). Even in a regional 
context where environmental gradients are quite weak, 
as is the case of the Guiana Shield, the hyper-diversified 
tropical rain forest shows a significant gradient of tree 
composition and strong subregional patterns (Guitet et 

al. 2015). The best factor identified to explain these 
broad-scale patterns in the floristic and structural diversi-
ty of the terra firme rain forest was the geomorphologi-
cal landscape type (Guitet et al. 2013). In the Amazon 
region, other studies have also linked geomorphological 
landscape type with forest physiognomy (Anderson et al. 
2009) and/or biological diversity or community structure 
(Deichmann et al. 2011, Figueiredo et al. 2014, Som-
broek 2000). Such an integrative variable is thus a good 
candidate to combine local ecological conditions and to 
approximate forest structure and composition, but its 
influence on vertebrate communities has never been 
tested to date. 

In French Guiana, abundance data on medium- to 
large-bodied vertebrates revealed strong differences 
across undisturbed forest sites (Richard-Hansen 2006). 
This study scale is below that typically used for turnover 
in most Amazonian large-vertebrate species, thereby 
focusing the analysis of community heterogeneity on 
niche differentiation and community structure (abun-
dances) rather than dispersal limitation and species re-
placement 
(http://www.iucnredlist.org/mammals/data_types, , Pat-
terson et al. 2005). We therefore hypothesized that envi-
ronmental parameters and forest types can partially ex-
plain this heterogeneity in French Guiana, as document-
ed in other forested environments of Amazonia. The 
influence of the landscape type on the forest structure 
has been proved (Guitet et al. 2015), and the aim of the 
present study was to assess the relevance of this classifi-
cation as an underlying driver of the distribution patterns 
of the communities of medium- to large-bodied verte-
brates, with respect to its ability to describe the combina-
tion of local environmental factors. 

1 Methods 

1.1 Study area: French Guiana 

French Guiana covers about 85000 km² in the east of the 
Guiana shield between Suriname and the Brazilian state 
of Amapa (4◦N, 53◦W). Altitude generally ranges be-
tween 0 and 200 m asl (mean 140 m asl) with few moun-
tain peaks exceeding 800 m. The climate is equatorial 
with annual rainfall ranging from 3600 mm in the north-
east to 2000 mm in the south and the west, with a mean 
annual temperature of about 26°C. The number of con-
secutive months with less than 100 mm precipitation 
(dry season) ranges from two in the north to three in the 
south with high interannual variation (Sombroek 2001). 
Savannas and mangroves occur only in the coastal sedi-
mentary plain, while the evergreen rain forest covers 

more than 90% of French Guiana (http://www.fao.org, 
Guitet et al. 2015). Natural habitats show slight variabil-
ity and high species diversity, with a complex tree com-
munity and often more than 150–200 species ha-1 (Saba-
tier et al. 1997). 

 
Figure 1: Location of 25 undisturbed study sites in French 

Guiana, and their distribution within the five landscape types, 
characterized from a geomorphological analysis based on a 

digital elevation model. 

Overall human density is below 3 inhab. km-2, and 
75% of the population is restricted to the five major 
towns, with the remaining population living in a few 
small villages and settlements (http://www.insee.fr) 
mainly along the two main rivers that form the borders 
with Suriname and Brazil (Figure 1). A National Park 
covers 34 million ha, 20 million ha of which comprise 
the core area where only the resident population is al-
lowed to hunt for subsistence. Roads are limited to a less 
than 50 km-wide northern coastal strip, while the rest of 
the country is accessible only by boat or by small air-
plane from Cayenne to a few main settlements. Timber 
harvesting and agriculture are contained in subcoastal 
areas, covering currently around 2 million ha, close to 
the biggest towns and main roads. Consequently, most of 
the hunting pressure is applied on the northern coastal 
strip, along main rivers and streams and around the scat-
tered villages. 
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1.2 Animal abundance 

Standardized line transect surveys (Buckland et al. 1993) 
were conducted at 25 different study sites across French 
Guiana. The study sites are very isolated and most can 
be accessed only by helicopter or several days walking, 
so we consider that there was no strong or recent hunting 
pressure, even by autochthonous populations. The same 
field design was implemented at each site, consisting of 
four 3-km-long trails radiating from a central place 
(campsite). This design makes it possible to account for 
small local variations in the environment, including 
topographic features or scattered resources (fruiting 
trees), within a single global abundance index, character-
izing a similar area for each site surveyed. Transects 
were walked at less than 1 km h-1 every morning (7h00-
11h00) and afternoon (14h30-18h00) by only one ob-
server per trail, systematically alternating transects on 
consecutive days to avoid observer bias. All encounters 
with focal species and their localization on the trail were 
systematically recorded and the perpendicular distance 
between the animal and the transect was measured to the 
nearest metre with a laser range finder. Transects were 
surveyed an average ± SD of 13.7 ± 1.9 times each, 
during an 8-d field session. Total survey effort per site 
ranged from 140 to 210 km (average ± SD = 163 
± 17.7 km), with a cumulative survey effort of 4073 km 
across 99 individual transects at 25 sites. The minimum 
effort required for reliable estimates of abundance and 
richness in this environment was estimated at 100 km 
(de Thoisy et al. 2008). The surveys were all conducted 
during the dry season (September-December) to avoid 
interference with potential seasonal variation. Thirty-
seven species were recorded (mammals weighing 
> 0.5 kg and large terrestrial birds), and diversity esti-
mates were based on this pool of species. For abundance 
comparisons, we focused on the 21 most frequent spe-
cies, including primates, ungulates, caviomorph rodents, 
large terrestrial birds (cracids, tinamous, trumpeters, 
guans) and tortoises, for which reliable index of abun-
dance could be calculated. Tinamidae species (Cryp-

turellus spp. and Tinamus major) were grouped because 
many observations lacked clear identification. 

1.2.1 Environmental characteristics of the 
study sites 

The environment was characterized by the geomorpho-
logical landscape type defined by Guitet et al. (2013). 
This typology was developed from a multi-scale geo-
morphological diversity analysis based on a digital ele-
vation model computed from a fine Shuttle Radar To-
pography Mission images (SRTM, 30 m resolution). 
Variations in micro-relief defined 12 landform types 
whose spatial distribution drew 82 different patches 
classified in 10 landscape types that can be grouped 
under five main categories: (1) coastal plain, (2) plateau, 
(3) mountain, (4) multi-convex and (5) multi-concave 
landscape. The joint-valleys are considered with the 
multi-convex category (Guitet et al. 2013). Recent re-
sults showed that the structure and composition of the 
forest is clearly influenced by these landscape types 

(Guitet et al. 2015). Coastal plains (N = 2 sites in this 
study), located in the northern part of French Guiana, are 
lowland forests on Quaternary marine sediments. They 
are characterized by a relatively low canopy (28 m in 
height), high density of small trees, and relative high 
abundance of Clusiaceae, Caesalpinioideae and Lecythi-
daceae. The plateau category (N = 8 sites) includes sev-
eral types of relatively flat relief of moderate elevation 
dissected to a varying extent by rivers, exclusively cov-
ered by well-drained ferralsols with very localized hy-
dromorphic soils. Burseraceae, Mimosoideae and Caes-
alpinioideae are dominant tree families, but high abun-
dances of palms are also found. Small inselbergs are also 
frequent. Sloping areas (N = 9 sites), locally called 
mountains despite their modest altitudes (< 840 m asl), 
are characterized by higher relief with many slopes. The 
dominant forest type is characterized by a high canopy 
(35-40 m), high basal-area values and the abundance of 
very large trees, with high diversity and much more 
infrequent families such as Vochysiaceae, Malvaceae 
and Annonaceae being more abundant compared to other 
forest types. The multi-convex landscape (N = 3 sites) is 
dominated by more or less regular hills with a dense 
hydrographic network, and dominance of Lecythidaceae 
and Caesalpinioideae. The soil cover is more diversified 
mixing clayic ferralsols with more sandy or loamy soils 
acrisols. The multi-concave landscape (N = 3 sites) cor-
responds to large peneplains in the south, characterized 
by very flat relief, covered by leached and partially in-
undated soils during the wet season, although the water 
levels never rise as high as in the Amazonian várzea 
forests. The canopy is low (30 m high) and discontinu-
ous, and vegetation is characterized by the dominance of 
Burseraceae, Mimosoideae and Myristicaceae with rela-
tively few large trees and dense understorey with few 
palms. Finding undisturbed sites was harder in some 
landscapes types because of proximity of human settle-
ments (coastal plain) or difficult access (multi-concave 
landscape), thus explaining the unbalanced sampling. 

Six other broad-scale environmental variables were 
also tested: the biogeographical region (Paget 1999), the 
vegetation type based on remotely sensed landscape 
classes (RSLC) from the VEGETATION sensor of the 
SPOT-4 satellite (Gond et al. 2011), annual rainfall 
(Meteo France, unpubl. data), the proportion of hydro-
morphic soils, the mean slope and the mean differences 
in altitude for the area. The last three variables were 
extracted from a digital elevation model computed from 
fine-resolution Shuttle Radar Topography Mission imag-
es (SRTM, 30 m resolution). All these data were com-
puted for a circle with a 4-km radius encompassing the 
survey transects. 

1.2.2 Data analysis 
Index of abundance of groups encountered per 10 km 
walked (elsewhere referred to as encounter rate, sensu 
Buckland et al. 1993) were calculated to control for 
overall differences in sampling effort (Peres 1997). Per-
pendicular distances (PD) were recorded, but not enough 
observations of each species were made at each site to 
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correctly estimate the detection function for all of them 
and hence to calculate densities. However, we assumed 
that this index of abundance (hereafter, abundance) of 
different species could be compared between sites be-
cause, except for agouti (Dasyprocta leporina), the dis-
tributions of the distances of observation were not statis-
tically different (ANOVA on log(PD), P > 0.5).  

The dissimilarity between faunal communities in 
different landscape types was first tested by permuta-
tional multivariate analysis of variance on the site 
× species tables of raw counts of the 21 most common 
species, using chi2 distance matrices. The Adonis test 
was selected because it is more robust and less sensitive 
to dispersion effects (within-group variation) than some 
of its alternatives (ANOSIM, etc.) (Anderson 2001). We 
also tested the pertinence of the landscape typology as an 
potential explanatory variable in this variation using a 
between-class correspondence analysis (BCA), which is 
a particular case of correspondence analysis on instru-
mental variable (i.e. canonical correspondence analysis) 
with only one categorical variable (Dolédec & Chessel 
1989, Dray & Dufour 2007, Dray et al. 2012, Pélissier et 

al. 2003). A correspondence analysis was first performed 
on the site × species tables of raw counts of the 21 most 
common species, and between-class analysis was then 
performed on the results (site coordinates), with the 
landscape type of each site as categorical variable. From 
this analysis, the between-class inertia is the proportion 
of total inertia of the table explained by the landscape 
variable, while the within-class inertia is the proportion 
of total inertia not explained by this variable. The statis-
tical significance of this portion of initial variance cap-
tured by this instrumental variable was tested with Mon-
te Carlo row permutation tests against the null hypothe-
sis of no relation between species assemblage and land-
scape type (Couteron et al. 2003). The same analysis 
was made for the six other variables. These analyses 
were performed with the ade4 (Dray & Dufour 2007) 
and vegan-packages in R. 

