
SXSSlemeQWaU\ MaWeUial
QXaQWif\iQg NRYeO EcRV\VWePV
AXgXsW, 2025

3.1 BNI CDOFXODWLRQ
3.1.1 ObWaiQiQg aQd COeaQiQg Whe DaWa
(M[LY�JSLHUPUN�[OL�KH[H�VI[HPULK�MYVT�[OL�)YP[PZO�;Y\Z[�MVY�6YUP[OVSVN`��.PSSPUNZ�L[�HS������ ��HUK�(=65,;��;VIPHZ�L[�HS����������ZLWHYH[L�KH[H
MYHTLZ�JHU�IL�MVYTLK�^P[O�H�SPZ[�VM�ZWLJPLZ�WYLZLU[�PU�LHJO�([SHZ�WLYPVK��^P[O�HJJVTWHU`PUN�KH[H�MYHTLZ�JVU[HPUPUN�[OL�[YHP[�TLHZ\YLTLU[Z�MVY
LHJO�VM�[OLZL�\UPX\L�ZWLJPLZ��ZLWHYH[LK�I`�([SHZ�WLYPVK��,_HTWSLZ�VM�^OPJO�HYL�ZOV^U�ILSV^!

,_HTWSL�+PZ[YPI\[PVU�+H[H�-YHTL�:[Y\J[\YL

.YPK :JPLU[PÄJFUHTL

/7�� .H]PH�Z[LSSH[H

03�� *LWWO\Z�NY`SSL

5?�� (SJH�[VYKH

0?  <YPH�HHSNL

0.�� :[LYUH�OPY\UKV

,_HTWSL�;YHP[Z�+H[H�-YHTL�:[Y\J[\YL

ZJPLU[PÄJFUHTL )LHR�3LUN[OF*\STLU )LHR�3LUN[OF5HYLZ )LHR�>PK[O )LHR�+LW[O ;HYZ\Z�3LUN[O >PUN�3LUN[O 2PWWZ�+PZ[HUJL

.H]PH�Z[LSSH[H ���� ���� ��� ���� ���� ����� �����

.H]PH�HYJ[PJH ���� ���� ��� ���� ���� ����� �����

.H]PH�PTTLY  ��� ���� ���� ���� ���� ����� �����

;HJO`IHW[\Z
Y\ÄJVSSPZ

��� ���� ��� ��� ���� ����� ����

7VKPJLWZ�JYPZ[H[\Z ���� ���� ��� ���� ��� ����� � ��

7VKPJLWZ
UPNYPJVSSPZ

���� ���� ��� �� � �� ����� ����

-\STHY\Z�NSHJPHSPZ ���� ���� ��� ���� ���� ����� �����

7\ɉU\Z�W\ɉU\Z ���� ���� ��� �� ���� ����� �����

/`KYVIH[LZ
WLSHNPJ\Z

���� ��� ��� ��� ���� �� �� � ��

/`KYVIH[LZ
SL\JVYOV\Z

���� ���� ��� ��� ���� ����� ����

4VY\Z�IHZZHU\Z  ���  ��� ���� ���� ���� ����� �����

7OHSHJYVJVYH_
JHYIV

���� ���� ���� ���� ���� ����� �����

.\SVZ\Z�HYPZ[V[LSPZ ���� ���� ���� ���� ���� ����� ����

3.1.2 DiVWaQce MaWUi[ (DiVW.PaW)
-VY�LHJO�([SHZ�WLYPVK��H�[YHP[�TH[YP_�ULLKZ�[V�IL�J\YH[LK�I`�YLTV]PUN�[OL�¸:JPLU[PÄJFUHTL¹�JVS\TU�HUK�JHSJ\SH[PUN�[OL�,\JSPKLHU�KPZ[HUJL
IL[^LLU�[YHP[�]HS\LZ��;OLZL�KPZ[HUJLZ�^LYL�[OLU�ZJHSLK�I`�KP]PKPUN�LHJO�KPZ[HUJL�WHPY�I`�P[Z�TH_PT\T�KPZ[HUJL�[V�KL]LSVW�KPZ[HUJL�TH[YPJLZ�
L_HTWSLZ�ZOV^U�ILSV �̂�[OH[�HYL�Z\P[HISL�MVY�Z\IZ[P[\[PVU�PU[V�HWWYVWYPH[L�HYLHZ�VM�[OL�)50�M\UJ[PVU�WYV]PKLK�I`�:JOP[[RV�L[�HS�°�������

,_HTWSL�+PZ[HUJL�4H[YP_�:[Y\J[\YL

YV^FUHTL (JHU[OPZ�ÅHTTLH (JJPWP[LY�NLU[PSPZ (JJPWP[LY�UPZ\Z (JYVJLWOHS\Z�ZJOVLUVIHLU\Z (JYVJLWOHS\Z�ZJPYWHJL\Z

(JHU[OPZ�ÅHTTLH ��������� �������� �������� ��������� ���������
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YV^FUHTL (JHU[OPZ�ÅHTTLH (JJPWP[LY�NLU[PSPZ (JJPWP[LY�UPZ\Z (JYVJLWOHS\Z�ZJOVLUVIHLU\Z (JYVJLWOHS\Z�ZJPYWHJL\Z