Diversity of communities and meta-communities –
Crude richness of a study site is the number of species 
recorded during the survey, within the fixed maximum 
of 37 focal species. We calculated the diversity profile 
for each site community, and for each meta-community 
created by pooling the sites belonging to the same land-
scape type. The diversity profile plots the value of Hill 
numbers (Hill 1973) against the order of diversity q 
(Kindt et al. 2006, Patil & Taillie 1982). Hill numbers 
are the transformation of Tsallis entropy values into an 
effective number of species, i.e. the number of species of 
equal frequency that would yield the same diversity as 
real data (Jost 2006). Tsallis entropy !

"  (Tsallis 1988) 
generalizes the classical indices of diversity in a parame-
terized measure, where the choice of the parameter gives 
more or less importance to rare species:# !$  is the num-
ber of species minus 1, !%  is Shannon’s entropy (Shan-
non 1948) and !&  is Simpson’s index (Simpson 1949). 
All values of diversity were corrected for estimation bias 
(Marcon et al. 2014): the Chao & Shen (2003) estimator 

applies to small values of q, that of Grassberger (1988) 
to high values. 

We tested the relevance of landscape type as a di-
versity predictor. We first pooled sites within one land-
scape type, and then pooled all landscape types together, 
allowing the measurement of ' diversity across both 
levels (Marcon et al. 2012). We tested the observed ratio 
of ' diversity between landscapes over ' diversity with-
in landscapes against its distribution under the null hy-
pothesis of independence between sites and landscapes: 
we shuffled sites among landscapes and calculated the 
ratio of ' diversity 1000 times. A result of the test was 
considered significant if the actual ratio was in the last 
five percentiles of the distribution of the simulated val-
ues, showing that ' diversity between landscapes was 
higher (relative to ' diversity within landscapes) than 
under the null hypothesis. An alternative, more intuitive 
test would address the ratio of ' entropies. Although it is 
more similar to a classical analysis of variance (since the 
total ' entropy is the sum of within and between land-
scape ' entropies), it suffers from the drawbacks dis-
cussed by Jost (2008). ' entropy is constrained by the 
value of ( entropy, thereby invalidating the test. Diversi-
ty estimates and comparison were made with R package 
entropart (Marcon & Hérault 2015). 

Finally, we looked for species-landscape associa-
tions using the set of indices initially proposed by Du-
frêne & Legendre (1997) to study species assemblages 
and habitat types. Our aim here focused on the relative 
abundance of the 21 most common species occurring in 
most sites rather than that of rare or indicative species. 
Following De Caceres & Legendre (2009), we thus se-
lected the point-biserial correlation coefficient (rpb), 
which is the Pearson correlation computed between a 
quantitative vector (i.e. the vector containing the species 
abundance values at the various sites) and a binary vec-
tor (i.e. the vector of site membership values) rather than 
the better known indicator value index (IndVal). To 
account for the unequal number of sites in the different 
landscape types, we used the corrected group-equalized 
index (rg

pb), (De Caceres & Legendre 2009). The signifi-
cance of these associations was tested by Monte Carlo 
permutation tests. We also tested the difference in spe-
cies abundance in sites belonging to one particular land-
scape compared to sites located in different landscapes 
by permutation tests, after Sidak's correction for multiple 
testing. We then considered whether combining basic 
landscape types would better match species preferences 
(De Caceres et al. 2010). It may also happen that a par-
ticular site group has no indicator or associated species 
even if its sites have a community composition that is 
clearly distinct from the sites of other site groups (De 
Caceres et al. 2012). In these cases, the joint occurrence 
of two or more species has a higher positive predictive 
value for the site group than the two species taken inde-
pendently, so we also explored correlation values for 
combinations of species (De Caceres et al. 2012). All 
analyses mentioned in this section were computed with 
the R package indicspecies. 
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Table 1: Index of abundance (number of observations per 10 km) recorded for 21 species in 25 undisturbed sites in French 
Guiana, and according to the different landscape types (MCV: multi-concave; MCX: multi-convex; PLA: plateau; PLN: 
coastal plains; SLO:  sloping areas). Abundance significantly higher or lower compared to all other sites: **: P ≤ 0.05; 

abundance significantly higher or lower compared to other landscapes: ††: P ≤ 0.05 (permutation test, corrected P-value 
for multiple comparisons). 

 General mean 

± SD 

Landscape 

 MCV MCX PLA PLN SLO 

Primates       

Alouatta macconnelli  

(Linnaeus, 1976) 
0.56 ± 0.30 0.71 0.42 0.61 0.45 0.52 

Ateles paniscus  

(Linnaeus, 1758) 
1.19 ± 0.76 0.81 1.31 0.96 0.36 ††1.66** 

Cebus apella  
(Linnaeus, 1758) 

0.85 ± 0.46 0.96 1.04 0.61 1.69** 0.79 

Cebus olivaceus 

(Schomburgk, 1848) 
0.24 ± 0.24 0.19 0.45 0.21 ††0.00** 0.25 

Pithecia pithecia 

(Linnaeus, 1766) 
0.06 ± 0.08 0.16 0.00 0.06 0.07 0.04 

Saguinus midas 

(Linnaeus, 1758) 
0.41 ± 0.31 0.53 0.55 0.32 0.92 0.30 

Saimiri sciureus 

(Linnaeus, 1758) 
0.04 ± 0.09 0.15 0.00 0.00 0.10 0.03 

Ungulates 
      

Mazama americana 

(Erxleben, 1777) 
0.43 ± 0.29 0.33 0.32 0.53 0.30 0.43 

Mazama nemorivaga 

(F.Cuvier, 1817) 
0.44 ± 0.29 0.39 0.34 0.51 0.59 0.39 

Pecari tajacu 

(Linné, 1758) 
0.29 ± 0.20 0.34 0.07 0.41 0.41 0.22 

Tayassu pecari 

(Link, 1795) 
0.03 ± 0.06 0.02 0.00 0.02 0.00 0.05 

Tapirus terrestris 

(Linnaeus, 1758) 
0.05 ± 0.07 0.00 0.06 0.04 0.07 0.06 

Rodents       

Dasyprocta leporina 

(Linné, 1758) 
1.48 ± 0.75 1.66 2.26 1.27 2.50 ††1.11   

Myoprocta acouchy 

(Erxleben, 1777) 
0.57 ± 0.33 0.72 0.50 0.52 0.65 0.57 

Birds       

Crax alector 

(Linnaeus, 1776) 
0.57 ± 0.33 0.33 0.48 0.60 0.49 0.66 

Odontophorus gujanensis 

(J.F. Gmelin, 1789) 
0.31 ± 0.31 0.54 0.04 0.42 0.00 0.30 

Ortalis motmot 

(Linnaeus, 1766) 
0.02 ± 0.07 0.13 0.02 0.01 0.00 0.00 

Penelope marail 

(S. Müller, 1776) 
0.33 ± 0.17 ††0.59** 0.11** 0.32 0.42 0.31 

Psophia crepitans 

(Linnaeus, 1758) 
1.05 ± 0.66 1.44 0.87 0.97 1.29 1.01 

Tinamidae 2.20 ± 0.89 3.33** 2.11 2.12 2.29 1.92 

Reptile       

Chelonoidis denticulata 

(Linnaeus, 1766) 
0.19 ± 0.17 0.45** 0.20 0.12 0.24 0.16 
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Table 2: Analysis of variance between the communities of medium- to large-bodied vertebrates in 25 study sites in French 
Guiana, according to seven environmental variables. Partial R-square from permutational multivariate analysis of variance 

(Adonis test), tested with permutation test with pseudo-F. Between-class inertia from of a principal component analysis 
with respect to the instrumental variable (PCAIV) performed on the coordinates of a correspondence analysis, tested by 

Monte Carlo test. *: P < 0.05; **: P < 0.01; ***: P < 0.001 

 Landscape Vegetation 

type 

Biogeography % hydromorphic 

soil 

Mean 

Slope 

Difference 

in altitude 

Annual 

rainfall 

Partial R2 

(Adonis test) 
0.24** 0.17 0.15**  0.16*** 0.14** 0.13* 0.12* 

% between-

class inertia 
0.24** 0.20* 0.15*** 0.15** 0.14*  0.13* 0.13* 

 

2 Results 

Abundances of common species varied greatly across 
French Guiana, even in areas with no strong or recent 
human influence of hunting, logging or gold mining 
(Table 1). Nine out of 21 species were present in each of 
the 25 sites, 15 were present in at least 90% of sites 
(more than 21) and 12 showed a null kilometric index 
abundance at least once. These 12 species may be totally 
absent from the site or present in densities that were too 
low to be detected with our sampling protocol. 

2.1 Structure of animal communities 
in various landscapes 

The permutational multivariate analysis of variance 
(Adonis test) on animal communities according to the 
various environmental variables showed that the propor-
tion of variance explained by the landscape variable was 
the highest (R2 = 0.24), and significant according to 
permutation test (Table 2). The between-class analysis 
also revealed that 24.3% of the total inertia of the data 
was explained by the instrumental variable of landscape 
typology. 

The Monte-Carlo row permutation test for this 
unique environmental variable was significant (P 
= 0.007). Moreover, the graphic representation of the 
results of this between-class analysis showed that multi-
convex and multi-concave landscapes presented the most 
distinct vertebrate assemblages, while plateau and moun-
tain communities were less clearly distinguished (Fig-
ure 2). The main structuring species are shown on the 
graph, and their affinities with the various landscapes 
were tested subsequently with the correlation index. All 
the other environmental variables tested explained a 
smaller proportion of total inertia with both analyses 
(Table 2). 

2.1.1 Diversity of landscape communities 
For each individual site community, Simpson diversity 
varied from eight to 16 effective species, and richness (q 
= 0) estimated with Chao and Shen’s bias correction 

(approximately equal to the Jackknife 1 or Chao 1 esti-
mators) was between 18 and 31 (Table 3). With a few 

exceptions, the highest richness values corresponded to 
sites in multi-concave landscapes and the lowest richness 
values to sites in multi-convex ones, with values for 
plains and mountainous sites between the two. Consider-
ing Simpson diversity, however, mountain sites were 
among the lowest values. 

 
Figure 2: Between-class analysis of the communities of medi-
um- to large-bodied vertebrates in 25 study sites in five land-

scapes types in terra firme forests of French Guiana. The ellip-
ses graphically sum up each landscape type (MCX = multi-

convex; MCV = multi-concave; PLA = plateau; SLO = sloping 
areas; PLN = coastal plain) by covering 67% of the sites be-

longing to the landscape type; the centre of each ellipse is the 
centre of gravity of these sites. Main structuring species are 
indicated (Omo: Ortalis motmot, Ssc: Saimiri sciureus, Ppi : 
Pithecia pithecia, Pma: Penelope marail, Pta Pecari tajacu, 
Mam: Mazama americana, Cal: Crax alector, Apa: Ateles 

paniscus, Col: Cebus olivaceus, Smi: Saguinus midas, Dle: 
Dasyprocta leporina). 