(JJPWP[LY�NLU[PSPZ �������� ��������� ��������� ��������� ���������

(JJPWP[LY�UPZ\Z �������� ��������� ��������� ������  � ���������

(JYVJLWOHS\Z
ZJOVLUVIHLU\Z

��������� ��������� ������  � ��������� ������� �

(JYVJLWOHS\Z
ZJPYWHJL\Z

��������� ��������� ��������� ������� � ���������

(J[P[PZ�O`WVSL\JVZ ��������� ����� ��� ��������� ��������� ������� �

(LNP[OHSVZ�JH\KH[\Z �������� ��������� ����� ��� ������� � ���������

(P_�NHSLYPJ\SH[H ��������� ��������� ��������� ������� � ���������

(P_�ZWVUZH ��������� ��������� ��������� ��������� ���������

(SH\KH�HY]LUZPZ ��������� ��������� ������� � ��������� ���������

(SJH�[VYKH ��������� ��������� ��������� ���� �� � ���� ����

(SJLKV�H[[OPZ ����� ��� ��������� ������� � ��������� ���������

3.1.3 YeaUV SiQce IQWURdXcWiRQ (YSI)
;V�JHSJ\SH[L�`LHYZ�ZPUJL�PU[YVK\J[PVU��@:0���[OL�ºT\[H[L��»�JVTTHUK�MYVT�[OL�9�WHJRHNL�ºKWS`Y»��]�����"�>PJROHT�L[�HS���������^HZ�\ZLK�[V
Z\I[YHJ[�[OL�PU[YVK\J[PVU�KH[L�MYVT�[OL�LUK�`LHY�VM�[OH[�WHY[PJ\SHY�([SHZ�WLYPVK��-VY�L_HTWSL��[OL�JHSJ\SH[PVU�VM�[OL�@:0�MVY�ZWLJPLZ�PU�[OL�ÄYZ[
([SHZ�WLYPVK�^V\SK�IL!

T1YSI <- T1_intro_dates %>% mXtate(YSI = 1972 - time)

;OL�KH[LZ�[V�Z\I[YHJ[�MYVT�MVY�[OL�ZLJVUK�HUK�[OPYK�([SHZ�WLYPVKZ�^PSS�IL��  ��HUK�������YLZWLJ[P]LS �̀�3LH]PUN�`V\�^P[O�[OYLL�KH[H�MYHTLZ�MVY
LHJO�([SHZ�WLYPVK�KPZWSH`PUN�LHJO�ZWLJPLZ�UHTL�HUK�P[Z�JHSJ\SH[LK�`LHYZ�ZPUJL�PU[YVK\J[PVU!

,_HTWSL�@:0�+H[H�-YHTL�:[Y\J[\YL

:JPLU[PÄJFUHTL [PTL @:0

(JHU[OPZ�ÅHTTLH �� � ���

(JJPWP[LY�NLU[PSPZ �� � ���

(JJPWP[LY�UPZ\Z �� � ���

(JYVJLWOHS\Z�ZJOVLUVIHLU\Z �� � ���

(JYVJLWOHS\Z�ZJPYWHJL\Z �� � ���

(J[P[PZ�O`WVSL\JVZ �� � ���

(LNP[OHSVZ�JH\KH[\Z �� � ���

(P_�NHSLYPJ\SH[H ���� ��

(P_�ZWVUZH ����   

(SH\KH�HY]LUZPZ �� � ���

3.1.4 CRPPXQiW\ MaWUi[ (CRP)
;V�THRL�H�WYLZLUJL�HIZLUJL�TH[YP_�MVY�[OL�)50�JHSJ\SH[PVU��[OL�VYPNPUHS�KPZ[YPI\[PVU�KH[H�MYHTLZ�ULLK�[V�IL�THUPW\SH[LK�M\Y[OLY��-VY�[OPZ�[OL`�HYL
JVU]LY[LK�[V�H�[HISL�\ZPUN�º[HISL��»���MVSSV^PUN�^P[O�ºHZ�KH[H�MYHTL�TH[YP_��»�MYVT�[OL�IHZL�9�WHJRHNL��]�����"�9�*VYL�;LHT���������>P[O�[OLZL�[OYLL
KH[H�MYHTLZ�JVTWSL[LK��[OL`�JHU�IL�W\[�PU[V�[OL�9�M\UJ[PVU�[V�JHSJ\SH[L�)50�WLY�NYPK�JLSS��(U�L_HTWSL�VM�[OL�KH[H�MYHTL�TH[YP_�Z[Y\J[\YL�PZ�ZOV^U
OLYL!

,_HTWSL�*VTT\UP[`�4H[YP_�:[Y\J[\YL

.YPK (JHU[OPZ�ÅHTTLH (JJPWP[LY�NLU[PSPZ (JJPWP[LY�UPZ\Z (JYVJLWOHS\Z�ZJOVLUVIHLU\Z (JYVJLWOHS\Z�ZJPYWHJL\Z (J[P[PZ�O`WVSL\JVZ

0)�� � � � � � �

0)�� � � � � � �

0)�� � � � � � �

0)�� � � � � � �
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.YPK (JHU[OPZ�ÅHTTLH (JJPWP[LY�NLU[PSPZ (JJPWP[LY�UPZ\Z (JYVJLWOHS\Z�ZJOVLUVIHLU\Z (JYVJLWOHS\Z�ZJPYWHJL\Z (J[P[PZ�O`WVSL\JVZ

0)�� � � � � � �

0)�� � � � � � �

0)�� � � � � � �

0)�� � � � � � �

0)�� � � � � � �

0)�� � � � � � �

0) � � � � � � �

0) � � � � � � �

3.1.5 CaOcXOaWiQg BNI
<ZPUN�ºJVT»��ºKPZ[�TH[»�HUK�º@:0»��[OL�)50�M\UJ[PVU�^HZ�YHU�[OYLL�[PTLZ�[V�HJJVTTVKH[L�MVY�LHJO�VM�[OL�);6�IYLLKPUN�IPYK�Z\Y]L`�([SHZ�WLYPVKZ
PU�VYKLY�[V�NL[�H�TLHZ\YL�VM�UV]LS[`�HJYVZZ�ZWHJL�HUK�[PTL��,HJO�V\[W\[�^HZ�ZH]LK�HUK�L_WVY[LK�HZ�H��JZ]�ÄSL�\ZPUN�º^YP[LFJZ]��»�MYVT�[OL�ºYLHKY»
WHJRHNL��>PJROHT�L[�HS����������;OL�V\[W\[Z�VM�)50��9HV»Z�8�HUK�)50Z�HYL�ZH]LK�HZ�KH[H�MYHTLZ�HUK�ZOV\SK�HWWLHY�HZ�Z\JO!

,_HTWSL�)50Z�6\[W\[

.YPK )50Z

0:�� ���������

0:�� ������ ��

0:�� ���������

0:� ���������

0:�� ���������

0:�� ���������

0:�� ���������

0:�� ���������

0:�� ���������

0:�� ���� ����

0:�� ���������

0:�� ���������

3.1.6 IQde[ OXWSXWV
-VY�[OPZ�ZLJ[PVU��[OL�WHJRHNLZ�YLX\PYLK�^LYL�THW]PL �̂�ZM��HUK�9*VSVY)YL^LY��]�����"�(WWLSOHUZ�;�L[�HS�������"�]������"�7LILZTH��,���HUK
)P]HUK��9�������"�]�����"�5L\^PY[O�,��������YLZWLJ[P]LS`���;V�THUPW\SH[L�[OL�YLZ\S[Z�KH[H�PU[V�H�Z\P[HISL�MVYTH[�MVY�THWWPUN��[OL�YV^�UHTLZ
ULLKLK�[V�IL�TV]LK�PU[V�[OL�ÄYZ[�JVS\TU��YLZ\S[PUN�PU�H�JVS\TU�MVY�NYPK�JLSSZ�HUK�HUV[OLY�MVY�)50Z�]HS\LZ�YLWLH[PUN�MVY�HSS�[OYLL�KH[H�MYHTLZ�^P[O
[OL�)50Z�YLZ\S[Z��)50Z�^HZ�THWWLK�V]LY�)50�HZ�P[�PZ�Z[HUKHYKPZLK�V]LY�9HV»Z�8��IV\UKPUN�[OL�YLZ\S[Z�IL[^LLU���HUK����[O\Z�THRPUN�YLZ\S[Z�TVYL
PU[LYWYL[HISL�PU�H�THW�MVYTH[��MVSSV^PUN�[OL�HWWYVHJO�VM�:JOP[[RV�L[�HS�°�������[V�ZOV^�[OL�ZWH[PHS�YLSH[PVUZOPW�VM�IPV[PJ�UV]LS[ �̀

;V�NL[�JVVYKPUH[LZ�MVY�THWWPUN��[OL�ÄSL�ºNYPKFZX\HYLFJVVYKPUH[LZFSVVR\W�JZ]»�MYVT�[OL�KV^USVHKLK�);6�IYLLKPUN�IPYK�Z\Y]L`�KH[H�^HZ�YLHK
PU[V�9��0UP[PHSS �̀�ºNNWSV[»��>PJROHT��������^HZ�\ZLK�[V�WYVK\JL�H�X\PJR�THW�VM�NYPK�JLSSZ�[V�LUZ\YL�[OL`�WYVK\JLK�H�THW�VM�[OL�<2�HUK�0YLSHUK
^P[O!