The beta diversity between landscape meta-communities 
was significantly different (P < 0.05) from the beta di-
versity between random meta-communities for q values 
of between 0.2 and 1.9. Common species were more 
evenly distributed in the various landscapes, and were 
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present everywhere: less common species made the 
difference between landscapes; ignoring them (choosing 
high values of q) made the test inconclusive. For small 
values of q, a lack of power of the test was involved: 
bias correction was more important, and so was the vari-
ance of the estimator of diversity. 

Table 3: Main diversity indices, corresponding to three entropy 
values (q), for the medium- to large-bodied vertebrate commu-
nities in 25 study sites in terra firme forests of French Guiana, 
according to their landscape type. Values correspond to effec-

tive number of species. Landscape types: MCV = multi-
concave, 3 sites; MCX = multi-convex, 3 sites; PLA = plateau, 
8 sites; PLN = coastal plains, 2 sites; SLO = sloping areas, 9 

sites.  

 Diversity index 

Site Richness 
(q = 0) 

Shannon 
(q = 1) 

Simpson 
(q = 2) 

MCV.1 31.3 18.1 14.1 

MCV.2 21.7 13.8 11.0 

MCV.3 26.3 18.2 15.3 

MCX.1 22.4 13.6 10.1 

MCX.2 22.6 11.9 09.0 

MCX.3 23.5 14.1 11.1 

PLA.1 20.9 14.9 12.3 

PLA.2 25.7 16.5 12.7 

PLA.3 22.6 14.2 11.3 

PLA.4 23.7 15.5 12.3 

PLA.5 22.0 15.0 13.1 

PLA.6 24.0 17.6 15.4 

PLA.7 26.6 19.0 16.3 

PLA.8 18.9 13.8 10.8 

PLN.1 23.3 12.8 08.6 

PLN.2 17.8 14.6 12.2 

SLO.1 23.3 12.2 07.9 

SLO.2 19.7 13.9 11.5 

SLO.3 23.8 13.8 09.3 

SLO.4 23.7 15.2 12.4 

SLO.5 23.3 13.5 09.5 

SLO.6 24.6 16.2 13.7 

SLO.7 22.9 16.9 14.6 

SLO.8 20.2 14.7 13.0 

SLO.9 23.6 15.1 11.6 

 

The diversity profiles of the five meta-communities 
() diversity) corresponding to the five landscape types 
differed, whatever the order of entropy considered (0 ≤ q 
≤ 2, i.e. from the number of species to Simpson diversi-
ty, Figure 3). The most diverse meta-community is en-
countered in the multi-concave landscape, despite the 
small sample size in this category, and the least diverse 
in the plain and multi-convex landscapes. Plateaux and 
mountainous areas were intermediate in terms of diversi-

ty, the steeper-sloped areas were more diverse than plat-
eaux when rare species were considered (q = 0), and the 
reverse when only common species were considered (q 
= 2). 

 
Figure 3: Gamma diversity profiles of the communities of 

medium- to large-bodied vertebrates in the five landscape types 
(MCX = multi-convex; MCV = multi-concave; PLA = plateau; 

SLO = sloping areas; PLN = coastal plain), as estimated by 
diurnal line-transects conducted in 25 non-disturbed study sites 

in terra firme forest in French Guiana. 

2.1.2 Characterization of landscape communi-
ties 

The multi-concave landscape was positively associated 
with the largest number of species (Table 4). Six species 
had a correlation coefficient rg

pb ≥ 0.5 for this landscape 
category. Penelope marail, Ortalis motmot, Tinamidae 
and the tortoise Chelonoidis denticulata were the most 
characteristic species, and Saimiri sciureus and Pithecia 

pithecia were the most typically associated primates. 
Moreover, despite lower scores and no statistical signifi-
cance, four more species had their maximum correlation 
coefficient in multi-concave landscapes (Alouatta mac-

connelli, Psophia crepitans, Odontophorus guyanensis 
and Myoprocta acouchi). These results on association 
tendencies between species and landscapes are con-
firmed by comparisons of abundance. The abundance of 
S. sciureus, O. guyanensis, O. motmot, P. marail, C. 

denticulata and tinamidae were significantly higher in 
multi-concave landscapes than in other landscapes 
and/or other sites combined (Table 1). In contrast, two 
species had negative rg

pb in these areas: Tapirus ter-

restris and Crax alector (rg
pb = -0.4 and -0.3 respective-

ly) (Table 4). Finally, two of the three top-ranked sites in 
terms of crude richness were also located in a multi-
concave landscape, and they also belonged to the three 
top-ranked sites regarding total abundance (total abun-
dance, all species combined).  
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Table 4: Association of 21 medium- to large-bodied vertebrate 
species with five landscape types in French Guianan pristine 

rainforest, as estimated by point-biserial correlation coefficient, 
corrected for unequal sampling in different landscapes (rg

pb). 
MCV: Multi-concave; MCX: Multi-convex; PLA: Plateau; 

PLN: Coastal plains; SLO: sloping area. Monte Carlo Permuta-
tion test: **: P ≤ 0.05; ***: P≤ 0.01 

 Landscape 

 MCV MCX PLA PLN SLO 

Primates      

Alouatta macconnelli 0.3 -0.2 0.1 -0.2 0 

Ateles paniscus -0.2 0.2 0 -0.5 0.5 

Cebus apella -0.1 0 -0.4 0.7 
*** 

-0.2 

Cebus olivaceus -0.1 0.5 0 -0.5 0.1 

Pithecia pithecia 0.5 -0.3 0 0 -0.1 

Saguinus midas 0 0 -0.3 0.5 -0.3 

Saimiri sciureus 0.5 -0.3 -0.3 0.2 -0.1 

Ungulates      

Mazama americana -0.1 -0.1 0.3 -0.2 0.1 

Mazama nemorivaga -0.1 -0.2 0.1 0.3 -0.1 

Pecari tajacu 0.1 -0.6 0.3 0.3 -0.2 

Tayassu pecari 0 -0.2 0 -0.2 0.4 

Tapirus terrestris -0.4 0.1 0 0.2 0.1 

Rodents      

Dasyprocta leporina -0.1 0.3 -0.3 0.4 -0.4 

Myoprocta acouchy 0.2 -0.1 -0.1 0.1 0 

Bird      

Crax alector -0.3 -0.1 0.2 -0.1 0.3 

Odontophorus guyanensis 0.4 -0.3 0.2 -0.4 0.1 

Ortalis motmot 0.6 -0.1 -0.1 -0.2 -0.2 

Penelope marail 0.6 
** 

-0.6 -0.1 0.2 -0.1 

Psophia crepitans 0.3 -0.2 -0.1 0.1 -0.1 

Tinamidae 0.5 -0.1 -0.1 0 -0.2 

Reptiles      

Chelonoidis denticulata 0.6 -0.1 -0.3 0 -0.2 

 

Cebus apella was clearly associated with coastal 
plains (rg

pb = 0.7, P < 0.05, Table 4). The abundance of 
this species was significantly higher there than at all the 
other sites combined, (Table 1) (P < 0.05). Saguinus 

midas also reached its maximum levels in this plain 
landscape. In contrast, Ateles paniscus and Cebus oliva-

ceus had their lowest and negative coefficient there (rg
pb 

= -0.5), and the abundance of C. olivaceus was signifi-
cantly lower than in other landscape types. 

The associations between all species and the multi-
convex, mountainous or plateau landscapes were all 
weaker, (rg

pb ≤ 0.5), and none was statistically signifi-
cant. Cebus olivaceus was the only species showing 
some association with multi-convex areas (rg

pb = 0.5) 
and a higher abundance than in other landscapes, while 

nine species showed a negative association with this 
landscape, among which most conspicuously Pecari 

tajacu and Penelope marail (rg
pb = -0.6) (Table 1). Ateles 

paniscus tended to show a maximum association with 
the mountainous landscape (rg

pb = 0.5; abundance signif-
icantly higher than in other landscapes and other sites (P 
< 0.05)), whereas Dasyprocta leporina and the small 
primate Saguinus midas showed their minimum and 
negative values in this landscape type (Table 1). The 
abundance of D. leporina was significantly lower in 
mountainous landscapes than in other landscapes (P 
< 0.05) (Table 1). Mazama americana was the species 
most associated with plateaux (rg

pb = 0.3, and Cebus 

apella the least (rg
pb = - 0.4, Table 4). 

Another analysis considered if combining land-
scapes matched species preferences better. Whereas 
several species remained more strongly associated with a 
single landscape type, some species turned out to be 
more strongly associated with a combination of land-
scapes. Penelope marail and Saimiri sciureus appeared 
to be associated with the combination of smoothed land-
scapes, i.e. multi-concave + plain (rg

pb = 0.7, P < 0.05 
and rg

pb = 0.6, P < 0.1 respectively), Ateles paniscus 
tended to be associated with the most hilly landscapes, 
i.e. mountain + multi-convex (rg

pb = 0.5) and Dasyprocta 

leporina with the most northern landscapes, i.e. multi-
convex+ plain (rg

pb = 0.6, P = 0.1). 

Finally, another analysis looked for associations 
between combinations of two or more species and vari-
ous landscapes. Multi-concave landscape appeared to be 
characterized by a large multi-species community, main-
ly comprising birds (Odontophorus guyanensis, Penelo-

pe marail, Ortalis motmot, Tinamidae), the small pri-
mate Saimiri sciureus and the tortoise Chelonoidis den-

ticulata; the plateau landscape by the simultaneous 
abundance of Pecari tajacu and Mazama americana, and 
the multi-convex landscape by the combined high abun-
dance of Cebus olivaceus and Dasyprocta leporina. 

3 Discussion 

We found that the geomorphological typology of land-
scapes is a non-negligible factor driving the structure and 
the beta-diversity patterns of medium- to large-bodied 
vertebrate communities in terra firme forests in French 
Guiana. The geomorphological landscapes combine 
effects of geology, climate, relief and history in one 
descriptive variable. As previously found for tree beta-
diversity patterns, this integrated parameter better ex-
plains the differences between animal communities than 
some simple environmental parameters separately.  

Habitat preference results in the disproportionate 
use of some resources and/or conditions over others. 
Habitat selection can be considered at various scales, 
previously defined as four selection orders (Johnson 
1980). At small spatial and temporal scales, animals 
select different local resources or conditions. As both 
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scales increase, these individual behavioural decisions 
result in survival and reproductive performances at the 
levels of individuals and populations. Over evolutionary 
time, these habitat choices contribute to the species’ 

environmental niche or functional habitat (Gaillard et al. 
2010). In the same way, De Caceres & Legendre (2009) 
stated that the rgpb value, computed from relative abun-
dance, indicates the degree of preference of species for a 
target landscape compared to the other landscapes, and 
that ‘negative correlation values tell us when a species 
‘‘avoids’’ the target site group’ (also referred to as ‘neg-
ative fidelity’ by phytosociologists). Following these 

assumptions, we interpreted the higher abundance of 
species in a particular habitat as a preference of this 
species for this habitat, resulting in higher abundance. 