ggplot(grids, aes([ = long, \ = lat)) + 
  geom_point(si]e = 0.5)+
  theme_bZ()
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;OLU�ºSLM[FQVPU»�^HZ�\ZLK�[V�QVPU�[OPZ�KH[H�MYHTL�^P[O�[OL�)50�M\UJ[PVU�YLZ\S[Z�ºI`�$�¸NYPK¹»��YLTV]PUN�T\S[PWSLZ�^P[O�¸T\S[PWSL�$�HSS¹�HUK
Z\IZLX\LU[S`�YLTV]PUN�5(Z��5L_[��[OL�KH[H�MYHTLZ�^LYL�JVU]LY[LK�[V�ZWH[PHS�KH[H�\ZPUN�ºZ[FHZFZM»��ZL[[PUN�[OL�JVVYKPUH[LZ�YLMLYLUJL�Z`Z[LT�[V
JYZ�$��������^OPJO�PKLU[PÄLZ�[OL�6:.)�JVVYKPUH[LZ�YLMLYLUJL�Z`Z[LT��/LYL��[OL�TPUPT\T�HUK�TH_PT\T�)50Z�]HS\LZ�^LYL�JHSJ\SH[LK�HJYVZZ�HSS
([SHZ�WLYPVKZ��\ZPUN�ºTPU��»�HUK�ºTH_��»��;OLZL�^LYL�ZH]LK�HZ�UL^�KH[H�MYHTLZ��^OPJO�^PSS�IL�PUJVYWVYH[LK�PU[V�[OL�THW�JVKL�[V�WYV]PKL�]HS\LZ
MVY�H�JVUZPZ[LU[�ZJHSL�IHY�HJYVZZ�THWZ��;OL�JVKL�\ZLK�[V�WYVK\JL�[OL�THWZ�PZ�ZOV^U�ILSV �̂

ggplot(grid_BNIs1, aes([ = long, \ = lat, color = grid_BNIs1$BNIs)) + 
  geom_point(si]e = 0.5) + 
  scale_color_gradient(loZ = "lightblXe", high = "darkblXe",
                       limits = c(min_YalXe_BNIs, ma[_YalXe_BNIs),
                       name = "BNIs YalXe") + 
  labs(title = "BNIs 1968-72", 
       [ = "longitXde", 
       \ = "latitXde") + 
  theme_bZ() 

;V�M\Y[OLY�PU]LZ[PNH[L�[OL�KYP]LYZ�VM�)50Z�]HS\LZ��)50Z�^HZ�WSV[[LK�HNHPUZ[�9HV»Z�8�HUK�ZWLJPLZ�YPJOULZZ�[V�WYVK\JL�ZJH[[LY�WSV[Z��;OLYL�PZ�H
YV\NO�JS\Z[LYPUN�VM�WVPU[Z��LZWLJPHSS`�H[�[OL�SV^LY�LUK�VM�9HV»Z�8�]HS\LZ��Z\NNLZ[PUN�[OH[�H[�SV^LY�9HV8�]HS\LZ��[OLYL�PZ�H�^PKLY�YHUNL�VM�)50Z
]HS\LZ��^OPSL�H[�OPNOLY�9HV8�]HS\LZ��)50Z�]HS\LZ�HYL�TVYL�JVUZPZ[LU[S`�SV �̂�4VYLV]LY��[OLYL�PZ�ZPNUPÄJHU[�V]LYSHW�IL[^LLU�WVPU[Z�MYVT�KPɈLYLU[
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([SHZ�WLYPVKZ��PUMLYYPUN�[OH[�[OL�YLSH[PVUZOPW�IL[^LLU�9HV»Z�8��ZWLJPLZ�YPJOULZZ�HUK�)50Z�PZ�UV[�Z[YVUNS`�PUÅ\LUJLK�I`�[OL�([SHZ�WLYPVK��0U�[OL
ZJH[[LY�KLWPJ[PUN�[OL�YLSH[PVUZOPW�IL[^LLU�9HV»Z�8�HUK�)50Z��[OLYL�PZ�H�ZSPNO[�PU]LYZL�YLSH[PVUZOPW�VIZLY]LK��ZOV^PUN�[OH[�HZ�9HV»Z�8�]HS\LZ
PUJYLHZL��)50Z�]HS\LZ�KLJYLHZL��;OPZ�Z\NNLZ[Z�[OH[�JVTT\UP[PLZ�^P[O�OPNOLY�KP]LYZP[`�[LUK�[V�OH]L�SV^LY�UV]LS[ �̀�;OPZ�PZ�JV\U[LYPU[\P[P]L��HZ�`V\
TPNO[�L_WLJ[�TVYL�KP]LYZL�JVTT\UP[PLZ�[V�PUJYLHZL�[OL�JOHUJLZ�VM�PUJS\KPUN�PU]HZP]L�ZWLJPLZ��I\[�[OL�YLZ\S[Z�PU�[OL�UL_[�ZJH[[LY�Z\WWVY[�[OPZ
PUMLYLUJL��HZ�PUJYLHZLK�ZWLJPLZ�YPJOULZZ�KVLZ�UV[�ULJLZZHYPS`�TLHU�OPNOLY�)50Z�]HS\LZ�

/V^L]LY��^OH[�PZ�L]PKLUJLK�PU�[OLZL�WSV[Z�PZ�[OH[�L]LU�JVTT\UP[PLZ�^P[O�ML^LY�ZWLJPLZ�JHU�L_OPIP[�LP[OLY�OPNO�VY�SV^�SL]LSZ�VM�UV]LS[ �̀�;OPZ�PZ
L_WLJ[LK�^OLU�\ZPUN�H�OPNOS`�TVIPSL�[H_VUVTPJ�NYV\W�Z\JO�HZ�IPYKZ��HZ�[OL`�MYLX\LU[�KPɈLYLU[�NYPK�JLSSZ�H[�KPɈLYLU[�WLYPVKZ��[O\Z�JVUZ[HU[S`
JOHUNPUN�[OL�M\UJ[PVUHS�TLHZ\YLZ�VM�[OH[�JLSS��JH\ZPUN�M\UJ[PVUHS�KP]LYZP[`�[V�NYV^�UVU�SPULHYS`�[OYV\NOV\[�[PTL�

(�Z[YVUNLY�WVZP[P]L�JVYYLSH[PVU�IL[^LLU�)50Z�HUK�9HV»Z�8�^HZ�L_WLJ[LK�HZ�[OL`�IV[O�JVU[HPU�H�TLHZ\YL�VM�M\UJ[PVUHS�KPZ[HUJL�IL[^LLU�WHPYZ�VM
ZWLJPLZ��/V^L]LY��P[�PZ�TVZ[�SPRLS`�[OL�PUJS\ZPVU�VM�[OL�JVL_PZ[LUJL�TH[YP_�PU�[OL�)50�MVYT\SH�[OH[�JYLH[LZ�[OPZ�KPZWHYP[`�IL[^LLU�TLHZ\YLZ�
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3.2 SED CDOFXODWLRQ
3.2.1 ObWaiQiQg aQd COeaQiQg Whe DaWa
4HWZ�HUK�IV_WSV[Z�HZ�[OL�PUP[PHS�L_WSVYH[PVU�VM�[OL�KV^USVHKLK�KH[H�MVY�UP[YVNLU�KLWVZP[PVU��WYLJPWP[H[PVU�HUK�[LTWLYH[\YL�^LYL�WYVK\JLK�

ggplot(N1991, aes([ = [, \ = \, color = grd_NH[_dr\)) + 
  geom_point(si]e = 0.5) + 
  scale_color_gradient(loZ = "lightblXe", high = "darkblXe") + 
  labs(title = "Nitrogen Deposition 1991", 
       [ = "longitXde", 
       \ = "latitXde") + 
  theme_bZ() 
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;V�LUZ\YL�YLZ\S[Z�MYVT�[OL�:,+�JHSJ\SH[PVU�^LYL�JVTWHYHISL�[V�[OVZL�MYVT�[OL�)50��[OL�]HYPHISLZ�ULLKLK�[V�IL�JVU]LY[LK�[V�6:.)�NYPK�JLSSZ�HUK
HNNYLNH[LK�PU[V���RT�JLSSZ��;OL�TL[OVK�MVY�KVPUN�ZV��^P[O�HU�L_HTWSL�\ZPUN�[OL�KH[H�VM�TLHU�HPY�[LTWLYH[\YL�PU��  ���PZ�ZOV^U�ILSV^!
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#remove NAs from cleaned variable (e.g. temperature 1991)
temp_1991_rm <- na.omit(temp_1991)

#isolate lon and lat from dfs
#rename columns to lon and lat 
coords <- temp_1991_rm[, -c(3)]
colnames(coords) <- c("lon", "lat")

#create an sf object
coordinates_sf <- st_as_sf(coords, coords = c("lon", "lat"), crs = 27700) 

#convert to OSGB coordinate system (EPSG:27700)
coordinates_osgb <- st_transform(coordinates_sf, 27700)

#extract Easting and Northing
easting <- st_coordinates(coordinates_osgb)[, 1]
northing <- st_coordinates(coordinates_osgb)[, 2]

#calculate grid cell indices (adjust grid size as needed)
grid_si]e <- 1000  # 1km grid size (in m)
grid_cell_[ <- floor(easting / grid_si]e)
grid_cell_\ <- floor(northing / grid_si]e)

#create grid cell IDs
grid_cell_ids <- paste0("Grid_", grid_cell_[, "_", grid_cell_\)

#add grid cell IDs to the data frame
coords$grid_cell <- grid_cell_ids

#create grid cell boundaries (optional)
grid_cell_boXndaries <- st_make_grid(coordinates_osgb, cellsi]e = grid_si]e) 

#create a data frame for grid cell boundaries
grid_df <- data.frame(
  [min = st_bbo[(grid_cell_boXndaries)[1], 
  [ma[ = st_bbo[(grid_cell_boXndaries)[3], 
  \min = st_bbo[(grid_cell_boXndaries)[2], 
  \ma[ = st_bbo[(grid_cell_boXndaries)[4]
)

#align values from original df to new grid cells
temp_1991_grid <- cbind(temp_1991_rm, coordinates_osgb)

3.2.2 CUeaWiQg a FXQcWiRQ WR CaOcXOaWe SED
/LYL�PZ�HU�9�:JYPW[�^OPJO�JVU[HPUZ�H�M\UJ[PVU�[V�JHSJ\SH[L�[OL�Z[HUKHYKPZLK�,\JSPKLHU�KPZ[HUJL�HJJVYKPUN�[OL�MVYT\SH�MYVT�9HKLSVɈ�L[�HS�°������"
HJJVTWHUPLK�^P[O�K\TT`�KH[H�ZL[Z�^OPJO�JHU�IL�\ZLK�[V�Y\U�[OL�M\UJ[PVU�HZ�HU�L_HTWSL�
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# SED equation from Radeloff et al., (2015) ----
# paper accessible via: https://onlinelibrary.wiley.com/doi/abs/10.1890/14-1781.1

#       SED = ∑√((bki-aki)^2/skt)

#INPUTS (format of grid cell x value, all need to be same length)
#       dtr - temperature
#       ndep - nitrogen deposition
#       precip - precipitation 
#OUTPUTS (x = name of variable)
#       sd_x - standard deviation of variable x at time point a (one value)
#       x_calc - results from (bki-aki)^2
#       x_div - results from x_calc/sd_x
#       sum_all - sum of all variables per grid cell (need to combine all results from x_div into one df)
#       SED - square root of sum_all to give SED of each grid cell

dtr <- data.frame(
  grid = c("a", "b", "c", "d", "e", "f"),
  bki = c(12,11,14,10, 11,13),
  aki = c(8,9,10,6,5,7)) 

precip <- data.frame(
  grid = c("a", "b", "c", "d", "e", "f"),
  bki = c(1750,1500,4000,3000,2500,1500),
  aki = c(1000,1500,1250,1500,800,700))

ndep <- data.frame(
  grid = c("a", "b", "c", "d", "e", "f"),
  bki = c(20,19,12,17,11,10),
  aki = c(10,15,11,16,9,13))

,_HTWSL�+H[H�-YHTL�:[Y\J[\YL��5P[YVNLU�+LWVZP[PVU�

NYPK IRP HRP

H �� ��

I � ��

J �� ��

K �� ��

L ��  

M �� ��
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SED_calc <- fXnction(SED)^

#calculate standard deviation for each variable at the baseline time point 
sd_dtr <- sd(dtr$aki)
sd_ndep <- sd(ndep$aki)
sd_precip <- sd(precip$aki)

#calculate (bki-aki)^2 for all 
dtr_calc <- (dtr$bki - dtr$aki)^2
precip_calc <- (precip$bki - precip$aki)^2
ndep_calc <- (ndep$bki - ndep$aki)^2

#divide previous result over sd
dtr_diY <- dtr_calc/sd_dtr
precip_diY <- precip_calc/sd_precip
ndep_diY <- ndep_calc/sd_ndep

#combine datasets
combined_calcs <- cbind(dtr_diY,precip_diY,ndep_diY)

#sum of results by grid cell
sXm_all <- roZSXms(combined_calcs)

#square root to get SED
SED <- sqrt(sXm_all)

#join to grid cell 

SED_grid <- cbind(dtr, SED)
`

resXlts<-SED_calc(SED)

3.3 CRPSaUiQg Whe ReVXOWV Rf Whe BNI aQd SED MeWhdRORgieV
-VSSV^PUN�[OL�ZJH[[LY�WSV[�ZOV^PUN�[OL�JVYYLSH[PVU�VM�)50Z�]HS\LZ�HNHPUZ[�:,+��HU�H[[LTW[�[V�KPZJV]LY�HU`�\UKLYS`PUN�WH[[LYUZ�PU�[OL�KPZ[YPI\[PVU
VM�)50Z�HUK�:,+�]HS\LZ�^HZ�THKL�\ZPUN�[OL�ZHTL�ZJH[[LY�NYHWO�I\[�JVSV\YLK�HJJVYKPUN�[V�[OL�ZWLJPLZ�YPJOULZZ�HUK�SH[P[\KL�VM�LHJO�NYPK�JLSS�
:WLJPLZ�YPJOULZZ�^HZ�[HRLU�MYVT�[OL�JHSJ\SH[PVU�VM�[OL�)50�PKLU[PÄLK�PU�[OL�JVTT\UP[`�TH[YP_��JVT���HUK�SH[P[\KL�^HZ�L_[YHJ[LK�MYVT�[OL
UVY[OPUN�]HS\LZ�WYV]PKLK�MYVT�[OL�ZWH[PHS�KH[H�\ZLK�[V�THW�[OL�:,+�YLZ\S[Z�
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4.1 DLVVLPLODULW\ MHWULF
4.1.1 MeWhRdV
;OL�TLHU�WHPY^PZL�[YHP[�KPZ[HUJL�MVY�LHJO�NYPK�JLSS�^HZ�JHSJ\SH[LK�I`�HWWS`PUN�H�M\UJ[PVU�[V�[OL�TH[YP_�VM�WYLZLUJLZ�HUK�HIZLUJLZ�JYLH[LK�PU�[OL
WYL]PV\Z�HUHS`ZPZ��;OL�M\UJ[PVU�PZ�ZOV^U�ILSV �̂�HWWSPLK�[V�[OL�JVTT\UP[`�HUK�KPZ[HUJL�TH[YP_�

20/08/2025, 15:19 SXSSlemenWaU\ MaWeUial

Àle:///UVeUV/URViebibb\/DeVkWRS/MReV/WUiWing/MReV_SM.hWml 14/18



#calculate mean pairwise functional distance for a grid cell
calcXlate_mean_fdist <- fXnction(pa_roZ, dist_matri[) ^
  present_species <- names(pa_roZ)[pa_roZ == 1]
  
  #if only one or zero species are present, the mean pairwise distance is undefined (or 0)
  if (length(present_species) < 2) ^
    retXrn(NA) # Or 0, depending on your ecological interpretation
  `
  
  #subset the distance matrix for the present species
  sXb_matri[ <- dist_matri[[present_species, present_species]
  
  #extract the lower triangle of the sub-matrix (excluding the diagonal)
  loZer_triangle_YalXes <- sXb_matri[[loZer.tri(sXb_matri[)]
  
  #calculate the mean of these values
  mean_distance <- mean(loZer_triangle_YalXes)
  retXrn(mean_distance)
`

=HS\LZ�MVY�TLHU�WHPY^PZL�[YHP[�KPZ[HUJL�HUK�ZWLJPLZ�YPJOULZZ�MVY�IV[O�([SHZ�WLYPVKZ�^LYL�TLYNLK��JYLH[PUN�H�KH[H�MYHTL�YLHK`�MVY�[OL�JHSJ\SH[PVUZ
[V�IL�JHYYPLK�V\[!

,_HTWSL�+H[H�-YHTL�:[Y\J[\YL

NYPK ZWF� ZWF� M\UF� M\UF�

/7�� �� �� ������� � ���������

/7�� � �� ��������� ��� �����

/7�� �� �� ��������� ���������

/7�� �� �� ������� � ���������

/7�� �� �� ��� ��� � ���������

/; � �� �� �������� ���� �� �

;OL�JHSJ\SH[PVUZ�JVUZPZ[LK�VM�Z\I[YHJ[PUN�]HS\LZ�MYVT�[OL�ZLJVUK�WLYPVK�MYVT�[OVZL�PU�[OL�[OPYK��MVSSV^LK�I`�H�ZJHSL�HUK�JLU[YL�[V�IYPUN�HSS
MLH[\YLZ�[V�H�ZPTPSHY�YHUNL��ZV�[OH[�LHJO�]HYPHISL�JVU[YPI\[LZ�TVYL�LX\HSS`�[V�[OL�V\[W\[��,_HTWSL�JVKL�PZ�ZOV^U�ILSV^!

difference_calc <- diss_e[ample %>%
  mXtate(difference_sp = sp_3 - sp_2)

4.2 PCA MHWULF
4.2.1 MeWhRdV
-VY�H�7*(�[V�IL�JHYYPLK�V\[��[OL�]HS\LZ�MVY�LHJO�]HYPHISL�T\Z[�IL�JVU]LY[LK�PU[V�SVUN�MVYTH[�^P[O�H�JVS\TU�MVY�NYPK�JLSSZ�H[�H[SHZ�WLYPVK���HUK��
HUK�[OLPY�JVYYLZWVUKPUN�]HYPHISL�]HS\LZ��;OPZ�^HZ�WLYMVYTLK�^P[O�ºWP]V[FSVUNLY��»�MYVT�[OL�[PK`Y�WHJRHNL��]�����"�>PJROHT�L[�HS����������MVY�KH[H
[V�HWWLHY�HZ�PU�[OL�L_HTWSL�ILSV �̂�;OLZL�KH[H�^LYL�[OLU�ZJHSLK�HUK�JLU[LYLK�ILMVYL�WLYMVYTPUN�[OL�7*(��;OPZ�YLZ\S[PUN�KH[H�MYHTL�^PSS�IL�\ZLK
MVY�[OL�7*(��^P[O�H�ZLWHYH[L�7*(�ILPUN�JHYYPLK�V\[�MVY�[OL�IPV[PJ�HUK�HIPV[PJ�]HYPHISLZ��0U�[OL�[HISL�ILSV^�¸ZW¹�YLWYLZLU[Z�ZWLJPLZ�YPJOULZZ�
¸MYPJO¹�M\UJ[PVUHS�YPJOULZZ�HUK�¸M\U¹�PZ�TLHU�WHPY^PZL�M\UJ[PVUHS�[YHP[�KPZ[HUJL�

,_HTWSL�+H[H�-YHTL�:[Y\J[\YL

NYPK ZW MYPJO M\U

/7��F� �� ��������� ������� �

/7��F� �� ������� � ���������

/7��F� � ��������� ���������

/7��F� �� ���� ���� ��� �����

/7��F� �� ��������� ���������

/7��F� �� ��������� ���������

/7��F� �� ������� � ������� �

/7��F� �� ��������� ���������
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NYPK ZW MYPJO M\U

/7��F� �� ��������� ��� ��� �

/7��F� �� ��������� ���������

4.2.2 ReVXOWV
>P[O�[OL�7*(�YLZ\S[Z��,\JSPKLHU�KPZ[HUJL�JHU�[OLU�IL�JHSJ\SH[LK�IL[^LLU�[OL�NYPK�JLSS»Z�WVZP[PVU�PU�7*(�ZWHJL�H[�WLYPVK���HUK�P[Z�WVZP[PVU�H[
WLYPVK���[V�NL[�H�TLHZ\YL�VM�[LTWVYHS�KPZZPTPSHYP[ �̀�;OPZ�PZ�JVTWSL[LK�I`�ZLWHYH[PUN�[OL�KH[H�I`�[PTL�WVPU[�[V�NL[�[OL�WVZP[PVU�VM�LHJO�NYPK�JLSS
^P[OPU�[OL�ÄYZ[�WYPUJPWHS�JVTWVULU[�H[�WLYPVKZ���HUK���MYVT�[OL�7*(�KH[H�MYHTL��^P[O�HU�L_HTWSL�^VYRÅV^�ZOV^U�ILSV^!

#separate data by time point
pca_2_abio <- pca_df_abio %>%
  filter(grepl("_2$", Grid)) %>%
  rename(PC1_2 = PC1, PC2_2 = PC2) %>%
  mXtate(base_grid = gsXb("_2$", "", Grid)) %>%
  select(base_grid, PC1_2, PC2_2)

pca_3_abio <- pca_df_abio %>%
  filter(grepl("_3$", Grid)) %>%
  rename(PC1_3 = PC1, PC2_3 = PC2) %>%
  mXtate(base_grid = gsXb("_3$", "", Grid)) %>%
  select(base_grid, PC1_3, PC2_3)

#join PCA results from period 2 and 3
merged_pca_abio <- inner_join(pca_2_abio, pca_3_abio, b\ = "base_grid")

#calculate Euclidean distance
distance_df_abio <- merged_pca_abio %>%
  mXtate(distance = sqrt((PC1_2 - PC1_3)^2 + (PC2_2 - PC2_3)^2))

#histogram of differences (temporal distance measured between the same grid cell at each time point)
hist(distance_df_abio$distance,
     main = "DistribXtion of Distances from Abiotic Vars PCA",
     [lab = "EXclidean Distance")

20/08/2025, 15:19 SXSSlemenWaU\ MaWeUial

Àle:///UVeUV/URViebibb\/DeVkWRS/MReV/WUiWing/MReV_SM.hWml 16/18



#join to 'grids' file downloaded from the BTO to map
names(distance_df_abio)[1] <- "grid"
grid_PCA_dist_temp <- merge(distance_df_abio, grids, b\ = "grid", miltiple = "all")

#map
ggplot(grid_PCA_dist_temp, aes([ = long, \ = lat, coloXr = distance)) +
  geom_point(si]e = 0.5) + # Adjust point size as needed
  scale_color_continXoXs(loZ = "\elloZ", high = "red") +
  labs(title = "Temporal Dissimilarit\ in the UK According 
       to PCA on Abiotic Variables",
       coloXr = "EXclidean Distance") + 
  coord_sf() +
  theme_minimal()

;OPZ�WYVJLZZ�^HZ�YLWLH[LK�MVY�[OL�IPV[PJ�7*(�HUK�[OLU�\ZPUN�[OL�IPV[PJ�HUK�HIPV[PJ�7*(�[V�]PZ\HSPZL�ZWH[PHS�UV]LS[`�MYVT�[OL�JLU[YVPK��ZOV^U�PU
[OL�ÄN\YLZ�ILSV �̂�;V�JHSJ\SH[L�KPZ[HUJL�[V�[OL�JLU[YVPK��ÄYZ[�[OL�H]LYHNL�]HS\L�MVY�HSS�NYPK�JLSSZ�ULLKZ�[V�IL�JHSJ\SH[LK�MVY�[OL�HIPV[PJ�HUK�IPV[PJ
7*(�ZLWHYH[LS �̀�:LJVUKS �̀�[OL�KPZ[HUJL�VM�HSS�NYPK�JLSSZ�[V�[OH[�H]LYHNL�]HS\L�PZ�[OLU�JHSJ\SH[LK�[V�NL[�H�UV]LS[`�TLHZ\YL��0[�PZ�[OLZL�]HS\LZ�[OH[
HYL�[OLU�THWWLK�\ZPUN�ºNNWSV[�»��>PJROHT��������
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