Some species, as the howler monkey Alouatta ma-

connelli, appeared to be generalists or ubiquitous, and 
were not associated with any particular landscapes. This 
is consistent with other studies generally considering 
howler monkey as a generalist plastic species, with a 
varied diet (Julliot & Sabatier 1993, Simmen et al. 2001) 
and few particular requirements (Lehman 2004, 
Schwarzkopf & Rylands 1989). Some other species 
appear to have more restricted distribution: Saimiri sciu-

reus were only detected in three study sites and Pithecia 

pithecia in 12. This may be related to very special habi-
tat requirements leading to a true patchy distribution, or 
to very low densities in the other sites, in both cases 
denoting some habitat preferences although no signifi-
cant results were highlighted in this study. In contrast, 
Cebus apella is a very common species encountered all 
over the country, but our results showed a clear prefer-
ence for plain landscape type, in which they are particu-
larly abundant. Among birds, the smallest species are 
characteristic of the low-altitude southern area, while 
Penelope marail is more generally associated with all the 
flat relief areas (northern plains and southern multi-
concave area). On the other hand, Crax alector appears 
to favour steeper areas. In French Guiana, the distribu-
tion of Crax alector in various habitats and with respect 
to environmental parameters has been analyzed more 
precisely, showing a clear positive relationship between 
C. alector densities and the mean slope of the prospected 
site (Denis 2012). 

Few species appeared really specialized, but alt-
hough most species taken separately do not demonstrat-
ed strong habitat preferences, their assemblages pro-
duced typical communities in the various landscapes 
types. 

3.1 Landscape communities charac-
teristics  

The multi-concave forest type appears to be the preferred 
habitat of a large set of species. These relatively low-
elevation forests also host higher diversities of both rare 
and common species. We hypothesize that the lower and 
fragmented canopy provides a better-lit environment, 
with vertical strata and a greater diversity of niches. The 

flat environment at lower elevations can also be consid-
ered as less constraining. However one site appears to be 
quite different from the others with respect to most of the 
parameters considered, in particular for its much lower 
diversity. However, this site (the Waki basin) is also 
considered to be a very particular forest habitat type, and 
should probably be considered and characterized sepa-
rately (Guitet et al. 2013, 2015). 

In contrast, the other landscapes were the preferred 
habitat of only one or two species, and the ( diversities 
of these sites were also lower. For example, the correla-
tion coefficients of all animal species with montane 
environments were generally low, and very often nega-
tive, and only two species tended to be associated (Ateles 

paniscus and Crax alector). The ( richness (q = 0) of 
each mountainous site was rather low (20-24), even if 
the estimated richness of the meta-community of whole 
mountainous landscape () diversity) was among the 
highest, and was similar to that of the multi-concave 
meta-community (32.8). These two results may indicate 
that our mountain sample is rather heterogeneous (great-
er turnover), or that many less abundant species are 
present in these environments, but were difficult to de-
tect and hence only randomly detected by our sampling 
method. However, the larger number of study sites in 
this category may also explain this higher ) diversity. 
Cebus olivaceus and Dasyprocta leporina were the only 
species to be positively associated with multi-convex 
landscapes. These areas are generally characterized by 
high abundance of the tree families Lecythidaceae and 
Caesalpinioideae, and of several species of palm tree 
(> 200 ha-1), which could explain the high abundance of 
this rodent (Cid et al. 2013). As for mountainous or 
multi-convex areas, few animal species clearly showed 
preference for plateaux, but the combined abundance of 
red brocket deer Mazama americana and the collared 
peccary Pecari tajacu is nevertheless characteristic of 
these environments. Like for mountainous areas, the 
mean ( diversity was relatively low whereas the global ) 
diversity was higher (for q = 0), which could also be 
linked with the large sample size in this category. More-
over, the definition of ‘plateau’ used in this study was 

probably too broad, and combined habitats that were too 
dissimilar. A finer-scale landscape typology identified 
three different types of plateaux (Guitet et al. 2013), but 
we lacked sufficient replicates to analyze the potential 
differences in the vertebrate community in these subcat-
egories. In the same way, the two study sites considered 
in this study in the ‘plain’ category are in fact quite dif-
ferent and belonged to different types in the finer typol-
ogy (Guitet et al. 2013). The coastal plain is the most 
extensively inhabited and consequently hunted area (de 
Thoisy et al. 2010), so finding replicates in undisturbed 
localities is challenging. 

In all cases, it should be kept in mind that the di-
versity values estimated here depend on the methodolo-
gy used, which mainly concerns the large diurnal species 
potentially detected during line transects. Some taxa may 
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be underrepresented by this method, particularly noctur-
nal species and felids. 

3.2 Relevance of the landscape typol-
ogy for communities of medium- 
to large-bodied vertebrates  

Our results highlight the influence of broad habitat cate-
gories on medium- to large-sized vertebrate communities 
in upland terra firme forests of French Guiana. An inte-
grative parameter, the geomorphological landscapes 
proposed by Guitet et al. (2013), explains this heteroge-
neity better than most of the single parameters related to 
it. This is congruent with the conclusions drawn by Pal-
minteri et al. (2011) that each environmental variable 
examined appeared to contribute to some component of 
the heterogeneity in primate communities in Peru, none 
of them being an outstanding contributor. In some cases, 
however, the geographical scale inherent to this classifi-
cation (and used in this study) may not match field reali-
ty. For example, a medium-sized valley within a larger 
sloping environment was included in the mountain land-
scape category, whereas its faunal community was not 
characteristic of this landscape type (low to medium 
abundances of Ateles and Crax, for example). However, 
the overall floristic composition of this particular site 
matched the expected one better, according to the classi-
fication, than the faunal community (Guitet et al. 2015). 
It is likely that the temporal and geographical scales of 
these two biodiversity components differ. The vegetation 
reflects long-term climatic and geomorphologic influ-
ences, whereas the large-fauna community should react 
more rapidly to local conditions and present filter-
effects. On the other hand, some species presented affini-
ties with two different landscapes, which for them, prob-
ably share key environmental features. For example, 
Penelope marail and Saimiri sciureus were associated 
with both the multi-concave landscapes located in the 
southern part of French Guiana and with the plains lo-
cated in the northern part. The common pertinent param-
eter may be flat relief and low elevations, independently 
of other parameters. The landscape classification used 
here permitted sufficient replicates within each type. A 
finer classification exists, identifying 12 different land-
scape types instead of five (Guitet et al. 2013), including 
three different forms of plateau, and three types of forest 
in the coastal plains, but additional sampling is needed to 
correctly analyze vertebrate assemblages at this finer 
scale. 

A priori classifications of structural habitats do not 
focus on the meaning of the species distributions, with 
respect to active habitat selection or to environmental 
parameter selection by the different species. However, it 
corresponds to the approach used when designing legis-
lation or policy to manage species in geographical space. 
Although still rough, our results may help guide territo-
rial management of highly sensitive species, and help 
analyze the impacts of hunting while accounting for 
natural variation in abundance in various environments. 
More generally, the geomorphological-based typology of 

landscapes could be used in other countries and/or re-
gions to characterize and predict animal community 
distribution throughout their territory. Coblentz & Riiter 
(2004) already pointed out that topography plays a pri-
mary role in regional to continental-scale biodiversity, 
and the landscape level is becoming more and more 
popular in analysis and/or resource management (Ar-
royo-Rodriguez & Fahrig 2014, Bonnot et al. 2013, 
Clark & Clark 2000, Hawes et al. 2012, Melo et al. 
2013, Mockrin et al. 2011, Priego-Santander et al. 
2013). The terra firme forests are generally known as 
oligotrophic forests typically sustaining low biomass 
densities of primates and other medium-sized to large-
sized vertebrates (Emmons 1984, Haugaasen & Peres 
2005a, Palacios & Peres 2005). However, they represent 
approximately 95%, of the Amazon basin (Palacios & 
Peres 2005), so it is a major challenge to be able to char-
acterize their heterogeneity, including the faunal assem-
blages with which they are associated. 
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Abstract  ���

Precise mapping of above-ground biomass (AGB) is a major challenge for the success of REDD+ ���

processes in tropical rainforest. The usual mapping methods are based on two hypotheses: a large ���

spatial autocorrelation and a strong environment influence at the regional scale. However, there are no ���

studies of the spatial structure of AGB at the landscapes scale to support these assumptions. �	�

We studied spatial variation in AGB at various scales using two large forest inventories conducted in �
�

French Guiana. The dataset comprised 2507 plots (0.4 to 0.5 ha) of undisturbed rainforest distributed ���

over the whole region. After checking the precision of estimates obtained from these data, we used a ���

calibration dataset to develop explicit predictive models including spatial and environmental effects ���

and tested the accuracy of the resulting maps according to their resolution using a large validation ���

dataset. ���



�

Forest inventories provided accurate AGB estimates with an uncertainty of 6t.ha-1, at the plot scale, for ���

a mean of 325t.ha-1. They revealed high local variability combined with a weak autocorrelation at a ���

distance of less than10 km. Environmental variables accounted for a minor part of spatial variation. ���

Adding a spatial component to the deterministic models by kriging reduced uncertainties but was not �	�

sufficient to ensure accuracy at a fine resolution. Coarse graining up to 2-km resolution was necessary �
�

to achieve accuracy lower than 50 t.ha-1.  ���

We assume that the intrinsic spatial structure of biomass which limits the accuracy of maps on old-���

growth rainforest is mainly due to short-term and long-term dynamics. We conclude that a trade-off ���

has to be found between spatial resolution and effective accuracy until direct “wall-to-wall” AGB ���

measurements are available. Combining high-resolution remote sensing data and large forest ���

inventories in an appropriate sampling scheme may be an efficient way to increase the global coverage ���

of AGB maps with acceptable accuracy.���

Introduction ���

Estimating carbon flux due to afforestation, deforestation, and forest degradation requires quantifying �	�

above-ground biomass (AGB), especially over extensive areas of old-growth tropical forests which �
�

have high but varied carbon stocks and are threatened by a rapidly changing land-use dynamics in ���

many countries [1]. Precise mapping of AGB in tropical rainforest is a thus major challenge for the ���

success of REDD+ processes [2]. The objectives set by international organizations are very ambitious ���

but they are faced the inability of many tropical countries to produce accurate maps of AGB [3]. In ���

fact, in most countries where land-use changes and forestry are major contributors to greenhouse ���

emissions, biomass pools are poorly reported (i.e. use the  tier 1 default value proposed by IPCC - ���

Intergovernmental Panel on Climate Change), whereas precise estimates based on specific spatial data ���

are required (i.e. IPCC tier 2 and tier 3 methods [2]). ���

Many mapping methods based on forest inventories and/or remote-sensing products have been �	�

developed in recent decades [4]. The main techniques, whose applications are not mutually exclusive �
�

and are sometimes combined, are based on: (i) spatial interpolation between forest plots, generally by ���



�

inverse-distance weighting [5-7]; (ii) deterministic models using stratification (vegetation maps) or ���

previously mapped predictive ecological variables which are assumed to influence forest structure and ���

composition [8]; (iii) remote-sensing approaches, which make it possible to define more homogeneous ���

forest types and/or more efficiently describe the spatial variation of ecological variables [9,10]. These ���

methods imply heavy hypotheses in terms of biomass distribution, which need to be corroborated a ���

posteriori. Spatial interpolation implies that biomass is strongly auto-correlated, and deterministic ���

modelling implies that biomass is influenced to varying degrees by the environment. Remote-sensing ���

approaches often rely on a different base, and aim at more or less direct measurement.  The most �	�

recent methodological improvements involve remote-sensing data at very high spatial resolution �
�

(VHRS), especially LiDAR, which are able to provide direct descriptors of forest structure including ���

tree height, crown size, and tree density, i.e. the main parameters needed to predict biomass [11,12]. ���

Stand level models analogous to forestry allometries are then calibrated to directly convert the ���

physical signals into biomass or carbon estimates [13,14]. However, the coverage of these VHRS ���

images is usually limited by small swaths and their high cost per hectare covered. Consequently, they ���

are frequently combined with medium to coarse resolution data which make it possible to upscale ���

local estimates (based on field data, VHR remote sensing or both) over broader areas [15,16] through ���

the same a priori hypotheses (i.e. autocorrelation and dependence on the environment). Several ���

products have already been developed at continental scales using these latter methods. They have been �	�

described as a robust basis for national carbon inventories or regional REDD+ projects [15,16]. �
�

In spite of this progress, the reliability of most of these mapping products has been shown to be ���

questionable. The precision reported for recent maps varied dramatically between 25 and 65 tC.ha-1���

(i.e. 50 to 130 t.ha-1 for AGB) depending on the resolution of the output map, the extent of the area, ���

and the type of vegetation cover (see Table 1), but comparisons with independent validation data often ���

revealed larger bias than the originally reported accuracy [7]. Several problems that limit the reliability ���

of the maps have already been identified: (i) saturation phenomena with certain RS captors at more ���

than 150 t. ha-1 [17] (ii) spatial mismatches between field data (located with GPS) and geo-referenced ���

RS images [18]; (iii) problem of representativeness of the calibration data due to small plots, usually < ���



�

0.25 ha [19,20]; (iv) « dilution bias » when up-scaling from plot areas to VHRS image footprints, due �	�

to local heterogeneity and rugged relief  [21]; (v) huge uncertainties at the landscape scale linked to �
�

poor interpolation of scarce field data [22]. Most of these pitfalls and biases are linked to the 	��

autocorrelation hypothesis and to the lack of representativeness of field data, which are generally 	��

undersized, mismatched, and above all too scarce and scattered, given the high variability of forest 	��

structure at both local and landscape scales [22]. The spatial structure of biomass at varying nested 	��

scales is key information when designing efficient sampling to ensure the robustness of calibration. 	��

This issue has been widely studied locally [21,23], but studies at the landscapes scale are lacking [22] 	��

because they require the collection of numerous data, which is costly. 	��

Following the development of forestry in tropical countries, more and more forest management 	��

inventories are being produced by public and private operators and cover large areas, especially when 		�

results from concession-scale operations are lumped together (e.g. [24-26]). However, the 	
�

measurements are often not sufficiently precise (local vernacular names are used instead of botanical 
��

names, diameter at breast height is recorded by class, and there is no measurement of total height). 
��

Consequently the uncertainty due to inaccuracy needs to be more precisely assessed but the high 
��

repetition rate of the data could compensate for the lack of precision and provide information on the 
��

spatial structure of the biomass at landscape scale, as well as solve the problem of representativeness. 
��

For the present study, we used two large forest inventories conducted in French Guiana during the 
��

periods 1974-1976 and 2006-2012 in 2,507 plots that sampled 1,120 ha over the 8 M ha undisturbed 
��

rainforest. Our aims were to (i) assess the precision of biomass estimates obtained from this kind of 
��

forest inventory data; (ii) test the structure of the spatial variation of biomass at various scales in order 
	�

to assess accuracy as a function of resolution; (iii) produce maps at different resolutions using 

�

different predictive models and compare their accuracy with other products, for practical use in ����

REDD+ programmes.����



�

����

Table 1: Overview of recent articles focused on “mapping biomass in tropical forest”.   ����

Locality Cover Main 

vegetation 

types 

Resolution Data used for AGB measurement Predictive variables used for modelling Allometry Predicted 

range 

RMSE  

(t MS/ha) 

Reference 

Field plot (ha) 

Very High 

Remote 

Sensing 

Remote 

sensing data 
GIS layers space 

Rondônia 
(Brazil) 

2.4 M ha old forest 
1 km 

330x1 no SRTM 
Habitats, 
soils 

no 
f(DBH) 100 - 600 

49 
[8] 

1 km yes 35 
Africa 20 M ha various 1 km various no MODIS no no f(DBH) 0 - 350 50.5 [27] 
CostaRica 800 ha various 30 m 83x0.09 LiDAR no no yes f(DBH) 0 – 500 38 [28] 

Panama 
50 ha old forest 

30 m 
128x0.36 + 
(29x0.01) 

LiDAR no no no f(DBH,H,WD) 
0 – 400 34 

[12] 
1,256 ha various 100 – 400 38 

Cameroon 1.5 M ha various 100 m 8x1 + 10x0.4 PALSAR+JERS no no no f(DBH,H,WD) 0 - 400 49 [29] 

Amazonia 
423 M 
ha old forest 

1 km 
493x(�1ha) GLASS MODIS no no varied 50 - 350 

77 
[16] in [7] 

Guiana shield 32 M ha 123 

Amazonia 
423 M 
ha old forest 500 m 283x0.36 GLASS 

MODIS, 
SRTM, 
QSCAT 

no no f(DBH,H,WD) 50 - 350 
83 

[15] in [7]  
Guiana shield 32 M ha 117 

Colombia 
16.5 M 
ha 

old forest 
100 m 

11x0.28 LiDAR 
LANDSAT, 
SRTM 

no no f(DBH,H,WD) 0 -280 
56

[30] 
30 m 82

Ghats 
(India) 

3 k ha old forest 
125 m 

15x1 no 
Google Earth 

no no f(DBH) 50 - 650 
80 

[31] 
125 m Ikonos 77 

E. Kalimantan 
(Indonesia) 

83 k ha old forest 30 m 77x0.05 no LANDSAT no no f(DBH) 100 - 600 130 [32] 

Indonesia 10 M ha various 200 m 85x0.25 no 
MODIS, 
LANDSAT 

no no f(DBH,H,WD) 0 – 450 85 [33] 

Borneo 28 k ha old forest 20-30 m 
48x0.09 + 
2x0.04 

LiDAR no no no f(DBH,H) 50 - 600 61 [34] 

Western 
Amazon 

16 M ha various 
100 m 

214x(�1ha) LiDAR 

LANDSAT, 
SRTM, 
MODIS, 
TRMM 

Habitats, 
geology 

no 
f(TCH) 0 – 300 

66 
[35] 

100 m yes 
53 

Only articles which provided precise information simultaneously on root mean square error (RMSE), resolution, and extent are included - “various vegetation ����

types” means the study included explicit samples in savannahs, young plantations or opened/highly degraded forest in addition to forests - “old forest” means ����

studies focused mainly on old-growth forest (and did not include samples of other vegetation types for calibration and validation).����
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Materials and Methods ����

Field measurements ��	�

We used two different forest inventories produced by French public organizations (Fig. 1). The first ��
�

inventory was done by CTFT (Centre Technique Forestier Tropical) between 1974 and 1976 on 14 ����

blocks covering a total of 547,000 ha in the northern part of the French Guiana [36]. It was based on ����

0.5-ha plots (250 m x 20 m) implanted on systematic grids with different intervals with a sampling rate ����

that varied between 0.2 and 0.8%.  Trees with DBH above 10, 15 or 40 cm were counted and ����

identified using vernacular names (i.e. local common names consistently used by tree spotters). DBH ����

was recorded by 10 cm class (i.e. [10; 20 cm [, [20; 30 cm [and so on). Data from 10 blocks were ����

scanned between 2006 and 2010 and positioned on GIS using original maps and precise field ����

descriptions recorded in field notebooks (rivers, slope, exposure, and distances). By comparing ����

theoretical positions (on old maps) with actual positions on GIS (deduced from field notes), we ��	�

estimated the spatial accuracy of 71% of the plots to be less than 50 m, between 50 to 100 m for 20% ��
�

of the plots, and more than 100 m for 9%.  Plot areas were corrected using the slopes and lengths ����

noted in the field. Finally we omitted plots with pre-census DBH equal to 40 cm or belonging to ����

several forest types (i.e. mixing terra firme and seasonally flooded forest) and kept only trees with ����

DBH �20 cm. We also eliminated all plots located in areas affected by forest harvesting or gold ����

mining between 1974 and 2007, using GIS information provided by forest managers (Fig.1). The final ����

dataset corresponded to 126,880 trees in 1,172 plots 0.5 ha in size. ����



�

����
Figure 1. Spatial distribution of inventory blocks from CTFT (1974-1976) and ONF (2006-2013).  ����

Inventory blocks from CTFT (1974-1976) in pale grey polygons. Complementary inventory campaigns ��	�

from ONF (2006-2013) in white circles (size represent the effective area covered by the transects). ��
�

Areas disturbed by harvesting or mining between 1974 and 2007 are in black and were removed from ����

the dataset. ����



�

Between 2006 and 2013, we did a second inventory on behalf of ONF (“Office National des Forêts”: ����

the French national forest agency) to complete regional coverage and better sample environmental ����

variability [37]. Thirty three sites were selected mostly in the south and east of French Guiana to cover ����

the geological and climatic conditions poorly sampled by the former CTFT inventories. Two to four ����

2.5 to 3-km long transects were established at each site according to the different orientations to ����

optimally sample the local environmental variability. A total of 111 transects were established. Each ����

20-m wide transect was divided into 100 m segments (i.e. 0.2-ha plots) giving a total of 3,132 basic ��	�

sampling units. All the plots were geo-referenced using a GPS receiver and delineated in the field ��
�

using a laser. We also measured slopes and lengths to correct areas. DBH were denoted by 5 cm class ����

above 20 cm (i.e. [17.5; 22.5cm [, [22.5; 27.5cm [, and so on). Inventoried trees were identified using ����

vernacular names. In order to homogenize plot size for the two inventories, neighbouring plots with ����

the same environment (geology, geomorphology, vegetation) and of the same forest type (i.e. entirely ����

terra firme or seasonally flooded forest) were lumped two-by-two, giving a total of 1,335 0.4-ha plots����

and a total of 83,075 trees. All samples made in the National Park protected areas had been approved ����

by the Scientific Committee of the Park and by the Administration council that include local ����

communities representation.    ����

As a result, the two datasets covered 1,120 ha, inventoried on 2,507 plots equal to an overall sampling ��	�

rate of 0.014 % of the total area of French Guiana, with local sampling rates which varied between 0.2 ��
�

and 1%. These inventories did not include palms and small trees. However, in previous studies, trees ����

with 10 cm �DBH <20 cm proved to represent minor and reasonably stable proportions of total AGB ����

from 10 to 14% (e.g. [38,39]). ����

����

Environmental data ����

For all plots, we computed UTM positions from GIS (WSG84 UTM22N) and extracted all ����

environmental variables assumed to influence forest growth that were freely accessible on available ����

maps (Table 2). For continuous variables, we computed the mean values over the plot area, while for ����



�

categorical variables, we selected the majority class, taking into account the fact that the most ��	�

heterogeneous plots had already been removed from the selection. We used a simplified geological ��
�

map [40] for the substrate; SRTM from NASA [41] to produce topographical indices including ����

altitude (ALT), slope (SLO), area of the hydraulic basin in log-scale (LOG) and height above the ����

nearest drainage (i.e. HAND [42]); recent geomorphological maps generated from SRTM [43]to ����

describe landforms and landscapes; a broad-scale vegetation map based on SPOT-VEGETATION ����

remote sensing images [44]; dry season length (DRY) and annual rainfall (RAIN) from TRMM data ����

resampled at 90 m with a bi-cubic method for climatic descriptors [45].  ����

Table 2: Environmental variables tested to predict aboveground biomass ����

Theme Description of variables for selected plots Source Resolution 

Topography 
SLOpe : 0 – 142% 

[41] 
Raster 

<100 m 

ALTitude : 1 – 819 m 

Hydrography 
LOGarithm of basin area : 0 – 6.79 

Height Above Nearest Drainage : 0 – 214 m 

Climate 
Annual RAINfall : 2197 – 3211 mm/y 

[45] 
Raster 

<100 m DRY season length : 1 – 3 months 

Vegetation  

5 VEGETation classes - V18: Low dense 
forest [13%] ; V19: High forest with regular 
canopy [65%] ; 20: High forest with disrupted 
canopy [6%] ; 21: Mixed high and open forest 
[16%]  ; 22: Open/palm forest [<1%] 

[44] 
Raster 

1 km² 

Geomorphology

10 LANDForms categories – 1: large flat relief 
[23%]; 3: small flat relief [1%] ; 4: small 
rounded hill [12%] ; 5: small flattened hill 
[2%] ; 6: low half-orange [2%] ; 7: large high 
hill [10%] ; 8: mountain [8%] ; 9: typical half-
orange [14%] ; 11: wetland [1%] ; 12: hillock 
in lowland[9%] ; 13: hillock in highland [3%] ; 
14: large flat relief [2%] ; 15: large rounded hill 
[13%] [43] 

Vector <10 
km² 

10 LANDScapes categories – A: plains [13%], 
B: irregular multiconvex [13%] ; C: valleys 
[18%]; D: multiconcave [4%]; E: regular 
plateau [9%]; F: irregular plateau [2%]; G: 
dissected plateau [7%]; H: mountainous [16%]; 
I: moderate multiconvex  [4%]; J: irregular 
multiconvex [14%] 

Vector  >10 
km² 



�

Geology 

8 GEOLogical substrates - G1: Recent 
sediments [9%]; G2: Dikes [2%]; G3: Various 
granites [23%]; G4: granodiorites gneiss [21% 
; G5: Gabbros [10%] ; G6: sandstone [2%]; 
G7: Volcanic sedimentary rock [25%]; G8 : 
Pelites [8%] 

[46] 
Vector >10 

km² 

����

Biomass estimates ��	�

We computed above-ground tree biomass (AGBtree) using the generic pan-tropical allometry (equation ��
�

1) from Chave et al. [47]. For each tree in a given DBH class, we simulated DBH values (DDBHclass) ����

using exponential distribution and excluded trees with DBH <20 cm from ONF inventories. Next we ����

sampled height value (HDBHclass/plot) using a local allometry based on an asymptotic model [48] and ����

calibrated with the plot’s stand structure [48] (see also supplementary information S1). For each ����

plot, we also used simulations to allocate trees to a precise botanical species using a Monte-Carlo ����

process based on empirical relationships between vernacular names and botanical species, which also ����

accounts for the expected precision of each vernacular name [49]. We then used the Global wood ����

density database [50] to compute simulations of mean wood gravity at the plot scale (WSGplot). Next, ����

for each plot area of Splot ha, we computed the above-ground biomass per hectare (AGBplot) using the ��	�

determinist model from equation 2.  ��
�

������� � �	�
��  ����  ����  ���	���     (Equation 1) �	��

������� � �� � �	���� !"#$%&'()*+,-&.//0 1*+,-&.//2%&'(34	567(899/*+,-&.//
#%&'(   (Equation 2) �	��

S1 Supporting information: Local models used for H:D allometries. �	��

Statistical analyses �	��

Testing bias and uncertainties due to measurements �	��

AGB estimations were repeated 1,000 times for each plot, including the simulation of species �	��

composition, in order to compute mean AGB and assess the incertitude due to the measurement �	��

inaccuracy. We evaluate this incertitude by the coefficient of variation (CV) over the 1,000 �	��

simulations, calculated with equation 3. �		�
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:;<=>� �� ?��� �@�A$B<=>��C�A$B<=>��       (Equation 3) �	
�

To detect a possible bias between the two inventories due to the field measurement methods (i.e. �
��

differences in the DBH class range, accuracy of the vernacular nomenclature, and variation in the size �
��

of plots) we compared AGB and CV distributions between the two inventories using a Kolmogorov-�
��

Smirnov test. We did not take the uncertainty of biomass estimates at the tree scale intrinsic to �
��

equation 1 into account, because we consider that this uncertainty was probably cancelled out at the �
��

plot scale [51]. �
��

Testing spatial dependences and uncertainties due to local variability   �
��

To detect spatial dependences in biomass distribution, we performed a variogram (semi-variance) �
��

analysis (package geoR – [52]). Mean semi-variance was computed for 10 distance classes (i.e. limits �
	�

at 500 m, 1 km, 2, 4, 8, 16, 32, 64, 120, and 240 km) and compared with the null hypothesis of an �

�

absence of spatial structure simulated by 1,000 randomizations of AGB values between plots. At any ����

distance class L (between L1 km and L2 km), having the observed semi-variance under the random ����

confidence interval indicated significant auto-correlation, whereas semi-variance above this ����

confidence interval indicated significant over-dispersion.  ����

We also assessed the implication of the spatial structure for the computation of the theoretical ����

confidence interval of the local mean. We first generated systematic grids with different cell-sizes ����

(resolution R = 0.5 km – 1 km – 2 km – 4 km – 8 km) and selected all cells including at least three ����

plots. We then computed the relative confidence interval of the local mean (%IC95) for all cells with N ����

plots (N�3) using equations 4 and 3, and we modelled the relationship between %IC95, N and R using ��	�

log-log regressions. ��
�

DE:�F � �GH�F � IJ
KG        (Equation 4) ����

Predicting biomass with GLM ����

We tested general linear models (GLM) of every possible first-order combination of environmental ����

variables (package R glmulti - [53]) in order to (i) test to what extent environmental effects can ����
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explain biomass spatial variation; (ii) interpret the main significant effects; (iii) produce the most ����

efficient predictive map. We used the Akaike Information Criterion (AIC) to select the best and most ����

parsimonious model and verified a priori hypotheses: normality of the residues (Kolmogorov-Smirnov ����

test), heteroscedasticity (Breusch-Pagan test) and independence of the residues (variogram). ����

As pure environmental GLM failed to confirm the last hypothesis (i.e. spatial correlation was detected ��	�

in the residues), we added a spatial component k(s) to the deterministic terms of the model (i.e. ��
�

estimated mean � and environmental effects �e for each of the variables xe). We modelled k(s) by ����

ordinary kriging as proposed by [8]. We postulated an exponential form for the covariance model and ����

fitted the terms of the model (� = nugget, �² = sill, � = range) to the observed variogram of residues ����

using ordinary weighted least squares (package R geoR – [52]). ����

As a result, our final model to predict AGB at the location s, noted y(s), is a kriging-regression model ����

(KR) which took the following form: ����

�L�M� � �N O�� P�  Q�R�ST �U� O V�U�      (Equation 5) ����

With the covariance model of k following the exponential form: ����

P�W� � X O �YZ [ X� �\? [ ]^_ \[ `
a bb     (Equation 6) ��	�

We performed this calibration process with 50% of our dataset, systematically leaving out one plot out ��
�

of two to guarantee an extremely conservative validation step, and we computed the root mean square ����

error of prediction (RMSEP) on the other 50%. ����

Mapping and comparing our model with other models at different scales ����

We first applied the model at the finest possible resolution (30 m) by rasterizing all the GIS layers ����

which provided predictive variables. We then aggregated the estimated values at different coarser ����

resolutions using local averaging (package raster [54]). We also aligned two recent reference maps ����

[15,16] at the same resolution, using the same aggregation and disaggregation processes.  ����
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In order to compare the overall accuracy of the different models, we overlaid the different maps with ����

the validation dataset. We selected cells featuring more than three validation plots and computed the ��	�

RMSEP using the mean field values as reference.  We also computed the RMSEP between calibration ��
�

data and validation data on the same cells to suggest the actual accuracy that we could attempt to ����

obtain from our field sampling. We also examined the precision and trueness of the models using ����

respectively the correlation coefficient (R²) and slope of linear regression between the models and the ����

validation dataset.   ����

Finally, to evaluate the practical relevance of the different maps at operational scales (i.e. at the scale ����

of a forest concession, between 10,000 and 100,000 ha, or at the scale of a local forest management ����

project, between 1,000 and 5,000 ha), we carried out the same ad hoc cross-validation by computing ����

RMSEP on the mean AGB estimated with the different maps on each CTFT inventory block and each ����

ONF inventory site. ��	�

Results ��
�

Forest inventories provide valuable AGB estimates with no ����

methodological bias ����

We observed a wide range of variation in estimated AGB at the plot scale, with values between 0 t.ha-1
����

(corresponding to large blowdowns) and 876 t.ha-1, with an average of 325 t.ha-1. Interestingly, we did ����

not detect any significant difference (K-S test, D = 0.0299, p-value = 0.631) between the distributions ����

of AGB estimates provided by the two inventory campaigns (Fig. 2) despite the long-time interval ����

between the two and the different methods used, particularly differences in plot size. However, AGB ����

estimates at the plot scale appeared to be less accurate using the oldest inventory, as CV distribution ����

showed a significantly higher mean and larger variance for CTFT inventories than for ONF ��	�

inventories (CV=7% for ONF and 12% for CTFT, D=0.6593, p<0.001). The striking similarity of the ��
�

distributions allowed us to mix the two sets of data even if CTFT inventories, using wider DBH class ����

and less accurate vernacular nomenclature, displayed higher CV at the plot scale because of larger ����
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measurement uncertainties. However, at plot scale, CV rarely exceeded 17% for CTFT data (10% for ����

ONF) so in the worst case, the confidence interval of mean AGB estimates at 95% did not exceed ����

6t.ha-1. ����

����
Figure 2. Distribution of AGB means and CV for all plots of both inventories. ����

Distribution of mean aboveground biomass (AGB) per plot (on the top) and coefficient of variation of ����

AGB per plot (at the bottom) for the ONF inventories (left) and CTFT inventories (right) ��	�

��
�

A high local variability and a weak spatial structure led to large ����

uncertainties in local biomass estimates ����

Variograms applied on the mixed datasets (Fig. 3) showed high and significant semi-variance at the ����

beginning of the curve (i.e. nugget of about 6,000 equivalent to a difference of about 110 t.ha-1
����



�

between neighbouring plots, located less than 500 m apart). Semi-variance increased rapidly up to 20 ����

km and remained a fairly stable from 20 km to 200 km (i.e. sill of about 10,000 equivalent to a ����

difference of about 140 t.ha-1) approximating the overall variance. Comparison with 1,000 ����

randomizations indicated a significant autocorrelation for distances of less than 5 km and no other ����

significant effect for larger distances. ��	�

��
�
Figure 3: Variogram of biomass estimates from 500 m to 200 km according to distance classes. �	��

The grey shape shows the confidence interval expected for each distance class under the null �	��

hypothesis (1,000 randomizations). The red squares indicate significant auto-correlation and the �	��

black circles imply no significant structure.. �	��

We computed CV of mean AGB estimates on grids with cell sizes between 500 m and 8 km. We only �	��

considered cells containing three or more plots. This yielded 142 to 316 cell values per grid. The �	��

maximum number of plots per cell was 67 on the 8-km resolution grid, and respectively 42, 22, 10 and �	��

5 plots for other resolutions on 4 km, 2 km, 1 km and 0.5 km-cells. In accordance with the previous �	��

variogram, CV had a quite high mean value (about 21%) on the 0.5 km resolution grid. It increased �		�

very slowly, up to 27%, when we increased the size of the grid cells from 1 km to 8 km (Fig. 4). We �	
�

then computed %IC95 (relative width of the confidence interval of predicted AGB) for all selected cells �
��
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at all resolutions and used these data to build a model to predict %IC95 values at cell scale from the �
��

number of field plots (N) and grid resolution (R), neglecting the low spatial dependence. After �
��

checking that the interaction term was not significant, we obtained a log-log model (r²=0.28, �
��

DF=1151, p<0.001, AIC=-1431): �
��

cde�DE:�F� � [ �	f?gg [ �	gh?g?  cde�i� O �	�f�jh  cde�k�    (Equation 7) �
��

We observed that %IC95 decreased mainly with an increase in the number of calibration points and �
��

increased slowly with resolution (Fig. 4). As a result, for the same sampling density, the uncertainty of �
��

local biomass estimates was halved when the cell size was doubled (e.g. %IC95=24% for three plots on �
	�

average in 1 km-cells and %IC95=13% for 12 plots in 2 km-cells). �

�

����
Figure 4: Estimation of coefficient of variation and confidence interval of local mean according ����

to grid resolution.�����

Inset boxplot shows CV of local biomass estimates according to grid resolution. Main part shows the ����

fitted values confidence interval of the local mean according to the model log (%IC95) = -0.8155 – ����

0.54151 * log (N) + 0.08024 * log (R) from N=3 to 12 and R = 0.5 km to 8 km. ����
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The environment accounts for a significant but minor part of ����

spatial variation in biomass  ����

The best GLM selected to predict biomass variation with environmental variables explained a small ��	�

but significant proportion of variance when fitted on calibration data (r²=0.09, DF=1228, p<0.001, ��
�

AIC=11 541 with intercept=0). Geomorphological landforms, the dry season index and annual rainfall ����

were excluded from the model (Fig. 5). Geomorphological landscapes had the strongest effect on ����

biomass (F=6.0664, DF=10, p<0.001) and displayed marked contrasts at large scales between (i) on ����

the one hand, regions dominated by mountains (H), plateaus (E,F,G), or smoothed multi-convex ����

landscapes (I) with high biomass; and (ii) on the other hand, plains (A), valleys (C), multi-concave (D) ����

and marked multi-convex landscapes (B,J) with low biomass. Low HAND (height above the nearest ����

drainage) and high LOG (logarithm of basin area), which mainly point to seasonally flooded forests, ����

were also highly influential at the local scale with a significant negative effect (respectively ����

F=11.3495, p<0.001 and F=9.9309, p<0.01). GEOL (Geology) had a significant but limited effect ��	�

driven by the “dykes” category (G2), which corresponded to an extremely hard localized substrate ��
�

with significantly lower biomass (F=2.5477, DF=7, p<0.05). Similarly, VEGET (vegetation type) had ����

only a slight effect mainly driven by type 22 which exhibited very low biomass (F=2.8287, DF=5, ����

p<0.05) and corresponded to “open forests mixed with palm forests”, mainly located in the southern ����

part of French Guiana. Altitude and slope had the weakest effects (respectively F=3.5036, p<0.1 and ����

F=2.5405, p=0.111). The environmental model (i.e. deterministic model) satisfied the hypotheses of ����

normality (K-S test, D=0.0423, p=0.025) and heteroscedasticity (Breusch-Pagan test, BP=36.1135, ����

DF=25, p=0.0699). ����

However, the variogram computed on the residuals of the model still showed significant spatial ����

dependence for distances of less than 2 km (Fig. 6). We modelled this residual structure by kriging-��	�

regression (KR) using an exponential covariance function (tau=6500, sigma=3205, phi=1991 – fixed ��
�

kappa=0.5).  ����

����
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����
Figure 5: Coefficients of the selected GLM that predict biomass from environmental variables.����

Grey bars and brackets indicate groups of modalities related to the different categorical variables. ����

For continuous topographical and hydrographical variables (HAND, LOG, SLOpe and  ALTitude) the ����

coefficient value is multiplied by the mean of the variable.  ����

����
Figure 6: Variogram of GLM residuals from 500 m to 200 km according to distance classes. ��	�

The grey shape indicates values expected under the null hypothesis of absence of spatial structure ��
�

(1,000 randomizations). The red squares indicate significant auto-correlation and the black circles no ����

significant structure. The dashed line represents the fitted exponential model used to predict the ����

spatial error term.   ����
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As a result, when we applied the GLM (deterministic part of the calibrated model) to the validation ����

data, we obtained a quite large RMSEP of 99t MS/ha and a poor adjustment (r²=0.04, DF=1251, ����

p<0.001, slope=0.063). When we used the complete model KR, we increased the accuracy of the ����

model (RMSEP = 90t MS/ha) with a better adjustment (r²=0.20, DF=1251, p<0.001, slope=0.208). ����

However, as the practical range of auto-correlation used in kriging is short, it did not enable residual ����

error to be predicted beyond a distance of 7 km around the sampling locations. Consequently, model ��	�

accuracy was only actually improved by the spatial component in a small part of the territory located ��
�

near the sampling areas used for calibration (Fig. 7). ����

����
Figure 7: Map of AGB (t.ha

-1
) in French Guiana based on the complete model (KR).  ����

Local darker or paler areas correspond to spatial error terms that can be modelled only within a short ����

distance of the calibration plots and are null over most of the area ����

����
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Coarse-graining improved the accuracy of maps  ����

We aggregated our model results and our validation data at 1 km resolution to be able to compare ����

them with the pan-tropical maps produced by Baccini [15] and Saatchi [16]. We computed RMSEP, ��	�

R² and the regression slope between the validation dataset and the four maps (Baccini, Saatchi, GLM, ��
�

KED) at this scale, using only cells containing more than three validation plots (Table 3). The pan-����

tropical maps correlated poorly with our validation data even at their original resolution (RMSEP > ����

80, R²=0.02 and slope �0.1) whereas the accuracy of our complete model (i.e. KR) was largely ����

improved by the coarse-graining process leading to 1-km cells (RMSEP=63, R²=0.35 and slope=0.55).  ����

Table 3: Evaluation of the accuracy of the different maps of biomass with different cell ����

resolutions  ����

Resolution Map RMSEP  R² Slope 

1 km GLM 74 0.09** 0.21 
GLM+KED 63 0.35*** 0.55 

Baccini et al. 2012 85 0.02ns 0.08 
Saatchi et al. 2011 91 0.02ns 0.10 

2 km GLM 58 0.19*** 0.21 
GLM+KED 47 0.48*** 0.49 

Baccini et al. 2012 80 0.02 ns 0.06 
Saatchi et al. 2011 85 0.01ns 0.06 

4 km GLM 59 0.15*** 0.14 
GLM+KED 46 0.49*** 0.40 

Baccini et al. 2012 85 0.02 ns 0.04 
Saatchi et al. 2011 94 <0.01 ns -0.02 

The root mean square error of prediction (RMSEP) indicates the overall accuracy, the R² indicates the ����

precision, and the slope indicates the trueness of the models. The significance of the adjusted-R² was ����

tested with a F test (*** p<0.001, ** p<0.01, * p<0.05, ns= non-significant) ��	�

The same results were obtained with 2-km resolution cells (Table 3 and Fig. 8). Thanks to coarse-��
�

graining, our models were more accurate than at the finest resolution (RMSEP was reduced by 25% ����

for GLM and 30% for KR compared with 1-km resolution), with better precision (r²=0.19 and 0.48 for ����

GLM and KR respectively with p<0.001 in both cases). However the regression slopes kept the same ����

value as at 1-km resolution (i.e. about 0.2 for GLM and about 0.5 for KR), indicating a dilution bias ����

effect that could not be reduced. As a result, bias was zero for mean values but systematically negative ����

for the highest values and positive for the lowest values (Fig. 8). At and above 4-km resolution, all ����

statistics of adjustment were degraded or saturated on all maps (RMSEP, R² and the same or worse ����

slope than previously). ����
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��	�

��
�
Figure 8: Comparison of validation data with AGB values predicted by the different maps at 2-�	��

km resolution . �	��

Aboveground biomass (AGB) values at cell level for the validation set of plots are compared to the �	��

values predicted by the different maps at 2-km resolution : from the top left to the bottom right - KR, �	��

GLM, Baccini [15] and Saatchi [16]. The red line indicates the 1:1 relationship (expected slope). The �	��

size of the circles indicates the number of validation plots for each cell (from 3 for the smallest to 12 �	��

for the biggest). �	��

�	��

Satisfactory accuracy can be achieve for REDD+ operational �		�

scales �	
�

Finally we compared our validation data and estimates from the different maps on larger areas �
��

corresponding to REDD+ operational scales, i.e. >10 km² (see for instance http://redd-�
��

database.iges.or.jp/redd). To this end, we tested the same accuracy, precision and trueness indicators �
��

(RMSEP, r², slope of regression) for the range of areas displayed by the CTFT inventory blocks (166 �
��
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to 800 km²) and for the ONF inventory sites (10 to 47 km²) in order to mimic forest concession and �
��

large REDD project areas (>100 km²) or local REDD project areas (10-50 km²). We also compared the �
��

estimates obtained with calibration data and those obtained with validation data to see the absolute �
��

accuracy we could expect from forest inventories at these scales. �
��

The comparison of validation and calibration data showed that a forest inventory with a sampling rate �
	�

of between 0.1 and 0.5% estimated biomass with an accuracy of ±10% for all large CTFT blocks and �

�

for a large majority of the smaller ONF sites (respectively RMSE=10 and 26 t.ha-1 – Table 4). At ����

these operational scales, our complete KR model estimated total biomass with good accuracy ����

(RMSE=31 t.ha-1 for ONF sites and 18 t.ha-1 for CTFT blocks), whereas simple GLM led to larger ����

errors (Table 4). AGB estimates obtained with pan-tropical maps were absolutely not correlated with ����

validation data, with the exception of Baccini’s map for areas between 10-50 km² (r²=0.15 – p<0.05). ����

Table 4: Evaluation of the accuracy of the different models at operational scales  ����

Scale Estimates RMSEP  R² Slope 

Small project, 
production units 
(10-50 km²) 

calibration 26 0.67*** 0.868 

GLM 40 0.32*** 0.339 
GLM + KED 31 0.64*** 0.551 

Baccini et al 2012 61 0.15* 0.155 
Saatchi et al 2011 70 <0.01 ns 0.079 

Large project, 
concessions (>100 
km²) 

calibration 10 0.93*** 0.885 

GLM 40 0.59** 0.103 
GLM + KED 18 0.90*** 0.390 

Baccini et al 2012 74 <0.01 ns -0.037 
Saatchi et al 2011 56 0.07ns -0.118 

The root mean square error of prediction (RMSEP) indicates overall accuracy, the R² indicates ����

precision, and the slope indicates the trueness of the models. The significance of the adjusted R² is ����

tested with F test (*** p<0.001, ** p<0.01, * p<0.05, ns= non-significant)��	�

Discussion ��
�

High local variability limits the accuracy of biomass maps  ����

The spatial structure of aboveground biomass (AGB) has already been shown to be highly variable at ����

spatial resolutions less than 250 m when measured in forest plots ranging from 6 to 50 ha in size ����

[19,21]. The high local heterogeneity can be explained by gap-phase dynamics which create a mosaic ����

of eco-units [19,55]. This local variability implies significant “dilution bias” will occur when small ����
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plots (i.e. substantially less than 0.5 ha) are used to calibrate models to be applied over larger areas.  ����

Upscaling leads to underestimation of the spatial variance of AGB in the models [21]. Our study ����

proves that AGB variability is already very high at spatial resolutions of between 200 and 500 m and ����

increases even more at more than 5 km (Fig. 3) whereas one might expect that this effect, which is ��	�

linked to forest dynamics, would be mitigated over large areas (i.e. >1 km²). As a result, “dilution ��
�

bias” is likely to occur even when large forest plots i.e. ca. 1 ha, are used to calibrate models with ����

standard satellite remote-sensing data, as it is widely recommended [21]. Dilution bias is also to be ����

expected when a few small footprints covering areas of the same order of magnitude as field plots are ����

used as sampling units to calibrate larger footprints (e.g. airborne LiDAR transects or GLASS ����

footprints used to calibrate MODIS or LANDSAT pixels). This helps explain why pan-tropical maps, ����

which are based on double upscaling (from field to high resolution RS and then to medium resolution ����

RS) fail to capture the forest spatial variability of AGB with acceptable accuracy [7].  ����

The high local variability measured in our forest inventory plots (average standard deviation above ����

100  t.ha-1), cannot be the result of unexpected noise in the inventory data, because (i) the sizes of our ��	�

plots, between 0.4 and 0.5 ha, are sufficient to limit in-and-out effects for large trees [20]; (ii) ��
�

uncertainties due to forest inventory measurements are limited (about 6 t.ha-1) and lower than ����

uncertainties due to allometric relationships [56]; (iii) the local CV measured within 500 m-resolution ����

cells was of the same order of magnitude as reported for 200 m in other studies based on permanent ����

plots in a tropical forest [21]. We therefore conclude that this high local variance is not an artefact, but ����

is likely due to the heterogeneous forest structure [22], which in turn, could be explained by (i) local ����

topographic and hydrologic effects (included in our GLM with altitude, HAND and basin area); (ii) ����

the distribution of big trees which often exhibit aggregative patterns driven by population dynamics ����

and species dispersion in the long term [57]; (iii) large-scale natural forest disturbances such as ����

landslides or blowdown, even if gaps of more than 1 ha have been shown to be quite rare in northern ��	�

Amazonia [58]. ��
�

Environmental factors are partly efficient to capture this structural variability, rather due to stochastic ����

processes. In fact, the deterministic part of our model explained a modest part of the variance. ����
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However, our model was able to detect contrasts along the waterlogging gradient on the topographic ����

sequence [59,60] as well as large scale variations at the landscape scale [61].  Nevertheless, as shown ����

in previous studies, even in the case of strong environmental contrasts monitored at fine scale (e.g. ����

waterlogged vs. never flooded locations or white sand vs. other terra firme forests) pure environmental ����

effects only explain a small fraction of variations in AGB and interact largely with more important ����

structural effects [62]. ����

The important consequence of major variations in AGB at short distance, as evidenced by the present ��	�

study, which corroborates another recent one [22], is that any statistical interpolation between scare ��
�

field reference points will remain imprecise whatever the accuracy of the field measurements. The ����

only way to enhance precision is to combine geo-statistical interpolation (e.g. kriging) with the most ����

relevant spatialized environmental information, as exemplified in the present study. Reciprocally, ����

incorporating a spatial component in the biomass model is an effective way to mitigate the problem of ����

weakly environmentally structured variation in AGB and to substantially improve its efficiency [8,35]. ����

However, we showed that this improvement is limited to a short distance around the reference points, ����

because of the short autocorrelation range (i.e. a few kilometres). ����

Sampling design and spatial resolution have to be adapted to ����

capture AGB spatial structure ��	�

The most cost-effective way to capture and control this local heterogeneity is to adapt the resolution of ��
�

the output AGB map to average out local structural variability. In other words, a trade-off needs to be ����

found between spatial resolution and effective accuracy. On the one hand, reducing output resolution ����

minimizes local variance, but on the other hand, enlarging resolution helps calibrate the model with ����

more precision by multiplying the number of field plots per calibration-cell, which is the most efficient ����

way to reduce the confidence interval of local estimates (Fig. 4). In our case, a 2-km resolution (4 ����

km²) appears to be the optimal trade-off between a minimum RMSEP and maximum adjustment (r² ����

and slope approaching 1 - see Fig. 8 and Table 2) for calibration. From a practical point of view, this ����

means that AGB maps should not target a resolution (output cell size) of less than few kilometres ����
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otherwise there is a risk of very high uncertainty at individual cell level that will result in a poor ��	�

calibration step. ��
�

Moreover, our results suggest that regular systematic sampling is not the best way to calibrate AGB ����

maps. For instance, to accurately calibrate a model with less than an average of 5% error at a 2-km ����

resolution, more than 75 plots are necessary per calibration cell, 20 plots for 10% and 5 plots for 20%, ����

which corresponds to a sampling rate of 8%, 2% and 0.5% respectively. Such very high sampling ����

rates, which are essential to obtain accurate local means for calibration, are not economically ����

sustainable for very large areas [22]. A multi-scale stratified sampling design appears to be a better ����

way of ensuring both a sufficient sampling rate for local calibration and sufficient general coverage to ����

account for the broad-scale patterns of variation in AGB. ����

Achieving “wall-to-wall” LiDAR over large areas is a reliable alternative way to address these ��	�

methodological limits in the medium term [63]. However, a significant gap still exists between the ��
�

complexity and cost of this method on the one hand, and the actual capacity of developing countries to �	��

implement it on large areas on the other hand [3]. Here, using large forest inventories even with a quite �	��

low sampling rate (i.e. about 0.01% for the whole territory and from 0.1 to 0.4% locally) we succeeded �	��

in producing AGB maps with acceptable RMSEP ranging from 47 to 58 t.ha-1 (22 to 28 tC.ha-1 that to �	��

say, a relative error of 15% to 20%) at a 2-km resolution depending on the distance from the nearest �	��

sampled area. As a matter of fact, for operational management of forest resources at local to national �	��

scales (e.g. evaluation of biomass for a REDD+ project or LULUCF national monitoring) rapid forest �	��

inventories with suitable design may suffice to produce accurate estimates at the appropriate resolution �	��

for an output map. �		�

Combining remote-sensing and large scale forest inventories can �	
�

improve the accuracy of biomass maps  �
��

Our review of literature focusing on “biomass mapping in tropical forest”, shows that RMSE hardly �
��

reach 75t.ha-1 in old-growth forests (i.e. a relative error of about 20%), for a 1-km resolution or less �
��

(Table 1). The performance obtained with our forest inventories, even at 1-km resolution, is better �
��
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than the majority of biomass maps in the literature [7,15,16,31-33]. Most studies which report RMSE �
��

lower than 75t.ha-1, include different vegetation types such as savannahs, opened forest or young �
��

plantation, thus mechanically reducing absolute RMSE (e.g. [28,29] in Table 1), or having to deduce �
��

AGB from rough DBH-based allometries  that do not account for variations in wood density and �
��

height within the forest and hence artificially reduce actual variance (e.g. [8,27,28] in Table 1). The �
	�

most efficient AGB maps are based on the “wall-to-wall” LiDAR method, but remain very limited in �

�

extent, i.e. to only a few km² [28,34]. However, a better performance  was reported for two maps ����

covering larger areas with RMSE down to 55 t.ha-1 (i.e. 27 tC.ha-1) at 100-m resolution, using LiDAR ����

to calibrate AGB estimates for forest strata based on LANDSAT and SRTM data [30,35]. These two ����

studies concluded that the final upscaling step is critical to ensure the efficiency of biomass mapping ����

and to better capture spatial autocorrelation to fully transform the potential display by LiDAR ����

altimetry into local AGB predictions at a broad scale.  ����

Our results suggest two ways of improving this upscaling process. First, holistic and multi-scale ����

geomorphological maps can provide an efficient basis for preliminary forest stratification to guide ����

LiDAR acquisition as well as the sampling of field data. This preliminary stratification step is too ��	�

often limited to a priori expert-based stratification (e.g. altitude threshold, catchment basin ��
�

delimitation, etc.). A formalized geomorphological analysis based on full-resolution SRTM (as done ����

here) would help define precise and objective relief stratification (e.g. a plateau vs. a multi-convex ����

landscape) while subjectivity can be controlled by using image analysis techniques to characterize and ����

classify landforms (see for instance [43,64,65]). This would also make it possible to delimit local ����

habitats (i.e. terra firme vs. seasonally flooded forests), thus reducing within-strata variability [38]. ����

Second, our results demonstrate that field plots in forest inventories are a reliable source of accurate ����

field measurements of AGB. Such field data can thus be used to locally calibrate and validate LiDAR ����

allometry (leading from canopy altimetry metrics towards AGB) as well as any kind of biophysical ����

information derived from remote-sensing data of sufficient resolution that can contribute to AGB ��	�

mapping (e.g. canopy texture as exemplified in [31,66]). Future progress will indeed rely on smart ��
�

sampling and upscaling schemes from highly informative (regarding forest structure and biomass ����



�

mapping) albeit costly data sources such as field inventories and small footprint LiDAR flight lines, to ����

satellite remote sensing information of higher affordability and replicability. ����

Given such strong local variations in AGB along with short range autocorrelation, the upscaling ����

scheme is indeed critical, and understanding the relationships between variations in above-ground ����

biomass and landscape patterns is a promising way to base the upscaling process on broad scale ����

drivers of AGB variations via variables which can conceptually and statistically be derived from ����

worldwide databases and satellite remote sensing. Combining forest inventories along transects with ����

LiDAR flight lines could be an efficient way to improve the global coverage of AGB maps of tropical ��	�

forests while maximizing field datasets and capturing cryptic regional variations (e.g. patterns in wood ��
�

density, changes in allometry between forest types) that are easily overlooked without an extensive ����

integrated sampling strategy. ����
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